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Abstract 

The grim prognosis for patients diagnosed with pancreatic ductal adenocarcinoma (PDAC) 
may be explained by a combination of late detection, a desmoplastic tumour stroma 
hindering therapeutic penetration, and a sparse repertoire of treatment options. The overall 
low availability of tumour tissue has further stalled research advances and most likely 
contributed to delayed clinical improvements and the persistent poor patient outcome.  
The work of this thesis aimed to evaluate the genetic evolution of PDAC across all disease 
stages, together with the accompanying local and systemic immune response. Adding to 
that, liquid biopsies were explored as a complement and/or a substitute to tissue biopsies 
for better tumour characterisation, prognostication and disease monitoring. Most of the 
analyses were performed within the prospective clinical CHAMP study, as outlined in 
paper II (study protocol). 
Spatial genetic heterogeneity was analysed in resected tumour areas antemortem in paper I 
and tumour specimens primarily collected postmortem in paper IV, by mapping 
relationships between genetically defined subclones. Particularly, copy number alterations 
(CNAs) were found to divide the clonal landscape into phylogenetic networks with clinical 
implications, further stressing their importance in PDAC progression. The findings from 
paper I and IV also validate the previously noted early metastatic dissemination pattern of 
PDAC. Moreover, in paper I, the evolutionary complexity of each patient-specific 
phylogeny was negatively linked to overall survival, indicating that the clonal landscape 
before treatment may predict the predisposition to rapid recurrence. This hypothesis was 
further strengthened by varying CNA heterogeneity in pre-treatment plasma samples in 
paper IV. 
Analyses of the local and systemic host immune response in paper I and paper III, 
respectively, indicated that immunoediting processes, such as tumour expression of 
regulatory molecules, may be linked to the burden of genetic alterations and circulating 
tumour DNA (ctDNA). In addition, a few circulating immune cells and soluble proteins 
were found to carry prognostic potential in paper III. 
In paper III and IV, a novel probe panel was designed for sequencing of ctDNA. Analyses 
of plasma-derived ctDNA before and during chemotherapy administration were found 
suitable for prognostication, monitoring of disease progression and identification of 
markers suggestive of opportunities for precision medicine. In particular, the findings of 
paper III propose that an upfront dichotomisation of palliative patients, i.e. patients not 
eligible for curative surgery, into a ctDNAhigh and ctDNAlow category, respectively, could 
be of value in clinical decision making. 
In conclusion, this thesis provides insights into PDAC evolution, highlights its complex 
relationship with the surrounding host response and proposes future directions for disease 
management. 
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Populärvetenskaplig sammanfattning 

Bukspottkörtelcancer, eller pankreascancer på latin, representerar en av modern 
onkologis svåraste utmaningar. Det är en relativt ovanlig sjukdom, med omkring 1500 
fall årligen i Sverige, men svarar för den tredje vanligaste orsaken till cancerrelaterad 
död. Drygt var tionde patient lever fem år efter diagnos, men majoriteten av patienterna 
dör inom ett år. Denna dystra prognos beror delvis på bukspottkörtelns anatomiska 
position djupt inne i buken, vilket oftast endast medför vaga och ospecifika symptom i 
ett sent skede och som i sin tur försvårar tidig upptäckt. Detta gör att tumören oftast 
har spridit sig utanför bukspottkörteln redan vid diagnostillfället, det vill säga bildat 
dottertumörer i omgivande kärl eller i andra organ såsom i den närliggande levern. I 
nuläget betyder det att cancern inte längre går att bota. 

Ungefär var femte patient diagnosticeras dock med lokal sjukdom, vilket innebär att 
tumören går att operera bort i botande syfte. Dessa patienter behandlas sedan med 
cellgiftsbehandling efter operation, så kallad adjuvant behandling, för att minska risken 
för återfall. Tyvärr återinsjuknar de flesta patienter ändå inom ett år. För dessa 
patienter, tillsammans med dem som diagnosticeras med avancerad (ej opererbar) 
sjukdom redan från början, ges i stället cellgifter i livsförlängande syfte, också kallad 
palliativ behandling. I majoriteten av fallen blir tumören dock snabbt motståndskraftig 
mot behandling, vilket utgör en av de största utmaningarna med pankreascancer. 

Hur tumören ändrar sig över tid har dock endast blivit sparsamt studerat då sådana 
analyser har varit beroende av tillgång till tumörvävnad. Fram till idag har många 
studier därför fokuserat på de 20 % av patienterna där tumören gått att operera bort, 
vilket medför en skevhet mot patienter med bättre diagnos och möjligtvis mindre 
aggressiva tumörer. Från palliativa patienter, dvs den absoluta majoriteten, finns i bästa 
fall endast små vävnadsbiopsier, som tas för att ställa diagnosen, vilka oftast inte ger 
tillräcklig information om tumörens egenskaper. 

En viktig aspekt för ett effektivt behandlingssvar är hur heterogen en cancer är, det vill 
säga hur lika eller olika de enskilda cancercellerna är sinsemellan avseende olika 
biologiska egenskaper. Detta kan till exempel jämföras med en flock med hundar där 
en grupp med enbart golden retrievers är betydligt mer homogen än en grupp med 
blandade raser, så som både golden retrievers, taxar och någon pudel. Likaså, en tumör 
med stor variation, hög heterogenitet, medför oftast en ökad risk för att någon grupp 
cancerceller, härefter refererat till som tumörklon, är resistent mot cellgiftsbehandling. 
Dessa skillnader, så kallade genetiska skillnader i klonernas DNA (liknande de 
förändringar i arvsmassan som bidrar till skillnaderna mellan en pudel och en tax) kan 
ofta, men inte alltid, upptäckas i de olika tumörklonernas arvsmassa. 

För att kartlägga genetisk heterogenitet kan man använda sig av fylogenier, vilka typiskt 
sett utnyttjas för att illustrera evolutionära släktträd mellan arter. Om vi återgår till 
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hundar som exempel så kan fylogenier demonstrera deras härstamning från vargar, där 
olika förgreningar representerar utvecklingen av de olika hundraser vi ser idag. På 
samma vis kan man beskriva de evolutionära förhållandena mellan olika tumörkloner 
och undersöka tumörens utveckling. 

En annan uppmärksammad faktor är hur patientens egna immunförsvar bidrar till 
behandlingssvar och prognos. Immunförsvaret arbetar normalt dygnet runt med att 
döda celler som är skadade och som uppvisar avvikande mönster i celldelning, vilket 
hindrar tumörer från att bildas i kroppen. I ytterst ovanliga fall lyckas dock vissa 
skadade celler undvika immunförsvarets bevakning, och en tumör bildas. Tumören kan 
sedan utnyttja och manipulera olika spelare inom immunförsvaret att arbeta till dess 
fördel, vilket ligger till grund för många av de immunterapier som tagits fram. 

Syftet med den här avhandlingen har således varit att undersöka hur pankreascancer 
utvecklas över tid, och hur detta påverkas av både cellgiftsbehandling och patientens 
egna immunförsvar. Störst fokus har lagts på genetisk heterogenitet i olika stadier av 
sjukdomen, och hur denna i sig bidrar till behandlingsresistens och överlevnad. Ett 
annat mål med studierna har även varit att undersöka om, och i vilken utsträckning, 
blodprover kan komplettera, eller ersätta, vävnadsbiopsier. 

Avhandlingen omfattar fyra delarbeten (I-IV) där arbete I innefattar patienter med 
opererbar sjukdom i en retrospektiv patientkohort. Arbete II-IV, å andra sidan, bygger 
på en klinisk prospektiv observationsstudie, CHAMP-studien, som startade i Malmö 
2018 och som utökades till Lund under 2019. Studien bjuder in alla patienter med 
pankreascancer som genomgår cellgiftsbehandling, vilket beskrivs i detalj i arbete II, 
som utgör ett protokoll med studiemål, analyser och kliniska ändpunkter. CHAMP 
studien involverar bland annat upprepad blodprovstagning för varje patient både innan, 
under och efter avslutad behandling, vilket legat till grund för majoriteten av analyser i 
arbete III. År 2021 gjordes även ett tillägg till studien med introduktionen av riktade 
obduktioner, vilket möjliggör omfattande analyser av tumörvävnad i sjukdomens 
slutskede. Vävnad från obduktioner användes huvudsakligen i arbete IV. 

Fokus i arbete I och IV var att undersöka genetisk heterogenitet mellan geografiskt olika 
tumörområden, så kallad spatial tumörheterogenitet. I arbete I gjordes detta på den 
bortopererade modertumören, det vill säga den ursprungliga tumören i 
bukspottkörteln. I arbete IV gjordes det dels på vävnad från modertumören, dels på de 
dottertumörer, metastaser, som hittades vid obduktion. I båda delarbetena användes 
fylogenier för att kartlägga olika tumörkloners släktskap och genetiska evolution. I 
arbete IV ställde vi oss också frågan om vilka tumörkloner från bukspottkörteln som 
lyckats överleva i cirkulationen och sedan fått fäste i andra organ. Resultat från båda 
studierna visade att de tumörkloner som gett upphov till metastaser verkar ha uppstått 
tidigt och att de i vissa fall förmodligen spridit sig till andra organ redan innan 
operation. I sådana fall är dock metastaserna så små att de inte kan upptäckas med 
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röntgen, så kallade mikrometastaser, vilket är anledningen till att cellgiftsbehandling ges 
även efter operation. 

I arbete I studerade vi de olika tumörklonssläktträden vidare avseende storlek och 
mängden förgreningar. Det visade sig att det i vår patientgrupp fanns ett samband 
mellan hur extensivt trädens förgreningsnätverk är och hur länge patienterna överlevde 
efter operation. Detta väckte en hypotes om att genetiskt heterogena tumörer, med 
komplexa släktträd, är mer evolutionsbenägna vilket innebär en högre risk för snabbt 
återfall efter operation. Sådana tumöregenskaper borde således motivera en mer 
frekvent monitorering för att upptäcka återfall i tid. 

De många utmaningarna med att utföra vävnadsbiopsier motiverade utforskandet av så 
kallade flytande biopsier, i det här fallet blodprover, i arbete III och IV. När en cell i 
kroppen dör utsöndras ofta delar av fragmenterat DNA till blodet, så kallat cellfritt 
DNA, och en växande tumör utsöndrar ofta sådana fragment i högre utsträckning. 
Detta gör att DNA från tumören, härefter refererat till som cirkulerande tumör-DNA 
(ctDNA), ofta uppnår tillräckligt höga nivåer i blodet för att vi ska kunna upptäcka 
det. Dessutom, till skillnad från ett vävnadsprov som representerar en bild av just det 
specifika tumörområdet, kan ctDNA ofta spegla en översikt av flertalet tumörlokaler i 
kroppen, såsom olika metastaser vid spridd sjukdom. Analyser av ctDNA är alltså ett 
relativt enkelt sätt, som inte kräver något kirurgiskt ingrepp, att övervaka hur tumören 
utvecklas under behandling. 

Inför arbete III och IV utvecklades en specifik och känslig analysmetod för att både 
kunna uppskatta mängden ctDNA i blodet och upptäcka specifika tumöregenskaper 
som kan indikera att en patient är lämplig för målinriktad behandling. Ett annat mål 
var även att se ifall ctDNA kunde hjälpa till att identifiera de tumörer som är mer 
evolutionsbenägna. 

Resultaten från arbete III visade att monitorering av ctDNA-nivåer, före och under 
cellgiftsbehandling, ofta gav en god fingervisning om terapisvar och tumörutveckling. 
Det betyder till exempel att ctDNA-analyser skulle kunna användas som ett 
komplement i kliniken för att upptäcka återväxt av tumören i ett tidigare skede jämfört 
med olika typer av röntgenundersökningar. Vår egendesignade metod visade sig även 
kunna identifiera specifika tumörmarkörer som hade kunnat motivera administrering 
av målinriktad behandling. 

Ett annat viktigt fynd i arbete III var att palliativa patienter kunde delas upp i två 
grupper, ctDNAhöga eller ctDNAlåga, beroende på mängden ctDNA i deras blod innan 
behandlingsstart. Patienter i den ctDNAhöga gruppen visade sämre svar på behandling 
och hade betydligt kortare överlevnad än de i den ctDNAlåga gruppen. Således, medan 
cellgiftsbehandling enligt nuvarande klinisk praxis och frekvent ctDNA-monitorering 
konstaterades vara effektivt i den ctDNAlåga gruppen kunde vi inte se någon 
övergripande behandlingsnytta för patienter i den ctDNAhöga gruppen. Vårt förslag 
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inför framtida vård av patienter med höga nivåer av ctDNA i blodet är därför att tidigt 
undersöka möjligheten till behandling med målinriktade terapier, och i annat fall 
erbjuda bästa möjliga understödjande vård med det primära syftet att lindra symptom 
och förbättra livskvalitén. 

I kombination med de genetiska släktträden i arbete I och de olika blodnivåerna av 
ctDNA i arbete III undersökte vi även det lokala immunförsvaret i själva tumören samt 
det systemiska immunförsvaret, dvs immunceller och immunrelaterade proteiner, som 
cirkulerar i blodet. Våra resultat i arbete I visade att tumörer med långa träd, vilket 
representerar många genetiska förändringar, verkar visa upp speciella proteiner på sina 
cellytor som kan ”tysta” det omgivande immunförsvaret. Dessa kallas för regulatoriska 
molekyler då de i vanliga fall används av specifika immunceller som ser till att vårt 
immunförsvar inte löper amok och börjar attackera våra friska normala celler. I arbete 
III såg vi även liknande mönster i blodet för de patienter som hade höga nivåer av 
ctDNA. Dessa resultat ger en fingervisning om hur tumörer kan använda olika medel 
för att undkomma immunförsvaret och till och med vända det till sin fördel. 

I arbete III identifierade vi även tre blodmarkörer vars nivåer före, eller under, 
cellgiftsbehandling var tydligt kopplade till patientens överlevnad. Dessa kan komma 
till nytta i framtida monitorering och hjälpa till att avgöra när man bör byta 
behandlingsstrategi. 

Slutligen, i linje med fynden i arbete I, så visade vi i arbete IV att skillnader i genetisk 
tumörheterogenitet kunde upptäckas även i blodet. I två obducerade patienter med 
höga ctDNA nivåer före behandlingsstart var ctDNA-mönstret för den ena patienten 
likt det som sågs i vävnadsbiopsin vid diagnos, medan det i den andra patienten 
speglade en mix av förändringar från olika metastaser. Överlevnaden skilde sig också 
mellan dessa patienter, såtillvida att patienten med ett mer komplext ctDNA-mönster 
hade en jämförelsevis aggressiv tumör och en kort överlevnad på knappa tre månader. 
Även om det inte går att dra några säkra slutsatser från analyser av endast två patienter 
överensstämmer resultaten med vår hypotes om att en heterogen tumör är mer 
evolutionsbenägen och motståndskraftig mot behandling. 

Sammanfattningsvis har studierna i den här avhandlingen bidragit med nya insikter till 
den genetiska utvecklingen hos pankreascancer och dess komplexa samspel med 
immunförsvaret, som skulle kunna användas i framtida behandlingsstrategier. De 
uppmuntrar också användandet av icke-invasiva flytande biopsier, i detta fall blodprov, 
som komplement till vävnadsbiopsier i kliniken. 
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Before we begin 

“Nothing in biology makes sense except in the light of evolution” 

Theodosius Dobzhansky, 1973 

Cancer – an evolutionary consequence 

During a human lifetime, trillions of cell divisions take place in different parts of the 
body to maintain proper organ health and function. In some rare cases, these processes 
give rise to cellular errors which eventually initiate cancerous tumour growth. Hence, 
cancer may be seen as an evolutionary consequence, the cost for being a multicellular 
organism able to evolve over time1. In light of this, it is actually quite remarkable how 
seldom cancer develops2. For instance, one could think that a greater number of cells 
in an organism and a longer lifespan, leading to an increased cell division frequency, 
would be directly associated with overall cancer risk. That is, however, incorrect. In 
fact, one of the largest animals on earth, elephants, rarely develop cancer, whereas mice 
frequently do – referred to as Peto’s paradox3,4. 

Historical perspective 
So how long have we been studying cancer? Its name originates from the Greek word 
for crab or crayfish (karkinos), and was first suggested by the Greek physician 
Hippocrates (460-370 BC) owing to its resemblance to the crab’s jointed outward-
stretching legs5. But the earliest note on cancer dates all the way back to ancient Egypt, 
with the description of a breast cancer tumour in the Edwin Smith Papyrus, written 
around 3000 BC5. Since then, countless studies on cancer have revealed its multifaced 
nature, collectively including over a hundred types of diseases, seen in the majority 
mammals2, and defined as uncontrolled cell growth and spread. 

Carcinogenesis 
The formation of cancer, carcinogenesis, builds upon the theory that all cells arise from 
pre-existing cells. This was initially proposed by Robert Remak in the 19th century but 
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has mainly been attributed to Rudolf Virchow, also referred to as “the father of modern 
pathology”6. Prior to each cell division (Figure 1), the genome must undergo a 
complete duplication, tightly regulated by cell cycle check points ensuring that each 
component has been appropriately replicated. If not, the normal cell will undergo 
apoptosis, also known as programmed cell death. However, some of the fundamental 
characteristics of cancer cells include their ability to bypass these regulatory circuits, i.e. 
tumour-suppressive mechanisms, allowing for abnormal cell division7. On that note, 
considering multicellularity, Peto’s paradox suggests a link between increased mammal 
body size, longer lifespan, and a more effective cancer defence, counterbalancing cancer 
risk2. Returning to the abovementioned example, elephants have inherited at least 20 
DNA copies of the gene tumour protein 53 (TP53)8, encoding the p53 protein also 
known as the ”guardian of the genome” due to its importance in hindering the 
proliferation of damaged cells. For comparison, humans only have two TP53 gene 
copies. 

 

Figure 1. The cell cycle and theory. Illustration of a cell division (left) and the theory that all cells are derived from a 
pre-existing cell (right). 

The exact mechanisms leading up to tumour initiation are, however, still under debate. 
All the way back in 1914, long before James Watson and Francis Crick discovered the 
double helix structure of DNA9, the German zoologist Theodor Boveri proposed the 
first notion of cancer as a genetic disease10. He postulated that cancer forms through 
multipolar mitosis, resulting in an abnormal genotype and uncontrolled proliferation10. 
This acknowledgement later formulated the basic principles of the somatic mutation 
theory of cancer, stating that cancer initiation is due to the accumulation of genetic 
mutations starting in a single cell. This theory has however met criticism for being too 
simplistic, primarily for not taking the tissue context into account, as in the tissue 
organization field theory proposed by Soto and Sonnenschein11. The definitive answer, 
if one such exists, is however yet to be found. The perplexing nature of cancer, 
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supported by decades of research within its different branches, indicates that tumour 
initiation arises from a complex interplay between genetic, epigenetic and 
environmental factors, varying between different cancers and tissues of origin12. 

The hallmarks of cancer 
Building on the foundation laid by the above-mentioned pioneers and others, cancer 
research is today a multifaceted field, stretching from genetics to the host response and 
microbiome13. In the year of 2000, Robert Weinberg and Douglas Hanahan published 
“The Hallmarks of cancer”, encompassing the delineation of six fundamental traits of 
cancer cells in comparison to normal cells7. The six hallmarks included the ability of 
malignant cells to (i) activate replication immortality, (ii) evade apoptosis, (iii) ignore 
growth inhibitory signals, (iv) sustain proliferation independent of stimulatory signals, 
(v) induce angiogenesis (formation of new blood cells) and (vi) invade both 
neighbouring tissues and distant sites7. In the two succeeding editions, one 201114 and 
one 202213, eight new hallmarks, both emerging and enabling, were discussed, four at 
a time. These additional properties of cancer included genomic instability, the 
capability to evade immune recognition and the acknowledgement that the 
surrounding tumour stroma, featuring players such as various immune cell populations, 
might in fact be tumour-promoting13,14. 

Acknowledging the complex nature of cancer biology and evolution, this thesis 
primarily focuses on evaluating the latter of the aforementioned hallmarks, namely the 
genetic underpinnings of cancer and certain aspects of the surrounding tumour 
microenvironment (TME) and infiltrating immune cells. 

Oncogenes and tumour suppressors 
One pivotal genetic aspect of cancer initiation and progression involves genes that, 
when mutated, may directly confer a growth advantage to the cell, so called driver genes. 
Cancer-related driver genes are often divided into two main categories: proto-oncogenes, 
involved in normal cell proliferation and growth; and tumour suppressor genes, regulating 
different steps of the cell cycle. Alterations associated with proto-oncogenes result in 
gain-of-function effects, turning it into an activated oncogene which stimulates 
abnormal cell growth. On the other hand, alterations in tumour suppressors often lead 
to loss-of-function effects, inactivating their regulatory actions which also results in 
uncontrolled cell proliferation. In the 1970s, Alfred Knudson further presented the 
two-hit hypothesis, stating that tumour suppressor genes require inactivation of both 
alleles to lead to deleterious effects15. Thus, whereas there are limited ways to activate 
or amplify the effect of proto-oncogenes, inactivation of tumour suppressors may be 
induced in numerous ways, as will be discussed in the forthcoming sections16. 
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Genetic alterations 

The human genome and its variations 
Every normal human cell typically contains a set of 46 chromosomes encapsulated in 
the nucleus: 22 pairs of autosomal (chromosome 1-22) and one pair of sex 
chromosomes (Figure 2). Cells are often further described according to their ploidy 
level, i.e. the total number of full chromosome-sets. The ploidy of human cells with one 
parental and one maternal allele, denoted as having the allelic composition “1+1”, is 
referred to as diploid (2N). 

 

Figure 2. The human karyotype. The human set of chromosomes, with 22 autosomal chromosome pairs and one pair 
of sex chromosomes. 

Chromosomes are built up by tightly packed linear DNA, wrapped around proteins 
called histones. The condensed chromosomes are primarily seen during the metaphase 
of mitosis after a complete DNA replication, resulting in the classic “X-shape” structure 
(Figure 3). Each chromosome can further be divided into a shorter p-arm and longer 
q-arm, attached to each other by the centromere, which facilitates the separation of the 
duplicated DNA content during cell division. 

The DNA itself is composed of a double helix, consisting of two strands with a sugar-
phosphate backbone and four nucleotide bases – adenosine (A), thymine (T), cytosine 
(C) and guanine (G) (Figure 3). These bases pair specifically to each other, i.e. A to T 
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and G to C, via hydrogen bonds, and the order of the nucleotides encodes the genetic 
information. Nevertheless, despite protective cell cycle mechanisms, a low number of 
genetic errors, i.e. mutations, are often introduced during cell division and incorporated 
into the DNA of the resulting daughter cells. However, although these alterations occur 
frequently in the cells throughout our bodies, they rarely affect our health17. 

Different types of genetic alterations 
Genetic alterations may be divided into either small-scale or large-scale changes. Small-
scale mutations include base pair substitutions, also known as single nucleotide variants 
(SNVs), and base pair insertions and deletions (InDels). On the other hand, large-scale 
changes include for instance chromosome translocations, copy number alterations (CNAs) 
and whole genome doubling (WGD) events. An illustration visualizing the different types 
of alterations is shown in Figure 3, together with a demonstration on the principle by 
which genetic information is translated from DNA to a chain of amino acids. Of note, 
a non-mutated gene is often referred to as wild type (WT). Chromosomal translocations 
have not been studied within the current thesis and will, thus, not be further discussed. 

 

Figure 3. DNA alterations. Generic DNA structure (upper left), along with illustrative examples of different types of 
genetic alterations: copy number alterations (CNAs, lower left), base pair substitutions (single nucleotide variants, 
SNVs) and base pair insertions and deletions (InDels) (right).  
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Small scale genetic alterations 
Small scale genetic variants can either be synonymous, not causing any effect, or non-
synonymous and thus, in different ways, alter the resulting gene product. Non-
synonymous variants are most often found in the coding region of genes (exons), 
whereas synonymous variants are generally found in non-coding regions (introns). In 
addition, a driver mutation is further characterized as inferring an advantage to the cell 
which can be selected for during cancer evolution18. 

SNVs altering the encoded amino acid, and particular those found in conserved regions 
of the resulting peptide, are the ones most probable to change the function of the 
protein and, hence, to be of importance in cancer progression19-22. In addition, InDels 
often lead to frameshifts in the nucleotide sequence, which may cause a premature stop 
codon in the amino acid sequence which may either lead to degradation of the resulting 
transcript or to a truncated protein23. Lastly, variants detected in splice regions of the 
RNA transcript (intronic DNA gene regions), may also cause deleterious effects 
through mechanisms such as alternative splicing, which may in turn cause premature 
stop codons and aberrant proteins24. On the other hand, passenger variants may be of 
importance in neoantigen presentation and immune recognition, even if they do not 
have a substantial effect on cancer progression, as discussed below in the section “The 
immune system and cancer”. 

The most common germline variant – single nucleotide polymorphisms 
Mutations can further be classified as either somatic or germline, referring to variants 
acquired in specific cells, or those inherited and thus present in all cells, respectively. 
Although some germline variants may lead to a predisposition to develop certain 
diseases, including cancer, the majority are simply bystanders25. The most common 
type of germline variants are single nucleotide polymorphisms (SNPs), which are germline 
base pair substitutions detected in more than 1% of the population25. These have been 
extensively studied and some have been shown to increase the susceptibility for certain 
cancers26. 

Large scale genetic alterations 

Copy number alterations 
CNAs, referring to somatic changes in copy number of larger genome segments (Figure 
3), are a common feature across cancers and was observed by David Hansemann already 
in the 19th century27,28. CNAs can affect either whole or parts of chromosomes. They 
include copy number gains (e.g. 2+1) and copy number losses, which can either be 
hemizygous, if affecting only one of the two alleles (1+0), or homozygous if referring to a 
deletion of both alleles (0+0). Loss of heterozygosity (LOH) is also a widely used term for 
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describing the loss of one allelic segment, and whenever the remaining allele gets 
duplicated (2+0) it is denoted as a copy number neutral imbalance/LOH 
(CNNI/cnLOH). In addition, whenever a whole chromosome is gained or lost, the 
term aneuploidy is often used to describe the incomplete set of chromosomes29. 

Chromosomal instability 
Accumulation of CNAs and consequent aneuploidy are often a result of chromosomal 
instability (CIN), which refers to an increased chromosomal missegregation rate during 
cell divisions. CIN has been a frequently detected feature across malignancies, especially 
in late-stage disease, and has been classified as a hallmark of cancer14,30. Disruption of 
several cancer-associated pathways has been shown to induce CIN by altering mitotic 
chromosome segregation in different ways31. The mechanisms include disruption of 
different key aspects of cell division such as: premitotic replication stress during DNA 
duplication; disturbances in sister chromatid cohesion; defects in spindle assembly 
checkpoint (SAC) signalling, causing premature anaphase onset; elevated numbers of 
centromeres leading to multipolar mitosis; and disturbances in the dynamics of 
kinetochore-microtubule attachment31,32. In addition, defects in proteins regulating the 
cell cycle, such as p53, or those associated with homologous recombination repair (HRR), 
e.g. breast cancer gene 1/2 (BRCA1/2), and telomere dysfunction followed by breakage-
fusion-bridge cycles, have also been shown to correlate with an increased number of 
CNAs and CIN31,33-36. 

A prevalent genomic phenomenon associated with CIN, found to both promote 
tumorigenesis and to correlate with a poor prognosis, is whole-genome doubling 
(WGD) and the resulting polyploid cell state37-39. Interestingly, although WGD has been 
considered to generate unstable genotypes, research has shown that cells surviving 
WGD may also have an elevated tolerance for subsequent mitotic errors, highlighting 
its role in tumour evolution39,40. These phenomena have further been shown to 
characterize a subset of enlarged and particularly stress tolerant cancer cells, referred to 
as poly-aneuploid cancer cells (PACCs)41,42. The presence of PACCs in tumour tissue 
across cancer types have further been associated with metastatic disease, and their 
treatment resistant nature is thought to be an effect of their ability to enter polyploid 
non-dividing cell states42-46. 

Lastly, in contrast to CNAs affecting whole or large parts of chromosomes, mitotic 
errors might also induce focal but complex genomic rearrangements as a result of one 
single catastrophic event, known as chromothripsis. In chromothripsis, parts of a 
chromosome, or the whole chromosome, is shattered in up to hundreds of pieces, 
followed by random assembly of the segments, and this phenomenon has been shown 
to play a role in cancer progression and evolution47,48. 



27 

Cancer cell evolution 

Cancer from an evolutionary perspective 
Cancer can, and should, be viewed through the lens of evolution, where the 
accumulation of traits in a lineage of cells may infer proliferative and survival benefits 
to surrounding cell lineages. The concept of evolution by natural selection, opting for 
traits leading to a fitness advantage, was described in the book “On the origin of species” 
by Charles Darwin in 185949. This book is now considered the cornerstone of 
evolutionary biology. Darwin postulated that natural selection is based on the 
competition of limited resources, spatial constraints and adaption to the surrounding 
environment, where species with advantageous adaptive traits produce more offspring 
with inherited beneficial features49. He further postulated that evolution based on 
natural selection requires (i) heritable variation, (ii) diversity in fitness within the 
population and (iii) competition between organisms49,50. 

These evolutionary concepts can be adapted to cancer development as tumours, in 
many ways, resemble natural ecological systems with distinct cell subpopulations 
present within a complex and dynamic environment51. Clonal evolution of cancer, i.e. 
the iterative acquisition of alterations, followed by clonal expansion and selection, was 
suggested by Peter Nowell already in 197652 (Figure 4). His publication now represents 
a landmark in the field, and its description of the evolving clonal landscape, with 
various distinct cell populations defined as cancer subclones, remains central to this day. 
These subclones might, for instance, possess differences in their ability to metastasise 
and in their sensitivity towards chemotherapy51,52. 

 

Figure 4. Cancer cell evolution. Clonal expansion of cancer cells over time. Created according to Birkbak et al.53. 
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Tumour heterogeneity 
As stated by Darwin, the presence of distinct subpopulations that differ from each other 
phenotypically, i.e. regarding their physical characteristics49, comprises the substrate on 
which selection pressures may act. The cancer equivalence, commonly known as tumour 
heterogeneity, signifies the existence of unique subclones both in different tumour areas 
(spatial) and at various time points (temporal). Furthermore, spatial heterogeneity is 
often divided into two main types: intratumoural heterogeneity, referring to differences 
within one single tumour mass, and intertumoural heterogeneity, classified as disparities 
between separate tumour sites in the same patient or between patients (Figure 5). 

Tumour heterogeneity has been denoted in nearly all malignancies, including both 
genetic and phenotypic variability, and is known to impact both tumour progression 
and patient survival30,54-59. Anti-tumoral treatments, e.g. chemotherapies targeting 
proliferative cells, act as exogenous selective pressures and will in many cases inevitably 
encourage the emergence of resistant cells60,61, contributing to the low success rate of 
systemic treatment in metastatic disease. Thus, to overcome the oncological challenge 
of therapy resistance, one must also consider the evolutionary aspect of cancer and 
exploit its weaknesses. 

 

Figure 5. Tumour heterogeneity. Illustration of spatial tumour heterogeneity, including both intratumoural (left) and 
intertumoral (right) heterogeneity. 

Such novel dynamic therapies are already on the way, and include for instance extinction 
therapy, evolutionary double bind therapy and adaptive therapy62-64. Extinction therapy, 
also known as first-strike-second-strike64, is a two-step treatment based on the idea of first 
intensively decreasing the tumour mass using one drug agent, resulting in a smaller 
exposed cell population more sensitive to exogenous stress. Then, a second, different 
drug agent is administered, aiming to exploit the vulnerable state and, thus, forcing the 
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tumour cell population into an extinction cortex, which it cannot recover from. The 
evolutionary double bind therapy also utilizes the consecutive administration of two 
different drug agents, but in this case aiming to use the initial drug to provoke 
sensitivity to the second62. Lastly, adaptive therapy refers to evolutionary strategies 
focusing on tumour control, rather than a cure of the disease63,65, and is further 
discussed in the section “Treatment resistance and evolutionary based strategies”. 

Phylogenetic analyses 
In evolutionary biology, it is common to illustrate the ancestral relationship between 
different species in a branching diagram called phylogenetic tree or phylogeny. By 
phylogenetic analysis, it is possible to visualise and distinguish at which point during 
evolution two species deviated from one another and to evaluate similarities and 
differences between them. Similarly, through detailed analyses of the cancer genome in 
various tumour areas, enabled by the successful development of next generation 
sequencing (NGS) during the past decades, ancestral relationships between cancer clones 
can also be constructed (Figure 6)54,66. A tumour’s evolutionary history is inferred by 
estimating the most probable order of events, based on the proportion of each alteration 
in the various samples, following deconvolution of detected subclones67. Phylogenies 
depicting the relationships between subclones is also often referred to as a clone tree68, 
and may provide important information regarding specific subclones and their ability 
to metastasise, survive antitumoral agents and cause recurrent disease30,54,56,69-71. 

 

Figure 6. Phylogenetic tree based on tumour subclones. A phylogeny depicting the ancestral relationships between the 
subclones detected in a tumour, along with associated phylogenetic tree components. Abbreviations: MRCA; most 
recent common ancestor. 

In Figure 6, depicting a typical phylogeny based on tumour subclones, horizontal lines 
are referred to as branches, the lengths of which are directly proportional to the 
associated number of genetic events. The phylogeny may be rooted or unrooted, where 
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the rooted tree displays a direction from an assigned most recent common ancestor 
(MRCA), whereas the unrooted tree lacks direction72. For relationships between 
tumour clones, the phylogeny is often rooted in a normal cell, free of somatic 
mutations. Genetic alterations that have been estimated to be present in all cells of the 
tumour comprise the trunk of the tree. These mutations are also denoted as stem 
alterations. Internal nodes depict speciation events, i.e. points of divergence, and lastly, 
a clade refers to a group of species (subclones) which all have descended from a common 
ancestor. 

Within the studies of this thesis, phylogenetic reconstruction was utilised to evaluate 
tumour heterogeneity and trace the evolutionary points of metastatic dissemination. 
However, as stated above, it should be noted that clonal phylogenies only estimate the 
order of genetic events, without providing information on the precise timeline. To 
evaluate the exact time point for a specific genetic event, one could instead use clock-
like mutational processes, the steady mutation rate of which serves as a biological 
chronometer73. 

Liquid biopsy 

Historically, radiology and tissue biopsies, together with a few blood biomarkers, have 
been the go-to methods for detection, diagnosis and monitoring of various cancers. In 
addition, molecular profiling of tumour tissue has further facilitated the emergence of 
individualized treatments, such as targeted therapies, which have had a considerable 
impact on disease management and patient survival in several cancer types74-76. 
However, these methods are limited by factors such as imaging resolution, tumour 
tissue accessibility, biomarker specificity, cost and discomfort for the patient. In 
addition, single tissue biopsies often fail to capture tumour heterogeneity and are, thus, 
seldom able to provide a representative overview of the tumour’s molecular landscape54. 
In addition, considering cancer evolution, repeat biopsies are needed to monitor the 
clonal dynamics over time, a procedure that would come with an increased risk of 
complications for the patient without removing the challenges of tumour 
heterogeneity. In the specific case of pancreatic cancer, the location of the tumour often 
makes it difficult to obtain tissue biopsies even for diagnostic purposes. Hence, to 
achieve improved cancer management, from early detection to disease monitoring, 
there is a critical need for less invasive, cost-effective and sensitive methods, with the 
ability to capture molecular tumour dynamics. 

To meet this urgent demand, the field of liquid biopsy has emerged during the past 
twenty years. A liquid biopsy is, as the name reveals, the study of biofluids, such as 
blood, urine and cerebrospinal fluid77, as a minimally invasive versatile tool able to 
complement clinical decision making78. Exemplifying evidence on the advantages of 



31 

liquid biopsies include for instance the aid of blood based genetic profiling in clinical 
management of prostate cancer79, multiple myeloma80, colorectal cancer81 and non-
small-cell lung cancer82. The ability of liquid biopsies to provide enhanced early 
detection, and facilitate repeated biopsy sampling, promotes their future role as a tool 
in all parts of the cancer management spectrum, including monitoring of cancer 
evolution and therapy resistance83,84. 

Blood based analytes 
Blood based liquid biopsies have been particularly investigated in malignant diseases, 
offering a broad range of various tumour-derived analytes to study (exemplified in 
Figure 7). These include, but are not limited to, circulating nucleic acids, i.e. cell free 
DNA (cfDNA) and RNA, extracellular vesicles (EVs), cancer associated proteins, 
tumour educated platelets, and circulating tumour cells (CTCs)85. Specifically, a broad 
repertoire of studies exploring clonal cancer evolution have focused on circulating 
CTCs and cfDNA shed from tumour cells, referred to as circulating tumour DNA 
(ctDNA)86. 

 

Figure 7. Blood based liquid biopsies. Illustration of blood based liquid biopsies and examples of analytes. 

CTCs have been shown to represent distinct subclones of tumour cells with metastatic 
capacity87, but their low frequency in the peripheral blood poses a challenge for clinical 
use88. However, studies have shown that CTCs provide important input for both early 
detection, disease prognosis and prediction of therapeutic response in various 
malignancies89-94. Contrastingly to CTCs, ctDNA represents fragments released into 
the bloodstream from various parts of the tumour and may, hence, provide a more 
holistic perspective of the tumour landscape86. The studies in this thesis have primarily 
focused on different aspects of the utility of ctDNA in PDAC management, and the 
following sections will thus mainly address liquid biopsies in terms of circulating DNA. 
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Cell free DNA 
Varying levels of cfDNA can be detected in the blood stream of all people, with an 
average cfDNA concentration of approximately 10 ng per ml plasma in healthy 
individuals95-97. In general, cfDNA represents greatly fragmented pieces of DNA from 
numerous organs in the body, although the majority has been observed to come from 
white blood cells78,98,99. Levels and composition of cfDNA may however be altered in 
certain physiological conditions, such as pregnancy or malignancies86,100. Through 
sensitive methods, cfDNA from the foetus may be analysed in the blood of pregnant 
women using non-invasive prenatal testing (NIPT)101, and similarly, ctDNA from the 
tumour may be quantified and characterised in the blood of cancer patients86. 

The presence of cfDNA in blood was detected already in 1948102, and since then, 
numerous studies have been evaluating its mechanisms for release, molecular 
characteristics and impact for clinical medicine, not least oncology98. Proposed release 
mechanisms include both passive shedding, through apoptosis or necrosis, or active 
secretion103-105, although the proportion of cfDNA originating from active release 
mechanisms remains to be determined106. Shedding by necrosis has been shown to 
result in DNA with higher molecular weight103, whereas, in comparison, apoptotic 
release produces cfDNA fragments with a size of around 167bp. This size corresponds 
to that of a nucleosome (~147bp), i.e. a DNA segment wrapped around a histone protein 
complex, and an additional linker region (~20bp)107,108. 

The logical take home message from the phenomenon of passive release, through 
apoptosis or necrosis, would be that cfDNA primarily appears to represent dead cell 
populations, such as a treatment sensitive tumour population. This does, however, not 
seem to be the case. In fact, the opposite appears to be true, and various studies have 
observed that aggressive cancers, with high proliferative rates, seem to shed more 
cfDNA to the blood stream98,109,110. The reason behind this is not entirely understood, 
although it is known that the intricate balance between proliferation and apoptosis, 
important for maintaining tissue homeostasis, plays a vital part98. Cells undergoing 
apoptosis may for instance stimulate proliferation of surrounding cells, and in the other 
way around, a higher number of cells may undergo apoptosis in a fast-growing tumour 
due to increased stress and competition rates106. Higher levels of necrosis in late-stage 
disease have also been associated with an increased release of nucleic acids111. 

Moreover, clinical studies have shown that an increased total concentration of plasma-
derived cfDNA, regardless of its origin, is a negative prognostic marker for patients 
with metastatic solid tumors112. A recent preprint also showed increased total levels of 
cfDNA shed from non-tumour tissue in early-stage cancers and proposes that this 
increase could be due to the combination of a higher turnover of normal cells and a 
decreased overall cfDNA clearance113. Similar results were presented in another study 
where the observed increase of cfDNA in cancer patients could be traced back to a 
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primarily neutrophilic origin, also highlighting a possible slower clearance rate78. Of 
note, cfDNA clearance is mainly performed by the liver, and the cfDNA half-life has 
been estimated to range between minutes to a couple of hours114,115. Taken together, 
although it may be tempting to focus foremost on ctDNA as this is shed by the tumour 
itself, cancer, and especially metastatic disease, is a systemic entity, and one should thus 
keep a holistic view in mind. 

Circulating tumour DNA 
Diving into the field of plasma derived ctDNA, this was first acknowledged already in 
1989116. Nevertheless, it would take until 1994 before the first discovery of mutated  
ctDNA, matching the mutations found in tumour tissue, was published, namely the 
detection of mutant KRAS in plasma from patients with pancreatic cancer117. Since 
then, thanks to a remarkable development of sensitive techniques such as digital 
polymerase chain reaction (dPCR) and NGS, ctDNA has been extensively studied within 
vastly all cancers, both analysing specific genomic loci to evaluate hotspot mutations, 
and genome-wide features to capture large scale alterations86,118-122. The clinical utility 
of ctDNA can broadly be divided into two fields of study: quantitative measures, such 
as the plasma fraction or concentration, and qualitative analyses, such as the presence or 
emergence of specific genetic alterations. 

ctDNA plasma burden and clinical implications 
Quantitative analyses have revealed that the plasma ctDNA concentration correlates 
with both a larger tumour size, metastatic disease burden and later disease stage in 
various malignancies110,118,123. Numerous studies have also demonstrated the prognostic 
value of ctDNA levels in cancer, and its mere presence in plasma has been shown to 
correlate with a decreased overall cancer survival124-127. It should however be noted that 
the cfDNA plasma fraction varies depending on the type of malignancy. ctDNA 
analyses have also been shown to aid in disease subtyping, leading to a more accurate 
prognosis128. Another metric of interest includes the fragment size of ctDNA, as this 
has been observed to be shorter than cfDNA originating from normal cells96,129,130. 
Consequently, this has further spurred evaluations of the clinical value of cfDNA 
fragment size distribution, which has shown utility as a prognostic biomarker in various 
cancer types131,132. 

The short half-life of cfDNA also makes it especially suitable for real-time tumour 
monitoring, as validated by studies exploring the correlation of ctDNA dynamics and 
treatment response120,133-136. Hence, there are several advantages of ctDNA monitoring 
compared to expensive repeated imaging methods or invasive repeat tumour biopsies. 
Along that line, another area of interest includes the detection of minimal residual 
disease (MRD) following surgery or other curative treatments, as this is known to 
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impact recurrence rates137. For this purpose, ctDNA detection in plasma has been 
proposed to be of particular value, as it has been shown to detect disease relapse several 
months earlier than standard clinical parametres138-142, as illustrated in Figure 8. 

 

Figure 8. Disease monitoring by ctDNA. Illustration of real-time monitoring of the disease burden using ctDNA 
analyses, and its superiority in detecting recurring disease in comparison to standard clinical methods. 

An important aspect in order to improve overall survival (OS) is also early diagnosis, 
for which ctDNA analyses have been observed to enable presymptomatic detection of 
disease long before diagnosis143,144. One should however approach the applications of 
these results with caution, as screening of asymptomatic individuals may lead to 
overdiagnosis and a high rate of false positives. 

ctDNA characteristics in cancer evolution 
Qualitative measures of ctDNA, such the aforementioned detection of specific hotspot 
mutations, have also been shown to provide significant information for clinical 
practice120,127,145, and especially for identifying patients who may be eligible for targeted 
therapy146,147. Additionally, in contrast to single tumour tissue biopsies, ctDNA has 
been observed to capture a holistic overview of the genetic tumour landscape, both in 
terms of intratumoural and intertumoural heterogeneity148-151. Of further significance, 
it has also been argued that ctDNA analyses are superior to tumour biopsies for 
evaluating clonal evolution and emerging resistance81,152,153. In a study by Parikh et 
al.152, a direct comparison between tumour and post progression cfDNA biopsies 
identified discrepancies in 76% of cases, where resistance alterations detected in cfDNA 
were not found in the matched tumour tissue. Likewise, several studies focusing on 
larger chromosomal ctDNA variants have also revealed opportunities for clinical 
guidance122,154-156. In a recent study investigating 45 cases of paediatric cancers, where 
CNAs are known to comprise the majority of genetic drivers, monitoring of ctDNA 
provided important insight for a more accurate diagnosis and in tracking response to 
treatment155. 
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Hence, various clinically relevant applications have been observed for the use of plasma 
derived ctDNA, and the future will likely further reveal its added value in all aspects of 
clinical oncology. 

Detection limits of ctDNA analyses 
The probability of detecting ctDNA in plasma is dependent on several different factors, 
ranging from clinical blood handling procedures to the bioinformatic data pipeline, 
and obtaining qualitative information from ctDNA fractions below 1% remains 
challenging to this day157. For instance, as ctDNA corresponds to the tumour 
proportion in a “bulk” of cfDNA, shedded from different organs, increased levels of 
non-tumour cfDNA inevitably dilutes the ctDNA fraction. Moreover, the detection 
limit also depends on the actual number of ctDNA molecules present in the analytical 
sample and, hence, the total input plasma volume is important for sufficient sensitivity. 
Lastly, different sources of background noise, such as mutations from normal cells, 
complicate ctDNA analyses. For example, mutations acquired through clonal 
haematopoiesis (CH), i.e. the clonal expansion of blood cells, are also often detected in 
plasma with similar frequencies as ctDNA, increasing with age158. Distinguishing 
ctDNA specific mutations from those associated with CH is thus important to enhance 
ctDNA sensitivity, and can be performed by comparisons to mutations detected in 
matched peripheral white blood cells159. 

Historically, to enable detection of low burden disease by sequencing, such as in the 
search of MRD, the predominant paradigm has been to utilize cost-effective ultra-deep 
NGS of a limited number of genomic target regions160-163. However, although 
providing state-of-the-art accuracy at a low ctDNA burden for the selected target 
regions, these methods are particularly limited by the number of ctDNA fragments in 
the plasma sample164. This has spurred the exploration of detection breadth instead of 
depth, i.e. utilizing information from thousands of random mutations across the 
genome instead of focusing extensively on only a few. This may for example be carried 
out by performing shallow whole genome sequencing (sWGS), which has been shown to 
be less vulnerable to the presence of specific ctDNA fragments86, and recent research 
proposes that this method is superior for ultra-sensitive ctDNA detection in 
plasma86,164,165. 

Taken together, various factors affect the ability to detect plasma derived ctDNA at low 
frequencies. Yet, while noise reducing actions should always be implemented, it is 
crucial to meticulously evaluate the choice of sequencing method based on the current 
research question. 
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The immune system and cancer 

A tumour mass is not only constituted by cancer cells, but rather comprises a complex 
ecosystem with various immune cells (ICs), blood vessel cells, stromal cells and extracellular 
matrix (ECM), together forming the TME as illustrated in Figure 9166. In 2011, the 
role of the host immune response was recognized as a cancer hallmark for tumour 
development, following a decade of evidence and insights into their perplexing 
interplay14. The dual function of the immune system in cancer had been described 
already in 1968 when Dvorak and colleagues compared tumours to a never-healing 
wound167. Today, we know that inflammation significantly contributes to tumour 
progression across various malignancies, and that the tumour, in turn, may further spur 
inflammation14. Thus, while the immune system serves as one of the body’s main 
defences against neoplastic formation, together with various cell cycle regulating 
processes, cancer cells may evade immune surveillance by using various strategies, also 
referred to as immunoediting14,168. In other words, the TME can work both in favour of 
and against the tumour166. 

 

Figure 9. The tumour microenvironment. Illustration of the main components in the tumour microenvironment. 

The following sections will provide a brief introduction to the most common types of 
ICs and their role in cancer, both in terms of anti-tumour and pro-tumour responses, 
with particular focus on general populations relevant for this thesis. 



37 

Immune players in the innate and adaptive response 
The basic principle of the human immune system is to be able to distinguish self from 
non-self, i.e. the body’s own components from foreign intruders. It can further be 
divided into two major parts: the innate and the adaptive immune system. The innate 
response refers to the part that is present already from birth, a less specific immediate 
defence especially suited to combat foreign pathogens. Contrastingly, the adaptive 
response, also referred to as the acquired response, denotes a highly specific line of 
defence which develops an immunological memory over time, enabling an accelerated 
second encounter with a specific pathogen. 

To activate the specific adaptive response, innate cells with professional mediating 
properties, so called antigen presenting cells (APC), are needed166. These cells are 
specialized in capturing different foreign molecules, which they then present as antigens, 
i.e. processed peptides, on their cell surface for adaptive cells to recognize. Antigens are 
presented on cell surface proteins called Major Histocompatibility complex (MHC) 
molecules, also known as human leukocyte antigen (HLA) in humans. There are two 
main types of MHC molecules, class I and II, where the former is expressed on all 
nucleated cells, and the latter is mainly expressed by APCs for antigen presentation to 
adaptive lymphocytes166. By this bridge of information between innate and adaptive 
ICs, a directed specialized defence is activated, which eliminates the specific foreign 
invader. 

Innate immune cells 
Immune cell players in the innate response include cells such as monocytes, macrophages, 
mast cells, dendritic cells (DCs), natural killer (NK) cells, eosinophils, basophils and 
neutrophils, with various distinct subpopulations within each cell population. Innate 
cells specialized in antigen presentation mainly include macrophages and DCs, which 
are crucial for activation of the specialized adaptive defence. Of note, although 
originally acknowledged as an innate IC, NK cells have during the past decades been 
shown to have characteristics of both innate and adaptive immunity, for instance by 
being capable of forming an immunologic memory169. 

Monocytes are innate cells which circulate the bloodstream. Depending on the stimuli, 
they may differentiate into a range of various cell types, such as DCs and macrophages, 
and have shown distinct functions both in inflammation, homeostatic maintenance 
and pathogen response170. In the context of cancer, different subtypes have been 
associated with antitumour processes such as induction of cell death and phagocytosis 
of tumour cells, but also pro-tumorigenic properties such as the differentiation into 
tumour promoting macrophages, suppression of lymphocyte functions, recruitment of 
regulatory T cells, and mediation of wound healing, angiogenesis and ECM 
remodelling170. 
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One of the descendants of monocytes are tissue-resident macrophages, although other 
progenitors have been proposed as well171. As described, macrophages have an 
important role in both the innate and adaptive defence, with immunity functions 
including phagocytosis of pathogens and antigen presentation. However,  they also 
have critical roles in other physiological processes such as tissue development, 
homeostasis and repair172. Their anti-tumour defence includes killing of cancer cells by 
for instance antibody-dependent cellular cytotoxicity (ADCC) and phagocytosis, and the 
activation of adaptive IC mechanisms173. Macrophages with these properties are often 
referred to as having an inflammatory M1-like phenotype173. Contrastingly, tumour 
associated macrophages (TAMs) often have a pro-tumour phenotype, also known as 
M2-like, which is immuno-suppressive and more specialized in wound healing173. The 
M2-phenotype may for instance be induced by a hypoxic environment, or by specific 
cytokines and mediators in the TME, and supports cancer progression166. It should, 
however, be mentioned that M1-like TAMs are also frequently present in the TME. 
Of note, although recent studies of TAMs have shown that this previously established 
dichotomized model is oversimplified and thereby fails to capture the true plasticity of 
macrophages, especially for the M2-like subtype174, it will be used as a discussion stand 
point throughout this thesis. 

DCs represent the perhaps most important mediator between the innate and the 
adaptive immune response. Whenever they encounter an antigen, they engulf it and 
travel towards secondary lymphoid organs to present it to awaiting T cells, thereby 
activating an adaptive response166. They can be divided into four subtypes with varying 
functions and surface markers; plasmacytoid (pDCs), conventional type 1 (cDC1s) and 
type 2 (cDC2), and monocyte derived (moDCs) DCs175. DCs can further detect stressed 
cells, such as tumour cells, by their expression of damage associated molecular patterns 
(DAMPs) on the cell surface, which may initiate an anti-tumour response176. However, 
as long as DCs remain in their immature state they promote tumour cell tolerance, 
which the cancer may exploit177. 

NK cells are cytotoxic lymphocytes which have a dual role in the immune system and 
carry both innate and adaptive qualities. They are typically defined as CD3-CD56+, 
although various subtypes exist, and are specialized in killing cells that have 
downregulated their MHC expression. This could be cells infected with different 
viruses, but also tumour cells, and they are most often found patrolling the 
circulation166. Explained in a simple way, NK cells scout other cells for cell surface 
MHC class I molecules, and whenever they encounter a cell with reduced expression, 
the NK cells get activated. This activation model is important for tumour surveillance, 
as cancer cells often downregulate MHC class I expression on their cell surface to avoid 
exposing tumour specific antigens, neoantigens, that may otherwise be recognized by 
adaptive ICs178. 
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Adaptive immune cells 
Immune cells involved in the adaptive response broadly include lymphocytes called T 
cells and B cells, which carry out antigen-specific immune responses. In general, these 
cells patrol secondary lymphoid organs of the body, such as lymph nodes, where they 
await different activation signals. 

T cells harbour specific T cell receptors (TCRs) which are specialized in recognizing 
specific MHC bound antigens, such as neoantigens on tumour cells or antigens from 
various pathogens presented by APCs. Thus, the TCRs cannot bind directly to soluble 
antigens. T cells are broadly defined as CD3+ cells and are often divided into two major 
subtypes, cytotoxic CD8+ T cells (Tc) and CD4+ T helper cells (Th). Whenever activated 
Tc cells, also called killer T cells, recognize their specific antigen on MHC class I 
molecules on a cell surface, such as that of a tumour cells or a cell infected by virus, 
they eliminate their target cells by releasing perforin and granzymes which induce 
apoptosis of the target cell. 

The main function of Th cells is to assist in the activation of other immune cells, such 
as Tc cells and B cells, although there are several subtypes, each with distinct 
functions179. One of the subtypes is called regulatory T cells (Tregs) and is highly 
important for preventing other immune cells from becoming overly active179,180. Thus, 
Tregs have the ability to suppress other active immune cells in order to maintain a 
balanced immune response, which is crucial to avoid autoimmune reactions180. This is, 
however, unfortunately also characteristics that are beneficial to tumour cells. Thus, in 
the TME, tumour cells may utilize Tregs to inactivate other immune cells, and, hence, 
let the tumour cells escape destruction181. 

B cells represent the humoral part of the adaptive immune response and are the cells 
responsible for antibody production. Antibodies, also called immunoglobulins (Ig), are 
the soluble form of the membrane bound B cell receptor (BCR)182. These are proteins 
specialized in binding to different pathogenic antigens, and are released from the 
effector form of B cells, also called plasma cells and plasmablasts183. Furthermore, 
although mature B cells are traditionally characterized as CD20+ cells, plasma cells and 
plasmablasts represent a CD20- population. The role of B cells in cancer has been vastly 
understudied in comparison to the abovementioned T cells, but their abilities to both 
promote and inhibit tumorigenesis, depending on the specific B cell subtype, is now 
commonly known184. Their anti-tumour activities include priming of detected tumour 
cells, by coating them with antibodies, so that other cells such as phagocytes, NK cells 
or Tc cells, may find and destroy them184. There are however suppressive phenotypes of 
B cells as well, which may inhibit an active immune response and act in favour of the 
tumour184. 
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Checkpoint molecules 
As previously stated, to prevent unwanted autoimmune reactions, it is important to 
maintain a balance between immune stimulatory and inhibitory signals. Regulatory 
proteins known as immune checkpoints are central for this equilibrium185. Depending 
on the specific immune checkpoint protein, stimulation can either dampen or enhance 
the immune activity of the cell185. Among the many immune checkpoint signalling 
pathways which inhibit T cell activity is the programmed death 1 (PD-1) and its ligands 
(PD-L1/2)186. PD-1 is a cell surface receptor and a marker of exhaustion, normally 
expressed by T cells after continuous stimulation187, but it is also found on other ICs 
such as B cells, NK cells and macrophages. However, as illustrated in Figure 10, cancer 
cells may leverage these inhibitory pathways by expressing PD-L1 on their surface, 
which inhibits T cell activation186. This is further utilized in immunotherapies such as 
PD-1 blockade, where specific antibodies bind to PD-1 proteins, preventing inhibitory 
signals and maintaining anti-tumour T cell activity185. 

 

Figure 10. Immune checkpoint inhibition. Left) Cytotoxic T cell recognition of a tumour cell by binding of the T cell 
receptor (TCR) to the specific antigen MHC class 1 complex. The PD-L1 expressed by the tumour cell binds to the T 
cell bound PD-1, which inhibits T cell activation. Right) Immune checkpoint blockade using anti-PD-1 antibodies, 
which prevents inhibitory signals and allows for T cell induced apoptosis of the tumour cell. 

Genetic instability and immune recognition 
A paradoxical relationship has been demonstrated between chromosomally unstable 
tumour cells and immune evasion. On one hand, studies have shown that the large 
number of CNAs generated by CIN may serve as a substrate for Darwinian selection 
of cells with increased fitness in terms of, for instance, immune escape188-190. On the 
other hand, mitotic errors often generate cell cycle arrest and activates damage 
signalling, which consequently attracts immune players that eliminate the damaged 
cell191,192. Extensive research has been performed to untangle the various methods 
utilized by chromosomally unstable tumour cells to evade the different elimination 
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procedures carried out by both innate and adaptive cells. Reported immune evasion 
mechanisms, besides the above-mentioned expression of checkpoint molecules186, 
include changes in stress signalling patterns, such as those downstream of the cGAS-
STING pathway189, and downregulation of antigen presenting molecules such as 
HLA193,194. The complete picture of how CIN in tumour cells shapes the surrounding 
immune environment, and in the end impacts responses to various therapies, however, 
remains to be unveiled189. 

Pancreatic ductal adenocarcinoma 

Pancreatic and other periampullary cancer 
The patient group studied within this thesis includes patients diagnosed with pancreatic 
or other periampullary carcinomas, which refers to malignancies arising in the 
pancreatic head, ampulla of Vater, duodenum or distal bile duct (Figure 11). Owing 
to the anatomic position, situated deep into the upper part of the abdomen, the disease 
is often detected at an advanced stage and surgery is seldom possible. For most patients, 
diagnosis thus relies on radiology and either a core needle biopsy or fine needle 
aspiration and, consequently, the precise origin of the tumour often remains uncertain. 

 
Figure 11. The pancreas and periampullary region. Sketch illustrating the anatomic location of the pancreas and its 
different parts. Ir further highlights the different periampullary regions. 
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Most neoplasms in the periampullary region, however, arise within the pancreas, where 
pancreatic ductal adenocarcinoma (PDAC) represents about 80% of all cases195.  
Hence, although this thesis and the affiliated clinical study includes patients with 
tumours originating in all of the above-mentioned sites, the remaining part of the thesis 
will primarily address PDAC. 

The pancreatic organ is constituted by two main parts: the exocrine and endocrine 
pancreas. Pancreatic cancer may arise within either of them, although PDAC, 
originating from the exocrine ducts, accounts for the majority of tumours196. On the 
other hand, neuroendocrine tumours, originating from the endocrine pancreas, are rare 
and represent a clinically distinct subtype. Hence, these will not be further addressed 
within this thesis. 

Epidemiology 
PDAC is a relatively rare but deadly malignancy. It is the third leading cause of cancer 
related death in the United States, associated with a five-year OS of only 12% and 
increasing incidence rates197. Focusing on Sweden alone, around 1500 people were 
diagnosed with PDAC in 2021, and almost 2000 people died from the disease (Cancer 
i siffror 2023). In addition, although one out of five cases presents with localized 
disease, enabling surgery with curative intent, the cancer almost always recurs198. Thus, 
although the oncological advancements during the past decades have led to significantly 
improved survival rates for many cancer diagnoses, the prognosis of patients with 
PDAC has remained dismally unchanged. 

The majority of PDACs are diagnosed in people above 70 years old, with men 
representing a slight majority198,199. Globally, incidence rates vary (Figure 12), with the 
highest rates of 2022 detected in Europe and Northern America, and with almost four 
times increased rates in regions with high human development index (HDI) compared 
to regions with low HDI199. This discrepancy may, however, partially be confounded 
by differences in diagnostic modalities and registry qualities between regions200. 
Nevertheless, despite the large regional discrepancy in incidence, mortality has been 
shown to be equal. In addition, although racial differences have been significantly 
associated with incidence rates, this has been explained by lifestyle risk factors such as 
dietary habits, alcohol consumption and smoking200. 
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Figure 12. Global incidence rates of pancreatic cancer. Global map with estimated age-standardized incidence rates 
(ASR) per 100 000 people for pancreatic cancer in 2022. The graphs show both sexes and all ages. Reproduced from 
https://gco.iarc.fr/ 199. 

Risk factors 

Lifestyle and chronic disease 
Besides increased age and male sex, the risk of developing PDAC has been associated 
with several other chronic disease-related and environmental risk factors, including 
cigarette smoking201,202, obesity203,204, alcohol consumption205,206, chronic 
pancreatitis207,208,  oral microbiota209,210, and diabetes, especially new-onset211-213. On 
the other hand, allergy has been shown to infer a decreased risk of PDAC214,215. 

Familial and hereditary PDAC 
People with first-degree relatives with PDAC also have an increased risk of developing 
the disease216, referred to as familial PDAC. Studies have however shown that familial 
PDACs are indistinguishable from sporadic disease, i.e. PDAC in patients without a 
family history, and are shown to have comparable somatic mutation profiles217,218. On 
the other hand, familial PDAC has been associated with an increased prevalence of 
precursor lesions, which may develop into invasive cancer219. 

Moreover, it is estimated that up to 35% of PDAC can be attributed to genetic 
heritability216, although causative pathogenic constitutional variants have been 
identified in a mere 3-10%198. The most common variants found to increase PDAC 
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risk primarily affects DNA damage response genes220-223 (Table 1), and have been 
associated with inherited syndromes such as hereditary breast and cancer syndrome, 
Lynch syndrome, familial atypical mole melanoma syndrome and Peutz-Jeghers 
syndrome, with implications for clinical treatment220,222,224-231. Genetic testing for these 
germline gene variants has, however, not yet become a routine part of clinical practice 
in Sweden. 

 
Table 1. Genes associated with increased risk of PDAC, their prevalence (%) and associated syndromes216. 

Gene Prevalence (%) Associated syndrome Refs 
BRCA2 2 - 7 Hereditary breast and ovarian cancer syndrome  222,232,233 
BRCA1 < 1 - 2.2 Hereditary breast and ovarian cancer syndrome  222,233 
PALB2 < 1 Familial breast cancer 233-235 
ATM < 1- 2 Familial breast cancer 220,223,236 
STK11 < 1 Peutz-Jeghers syndrome 224,225 
CDKN2A < 1- 2.5 Familial atypical mole melanoma syndrome 220,226,227 
MLH1, MSH2, MSH6, 
PMS2 

< 1 Lynch Syndrome  220,228 

PRSS1 < 1 Hereditary pancreatitis 236-239 

Presentation, diagnostics and clinicopathological assessment 
In general, clinical presentation and prognosis of PDAC depends on the anatomic site 
of the disease. Approximately 70% of all PDAC cases originate in the pancreatic head 
or neck (HN) (Figure 11) and are associated with a better prognosis compared to  
tumours arising in in the pancreatic body or tail (BT)240. This discrepancy may be 
explained by the fact that BT tumours are more frequently associated with advanced 
disease compared to HN tumours, due to the late onset and characteristics of symptoms 
as further described below198,240. 

Symptoms 
The general presentation of PDAC includes diffuse and non-specific symptoms such as 
a decrease in appetite, dyspepsia, altered bowel habits, anorexia and fatigue, which too 
often delays diagnosis241. HN tumours frequently present with jaundice due to biliary 
obstruction, sometimes leading to earlier detection198,242. In contrast, BT tumours more 
commonly present with vague pain-related symptoms, such as abdominal and/or back 
pain198. In addition, newly diagnosed diabetes may also be an indicator of PDAC and 
always warrants further examination241,243. 
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Diagnosis 
PDAC is diagnosed by computed tomography (CT), utilizing intravenous contrast to 
enhance visualization of the pancreas and its surroundings198. This is of particular 
importance to enable evaluation of the operability of the tumour. In advanced cases, a 
core needle biopsy or fine needle aspiration from either the primary tumour or a 
metastatic site, depending on the accessibility of the tumour, is needed to confirm the 
diagnosis by histopathological or cytological assessment. Complementary radiology, 
including magnetic resonance imaging (MRI) or endoscopic retrograde 
cholangiopancreatography (ERCP), may be utilized whenever necessary to discern 
benign from malignant lesions in the pancreas or liver, and to improve evaluation of 
secondary lymph nodes198,244,245. 

Clinicopathological assessment 
As illustrated in Figure 13, PDAC can be divided into the following four categories: 
resectable disease (20 %), borderline resectable or locally advanced disease (35%), and 
metastatic disease (55%)246. Classification is performed according to the tumour, nodes 
and metastasis (TNM) system, a universally used system from the American Joint 
Committee on Cancer (AJCC, 8th edition247,248). In summary, characterization is 
performed based on tumour size and involvement of nearby arteries and veins (T1-T4), 
tumour spread to regional lymph nodes (N0-N2) and presence of distant metastases 
(M0-M1). 

 

Figure 13. PDAC categorization. The four different PDAC categories based on the tumour, nodes and metastasis 
system from the American Joint Committee on Cancer (8th edition)247,248. 
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Routine biomarkers 
In spite of the plethora of conducted biomarker research on PDAC, the serum 
glycoprotein carbohydrate antigen 19-9 (CA19-9) remains the main biomarker in 
current clinical use for PDAC management, even 40 years after its implementation249. 
CA19-9 is produced by ductal cells in several organs such as the pancreas, colon and 
biliary system, although 6% of Caucasians and 22% of non-Caucasians have been 
shown to be non-producers250. However, whilst frequently used for both diagnosis and 
disease monitoring of PDAC, CA19-9 has not yet proven to be specific or sensitive 
enough to be used for disease screening purposes249. 

Carcinogenesis 

Precursor lesions and subtypes of PDAC 
Benign neoplasms of the pancreas are common and include pancreatic intraepithelial 
neoplasias (PanINs), intraductal papillary mucinous neoplasms (IPMNs) and 
mucinous cystic neoplasms (MCNs)251,252. Most PDACs emerge from PanINs, which 
are neoplasms smaller than 5mm arising in the pancreatic ducts253. It should, however, 
be noted that the majority of PanINs will never develop into cancer251. The second 
most common precursors of PDAC are IPMNs, which are larger and may thus even be 
detected by imaging254. The different precursor lesions are further classified into one 
out of two morphologically distinct subgroups, characterised by either low-grade or 
high-grade dysplasia253, where especially the latter have been associated with invasive 
carcinoma252,255. 

Microscopic investigation of PDAC, as exemplified in Figure 14, most often unveils 
randomly distributed malignant glands, surrounded by a desmoplastic stroma 
commonly composing more than 90% of the tumour mass. A great heterogeneity of 
morphological patterns is frequently seen, including different grades of cell 
differentiation within the same tumour256. In addition, there are several morphological 
subtypes besides conventional PDAC, such as adenosquamous carcinoma, colloid 
carcinoma and undifferentiated carcinoma with osteoclast-like giant cells, further 
highlighting the complexity of the disease257.  

Many studies have further evaluated transcriptional subtypes of PDAC with clinical 
impact in terms of drug response and patient outcome258-263. Taken together, 
considering the consensus from these studies, two major subtypes have been described, 
the classical and basal-like PDAC, with some examples of mixed types (Figure 15)264. 
Of importance, in the Canadian COMPASS trial, these subtypes have been shown to 
be therapeutically relevant, where the basal-like subtype has been associated with lower 
response rates to first line 5FU-based therapies265. 
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Figure 14. Microscopic image of PDAC. A microscopic image of PDAC stained with haematoxylin and eosin. Black 
arrows indicate tumour cells and white arrows indicate tumour stroma. 

SNVs and InDels in PDAC development 
During the past decades, thorough investigations of PDAC and associated precursor 
lesions have characterized a cumulative PDAC progression model258,266-273. Four genes 
have been found to be the most commonly mutated, i.e. Kirsten rat sarcoma (KRAS, > 
90%), TP53 (70%), cyclin-dependent kinase inhibitor 2A (CDKN2A, 30%), and mothers 
against decapentaplegic homolog 4 (SMAD4, 30%)272,274. Adding to these, a tail of 
infrequent gene mutations has been detected across different cohorts, with a high 
proportion of passenger mutations19,258,270-275. Within the detected low-frequency 
variants, seen in less than 10% of cases, alterations affecting genes involved in 
chromatin modification and DNA damage repair, among others, are observed276. 

Previous research has also proposed that mutations in the above-mentioned four genes 
occur early in PDAC development, as they have also been found to a varying extent in 
precursor lesions, several years before the development of invasive carcinoma (Figure 
15)255,277. KRAS variants in particular have been detected in low-grade precursors, 
whereas variants in TP53, CDKN2A and SMAD4 have been more associated to high-
grade precursor lesions251. Moreover, IPMNs and MCNs are often associated with 
variants in the ring finger protein 43 (RNF43) gene, and variants detected in the guanine 
nucleotide binding protein alpha stimulating (GNAS) gene are almost exclusive for 
IPMNs278. Hence, detection of variants in these genes may indicate that the PDAC 
emerged from a cystic precursor lesion. 
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Figure 15. PDAC carcinogenesis. Illustration of PDAC carcinogenesis with the most commonly mutated genes and 
increasing grades of dysplasia. Reprinted from Halbrook et al.264 which is licensed under CC BY-NC-ND 4.0 
(https://creativecommons.org/licenses/by-nc-nd/4.0/). 

Evolutionary analyses of PDAC and associated precancerous lesions have further 
revealed their shared ancestral relationship, with individual precursors preceding the 
invasive carcinoma255,277. However, a relatively high genetic heterogeneity has been 
detected, even for known driver variants, proposing that more than one cell has given 
rise to the emergence of individual precursor lesions (polyclonal origin)255,279. A recent 
publication investigating the microanatomy of precancerous lesions from the normal 
pancreas, by 3D genomic mapping, also revealed a high load of PanINs with a 
remarkable multifocality and genetic heterogeneity280. Thus, these results further 
validate the early accumulation of known PDAC drivers and provide future hope for 
PDAC prevention. 

KRAS 
KRAS belongs to a group of oncogenic proteins that bind guanosine triphosphates 
(GTP) called GTPases281. KRAS is activated by upstream protein tyrosine kinase 
receptors, such as the epidermal growth factor receptor (EGFR)281. Upon activation, 
KRAS mediates several signalling pathways, such as the MAPK-ERK or PI3K-AKT-
mTOR signalling pathway, which initiates cellular processes such as cell division, 
growth and survival (Figure 16)282. In PDAC, mutated KRAS (SNVs) results in EGFR-
independent activation, and almost always affects one out of the following three 
codons; 12 (90%), 13 (2%) and 61 (7%)276. 
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Figure 16. KRAS signalling pathway. Illustration of the KRAS signalling pathway according to Huang et al.283. 

TP53 
As previously mentioned, the p53 protein encoded by the TP53 gene is often referred 
to as “the guardian of the genome” due to its crucial role in cell cycle control284. It was 
also the first gene to be denoted as a tumour suppressor and has been known to be a 
key player in cancer ever since it was first described in 1979284. It can be inactivated 
through various different mechanisms, including both small-scale and large-scale 
alterations, and also by binding to viral proteins284. In PDAC, however, the most 
commonly seen mechanisms are missense mutations followed by allelic loss of the 
second allele, although frameshift variants and homozygous deletions also occur276. The 
default state of p53 is off, but whenever activated, its main function is to halt cell 
division of stressed or damaged cells, followed by either stimulation of repair 
mechanisms or induction of apoptosis, if the damage is irreversible284. It can also inhibit 
angiogenesis, a crucial factor in expanding tumours284. Inactivating mutations in TP53 
in PDAC have also been shown to be correlated with polyploidy and to occur late in 
PDAC development277,285,286. 

CDKN2A 
The two proteins encoded by the CDKN2A gene, the INK4 family member p16 
(p16INK4a) and p14ARF, are both involved in cell cycle regulation and CDKN2A is, hence, 
also considered a tumour suppressor287. The specific roles of the resulting proteins 
include inducing cell cycle arrest in the G1 phase (p16INK4a), by inhibiting the binding 
of CDK4/6 to cyclin D1, and inducing p53-mediated cell cycle arrest (p14ARF)287. 
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Studies of PDAC have further shown biallelic CDKN2A inactivation in 90% of cases 
through different mechanisms, including homozygous deletion and mutation in one 
allele together with either loss or inactivation by hypermethylation of the other allele276. 

SMAD4 
Like TP53 and CDKN2A, SMAD4 is also a tumour suppressor, known to be involved 
in the multifaceted transforming growth factor b (TGF-b) signalling pathway. This 
pathway is crucial for tissue homeostasis, and whenever malfunctioning, it may lead to 
tumour growth, tumour cell migration and immune evasion269,288. Inactivation of 
SMAD4, resulting in the abovementioned consequences, is often also achieved by a 
combination of mutations and LOH events, or a homozygous deletion of both 
alleles276. It has also, just as for TP53, been correlated to late-stage disease, and 
particularly with invasion events277,286,289. 

Copy number alterations 
Adding to small scale mutations, a high burden of chromosomal alterations such as 
CNAs, structural rearrangements and chromothripsis events have also been observed to 
characterize the PDAC genome271,273,285. Frequent WGD events have also been 
observed, followed by additional alterations covering large chromosomal segments37,285, 
adding to the complex genomic profile. Chromosomal segments commonly altered by 
CNAs in PDAC include, but are not limited to, LOH events of 9p (including 
CDKN2A), 17p (including TP53) and 18q (including SMAD4), together with 
homozygous focal loss of segments covering CDKN2A, again pointing to the 
importance of these genes in PDAC carcinogenesis271,273,290. Based on genome wide 
profiling of large-scale chromosomal changes in a now considered landmark study of 
PDAC, four genomic subtypes were proposed271. These were named the (i) stable, with 
less than 50 alterations, (ii) the locally rearranged with at least one significant focal 
rearrangement event, (iii) the scattered with a moderate burden of alterations but below 
200 changes, and (iv) the unstable with over 200 detected alterations271. Of clinical 
value, PDAC tumours with a defined unstable genome and/or signs of a BRCA 
mutational signature59, were associated with sensitivity to platinum-based therapy271. 
Furthermore, a recent study showed that the quantity of detected CNAs appears to 
carry prognostic value in resected cases, where a higher burden was associated with a 
lower OS290. Whether the CNA burden is prognostic across all PDAC stages remains 
to be explored, proposedly with the use of ctDNA based analyses, as has recently been 
demonstrated to be feasible291-293. 

Moreover, a genome-wide study by Notta et al.285 challenges the previously described 
stepwise and slow development of PDAC, by showing evidence of punctuated 
catastrophic events, where a large proportion of all alterations appeared to have been 
acquired during a short period of time. It should, however, be noted that the exact 
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timeframe for PDAC development remains unknown till this day. Nevertheless, 
consistent with the observations made by Notta, additional evidence from precancerous 
pancreatic lesions demonstrates that CNAs and other large-scale alterations are a more 
prevalent feature in high grade compared to low grade precancerous lesions280,285,294. 
Hence, this promotes the notion of CNAs as evolutionary late events in PDAC 
carcinogenesis. 

Metastatic spread of PDAC 
The majority of PDACs inevitably spread to distant sites, unfortunately often sooner 
than later, and many patients present with advanced disease already at diagnosis. 
Building on that, several studies have shown evidence indicating that metastasis 
formation is an evolutionary early event in PDAC70,295, as even resectable PDAC 
tumours, and those with sizes smaller than 2 cm, have been associated with metastatic 
dissemination296-298. The most common sites for metastases, detected at autopsy, are, in 
order of their occurrence: the liver, peritoneum and lungs, although PDAC has been 
shown to be capable of disseminating to vastly all organs in the human body299-301. 

Dissemination may occur by several mechanisms such as neural, intraductal or 
lymphovascular invasion302,303, and different routes have been associated with specific 
distant metastatic sites304. Future research is, however, needed to establish their 
individual impact on the metastatic burden of PDAC304. Interestingly, genomic studies 
have shown remarkably similar genetic profiles in terms of known driver events, such 
as KRAS and TP53 mutations, when comparing different tumour lesions in metastatic 
treatment naïve PDAC305. Contrastingly, it has also been noted that platinum-based 
therapy, following surgery, appears to enrich for genetic drivers activating the 
MAPK/ERK and PI3K/AKT signalling pathways in recurrent disease70. 

To summarize, metastatic dissemination is the main cause of death from PDAC. 
Further research is, hence, needed to provide additional insights into the impact of 
specific invasion routes and how to utilize prior knowledge about treatment induced 
bottlenecks, to improve survival outcomes both in the adjuvant and palliative patient 
groups. 

Treatment modalities 
According to European standard of care, treatment options for PDAC primarily 
include surgery and chemotherapy, although radiation, targeted therapies and 
immunotherapy are administrated in a minority of cases. Radiation therapy is however 
rarely performed in Sweden, and will, thus, not be covered in this thesis.  
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Surgery 
All the way back in 1858, Jacob Mendez Da Costa was the first to describe PDAC 
based on a microscopic evaluation306. After 40 years, in 1898, the first successful 
resection of a periampullary tumour was performed by William Stewer Halsted from 
Johns Hopkins Hospital307. It would however take until 1935 before Allen Oldfather 
Whipple set the scene for the currently used pancreaticoduodenectomy, also referred to 
as the Whipple procedure308. This procedure involves the en bloc removal of the 
pancreatic head, the distal part of the stomach, the duodenum, the common bile duct 
and the gallbladder309. 

Today, surgery is the only treatment of PDAC allowing for a chance of cure. The most 
common procedure for periampullary cancers and PDAC originating in the pancreatic 
head is to perform a pancreaticoduodenectomy, either by a classic Whipple or a pylorus 
preserving Whipple (PPW)309. For tumours arising in the pancreatic body or tail, 
although the proportion of operable tumours remain sparse, resection of the distal part 
of the pancreas is performed. The remaining surgical option is to perform a total 
pancreatectomy, which is carried out whenever the size or location of the tumour 
renders the other options impossible. However, this procedure, although showing 
comparable mortality rates to pancreas-preserving techniques, is associated with a 
drastic adverse impact on quality of life and development of severe diabetes310,311. 

Chemotherapy 
Chemotherapy has been the standard systemic treatment of PDAC since the 1980s, 
although with moderate success and effect on patient survival. However, two studies in 
particular have laid the foundation for the currently used regimens and significantly 
improved the survival outcome of PDAC patients, namely the introduction of 
gemcitabine in 1997 and the triplet combination chemotherapy regimen FOLFIRINOX 
(oxaliplatin, irinotecan, fluorouracil/5-FU, folinic acid) in 2011312,313. Today, 
chemotherapy treatment is given in both the neoadjuvant, adjuvant and palliative 
setting. The most commonly used treatment regimens are administration with either 
modified FOLFIRINOX (mFOLFIRINOX, omitting 5-FU bolus and lower dosage of 
Irinotecan), gemcitabine alone or a combination of gemcitabine and nab-paclitaxel. 
The main agents of these therapies all exert anticancer activity by disrupting cell 
proliferation and inducing cell death. More specifically, the drugs oxaliplatin, 5-FU, 
irinotecan and gemcitabine are primarily targeting DNA synthesis and repair, whereas 
nab-paclitaxel predominantly binds to microtubules, which blocks mitosis and induces 
cell cycle arrest314-318. 

Adjuvant treatment 
Adjuvant chemotherapy, that is treatment given postoperatively to reduce the risk of 
relapse, has been shown to significantly improve OS for patients with PDAC319-321. In 
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addition, studies comparing survival outcomes for patients receiving either gemcitabine 
or mFOLFIRINOX in the adjuvant setting showed a substantial increased survival for 
patients receiving mFOLFIRINOX322, and it is therefore now standard of care for 
eligible patients. However, according to individual performance status and 
comorbidities, other regimens are also common, including standard FOLFIRINOX, 
single gemcitabine, and gemcitabine in combinations with either nab-paclitaxel or 
Capecitabine (GemCap), which is an oral fluorouracil prodrug323. 

Neoadjuvant treatment 
Neoadjuvant chemotherapy, i.e. preoperative treatment, has not been a common 
strategy in PDAC historically. However, it has recently been revisited as it shows 
potential both for managing micro-metastatic disease and for tumour downstaging 
prior to surgery and, hence, an increased probability of achieving a negative resection 
margin324,325. It further enables a larger group of patients to benefit from systemic 
treatment, including patients who would not be fit enough for adjuvant treatment, and 
spares patients who would most likely develop rapid recurrence from undergoing a 
complex surgical procedure325. In Sweden, neoadjuvant treatment is primarily 
administrated using standard FOLFIRINOX and within clinical trials. 

Palliative treatment of metastatic disease 
As previously stated, the majority of all PDAC patients are diagnosed with advanced 
disease, for which palliative chemotherapy remains the sole treatment option. 
Treatment at this stage is mainly given to prolong OS and to sustain an acceptable 
quality of life326. After many years of using solely gemcitabine as first-line treatment for 
metastatic disease313, improvements in survival were shown both for FOLFIRINOX 
(2010) and for the combination of gemcitabine and nab-paclitaxel (2012) in 
comparison to single gemcitabine, which changed the priority of regimens312,327,328. At 
present in Sweden, patients are offered one of the following first-line treatments, 
depending on their performance status: standard or modified FOLFIRINOX or 
gemcitabine with nab-paclitaxel for patients with high performance status, and usually 
either single gemcitabine or single 5-FU for more fragile patients. 

Personalised medicine 
At present, personalised medicine has only been observed to benefit a minority of 
PDAC patients. For instance, tumours with pathogenic germline variants detected in 
HRR genes, e.g. BRCA1/2 and partner and localizer of BRCA2 (PALB2), have been 
shown to be associated with therapeutic sensitivity to poly(ADP-ribose) polymerase 
(PARP) inhibitors, such as olaparib229,230,329, which may be administrated subsequent to 
first-line platinum-based therapy. Of note, these tumours have also been associated 
with sensitivity to platinum-based treatment and patients have shown an improved 
OS330-332. 
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Comparisons of PDAC to other cancers have revealed a fairly modest tumour 
mutational burden (TMB), and thus a resulting low number of neoantigens59,333. 
Patients with variants in mismatch repair (MMR) genes, leading to a hypermutated 
cancer genome and a significant increase in neoantigen burden, represents a specific 
PDAC subgroup (~1%) with microsatellite instability high (MSI-high) tumours334, such 
as in Lynch syndrome. These tumours have been associated with sensitivity to immune 
checkpoint therapy, in particular to the PD-1 inhibitor pembrolizumab231, which may 
be administrated as second-line treatment. 

The pursuit of therapies targeting KRAS mutations has been going on for decades, but 
has previously been deemed extremely challenging, or even impossible, due to limited 
binding pockets and exceptionally high affinities for GTP and GDP at the nucleotide-
binding sites282. Yet, a recent breakthrough with inhibitors targeting KRASG12C, i.e. 
sotorasib335, has shown promise for PDAC patients, although the prevalence of 
KRASG12C is low (1-2%). In addition, other KRAS targeting approaches, such as pan 
KRAS inhibitors336, vaccines337, G12D specific inhibitors338 and T-cell receptor 
therapies339, are currently being investigated, which could prove to be of great 
importance for PDAC management and treatment in the future. 

In addition to the above-mentioned subgroups, which represent the most relevant for 
the studies within this thesis, individual patients may be eligible for other targeted 
treatments based on specific molecular traits. For example, a small subgroup has been 
found to harbour either neurotrophic receptor tyrosine kinase (NTRK) fusions or 
neuregulin 1 (NRG1) fusions, which have shown sensitivity to the tropomyosin receptor 
kinase inhibitor larotrectinib and the tyrosine kinase inhibitor afatinib, 
respectively340,341. 

Treatment resistance and evolutionary strategies 

Chemotherapy resistance 
As for malignancies in general, treatment resistance represents the greatest oncological 
challenge in PDAC management342. There is also a lack of biomarkers in clinical use 
that are able to predict sensitivity to chemotherapy, thus leading to a high number of 
patients experiencing adverse side effects without having any treatment benefit. General 
resistance mechanisms include, but are not limited to: increase in drug efflux, decreased 
drug uptake by reduction of transporters, blocking of the apoptosis pathway, changes 
in metabolism of the drug, and changes in the pathway leading to epithelial to 
mesenchymal transition (EMT)60. However, further research on agent specific modes of 
resistance is important to understand and overcome the low therapy response rates in 
PDAC. 
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Adaptive therapy 
But what if cancer eradication is not the only option for disease management? As 
previously mentioned, other researchers have proposed the introduction of non-
curative oncological strategies similar to those used in pest control343. Similarly to 
cancer cells, pests belong to a genetically heterogenous population and pesticide 
resistance is an inevitable problem344. But in contrast to the majority of oncological 
treatments, farmers have put their main focus on controlling the pest population, and 
minimizing negative side effects, rather than trying to get rid of them all344. The 
evolutionary heuristics used in pest management, based on the principles of Darwinian 
natural selection, have thus paved the way for what has become the field of evolutionary 
treatment and adaptive therapy63,65,345-348. 

The fundament of adaptive therapy is built upon the exploitation of competition 
between treatment sensitive and resistant cells, where resistance poses a potential fitness 
cost63,347. Hence, by monitoring individual tumour dynamics, cancer control is 
achieved by balancing the reduction of sensitive cells whilst avoiding a complete 
eradication which would allow resistant cells from taking over (Figure 17)63,349. In 
practice, this means administrating treatment until noting a sufficient reduction in 
tumour volume, and then turning it off, to permit for the re-growth of sensitive cell 
populations63,65. In contrast, the goal of traditional systemic therapy is to maximize 
treatment and to kill as many tumour cells as possible350, although the chance of 
complete eradication is dismally low and rapid resistance almost unavoidable. 

 

Figure 17. Adaptive therapy. Illustrative comparison of treatment administration in traditional and adaptive therapy 
strategies, according to Zheng et al.65. MTD; Maximum tolerated dose. 
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Although still in early phases349, adaptive therapy and mathematical evolutionary 
modelling of disease dynamics have recently shown promising results in metastatic 
castrate-resistant prostate cancer, with increased time to progression compared to 
standard protocols65,351, and studies are ongoing in, for example, ovarian cancer352. 
Whether adaptive therapies will provide future prolonged disease control in PDAC 
remains however to be seen. 

Circulating tumour DNA in PDAC 
Despite a high proportion of patients diagnosed with metastatic disease, pan-cancer 
analyses have shown that plasma levels of ctDNA in PDAC are relatively low compared 
to other malignancies118,353. In addition, discrepancies between ctDNA detection rates 
have been observed in the different publications during the past decade, most likely due 
to the overall low ctDNA burden354. Furthermore, ctDNA in PDAC has primarily been 
evaluated using targeted deep sequencing (TDS) and digital droplet PCR (ddPCR), and 
untargeted approaches such as whole genome exome sequencing have seldom been 
utilized146,291,355-361. 

Due to its high prevalence, KRAS has been the most common target in studies 
evaluating ctDNA in PDAC, where mutations detected in plasma have been shown to 
provide prognostic significance both in patients with operable and advanced 
disease356,357,359. Further associations have also been observed between detection of 
ctDNA in plasma before treatment and the presence of liver metastases362-364. However, 
whether this is due to an increased shedding from liver metastases in particular, or to 
an overall increase in ctDNA levels due to a malfunctioning clearance of ctDNA by the 
liver, remains to be ascertained. 

Moreover, longitudinal monitoring of PDAC has been proposed to provide important 
clinical guidance. Analyses carried out before, during and after treatment, in both 
surgically treated patients and patients treated with palliative intent have shown 
capability to predict relapse and progression, respectively, even earlier than imaging 
data and clinical routine biomarkers360,365-367. In addition, due to the frequently limited 
availability of PDAC tumour tissue, studies have also acknowledged the utilization of 
ctDNA analyses to detect genetic alterations which may in turn predict response to 
targeted therapies293,355,368-370. A few recent studies have also investigated the possibility 
and clinical impact of monitoring CNAs in ctDNA of PDAC with promising results, 
including its potential in future studies on PDAC evolution291-293. 

In summary, ctDNA analyses show great potential in aiding clinical management of 
PDAC patients in all different disease stages, especially as current routine biomarkers 
are not specific or sensitive enough. However, due to the generally low ctDNA burden, 
efforts should be made to customize clinical methodologies to the specific task at hand. 
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The desmoplastic tumour microenvironment 
The pancreatic TME is uniquely characterized by a dense desmoplastic stroma with the 
presence of diverse, and often suppressive IC populations, cancer associated fibroblasts 
(CAFs) and increased ECM formation371,372. In fact, as stated in the aforementioned 
sections, in most cases, the TME constitutes the main part of the tumour mass, and the 
actual cancer cells are in minority371. CAFs are the primary providers to the prominent 
stromal compartment of PDAC, sometimes constituting up to 80% of the tumour373. 
Recent studies have also demonstrated that CAFs may contribute either too a “good” 
stroma, with anti-tumour activity, or to a “bad” desmoplastic stroma, promoting 
tumour progression and invasiveness, depending on their functional state374. The 
desmoplastic reaction further leads to a hypoxic environment, reduced vasculature and 
an increased interstitial pressure, all contributing to an impeded infiltration of 
therapeutic agents372. In addition, the hypoxic environment attracts 
immunosuppressive IC populations, such as Tregs and M2-polarized macrophages372. 
Lastly, various soluble factors, for example TGF-b and matrix metalloproteinase 9 
(MMP-9), also facilitate PDAC invasion by assisting in ECM remodelling, 
immunosuppression and angiogenesis372. 
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Present investigation 

“Without data, you’re just another person with an opinion” 

by W. Edwards Deming 

Aim 

The overarching aim of the present investigation was to study both spatial and temporal 
genetic heterogeneity across various stages of PDAC, to uncover novel insights into the 
disease evolution in the context of both treatment and host response. 

Specific aims of paper I-IV 

Paper I 
To identify geographical genetic traits associated with OS in resected PDAC, following 
adjuvant treatment, in combination with spatial characteristics of the surrounding 
immune microenvironment. 

Paper II 
This paper outlines the study protocol for the prospective, observational, single-arm 
clinical trial CHAMP. 

Paper III 
To assess the temporal dynamics of ctDNA, in conjunction with the parallel systemic 
immune response, considering potential treatment effects and patient outcome. 

Paper IV 
To investigate the clonal landscape of terminal metastatic PDAC in relation to spatial 
heterogeneity, dissemination routes and OS. Preceding clonal events in matched liquid 
biopsies were also assessed regarding their potential to reflect the terminal genetic 
tumour landscape. 
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Patient cohorts 

Retrospective patient cohort 
In paper I, the study material encompassed resected tumour specimens from 11 PDAC 
patients. These patients were selected, based on multiregional tissue availability, from 
a retrospective consecutive cohort of all patients who were surgically treated at Skåne 
University Hospital in Lund between the 1st of January 2012 and the 31st of December 
2014. By multiregional sampling, different areas of the primary tumour and nearby 
lymph node metastases were investigated to explore genetic and immune cell 
heterogeneity. 

The CHAMP study 
The main cohort investigated in this thesis comprised patients enrolled in the 
prospective, observational, and ongoing clinical trial CHAMP, short for 
“Chemotherapy, Host response And Molecular dynamics in Periampullary cancer”375. 
The study was initiated in Malmö in November 2018 and is available at 
clinicaltrials.org, registered as NCT03724994. The study was also expanded to Lund 
in 2019. CHAMP invites all patients diagnosed with PDAC or other periampullary 
adenocarcinoma who are being treated with neoadjuvant, adjuvant or first-line 
palliative chemotherapy at Skåne University Hospital in Lund and Malmö, with the 
only exclusion criteria being patients with another concurrent lethal condition. In 
2021, the CHAMP study was also extended to include research autopsies, where 
patients in a later, palliative phase are asked by their palliative care physician if they 
want to participate. The autopsies are then performed as soon as possible after passing 
by a senior pathologist, where multiple tumour samples are collected from the primary 
tumour, if still present, and all metastases of sufficient size. 

An overview of the CHAMP study design is shown in Figure 18, including descriptions 
of the sampling procedures and following analyses, although some are outside the scope 
of the thesis. In brief, tumour analyses are conducted on specimens obtained from 
surgical resections, biopsies, or tissues collected during autopsies, after histological re-
examination by a senior pathologist. Blood sampling, on the other hand, is performed 
longitudinally, i.e before (baseline), during and after the last treatment cycle, if feasible. 
Blood components, including plasma, peripheral immune cells (buffy coat) and serum, 
are isolated by centrifugation within two hours of blood draw and stored in -80°C. 
Analyses of blood and tumour tissue further include, but are not limited by, DNA 
sequencing, immunohistochemistry, proximity extension assay of circulating soluble 
proteins, flow cytometry and spatial transcriptomics. 
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Figure 18. The CHAMP study design. A schematic overview of the clinical study CHAMP, including blood and 
tumour tissue sampling procedures and subsequent analyses. The third panel demonstrates the additional autopsy study 
with comprehensive sampling of the terminal tumour burden. 

Paper II comprises the published CHAMP protocol, stating overarching aims and 
methods of the study. Paper III is a multimodal investigation of the disease dynamics 
during treatment, and the concomitant host response, including all patients included 
up until the 31st of December 2020 (n=60). Fifteen patients were treated with adjuvant 
and 45 patients with palliative chemotherapy, and the main focus was on the latter. 
Paper IV is an in-depth case study of the five first autopsied CHAMP patients, 
providing a detailed exploration of the genetic heterogeneity in the terminal disease 
burden, along with on-treatment tumour dynamics. 

  



61 

Ethical considerations 

Paper I 
For the retrospective cohort included in paper I, study approval was received from the 
Regional Ethical Review Board (LU 445/07 with amendments LU 2008/35, LU 
2011/670 and LU 2014/748), permissioned with an opt-out consent approach. The 
study also complies with the Declaration of Helsinki. 

Paper II through IV 
Ethical approval of the CHAMP study was initially granted by the Regional Ethical 
Review Board (LU 2018/13) and additional amendments, including for instance the 
autopsy study, were later approved by the Swedish Ethical Review Authority (2021-
00166 and 2021-06065). All treatment regimens and the clinical workup follow 
national guidelines, without any modifications due to trial participation. The CHAMP 
study also complies with the Declaration of Helsinki. 

Individuals diagnosed with PDAC who meet the inclusion criteria receive information 
about the study from their treating oncologist or a research nurse. If they choose to 
participate, they sign an informed written consent, declaring that they have understood 
the information and that the purpose of the CHAMP study is primarily to improve the 
outlook of future patients. Importantly, the only additional procedure for these patients 
includes blood sampling during and after treatment, although this is performed in 
conjunction with their clinical treatment visits and through an already established 
central venous catheter. Access to antemortem tumour tissue is also only provided if 
the specimen has already been collected for clinical purposes. No additional tumour 
sampling is performed due to study participation. 

Worth noting is, however, that although the principal aim of the CHAMP study is not 
to benefit the participants themselves, I have through our close collaboration with the 
oncology department understood that study participation may add some sense of 
purpose, in an otherwise often hopeless situation. 
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Methodological considerations 

“I have never tried that before, so I think I should definitely be able to do that.” 

Pippi Longstocking, by Astrid Lindgren 

This section includes a brief introduction to the main methods used in the present 
investigations along with the reasoning behind their selection. In-depth details are 
available within the paper specific methodology sections (paper I, III and IV). 

Introduction to key concepts and techniques 

Sample handling for clinical diagnostics 
For tumour tissue analyses throughout the different studies in this thesis, formalin fixed 
paraffin embedded (FFPE) specimens have been utilized. Preserving tissue material in 
paraffin wax after fixation in formalin is the gold standard for clinical diagnosis and 
pathology assessment. This method also enables long term storage of specimens in room 
temperature, while maintaining tissue architecture376. Hence, by cutting thin slices of 
the paraffin block, downstream microscopic analyses may be performed, including 
diagnostic evaluations of cell and tissue characteristics, together with protein 
expressions and other biomarkers. The drawback with FFPE preservation, however, 
includes DNA and, particularly, RNA degradation377. Both formalin itself, but also 
agents required for paraffin removal, prior to DNA extraction, are known to cause 
DNA fragmentation and introduction of artifacts in the nucleotide sequence. Hence, 
this poses a challenge for downstream NGS analyses. 

The field of genomics has instead promoted the use of fresh frozen (FF) tissue specimens 
for sequencing purposes, which often provides an increased yield and less degraded 
DNA377. Nevertheless, FF material comes with other challenges, such as the need for 
storage at ultra-low temperatures. In addition, although FF specimens have shown to 
be superior to FFPE for sequencing analyses, studies show that the majority of FFPE 
material provides sufficient quality to aid clinical decision making377,378. The frequent 
use of FFPE specimens in the clinic have also spurred the installation of tissue specimen 
biobanks. Thus, it can be argued that the disadvantages of FFPE specimens in terms of 
DNA quality might be balanced by the immense availability of material and the 
enabling of larger and more robust cohort studies, while still allowing for clinical 
routine diagnostics377. 
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The TMA technique 
To effectively analyse large numbers of tissue samples from different patients, or 
different tumour regions within one patient, construction of tissue microarrays (TMAs) 
is often utilized379. Since its introduction in the late 90s, the TMA technique has proven 
indispensable for oncological biomarker investigations and has had a profound impact 
on our knowledge of tumour biology379,380. 

TMAs are constructed by collecting cylindrical punches from archival FFPE tissue 
blocks, which are then added to a recipient paraffin block, forming a tissue core matrix 
(Figure 19). Obtaining a thin slice from the TMA paraffin block and mounting it on 
a glass slide further enables analyses of, for instance, different protein expressions by 
immunohistochemistry (described below) or evaluations of different nucleic acid 
segments by fluorescence in situ hybridization (FISH)380. In paper I, TMAs were used 
for immunohistochemistry analyses to evaluate the distribution of different immune 
cell populations infiltrating the TME. 

 

Figure 19. Tissue microarray technique. Illustration of the construction of tissue microarrays (TMAs), followed by 
microscopic analysis. 

Extraction and purification of DNA 
Already in 1979, Vogelstein and Gillespie found that DNA molecules have a high 
binding affinity to silicates381. This discovery laid the foundation for the silica-based 
methodologies utilized in modern DNA extraction and purification382. Current 
procedures most often include a stepwise spin column process (Figure 20) which starts 
with nucleic acids selectively binding to a silica membrane, whereas other sample 
analytes do not. This is then followed by a washing step, which purifies the DNA, and 
lastly, the DNA is eluted by an aqueous solution. 
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Throughout this thesis, silica-based technologies have been used for DNA isolation 
from both tissue and plasma by using automated and manual methods, respectively. 
However, in comparison to levels of genomic DNA (gDNA) available after tumour cell 
lysis, cfDNA concentrations are very low and require large volumes of plasma to be 
added to the spin column, thus posing a practical challenge. To overcome this, a 
specialized but widely established protocol was used, in which a vacuum pump 
generates a negative pressure gradient that drives large volumes of plasma through the 
membrane, allowing for continuous cfDNA binding. This method has shown superior 
yields compared to other, including automatic, protocols383. 

 

Figure 20. DNA extraction. General principle of silica-based DNA extraction using spin columns. 

Next generation sequencing 
The consecutive order of nucleotides in DNA and RNA can be determined by genetic 
sequencing. The precursor of modern techniques was described in 1977 by Nobel prize 
winner Frederick Sanger384, and represented the start of an impactful sequencing era to 
come. The first generation of genetic sequencing is, hence, referred to as Sanger 
sequencing, and spurred the initiation of the Human Genome Project in the 1990385. 
The aim of the project was to decipher the human genetic code and it was completed 
after 15 years in 2006385. The second generation of methods, referred to as next 
generation sequencing, was introduced during the 1990s, and, in comparison to the first 
generation, enabled high throughput analyses with sequencing of the whole genome all 
at once, utilizing sequencing by synthesis (SBS). These developments have had an 
extraordinary impact on biological research across different fields, not least in 
oncology386. Up until today, sequencing costs and time consumption have decreased 
remarkably, and a human genome can now be sequenced within 24 hours386. 

Sequencing of DNA is often divided into three categories dependent on the extent of 
genome capture (Figure 21A), i.e. whole genome sequencing (WGS), whole exome 
sequencing (WES, including only gene coding regions) and TDS, focusing on a lower 
number of genetic targets. In paper I, III and IV, different variants of TDS have been 
utilized together with the Illumina NovaSeq 6000 platform.  
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The basic steps of SBS are shown in Figure 21B.The first step is called library 
preparation and refers to the fragmentation of DNA (if not already fragmented such as 
in the case of cfDNA) followed by ligation of adaptors (oligonucleotides). To enable 
multiplex sequencing, i.e. analysing several samples at once, distinct adaptors are added 
to DNA from each specific sample prior to pooling of the samples. If using a WES or 
TDS approach, an additional step is included during library preparation which includes 
target capture and enrichment. In this step, molecular capture probes, matching the 
nucleotide sequences of interest, are added to extract specific DNA fragments. 

The next step is the cluster generation and involves the attachment of the (selected) 
DNA fragments to the flow cell surface in the sequencer, via the adapters. This is then 
followed by amplification of the DNA fragments by bridge PCR, to enhance the 
fluorescent signal during the subsequent sequencing step. During library sequencing, 
primers first attach to each strand. followed by addition of fluorescently tagged 
nucleotides, one colour for each of the four bases. As the name indicates, DNA synthesis 
then takes place, where the fluorescent signal reveals the specific nucleotide that has 
been added. In this way, the sequencer can keep track of the nucleotide order of each 
fragment cluster, i.e. the DNA sequence. The last step involving sequence alignment 
and data analysis will be further detailed in the next section. 

 

Figure 21. Next generation sequencing. A) Different types of next generation sequencing (NGS) approaches depending 
on genome coverage. B) Illustration of the four basic steps in sequencing by synthesis (NGS). Abbreviations: WGS; 
whole genome sequencing, WES; whole exome sequencing. 
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Principles of bioinformatics in targeted sequencing 
The field of bioinformatics covers methods and computational tools for managing and 
understanding biological data, especially big data which refers to extremely large and 
complex datasets such as that from high throughput genomic sequencing. Distinct 
bioinformatic pipelines were utilized subsequent to targeted NGS in paper I, III and 
IV, and specific tools used in each study can be found in each respective original paper. 
However, although the pipelines differed from each other depending on the type of 
material (blood or tumour tissue) and the targeted gene panel used, the basic analytical 
steps remain the same and are emphasized in the section below. 

The raw data analysis begins with the production of fastq files, which are large files 
containing information of each read from the sequencer, including a quality score for 
each individual nucleotide. This is followed by a quality check, where reads or bases 
with low quality are removed from subsequent analyses. The next step involves 
mapping, or alignment, of all reads to a reference genome, to ensure that the reads are 
ordered correctly. Of note, short reads increase the risk of “multi-mapping”, referring 
to reads mapping to more than one genomic location, and hence, represents one of the 
challenges with fragmented DNA from FFPE specimens377. Yet, by utilizing paired end 
sequencing, i.e. sequencing of each DNA fragment from both ends, the chance of correct 
mapping is increased, and was thus used throughout the studies of this thesis. 
Information on individual reads and their mapping attributes is further stored in large 
Sequence Alignment Map (SAM) files, which are then compressed into Binary 
Alignment Map (BAM) files, enabling a more effective downstream process. This is 
followed by removal of duplicates (as described further in the next section) prior to 
variant calling. In addition, for each genomic position the read depth may be quantified 
by counting the number of unique reads covering a specific nucleotide (Figure 21A). 
For instance, a genomic locus covered by 20 unique reads has a read depth of 20x. 

The next step, variant calling, refers to the detection of genetic variants which differ 
from that of the human reference genome. These include SNVs and InDels and can be 
found by various tools known as variant callers. Depending on the approach, different 
callers are more or less suitable, which should be taken into account in each specific 
case387. Detected variants are further annotated according to their potential significance 
for tumour development and progression388, which enables filtering out variants which 
have a low probability of clinical relevance. This includes removal of variants commonly 
known to occur in the human population, such as SNPs, and variants unlikely to have 
an impact on the resulting gene product. The proportion of reads that support a specific 
genetic variant in a sample is often referred to as the variant allele frequency (VAF). This 
is calculated by dividing the number of reads harbouring the variant with the total 
number of reads for that exact genomic position. This is a crucial metric in genomic 
analyses and clinical decisions. It may also aid in estimating the sample cell fraction 
having the variant and, thus, provide insight into tumour heterogeneity389. 
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SNP microarray 
In paper I and paper IV, the single nucleotide polymorphism microarray (SNP array) 
OncoScan CNV assay was used to analyse large-scale CNA and LOH events, as this 
method is specifically designed for FFPE specimens390. The OncoScan assay utilizes 
molecular inversion probe (MIP) technology, which was originally intended for SNP 
genotyping, by targeting various SNP loci across the genome391. But over time, the 
application was extended to the detection of CNAs and later even somatic variants392. 

The basic principle behind the first part of the MIP technology is shown in Figure 
22392. MIPs are added to a solution containing DNA fragments, where homology 
regions (20 bases long) matching the DNA segments before and after a SNP position 
will hybridise to the complementing DNA strand, whenever they are close enough. 
This will create a ring-like structure with a single nucleotide gap at the SNP position. 
Of note, in the OncoScan assay, 335 000 different SNPs positions are targeted. The 
mixture of DNA and probes is then divided into two separate vials, one with 
nucleotides A and T (A/T) and one with C and G (C/G). Depending on the SNP, the 
gap will be filled with one of the A/T or C/G nucleotides, and thereby form a complete 
circle in one of the vials exclusively. In the other tube, containing non-fitting 
nucleotides, the ring will remain incomplete.391 

 

Figure 22. MIP technology. Illustration of the principle behind the first part of the molecular inversion probe (MIP) 
technology according to Jung et al392. A) DNA fragment with SNP locus (thymine, T). B) MIP construction. C) 
Hybridisation of probe to matching DNA fragment via the homology regions. The SNP position (N) will either be 
matched with A/T or C/G nucleotides. D) Gap filling with either A/T or C/G nucleotides in two separate vials. Ring 
structures get cleaved and processed further with PCR amplification. Incomplete circles are broken down. 
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The next step is the addition of exonucleases to each vial which will digest linear DNA 
such as the incomplete ring structure, unbound probes and gDNA. The ring structure 
is, however, resistant to exonuclease digestion and will thus be conserved and enriched 
for in downstream analyses. Following steps include cleavage of the ring into a linear 
form which can be amplified by PCR. The distinct tag sequence associated with each 
SNP is then used as a molecular barcode, representing the specific gDNA segment, 
which is specialized for hybridisation to the microarray. For the OncoScan assay, two 
different microarrays are used, one for each nucleotide pool. While on the microarray, 
the tag sequence hybridises to a specific spot, and emits a fluorescent signal which can 
be detected by the scanner.391,392 

Two main metrics for each SNP loci obtained from the OncoScan assay are used in 
downstream analyses, the log2-ratio (log2R) and B-allele frequency (BAF)393,394. The 
log2R is calculated by comparing the combined intensity values for each SNP from the 
two arrays to the reference sample (equation i). A log2R value of 0 indicates the same 
copy number as the reference (often diploid, 1+1), whereas positive and negative values 
refer to copy number gains and losses, respectively. On the contrary, the BAF represents 
the proportion of the non-reference allele, B-allele, in a specific SNP position and is 
calculated by dividing the intensity of the B-allele to the total intensity values from all 
alleles (equation ii). Basically, this measure describes the relative number of one allele 
compared to the other. Heterozygous SNPs within a diploid segment (A+B) thus have 
a BAF value of 0.5, whereas homozygous SNPs can either have a BAF value of 0 (B+B) 
or 1 (A+A). In addition, the BAF values will also vary depending on the presence of 
CNAs which, thus, enables other combinations of allelic compositions. 
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When analysing bulk DNA from a tumour mass, the log2R and BAF values are also 
most often affected by the presence of normal cells. Of note, the deviation of the log2R 
and BAF values from the expected values, which assumes 100% tumour cell content, 
can further be utilized to calculate the tumour cell fraction (TCF) of each sample394. The 
log2R and BAF values will also vary depending on the presence of tumour 
heterogeneity. 
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Potential and hurdles with tumour tissue analyses 
As previously stated, the tumour tissue analysed within the studies of this thesis were 
all collected from FFPE specimens, both newly processed and archival. The FFPE 
sample types included resected primary tumours and surrounding lymph node 
metastases (paper I, III and IV), diagnostic or excision biopsies (paper III and IV) and 
postmortem collected tissue (paper III and IV). As discussed, the FFPE process of tissue 
has a negative impact on the quality of DNA, and this effect is further enhanced over 
time395. Thus, for the archival FFPE tissue from the retrospective cohort used in paper 
I, some of the extracted DNA samples were excluded from downstream analyses due to 
their insufficient quality for adequate library construction prior to NGS. 

Tumour purity 
The high stromal content of PDAC poses a particular challenge for acquiring samples 
with a sufficient proportion of tumour cells, i.e. a high tumour purity or TCF. This is 
important for adequate genetic analyses, and especially for heterogeneity studies, as 
DNA from normal cells dilute the signal from tumour cells. This increases the risk for 
type II errors, i.e. false negative results. To overcome this, one should utilize methods 
which aim to enrich for areas with a high tumour purity. For the studies in this thesis, 
histology-guided manual acquisition of FFPE tissue cores in particularly tumour rich 
areas were performed after examination by a senior pathologist. Other available 
dissection methods include for instance laser capture protocols, which have shown 
promise in obtaining high purity samples from PDAC all the way down to the single 
cell level396. 

Postmortem effects 
In paper III and IV, tumour specimens obtained at autopsy, by comprehensive 
multisite tissue collection, were used to enable downstream heterogeneity analyses of 
the terminal disease burden. The general notion about post-mortem effects on tissue 
quality is that an increased time between time of death and tissue collection, the 
postmortem interval (PMI), has a negative impact. However, although true in general, 
this has only been sparsely studied and, in fact, studies show that even with a PMI of 
48h, tissue integrity may still be sufficient for nucleic acid studies, especially in regard 
to DNA397. This period has also been referred to as the “twilight of death”, referring to 
the fact that different tissues and cells may still function, to various extents, during this 
time398. Of note, the fact that cardiopulmonary arrest does not directly trigger death of 
all cells in the body have laid the groundwork for the possibility of organ donation and 
the development of xenograft models. 

It should, however, be noted that in the specific case of pancreatic tissue, autolytical 
processes leading to tissue degradation have been shown to be particularly rapid due to 
the release of digestive enzymes399,400. Thus, within the CHAMP study, the aim is to 
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perform all autopsies within a PMI of 48h, and the majority are carried out within 24h. 
Of note, and importance, tumour tissue has been shown to be more resistant to 
autolysis compared to matched normal tissue in the same patient, further spurring the 
performance of research autopsies for studying cancer401. In addition, it has been 
proposed that an increased proportion of stroma may have a preservative effect402. 

Exploring the spatial genetic heterogeneity 
In an ideal situation, with high TCF and DNA quality, WGS may provide an adequate 
complete profile of both small and large-scale genetic alterations in the tumour. 
However, fragmented and low-quality DNA in combination with low purity poses 
various challenges for WGS. For instance, degraded DNA constitutes a risk of multi-
mapping and uneven genome coverage, i.e. where some regions get sequenced with 
higher coverage than others. Nevertheless, recent research has shown a strong 
correlation between the number of SNVs detected by WGS from matched FF and 
FFPE tissue, with an overall concordance of 71%403. Less consistency was however 
observed for copy number profiles, as fluctuations in coverage for the FFPE samples 
complicated the analysis403. Moreover, to detect low frequency variants, as in cases with 
limited tumour purity, an increased sequencing depth is often required, which can lead 
to exceedingly high costs when sequencing the entire genome. 

With the above-mentioned hurdles in mind, the below sections will briefly go through 
the different choices made for small-scale and large-scale DNA mutations, respectively. 

Somatic small-scale variants and downstream analyses 
To evaluate the presence of SNVs and InDels, TDS represents a common choice for 
FFPE tumour tissue, by enabling deeper sequencing at a fair cost404. This, together with 
the known limited mutation burden of PDAC59, spurred the use of TDS for analyses 
of small-scale alterations throughout this thesis. Both commercial and in-house 
methods were utilized, with similar target profiles including coding regions of more 
than 300 genes. Overall coverage for the tumour tissue analyses in the studies were 
~800x, facilitating the detection of variants down to VAFs of approximately 1%. 

No matter the sequencing analysis, a tail of low frequency variants with uncertain 
significance almost always poses difficulties for downstream interpretation. Some of 
them might be true subclonal genetic alterations in the tumour, while others may just 
be artifacts, such as technical mistakes created during sequencing. Hence, it can be 
time-consuming to distinguish the true variants from false positives, as it is complicated 
to find the perfect balance between sensitive detection of tumour heterogeneity and 
removal of false positive variants. These technical artifacts may, however, be detected 
and filtered away by manual curation using the software Integrative Genomics Viewer 
(IGV)405. Another important aspect is to always include a matched normal sample from 
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each patient to filter out germline variants. In paper I, adjacent normal pancreatic tissue 
was used as normal controls, and in paper III and IV, DNA from circulating white 
blood cells was primarily used. 

Lastly, in heterogeneity analyses, when a detected variant is not shared between all 
samples from a patient, it is of great importance to ensure that the position of the 
variant has proper sequencing coverage in all tumour samples to prevent the 
introduction of false heterogeneity. Along the same line, samples with too low tumour 
purity are not suited for heterogeneity studies as it is impossible to deduce if the absence 
of a subclonal variant is due to true heterogeneity or simply an effect of the low TCF. 
Thus, in paper I and IV, all sequenced variants were manually curated across all samples 
to validate their presence or absence, and tumour samples with insufficient tumour 
purity were removed from downstream phylogenetic analyses. 

Copy number alterations and tumour heterogeneity 
Due to the challenges of detecting high quality genome-wide copy number profiles 
from FFPE material by sequencing approaches such as WGS or WES, CNAs in paper 
I and IV were analysed using the OncoScan SNP array assay. The MIP technology in 
the OncoScan assay has been proven to be particularly suitable for degraded FFPE 
DNA, as it does not amplify the DNA fragments themselves, but rather the tag 
sequence392.This was followed by careful evaluation of CNA breakpoints, as the 
presence or absence of a specific CNA laid the foundation for the ancestral tumour 
relationships, as described in the section below. It is, however, possible to analyse CNAs 
across the genome with targeted panels as well, as performed in paper III, although 
with an inferior resolution.  

To evaluate the CNAs following the SNP array analysis, three main software were used: 
the Chromosome Analysis Suite (ChAS), for raw data analysis, and the Nexus Copy 
Number software together with the Tumor Aberration Prediction Suite (TAPS)406 for 
assessment of allelic composition, clonality and ploidy level. Nexus and TAPS both 
utilize combined information from the log2R and BAF values to enable visualization 
and evaluation of all CNAs. Thereafter, the presence and allelic composition of each 
CNA were manually explored across all samples, based on thoroughly defined break 
points. By this method, it was possible to detect both similarities and heterogeneity 
between individual tumour regions. 

Inferring evolutionary routes of cancer 

Clonal deconvolution – detangling the subclonal landscape 
Deducing genetically distinct subclones from bulk DNA sequencing poses several 
challenges. First, bulk sequencing results in a combined signal from thousands of cells 
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in one single sample. In addition, each individual tumour sample may contain various 
distinct subclones, detected at specific proportions, and the total tumour fraction most 
often varies as well. It is therefore common practice to perform a clonal deconvolution 
prior to phylogenetic analysis. Clonal deconvolution refers to the procedure where data, 
in this case specific genetic alterations and their frequencies, from individual tumour 
samples is exploited to infer which subclones that are present in each tumour region. 
This information can then be used to infer ancestral relationships between the detected 
subclones by phylogenetic reconstruction (Figure 23). 

 

Figure 23. Schematic overview from tumour sampling to phylogenetic reconstruction. 1) Multiregional sampling of 
tumour tissue before bulk DNA sequencing according to Andersson et al67. 2) Formation of a matrix containing all 
samples and the percentages of cells having a specific alteration within each sample. 3) Clonal deconvolution and 4) 
phylogenetic reconstruction of detected subclones. 

In paper I and IV, the subclonal landscape and subsequent phylogenies were inferred 
from tumour samples collected across both space and time. To facilitate clonal 
deconvolution, a crucial part of these studies was to estimate the tumour purity of each 
sample and then the proportion of tumour cells harbouring a specific genetic alteration, 
i.e. the clone size. For CNAs, this was done by utilizing either the log2R or BAF values, 
depending on the CNA type, and for TDS variants, VAF values were employed 
together with the allelic composition (copy number state) of that particular genomic 
locus. 

Clonal deconvolution was then performed using the algorithm DEVOLUTION67. This 
is one of several mathematical tools that can infer evolutionary relationships between 
subclones, although many do not include both deconvolution and phylogenetic analysis 
in the same software407, which is one of the strengths with DEVOLUTION. Another 
advantage, especially for tumours such as PDAC which are known to harbour complex 
chromosomal aberrations285, is that it is not limited to only considering small-scale 
sequencing data. 
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The DEVOLUTION workflow starts with clonal deconvolution and the formation of 
an event matrix, containing the identified subclones along with the genetic alterations 
defining them. This is performed by clustering genetic information from the input 
segmentfile, containing the clone size, genomic position, and type, for the detected 
alterations in each sample. In paper I, due to overall low TCFs, and hence decreased 
resolution, the proportion of each genetic alteration in the tumour samples was 
dichotomized and annotated as either “clonal” or “subclonal” to minimize the 
introduction of false heterogeneity. 

Phylogenetic reconstruction 
In paper I, DEVOLUTION was also used for phylogenetic tree construction. By 
taking the created event matrix as input, it utilizes both the maximum parsimony (MP) 
and the maximum likelihood (ML) method to construct two phylogenies based on the 
detected subclones. The MP method tries to find the simplest phylogenetic solution, 
i.e. the tree with the lowest number of changes that can explain the input data, whereas 
the ML method tries to identify the most likely evolutionary tree408. The ML method 
was chosen for phylogenetic construction in paper I. It should, however, be mentioned 
that the MP and ML solutions often demonstrated a high degree of concordance 
throughout the study. 

The evolutionary trees in paper IV, on the other hand, were created with a third 
algorithm, the modified maximum parsimony (MMP) method409. The MMP method, 
like MP, aims to find the simplest tree solution but, in addition, also focuses on limiting 
the introduction of back mutations and may take in information about specific 
alterations that are more likely to occur in parallel. This was particularly suitable for 
phylogenetic construction of subclones detected at the different tissue regions post-
mortem, as they showed a highly complex chromosomal landscape which was 
challenging to detangle with the MP or ML method. 

Evolutionary complexity assessment 
To describe phylogenetic biodiversity, different measures can be used such as 
phylogenetic richness, divergence and regularity409,410, or more elementary metrics such 
as stem length or the number of subclones. Nevertheless, to describe the visual 
phylogenetic complexity observed between the phylogenies produced in paper I, we 
developed a new combined complexity score, built on previous methods for decision 
trees411. This scoring system was specifically designed to distinguish the trees based on 
their network architecture, as exemplified in Figure 24, and is described in detail in the 
original paper. Taken together, the newly developed complexity score may be viewed 
as a multiplicative and additively combined summary of the above-mentioned three 
established biodiversity metrics. 
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Figure 24. Phylogenetic network attributes. Two phylogenies of the same size and number of subclones (end nodes), 
although with different diversity characteristics, i.e. branching structures.  

Evaluation of the immune microenvironment 
Owing to their known influence on tumour progression, infiltrating IC populations 
were evaluated and correlated to the spatial genetic heterogeneity in the various tumour 
areas in paper I. This was performed by utilizing the TMA technique to create single 
patient tissue chips (SPTCs), i.e. individualized tissue libraries for each patient. To 
enable comparisons between the TME and genetic profiles, three adjacent FFPE tissue 
cores from each tumour cell enriched region were obtained, where two were added to 
the SPTC block, and one was utilized for DNA extraction. Of note, additional tumour 
cores were also collected from tumour adjacent stroma. Infiltrating ICs were then 
investigated by staining for specific cell markers, such as cell surface proteins, using 
immunohistochemistry (IHC) as described below. 

Immunohistochemistry 
Tissue analysis using IHC is one of the most commonly used analytical methods for 
investigating the presence of specific antigens, and it is an important complement to 
clinical pathology assessment and biomarker studies412. Antigens may for instance be 
protein cell surface markers or molecules inside the cell, such as in the cytoplasm or 
nucleus. It is thus of great importance to have prior knowledge of how the specific 
protein of interest is distributed and expressed in the cell prior to analysis to ensure a 
correct interpretation. The antigens are detected by the binding of specific antibodies, 
which may either be monoclonal or polyclonal, i.e. binding to either just one or several 
epitopes of the antigen, respectively413. However, no matter the type, it is crucial to 
validate antibody specificity and selectivity prior to usage to ensure correct and 
consistent results414. 

The most widely used material for IHC analyses are FFPE specimens. However, prior 
to IHC staining, the tissue slides must be pre-treated in a stepwise process. First the 
paraffin is removed, followed by tissue rehydration, and then, crosslinks created during 
formalin fixation are resolved by heat induction to enable access to the antigens, also 
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called antigen retrieval. After this, the tissue specimen is often counterstained with 
haematoxylin, to visualise the cell nucleus, before applying a solution containing the 
primary antibody, which binds to the specific antigen (Figure 25). For visualisation, a 
second antibody, tagged with an enzyme called horseradish peroxidase (HRP) is then 
added, which binds to the first antibody. Finally, a chromogenic substrate is added to 
the slide, such as 3,3’diaminobenzidine (DAB), which reacts with the HRP enzyme 
and produces a brown precipitate at the specific antigen site which can be detected by 
microscopic evaluation. 

 

Figure 25. Immunohistochemistry. Overview of the general workflow for immunohistochemistry staining of FFPE 
tissue. 1) A thin paraffin slice is obtained from the FFPE tissue block and mounted on a glass slide. 2) The slide is then 
processed to remove the paraffin and rehydrate the tissue, followed by haematoxylin counterstaining. 3) Primary and 
secondary antbodies are added in a stepwise process. Chromogens are then added which react with the horseradish 
peroxidase (HRP) and forms a brown precipitate at the antigen location. The three visual illustrations in the lower panel 
show negative, partial and positive staining, from left to right. 

Investigating molecular heterogeneity 
Utilizing TMAs for studies of heterogeneity comes with both benefits and drawbacks. 
The rapid high-throughput histology assessment, together with effective usage of 
reagents and tumour tissue, account for some of its advantages. In addition, staining all 
tissue areas at once, and on the same slide, minimizes the introduction of false 
heterogeneity due to batch effects. However, due to the relatively small area of each 
tumour core (1 mm for studies in this thesis), the technique has been criticised for not 
providing a representative image of the distribution of a particular protein expression 
in the tumour as a whole. This has, however, been extensively evaluated, and the degree 
of molecular heterogeneity detected by utilizing TMAs has shown a high overall 
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concordance with whole tissue sections379,415. Yet, to exercise extra caution, two cores 
were obtained from each tumour region in paper I, further addressing the raised 
concerns. 

There are also other important aspects to consider during the manual evaluation of each 
IHC staining. For example, the observer should be blinded from outcome data such as 
patient survival, to avoid confounding the results. In addition, in paper I, each staining 
was reviewed by two observers, including one senior pathologist, to minimize the risk 
of “diagnostic drift”, i.e. the gradual change in interpretation over time416. Another 
issue is that several different cell types may express the same protein, an example being 
PD-L1 which can be expressed on the cell surface of both different IC populations and 
tumour cells. Thus, prior knowledge of cell morphology and cell expression patterns is 
crucial for proper interpretation and heterogeneity assessment. This may, however, 
partially be aided by staining for several markers at once. Along that line, two markers 
were always evaluated together throughout the first study, referred to as double IHC 
staining, to enable IC subtyping of for instance different T cell and NK cell 
populations. 

Moreover, quantitative assessment of a positive staining can be done by various 
approaches such as the exact cell count, percentage or intensity. For example, when 
evaluating cells with an overall low tissue abundancy, it could be suitable to count the 
exact number of cells. On the other hand, for the presence of a specific subpopulation, 
like PD-L1 positive leukocytes, it may be more appropriate to report this as a percentage 
of the total number of detected leukocytes. The different markers and ICs investigated 
by IHC analysis in paper I may be found in the original paper along with the individual 
scoring systems, adapted according to the overall abundance of the specific IC subtype. 
In addition, each IC population was further assessed in the context of its proximity to 
the tumour nests. 

Blood-based monitoring of the systemic tumour burden 

Clinical blood sampling and isolation of analytes 
Collection and pre-analytical processing of whole blood for the analyses in paper III 
and IV was performed by research nurses in conjunction with patent treatment visits at 
the hospital (Figure 26). The blood was collected in both serum tubes, without any 
additives, and tubes coated with ethylenediaminetetraacetic acid (EDTA), acting as an 
anticoagulant. The choice of collection tube is important, especially for downstream 
cfDNA analyses, as some additives may be detrimental for subsequent sequencing or 
PCR analyses, e.g. heparin86,417. One of the main concerns involves leakage of gDNA 
from leukocytes into the plasma, which may dilute the proportion of cfDNA in the 
following analyses. Serum may also be used for isolation of cfDNA, although it has 



77 

been shown to yield less sensitive and robust results compared to plasma-derived 
cfDNA417. Thus, in the CHAMP stuy, plasma is used for subsequent isolation of 
cfDNA, and serum has so far mainly been used for protein analyses. 

 

Figure 26. Blood sampling overview. An illustration of on-treatment blood sampling in the CHAMP study and blood 
analytes such as cell free DNA, immune cells and proteins. 

Following centrifugation of the EDTA tubes, plasma and buffy coat were separated 
(Figure 26), and a second centrifugation was performed on the plasma fraction to 
remove possible cell debris and consequently minimize contamination of gDNA. In the 
beginning of the CHAMP study, however, the second centrifugation was not included 
in the laboratory procedure prior to storage. Hence, for some of the initial samples of 
the study, this was instead performed immediately after sample thawing. Of 
importance, size distribution analyses of these samples still showed comparably low 
percentages of gDNA and thus adequate quality for subsequent analyses, as also shown 
by others418. Size distribution analyses were carried out using automated electrophoresis 
which enables both a total quantification of the cfDNA and provides the proportion of 
gDNA present in the sample. 

To also enable downstream analyses of viable circulating immune cells, the buffy coat 
was diluted in a freezing solution (ratio 1:10) containing cryoprotective dimethyl 
sulfoxide (DMSO), which reduces the formation of ice crystals that otherwise may 
damage, or in worst case, kill the cells. Thus, to ensure cell viability, the 1:10 ratio is 
crucial. Buffy coat may also serve as a source for normal control DNA, which was 
utilized in paper III and IV for comparisons between germline and somatic variants 
and for detection of variants associated with clonal haematopoiesis. 
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Parameters impacting quantity and quality of cfDNA 
Besides the choice of collection tube and isolation protocol, several other parameters 
should also be considered when performing experiments on cfDNA. For instance, 
processing delays, such as that between blood draw and cfDNA isolation, or incorrect 
storage, have both been shown to increase contamination of gDNA and, thus, impact 
sample quality419,420. Another important aspect is the available plasma volume. The low 
levels of cfDNA in the blood, together with an often sparse ctDNA fraction, as in 
PDAC118, demands a certain volume of starting material to maximize the chances of 
detecting low frequency variants. Thus, to reach a sufficient yield of cfDNA for 
downstream NGS approaches in cancer patients, it is preferable to use at least 5 ml of 
plasma for cfDNA isolation421. 

Lastly, shedding of cfDNA into the blood stream also varies over time. The total 
cfDNA plasma concentration has for instance been observed to decline during the day, 
with the lowest levels in the evening, and exercise has been shown to increase the 
cfDNA yield422,423. However, although this should be kept in mind from a ctDNA 
perspective, finding the optimal time of day for a blood draw would most likely pose a 
practical challenge, as this is most often performed in conjunction with hospital visits 
such as treatment administration at specific times. 

Development of the CHAMP ctDNA panel 
The choice of method for ctDNA detection in plasma is often based on balancing 
breadth with depth. At one end, ddPCR or ultra-deep sequencing approaches, focusing 
on only a few distinct genetic targets, provide remarkably sensitive assays for ctDNA 
detection86,160-162. At the other end, often with limited sensitivity due to rising costs, 
broad targeting sequencing and WES have shown clinical utility by enabling 
identification of genetic variants which might qualify patients for precision 
medicine146,147,293. These aspects set the stage for the ctDNA sequencing approach that 
was developed within the frames of the CHAMP study, and this thesis. 

Hence, the CHAMP panel, used for detecting ctDNA before and during treatment in 
paper III and IV, was designed as a middle way between the two above-mentioned 
extremes. It is a cost-effective focused panel, including relevant genes for precision 
medicine, but at the same time aiming to provide a sensitivity down to 0.1 % VAFs by 
ultra-deep sequencing. The rationale behind the choice of genome coverage was guided 
by focusing on the vast majority of patients who are diagnosed with metastatic PDAC, 
for whom ctDNA levels have been shown to be increased compared to patients with 
operable disease361. Thus, although ctDNA fractions are still mainly found to be below 
1%, these data suggest a window of opportunity for detection of selected clinically 
relevant targets with a sensitive-enough assay. Additionally, but of great importance, 
such a method could also be of particular value in advanced cases whenever core needle 
biopsies are not feasible. 
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The CHAMP panel includes two separate probe pools (Figure 27), where the first 
includes the complete coding regions of 22 selected genes (106 kb), along with 
common KRAS hotspots (e.g. G12, G13 and Q61). The genes were chosen based on 
either their high prevalence in PDAC272, implications for precision medicine, or their 
status as known tumour-agnostic driver genes. The other pool (140 kb) includes probes 
targeting 1130 SNP positions across six chromosomes, namely chromosome 3, 7, 8, 9, 
17 and 18. The aim of the SNP backbone is to enable the detection of CNAs and allelic 
imbalances as previous research, along with the results from paper I, have highlighted 
the importance and high prevalence of CNAs in PDAC development271,285,290. 

 

Figure 27. The CHAMP panel. An overview of the CHAMP panel design, divided into two different probe pools. 

Acquiring copy number data from ctDNA using targeted sequencing has previously 
been shown to be feasible by others, although the most common approach includes 
WES or WGS122,424,425. In addition, probe pool two also includes probes targeting 
regions up and downstream of the CDKN2A gene to enhance detection of the 
frequently observed homozygous deletions in this area. However, to keep the cost 
down, probe panel two was diluted 10-fold compared to probe pool one. The CHAMP 
panel also included molecular error suppression to further enhance the sensitivity, which 
is described in detail below. 

Suppression of sequencing errors using UMIs 
During genetic sequencing, different biases are often introduced, for instance during 
the PCR amplification step and subsequent sequencing426. These biases include PCR 
duplications, which may result in overrepresentation of distinct DNA fragments in the 
final library and, thus, skew downstream analyses. To confidently adjust for the varying 
representation of specific DNA molecules, different methods, such as incorporation of 
unique molecular identifiers (UMIs), are often used. UMIs are short oligonucleotides 
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that are added to DNA fragments prior to the PCR amplification step, and may, hence, 
serve as molecular barcodes during sequencing to keep track of fragments originating 
from the same DNA molecule427. 

Moreover, mistakes during the PCR amplification and sequencing steps are common, 
resulting in the introduction of false positive variants in the final sequencing read. Of 
importance, the error rate is elevated by additional PCR cycles and increased 
sequencing depth, such as in the case of cfDNA sequencing, as more duplicates are 
produced. Thus, distinguishing these technical false positives from true genetic variants 
is crucial to increase variant detection sensitivity, and for this, information from UMIs 
may provide enhanced error suppression (Figure 28)428. 

 

Figure 28. Utilization of UMIs during sequencing. Schematic overview of sequencing using incorporation of unique 
molecular identifiers (UMIs) and downstream data analysis.  

During bioinformatic processing of the raw sequencing data, reads with matching 
UMIs, i.e. duplicates, are clustered together into read families428. These are then 
collapsed into a final consensus read sequence, containing only variants which were 
detected in all individual reads, and, thus, technical errors are removed428. 

Exploring the host response during chemotherapy 
Although immune players in the TME have been widely explored, less is known about 
the systemic immune response in PDAC. In an attempt to address this, analyses of host 
immune response dynamics, before and during chemotherapy, were performed in 
paper III. 
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Investigating circulating immune cells by flow cytometry 
Different single cell methods are available for the evaluation of circulating immune 
cells, such as flow cytometry, mass cytometry (CyTOF) and single cell RNA sequencing 
(scRNAseq). They each come with different advantages and disadvantages, especially 
in terms of throughput, multiparametric capability and cost. The flow cytometry 
method, although comparably limited by spectral overlaps (described below), enables 
high throughput and multiparametric analyses at a reasonable cost, and was, thus, 
considered an adequate assay for the overarching focus of paper III. 

The flow cytometry method enables the study of different molecular cell parameters in 
a suspension containing a heterogenous cell population429. By utilizing a specialized 
fluidics system, cells are passed through one or several laser beams, one by one, and the 
scattered light is measured and translated into metrics such as cell size, shape and 
degrees of granularity (Figure 29). Like the IHC procedure, different antibodies may 
also be used to stain for specific antigens present on the cell surface or within the cells, 
which are coupled with various fluorescent dyes. Hence, by utilizing multicolour 
panels, several cell types may be detected and quantified by their distinct emission 
wavelengths, in one and the same cell suspension, as they pass individually by the 
lasers429,430. 

As described in detail in paper III, two antibody panels were developed to allow for a 
broad overview of both various circulating IC populations (general panel) and different 
T cell subtypes (T cell panel). As for the IHC assessment, subsequent data analysis 
differed depending on the specific cell population. IC subtypes found by the general 
panel were reported as the percentage of the live total non-granulocytic cells, and the 
frequency of T cell subtypes were either presented as a percentage of the total live T cell 
population or the respective parent population. The analysis also included detection of 
checkpoint molecules such as PD-1 and PD-L1. 

Figure 29. Flow cytometry. Schematic overview of the workflow for flow cytometry analysis, according to Maecker et 
al.431, from 1) cell suspension preparation, 2) staining of antigens using antibodies, 3) flow cytometry analysis and 4) 
data analysis. 
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To successfully discern different cell populations by flow cytometry, it is important to 
carefully select appropriate antigen targets, but also to match antigen abundance with 
a suitable brightness of the antibody-coupled fluorophore432. In addition, each 
fluorophore comes with a specific emission range, which often poses a challenge when 
utilizing multicolour panels, as emission from one may spill into the detection of 
another. This phenomenon is also known as “spillover” and a compensation process is 
often required to correct for these overlaps432. The compensation process is highly 
important to adequately interpret the different cell signals and to conduct proper 
downstream data analyses. 

The search for new circulating protein biomarkers 
As a complement to the cell based immune analyses, circulating proteins known to be 
involved in tumour immunity, inflammation and tissue remodelling, amongst others, 
were also investigated in paper III. This was performed by utilizing a commercial panel 
targeting 92 soluble proteins, i.e. the Olink Target 96 Immuno-Oncology assay. The 
panel is based on a specific and sensitive high-throughput, multiplex, technology, i.e. 
the proximity extension assay (PEA)433. PEA utilizes antibody pairs which are tagged with 
unique complementing oligonucleotides. When the antibody pair binds to the specific 
protein antigen, it enables hybridization of the now adjacent oligonucleotides which 
forms a unique DNA tag sequence. This antigen specific DNA tagged is further 
amplified by qPCR and quantified433. 

Statistical considerations 
Statistics are widely used for describing and comparing different types of data and for 
drawing conclusions about a population based on a sample. In order to ensure reliable 
and robust results, it is crucial to understand the nature of the specific data at hand and 
to choose an appropriate statistical method. Various tests and methodologies have been 
utilized throughout the studies of this thesis, and the specific tests can be found in each 
original paper (I and III). 

In general, statistical tests are often applied to evaluate whether there is a true difference 
between two or more groups, for instance comparing OS between two patient groups 
which have been given two distinct treatment options. The actual difference in OS 
between the groups are in this case referred to as the effect, and a p-value (ranging from 
0 to 1) is often calculated to describe the probability of the results to be caused solely 
by chance. In the field of medicine, a threshold of 0.05 (p < 0.05) is often used, stating 
that the likelihood for the observed difference to be a false positive (type I error) is less 
than 5%. The opposite, a false negative (type II error) refers to the presence of a true 
difference which is missed, for instance due to small sample sizes affecting the statistical 
power. It should, however, be noted that a significant difference, i.e. a difference found 
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with a p-value below the set threshold, should not be mistaken for a clinically relevant 
difference, for which the specific effect must be taken into account as well. 

Moreover, whenever comparing descriptive measures of different groups, as in the 
example above, there are two main choices of methods to use. If your data follows a 
normal distribution, which is often the case with sufficiently large sample sizes, a 
parametric test is the most suitable choice. However, for smaller sample sizes, as in the 
case of all patient cohorts used throughout the studies in this thesis, non-parametric 
tests are preferred. These tests are in comparison not as powerful as parametric tests but 
are on the other hand less sensitive to outliers. 

A common method used for examining how an outcome of interest is influenced by 
the change in one or several variables, is regression analysis. Various types of regression 
models, both univariable and multivariable, were used in paper I and III to evaluate 
relationships between different variables. In paper III, a regression analysis called the 
Cox proportional hazards regression model was used for survival analyses, which 
specifically utilizes time-to-event data under a certain time period. For instance, this 
method specializes in evaluating the effect of several predictor variables on the time 
until an event occurs, such as death or disease recurrence, and the output is the hazard 
ratio of each variable. Another survival analysis used in paper III, representing perhaps 
the most common in medical research, is the Kaplan Meier method. This analysis also 
utilizes time-to-event data and is particularly suitable whenever survival probabilities 
are to be compared between different groups. 

Furthermore, a recurrent problem in medical research is the risk that comes whenever 
a large number of comparisons, or tests, are performed within the same data set. This 
is also referred to as multiple testing, and states that for each test performed, the 
likelihood of detecting a false positive increases. For instance, if twenty tests are 
performed, a significance threshold of 0.05 means that one of these results will be 
significant just due to random chance. This should, hence, always be taken into account 
and be adjusted for, as performed by different approaches in paper I and III. 

In conclusion, statistical models are useful and important tools in the field of medicine, 
as well as in the studies of this thesis, as long as one knows how and when to utilize 
them. 
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Results in brief 

A summary of the main results generated in each of the respective papers I, III and IV 
is provided below, together with a status update on the CHAMP study outlined in 
paper II. Further details are provided in the original papers. 

Paper I 
Branching copy number evolution and parallel immune profiles across the regional 
tumour space of resected pancreatic cancer 

Study outline 
The scarcity of biomarkers able to predict the risk of recurrence for patients with 
resectable PDAC, following surgery and adjuvant chemotherapy, prompted the 
investigation in paper I (Figure 30). Multiregional sampling and detailed genetic 
analyses of the primary tumour (35 samples) and adjacent lymph node metastases (five 
samples) were performed for nine patients with operable disease. In addition, parallel 
spatial analyses on ICs present in the surrounding TME were explored. 

 

Figure 30. Graphical abstract of paper I. Visual overview of the main findings in paper I, adapted from Petersson et 
al.434 which is licensed under CC BY-NC-ND 4.0 (https://creativecommons.org/licenses/by-nc-nd/4.0/). 
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The overall CNA burden and detected driver events 
A wide discrepancy in CNA burden was detected between the nine regional tumour 
areas. However, common features such as a heterozygous loss of genomic regions 
covering TP53 on 17p and SMAD4 on 18q were detected across all patients, and 
homozygous deletions of CDKN2A were found in three patients. Genes frequently 
altered by SNVs and InDels included KRAS (9/9 patients), TP53 (8/9 patients), 
SMAD4 (5/9 patients) and CDKN2A (2/9 patients), also known to be early events in 
PDAC evolution. Additional potential driver events included variants in the RNF43, 
GNAS and dihydropyrimidine dehydrogenase (DPYD) genes, and amplifications covering 
the MYC oncogene. Several of the tumours also showed signs of early WGD events, 
resulting in a tetraploid genomic state. 

Phylogenetic analysis depicting notable heterogeneity of CNAs 
Following clonal deconvolution and phylogenetic analyses of the genetic subclones, 
inferred by all detected alterations, heterogeneity was seen in all tumours. Moreover, 
while only a sparse heterogeneity was detected for variants in the above-mentioned 
driver genes, CNA diversity was found to constitute the branching framework of the 
five phylogenies. By an in-depth evaluation of each phylogenetic structure, both early 
and late branching events from the trunk were observed, and all trees except one 
demonstrated different degrees of both linear and branching evolution. Metastatic 
dissemination to regional lymph nodes, analysed whenever applicable, was detected as 
an early evolutionary event for most tumours (3/4 cases). No signs of positive selection 
of specific CNA were found, although loss of 8p was exclusively found in patients with 
shorter OS (< 18 months). 

The prognostic value of phylogenetic complexity 
To systematically evaluate differences in the overarching branching frameworks, a 
networked based formula was derived and used to calculate a complexity score for each 
phylogeny. Subsequent comparisons between branching complexity and OS showed a 
significant association with higher evolutionary complexity, indicating a shorter OS. 
This was also true in multivariable analysis together with a combined score for vascular 
invasion. 

Spatial analyses of the surrounding immune TME 
To explore whether an increased genetic heterogeneity was mirrored by a greater 
diversity in infiltrating ICs in the TME, ten distinct IC populations together with the 
presence of B cell aggregates and the expression of PD-L1 on both ICs and tumour cells 
were analysed. Although no significant association was found between genetic 
heterogeneity and spatial IC diversity, evident interpatient discrepancies were detected. 
However, an interesting and hypothesis-generating finding was the association between 
a high overall CNA burden and increased PD-L1 expression on tumour cells. 
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Paper II 
Chemotherapy, Host response and Molecular Dynamics in Periampullary cancer: the 
CHAMP Study 

From start to present 
Since the start of the CHAMP study in 2018, a total of 180 patients has been enrolled 
(30th of June 2024) as displayed in Figure 31. The study early expanded to not only 
include patients treated at Skåne University Hospital in Malmö, but also in Lund. Two 
ethical amendments have also been approved along the way, including the autopsy 
study, approval for increased blood sampling volumes and the continuation of the study 
beyond 150 participants. Since 2021, autopsies have been performed on 27 study 
participants. Moreover, pancreatic tumour origin has been confirmed by 
histopathology, or estimated by radiology, in all but seven patients, three with distal 
cholangiocarcinomas and four with ampullary carcinomas. 

As further demonstrated in Figure 31, 126 patients within the study have been, or are 
being, treated with palliative intent and 49 have undergone surgery followed by 
adjuvant chemotherapy. At this moment, five patients included in the study are also 
undergoing neoadjuvant chemotherapy, for whom the treatment intention remains to 
be decided. In addition, 10 patients who were included in the CHAMP study when 
receiving adjuvant chemotherapy, have been included again upon receiving first-line 
palliative treatment for recurrent disease. The median age at diagnosis is 70 years, 
ranging from 38 to 83. Additionally, pathological germline variants have hitherto been 
found in eleven patients: two in mismatch repair genes MutL protein homolog 1 (MLH1) 
and MutS homolog 2 (MSH2), hence confirming Lynch syndrome, four in BRCA2, one 
in BRCA1, three in CDKN2A, and one in PALB2. Of these, two cases with BRCA2 
mutations and one with a mutation in CDKN2A, were detected by the analyses 
performed within the CHAMP study (paper III), the others were known prior to 
diagnosis, or detected as part of the clinical workup. 
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Figure 31. Patients of the CHAMP study. All patients enrolled in the CHAMP study until June 30, 2024. Patients are 
noted according to inclusion in the autopsy study, tumour origin, treatment intention (palliative, adjuvant, 
neoadjuvant/downsizing), inherited syndromes, germline variants in PDAC predisposition genes, sex and vital status. 
Courtesy of Karin Jirström. Abbreviations: PA; periampullary, P/A; Ampulla of Vater, DCC; distal cholangiocarcinoma, 
TBD; to be decided.  
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Paper III 
Temporal dynamics of circulating tumour DNA and the systemic host response 
during chemotherapy in patients with newly diagnosed pancreatic cancer 

Study outline 
The constrained accessibility of tumour tissue from patients diagnosed with PDAC in 
general, and the inherent challenge of performing repeat biopsies during chemotherapy 
to evaluate tumour evolution in particular, spurred the investigation in paper III. In a 
total number of 201 blood samples from 60 CHAMP patients, collected before and 
during treatment, we explored ctDNA dynamics, 92 soluble proteins relevant for 
immune-oncology (196/201 samples), and circulating immune cell populations 
(160/201 samples). For 34 patients, genetic tumour tissue analyses were also included 
for variant comparison. 

The multifaced nature of PDAC 
A detailed review of patient demographics showed considerable disparity within the 
cohort considering KRAS status, detected pathological germline variants, metastatic 
burden, and OS, reflecting the complex nature of the disease. Moreover, initial analyses 
showed that palliative patients displayed an increased ctDNA burden before start of 
treatment at baseline (BL), compared to adjuvant patients. Significant differences 
between the groups were also seen for levels of CA19-9, carcinoembryonic antigen 
(CEA), and C reactive protein (CRP), which were all observed to be higher in palliative 
patients. 

Prognostic value of the absolute tumour burden in palliative patients 
In subsequent ctDNA evaluations, primarily focusing on palliative patients, we 
compared the dichotomized prognostic value of ctDNA detection (positive versus 
negative) in plasma at BL, as this had been shown to be of value in previous 
studies359,367,435. This was, however, not associated with OS in our cohort. Instead, we 
set out to investigate the prognostic relevance of the total number of tumour molecules 
per ml plasma, defined as mutated genome equivalents (mGEs). Comparisons of the 
estimated number of ctDNA molecules, at BL, to OS revealed a significant negative 
association. This was also true in multivariable analysis, including established 
prognostic factors such as metastatic stage at diagnosis (M0/M1). An optimal 
prognostic cutoff was further identified at BL (350 mGEs/ml plasma) and used for 
stratification of palliative patients into either a ctDNAhigh (n=15) or ctDNAlow (n=28) 
group. Thereafter, the Kaplan-Meier analysis showed that patients in the ctDNAlow 
group had a significantly increased OS compared to patients in the ctDNAhigh group 
(median OS 11.9 versus 3.7 months, p < 0.0001). Clinically relevant tumour 
characteristics were also compared between the two ctDNA groups at BL, revealing 
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higher total cfDNA levels, a higher frequency of metastatic disease, decreased levels of 
albumin, and increased concentrations of CA19-9, CEA and CRP, and a lower age 
median, in the ctDNAhigh group. However, in multivariable analysis, including 
metastatic stage, age, regimen and performance status, the dichotomized ctDNA based 
stratification was the sole independent prognostic biomarker. 

ctDNA monitoring in the ctDNAhigh and ctDNAlow group 
We further explored the potential clinical utility of ctDNA dynamics in disease 
monitoring within each ctDNA group. In general, detected variants in different 
samples from each patient showed limited temporal heterogeneity between the various 
sampling time points. In addition, an overall close coherence to the clinical disease 
course was observed, although this was primarily seen for patients in the ctDNAlow 
group. Evaluations comparing each change in ctDNA levels to the associated disease 
status further validated the prognostic cutoff, as ctDNA concentrations persisting or 
rising above it were associated with progression or death within three months for all 
cases. 

ctDNA-derived variants and CNA profiles align with matched tumour tissue and add 
further value to the temporal genetic evolution 
To further evaluate spatial and temporal heterogeneity, all genetic variants detected in 
plasma were further evaluated and compared to matched tumour tissue whenever 
possible. SNVs and Indels detected in ctDNA displayed a high overall concordance to 
the paired tumour tissue profile, although a few variants were exclusively detected in 
either plasma or tumour tissue in seven cases, thus reflecting genetic heterogeneity. 
Variants implying opportunities for precision medicine were also noted, such as a 
KRASG12C variant in one patient, for which there is a targeted treatment option available, 
i.e. sotorasib (KRAS-G12C inhibitor). 

Whenever possible in terms of sufficient ctDNA fractions, assessment of genome-wide 
CNA profiles was also carried out by utilization of a novel bioinformatic tool436. 
Notably, although the sequencing panel used for ctDNA analyses only included SNP 
coverage for six chromosomes, CNAs could be detected throughout the whole genome 
and demonstrated a striking resemblance to matched tumour profiles. CNAs relevant 
for PDAC tumorigenesis were, hence, frequently detected even in cfDNA, such as 
amplifications covering KRAS and MYC, and deletions covering CDKN2A, TP53 and 
SMAD4. In addition, for one patient, an amplification covering KRAS was exclusively 
detected in plasma after treatment, and not in the matched diagnostic biopsy or BL 
plasma sample, indicative of genetic evolution. 
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The prognostic value of MUC-16, CD20+ B cells and HLA-DR+CD8+ Tc cells in 
palliative patients 
Complementary analyses of the systemic immune response during treatment were 
further performed for all patients. Immune markers with significant changes over time 
were only detected in the ctDNAlow patient group and included interferon gamma (IFN-
g) and CXC motif chemokine ligand 12 (CXCL12), amongst others. Biomarkers detected 
to be significantly associated with OS in palliative patients encompassed three serum 
proteins; mucin 16 (MUC-16), tumour necrosis factor related apoptosis inducing ligand 
(TRAIL) and C-X3-C motif chemokine ligand 1 (CX3CL1), and two IC populations; 
CD20+ B cells and HLA-DR+CD8+ Tc cells, by multivariable time-varying regression 
analysis performed for proteins and ICs separately. However, when combined all 
together, only MUC-16, CD20+ B cells and HLA-DR+CD8+ Tc cells remained 
statistically significant. This was also true when adjusting the analyses for ctDNA 
groups, age, performance status, treatment, and metastatic stage, indicating their 
independent, and complementary, prognostic values. 

Patterns of covariation between systemic immune biomarkers, in comparison to cfDNA 
and ctDNA, and in different regimen contexts 
Comparisons of dynamic on-treatment patterns between circulating immune 
biomarkers to cfDNA and ctDNA levels, and in different treatment regimens, were 
performed by utilization of dynamic time warping. Proteins and IC populations showing 
the closest fluctuation patterns to total levels of cfDNA and ctDNA were hepatocyte 
growth factor (HGF) and Vδ1+ γδ T cells, and nitric oxide synthase 3 (NOS3) and 
intermediate monocytes, respectively. Evaluations of general immune processes in 
different patient groups and according to treatment regimens were further performed 
by network analysis of the 50 top pairwise inter-protein covariations in each group. A 
common theme throughout the results was the central role of PD-L1 in all networks, 
except in the nab-paclitaxel treatment group, although in different immune contexts. 
For instance, PD-L1 closely correlated to immune-stimulatory proteins in adjuvant 
patients, such as CXC3CL1, and to other immunosuppressive proteins in ctDNAhigh 
patients, such as PD-L1. Additionally, a close connection between epidermal growth 
factor (EGF) and angiopoietin 1 (ANGPT1) was observed in all treatment-based 
networks. 
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Paper IV 
The genetic landscape of terminal pancreatic cancer and preceding temporal events: 
An initial CHAMP autopsy study 

Study outline 
The findings in paper I, where the degree of spatial heterogeneity in the regional 
tumour space was indicative of OS following adjuvant treatment, encouraged the study 
design of paper IV. Thus, we now wanted to further evaluate genetic heterogeneity, 
and especially that of CNAs, in terminal disease by analysing tumour tissue collected 
postmortem, from both the primary tumour, local recurrence, and all metastatic lesions 
of sufficient size (42 samples, five CHAMP patients). In addition, this was related to 
antemortem tumour tissue whenever available (eight samples, four patients), such as 
diagnostic biopsies and one resected tumour, and ctDNA in plasma samples (21 
samples, five patients) obtained before and during chemotherapy treatment. 

Disease diversity and genetic profiles of terminal PDAC 
Analyses of the five patients, four treated with palliative and one with curative intent, 
further manifested the notably varying survival times of patients with PDAC, despite 
the overall dismal prognosis. Two of the palliative patients reflected the observed 
extremes; one with a KRASWT tumour who survived for 36.2 months, and another, 
displaying a high metastatic burden already at diagnosis, who only lived for 2.3 months. 
Moreover, metastatic dissemination was most commonly seen to the liver, although 
metastases were also detected in other sites, such as the peritoneum, lungs and 
pericardial fat. Subsequent genetic analyses revealed only modest diversity between 
patient-specific tumour lesions in terms of deleterious SNVs and InDels, such as known 
drivers of PDAC. In addition, one patient harboured a variant in the tuberous sclerosis 
complex 2 (TSC2) gene, which was found in all tumour samples. 

On the other hand, varying degrees of CNA heterogeneity were observed for individual 
tumour sites in each patient, with a median CNA count per sample ranging from 27 in 
one patient to 109 in another. Genomic regions known to be predilected for CNAs in 
PDAC were also seen to be altered within this cohort, i.e. deletions including 9p, 17p 
and 18q, with low intrapatient diversity. Amplifications covering the MYC gene were 
further detected in two patients, a homozygous deletion of CDKN2A in three patients 
and a homozygous deletion of SMAD4 in one patient. 

Phylogenetic reconstruction of terminal PDAC 
Similar to paper I, phylogenetic reconstruction based on genetically defined subclones, 
comprised by SNVs, InDels and CNAs, was performed to further evaluate evolutionary 
traits and genetic heterogeneity of terminal PDAC. The results showed that spatial 
discrepancies in CNA profiles constituted the main part and architectural structure of 
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each tree, with great interpatient variation in both size and branching complexity. As 
an example, one tree encompassed 85% of all genetic events in the trunk and a total of 
eleven subclones, compared to another where only 17% of the events were truncal and 
where 36 distinct subclones were identified. 

Detailed analyses of each ancestry further demonstrated a combination of linear and 
branching evolution for the majority of cases, even though two of the patients had 
distinguishably more homogenous phylogenies. Inclusion of antemortem samples also 
revealed that CNA diversity was evident to different extents in all cases already before 
treatment administration. Additionally, considering patterns of metastatic seeding, a 
mixture between both monophyletic and polyphyletic spread was proposed for most 
cases. The analyses also suggested that the majority of metastatic clones had 
disseminated already at an early stage, as exemplified by one patient where subclones 
detected at autopsy were identified as descendants from an ancestral clone to the ones 
detected in the resected tumour specimen. 

On-treatment ctDNA profiles align with truncal genetic events and captures intrapatient 
CNA heterogeneity 
Lastly, ctDNA was further investigated by ultra-deep sequencing for detection of SNVs, 
InDels and CNAs, in serial on-treatment plasma samples, and compared to the terminal 
tumour landscape. The findings showed that two patients had a high plasma-derived 
tumour burden at diagnosis, with ctDNA fractions above 20%, whereas the rest had 
relatively low levels, all detectable but with ctDNA fractions below 5%. A high 
interpatient discrepancy was also acknowledged in terms of total cfDNA levels during 
treatment. Considering detected SNVs and Indels, a high concordance was observed 
between plasma and truncal variants in matched tumour tissue. In addition, the 
potential utilization of ctDNA dynamics in PDAC monitoring was further validated 
by the finding that fluctuations of ctDNA levels aligned closely with the clinical disease 
course. 

Moreover, CNA profiles were compared between plasma and matched tumour tissue 
for the two patients with high concentrations of ctDNA, at either one or several time 
points. The results showed a strong agreement between plasma and tumour lesions in 
regard to truncal CNAs in each respective phylogeny. Interestingly, however, while the 
ctDNA copy number profile at BL in one of the patients, with a relatively long OS 
(14.5 months), closely resembled that of the diagnostic pretreatment biopsy, the 
ctDNA profile in the other patient, with a particularly aggressive disease and short OS 
(2.3 months), revealed a combination of CNAs from all tumour lesions found at 
autopsy. Moreover, in the latter, discrepancies in the ctDNA CNA profile were 
detected between plasma samples collected before treatment and after one month, 
indicative of temporal genetic evolution. 
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Discussion 

The work of this thesis underlines future opportunities for improved clinical 
management across various stages of PDAC, ranging from better prognostication to 
non-invasive disease monitoring and individualized treatment strategies. Patient focus 
differed between the studies, concentrating on adjuvant treated patients with resectable 
disease in paper I, while emphasizing palliative treated patients in paper III and IV, 
although not excluding patients with resected tumours. Consistent throughout all the 
studies were, however, the pronounced disparities within the different cohorts 
considering disease progression, chemoresistance and OS, reflecting the stage-
independent intricate nature of PDAC. This was also mirrored in the diversity of 
metastatic sites of dissemination, as revealed by autopsies, confirming previous autopsy 
reports437. In addition, the performed autopsies further enabled comprehensive 
mapping of the terminal genetic landscape, which provides invaluable information, 
especially for patients with insufficient tumour tissue availability. 

The following sections will discuss the main findings of studies I, III and IV, and how 
these new insights may spur further investigations of PDAC and impact future clinical 
management. 

The role of copy number alterations across all PDAC stages 

Copy number heterogeneity for tracking clonal relationships 
Previous studies on other types of cancer, such as lung, renal and paediatric tumours, 
have demonstrated that CNA heterogeneity is important for OS56,69,438. Additionally, 
although quantitative CNA metrics and specific CNA events have shown prognostic 
value in PDAC271,290,439, the impact of spatial heterogeneity remains less explored. Thus, 
in paper I and IV, the main focus was to map the diversity of CNAs across the tumour 
landscape in resected and terminal metastatic disease, respectively. Of note, specimens 
from one resected tumour and several diagnostic biopsies were also included in paper 
IV, enabling CNA analyses of treatment naïve tumour tissue as well. In general, 
although the overall burden differed, a varying extent of CNA heterogeneity was 
apparent in both studies before administration of treatment, and even more so in the 
terminal landscape. 

To depicture this spatial diversity, phylogenetic trees were constructed by inferring 
ancestral relationships between all detected tumour subclones. These subclones were 
primarily based on thoroughly defined chromosomal breakpoints of each CNA, 
although other potential driver events such as SNVs and InDels were also included. 
This approach has been used in previous research for other types of malignancies69,409, 
but to our knowledge, paper I and IV represent the first studies utilizing this 
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methodology for PDAC. Earlier studies of PDAC have, on the contrary, primarily 
utilized SNVs for phylogenetic reconstruction70,305,440. For instance, a study by 
Makohon-Moore et al. in 2017 revealed a remarkable homogenous genetic landscape 
in terms of known driver events between treatment naïve metastatic sites collected at 
autopsy, where the detected heterogeneity was foremost denoted to passenger 
mutations305. In another study, recurrent disease following adjuvant platinum-based 
chemotherapy showed a positive selection of subclones with drivers stimulating the 
proliferative MAPK/ERK and PI3K/AKT signalling pathways70. 

The sparse overall heterogeneity of genetic driver events in paper I and paper IV, 
although with some variations between different metastatic sites posttreatment, are in 
line with the studies above70,305. Contrastingly, the phylogenetic architectures were 
instead foremost outlined by spatial discrepancies in CNA profiles. Thus, in an attempt 
to benchmark SNV phylogenies to the ones founded by CNAs, a second phylogenetic 
construction was performed in paper I by utilization of all detected SNVs, regardless 
of their driver potential. The results revealed similar frameworks of the trees, although 
with lower resolution. It is however important to acknowledge that the analyses of 
small-scale mutations throughout this thesis were performed on FFPE tumour tissue 
using targeted sequencing approaches which, hence, limits the detection range. 
Nonetheless, these results promote the relevance of incorporating defined CNAs in the 
reconstruction of tumour phylogenies to achieve an enhanced resolution of the genetic 
landscape, as small- and large-scale mutations appear to be complementary, previously 
also discussed for other malignancies69. 

Copy number based phylogenetic diversity and its clinical implications 
In both paper I and IV, the phylogenetic trees varied both by size and branching pattern 
between patients. Some trees had long trunks, with late emergence of the MRCA and 
limited branching, whereas others showed early branching events, promptly dividing 
the trees into different phylogenetic clades. Hence, signs of both linear and branching 
evolution were apparent for the majority of the phylogenies. Of note, in paper IV, 
where comparisons between several antemortem tumour areas to postmortem tumour 
sites could be performed for two patients, outlining contours of the terminal genetic 
landscape were observed already before treatment initiation. 

Moreover, in paper I, although limited by the small cohort size (nine patients), the 
prognostic value of several tree attributes was evaluated. The overall CNA burden has 
previously been shown to be clinically relevant in resected PDAC271,290, and an increased 
number of alterations has been correlated to worse prognosis in patients treated with 
adjuvant gemcitabine based regimens290. Although a similar trend was found in paper 
I, this finding could not be statistically confirmed, most likely due to the size of the 
cohort. On the contrary, one of the palliative treated patients in paper IV who displayed 
a particularly high CNA burden, already before treatment, had a relatively long OS. 
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Thus, whether the burden of CNAs has clinical implications in the metastatic setting 
remains to be seen. Of note, PDAC patients with deficient HRR and thus increased 
CIN, often but not always due to germline variants in genes such as BRCA1/2, have 
shown increased sensitivity to both PARP-inhibitors229,230,329 and oxaliplatin-based 
regimens271,330-332. Hence, future studies are also needed to further evaluate the 
prognostic value of CNA burden in the context of CIN and treatments exploiting 
homologous recombination deficient tumours, as performed for resected tumours by 
Waddell et al.271. 

A visual review of the trees in paper I instead spurred numerical assessment of the 
branching structure, as also recently performed by utilizing established biodiversity 
measurements in a paediatric cancer study409,410. These measurements were further 
combined into a novel summarizing metric, considering both clonal architecture and 
the number of detected subclones, which was applied to each of the nine phylogenies. 
Interestingly, the following comparisons of branching complexity with OS 
demonstrated a significant negative association. Thus, yet acknowledging the small 
sample size, this observation promoted the hypothesis that increased evolutionary 
complexity before treatment might provide a heightened risk for chemoresistance and 
early relapse, in line with data from other malignancies56,69,438. 

Importantly, possible confounders were also evaluated, such as the total number of 
included samples, distinct FFPE blocks utilized and whether samples from regional 
lymph node metastases were included, but did not account for any substantial 
contribution to the phylogenetic architecture. On further note, as the complexity 
formula does not take branch lengths into account, perhaps the evolutionary framework 
and CNA burden could provide complementary clinically relevant information. In 
paper IV, the evolutionary complexity of the primary tumour prior to treatment was 
not assessable. Only two pre-treatment samples were adequate for phylogenetic analysis 
in the adjuvant treated patient and the others only had a diagnostic biopsy, usually from 
a metastatic lesion. Hence, for palliative patients, other approaches are required to 
evaluate whether some tumours are more evolutionary prone and how this affects 
treatment response and survival, as discussed in forthcoming sections. Nevertheless, 
one of the patients in paper IV, who survived less than three months from diagnosis, 
had a particularly complex terminal phylogenetic tree. 

PDAC evolution 

Specific genetic events during PDAC development 
Genetic events known to play a pivotal role in PDAC tumorigenesis were also 
frequently detected in study I, III and IV of this thesis. These included SNVs activating 
KRAS, various small-scale loss-of-function variants affecting TP53, CDKN2A and 
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SMAD4258,271,272,280, and specific CNAs such as focal amplification of MYC, 
homozygous deletion of CDKN2A and loss of heterozygosity covering regions 9p 
(CDKN2A), 17p (TP53) and 18q (SMAD4)271,273,290. Thus, in line with the plethora of 
previous data on frequent genetic events in PDAC, and with the two-hit hypothesis 
proposed by Knudson in mind15, these results further underscore the importance of 
these events in PDAC. 

From the evolutionary analyses performed in paper I and IV, these above-mentioned 
events were also validated as occurring evolutionary early during PDAC carcinogenesis, 
as they were predominantly detected in the trunk of the phylogenetic trees, in line with 
previous reports70,258,271,272,280. The main exception was the occasionally subclonal, and 
in a few cases also evolutionary parallel, emergence of SMAD4 mutations. Thus, despite 
the 18q LOH being almost exclusively truncal, small-scale variants causing loss-of-
function in the secondary SMAD4 allele were found in the tree branches from a few 
patients in both studies. That variants in SMAD4 often emerge late during PDAC 
evolution has been established previously and has been associated with the moment of 
invasion277,286,289, thus validating these results. 

Moreover, the extensive, although varying, presence of CNAs in tumour regions across 
all PDAC stages (paper I, III and IV), stresses their role in the development and 
progression of invasive PDAC. This notion has also been pointed out by the work of 
several others, for example suggesting that invasive growth may be initiated by one, or 
a few, catastrophic chromosomal rearrangement events, and by demonstrating that a 
more prominent CNA burden is observed in high-grade compared to low-grade 
dysplasias280,285,441. 

Signs of natural selection for specific CNAs, and their effect on OS, were also evaluated 
in the genetic landscape of resected PDAC in paper I, as previously performed in a large 
pan-cancer study442. This was carried out by examining commonly detected CNAs275 
and their point of emergence in each respective phylogeny, classified as being either 
truncal, subclonal or absent. Although likely affected by the small sample size, no 
specific alterations were found to be significantly associated with early or late 
emergence, which promoted the assumption that the branching trajectories were a 
result of neutral evolution. Yet, an interesting finding was that chromosomal deletion 
of 8p was only detected in patients with a shorter OS. This finding is in line with the 
association of 8p loss to tumour progression in breast cancer443 and to increased 
metastatic potential and decreased OS in liver cancer, amongst others444. Consequently, 
these insights motivate future analyses on larger PDAC cohorts, including 
posttreatment samples from metastases, to investigate positive or negative selection of 
specific chromosomal events and their evolutionary significance. 
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Metastatic subclones and their phylogenetic origin 
The evolutionary point of metastatic dissemination was evaluated in both paper I and 
IV, for local (regional lymph nodes) and distant metastases, respectively. Overall, in the 
reconstructed phylogenetic trees, subclones detected in metastases were often found to 
have emerged evolutionary early, even before surgery, confirming results from previous 
studies70,295. In particular, early dissemination to the liver and lymph node metastases 
was denoted. To provide an example, for one patient in each study at least one of the 
metastatic subclonal populations shared only truncal alterations with those found in 
the matched primary tumour region. Of importance, the term early in this context does 
not refer to the actual time frame, but rather to a consecutive order of evolutionary 
events. 

In paper IV, multiregional postmortem sampling was performed on all available 
tumour lesions found in the thoracic and abdominal cavities. Metastatic subclones 
often showed discrepancies in ancestral origin, i.e. signs of polyphyletic dissemination, 
in all patients but one. Polyclonal seeding of the liver was also frequently detected, 
exemplified by the sole operated patient where subclones in the resected pancreatic 
tumour and lymph node metastasis were observed to have seeded individual metastases 
to the liver, detected postmortem. Metastases were also observed to seed each other, i.e. 
providing evidence of intermetastatic seeding, such as in one patient where a subclones 
in the diaphragm and rectouterine pouch were proposed to be descendants from 
subclones in the liver metastasis. These results are in line with the metastatic origins 
described in an earlier investigation of posttreatment dissemination patterns of PDAC 
by Sakamoto et al.70, further emphasizing the utility of CNA based phylogenetic 
analyses from FFPE specimens. However, although the acquisition of multiple 
pretreatment samples provided a glint of the following final genetic landscape in two of 
the patients, unsurprisingly, single biopsies did not. It must, although, be pointed out 
that these biopsies were obtained from liver metastases, possibly representing a more 
homogenous genetic landscape due to clonal selection in the metastatic process. Either 
way, it highlights the inevitable problem of single biopsies and their limited ability to 
provide a holistic view of the tumour landscape55,58. 

Building on the findings of paper IV, one could also speculate on potential signs of 
natural selection of subclones due to the systemic pressure from administrated 
therapeutic drugs. In one patient, several pre-treatment samples from a resected 
metastasis to the ileum were available, from which a branched phylogenetic pattern was 
detected, dividing the subclones into two main tree clades. Interestingly, at autopsy, 
only one of these clades were detected, including linear descendants, indicating signs of 
negative selection of the other clade. Similarly, in a second case, no linear descendants 
were found postmortem from subclones detected in the pre-treatment liver biopsy. Of 
note, this specific tumour also displayed the highest overall CNA burden and a 
relatively positive response to chemotherapy. It should however be pointed out that 
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although multiregional sampling enables a good read-out for identification of 
heterogeneity, all tumour areas are not sampled, and hence, additional subclones may 
have been missed. 

Blood based on-treatment tumour monitoring 
Given the limitations with single tissue biopsies and that biopsies, in general, can cause 
significant discomfort for patients, a plethora of research has been conducted to assess 
the utility of liquid biopsies as either a replacement or complement77,84-86,354. Building 
on that, the combination of an overall sparse accessibility to tumour tissue, a high 
stromal tumour component and limited knowledge about the temporal heterogeneity 
of PDAC, encouraged the evaluation of longitudinal ctDNA dynamics in paper III and 
IV. A focused sequencing panel was developed, primarily designed for monitoring of 
palliative patients during chemotherapy, in which an increased ctDNA burden has been 
observed compared to patients with operable disease361. 

Validation of the CHAMP panel and its clinical utility 
Throughout paper III and IV, the sensitivity of the CHAMP sequencing assay enabled 
overall detection of VAFs below 0.5%, and even lower whenever prior knowledge of 
variants in matched tumour tissue was available. These numbers are comparable to 
other similar assays in the field of precision oncology, although methodologies such as 
ddPCR have demonstrated even higher sensitivities157. The panel also facilitated 
detection of chromosomal changes across the genome, and allelic imbalances for six 
chromosomes frequently altered in PDAC, although at a lower sensitivity. 

Nevertheless, as touched upon before, all methods come with both benefits and 
drawbacks. Methods such as ddPCR, focusing on only a few gene targets, are limited 
by the presence of the specific genetic variants and the number of ctDNA fragments157. 
The high frequency of KRAS mutations in PDAC does, however, make it a suitable 
cost-effective method for the purpose of monitoring MRD, although the minor 
proportion, approximately 10%, of patients with KRASWT tumours will be missed. 
Another popular way to monitor ctDNA is by using a tumour-informed approach, 
where knowledge about specific tumour variants is leveraged for increased sensitivity445. 
However, this method obviously comes with the evident drawback of being dependent 
on available tumour tissue. None of these methods may, however, detect de novo 
variants, i.e. mutations in genes outside the target span of the panel. In contrast, ultra-
sensitive unbiased approaches for determining the ctDNA burden, such as sWGS are 
less restricted by the presence of specific ctDNA molecules, and may detect numerous 
different mutations associated with the tumour164,165, although the majority will most 
likely be passenger variants. Taken together, the specific research question at hand 
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should guide the particular choice of method, utilizing its respective strengths and 
weaknesses. 

On that account, the customized CHAMP panel utilized in paper III and IV allows for 
detection of the most common genetic PDAC variants272, together with a number of 
genes known to provide clinically valuable information when mutated. The panel is, 
thus, independent of available tumour tissue and increases the chances of detecting 
KRASWT tumours, which is of importance for prognostication446. Whilst one could 
argue that the intermediate panel design in this thesis is neither the most sensitive, nor 
the widest in terms of gene targets, findings of paper III and IV demonstrated the 
adequacy for its purpose – cost efficient sensitive monitoring of the ctDNA burden in 
the palliative patient group while still enabling identification of targets for precision 
medicine. In paper III, ctDNA was detected in plasma from the majority of palliative 
patients, and several of the adjuvant patients, and in paper IV, ctDNA was detected in 
plasma from all patients. Nevertheless, for the purpose of monitoring MRD in operated 
patients, the results from paper III suggest that an alternative, more sensitive method 
would be more suitable. 

The close coherence between mutations detected in plasma and corresponding tumour 
tissue in paper III and IV also validated the utility of the design. This was true both for 
small-scale variants, but also for genome-wide copy number profiles. Notably, although 
probes targeting SNP positions were only incorporated for six chromosomes, CNAs 
generating a change in log2R were detectable across the entire genome in plasma 
samples with high ctDNA fractions, as also recently shown by Lapin et al. using a 
similar approach292. Of importance, even at low levels, information from specific CNAs 
enhanced the accuracy of ctDNA fraction estimations by enabling normalization to the 
specific allelic background. This is highly relevant, as the ctDNA fraction is often used 
for monitoring purposes, further elaborated on in forthcoming sections. However, for 
an increased sensitivity of CNA detection specifically, one could proposedly also 
consider sWGS, as performed by others447. 

Liquid versus tumour biopsies 
Studies comparing the extent of identified genetic heterogeneity by utilizing either 
ctDNA or tissue biopsies have shown at least comparable, if not superior, reflections of 
the genetic tumour landscape from ctDNA analyses152. Thus, one of the aims of paper 
III and IV was also to perform similar evaluations whenever matched tumour tissue 
was available. Findings from paper IV did not provide any signs of heterogeneity for 
small-scale driver mutations between longitudinal plasma samples and tumour tissue, 
other than those attributed to varying ctDNA fractions. Instead, identified ctDNA 
variants cohered completely and exclusively to the truncal variants in the reconstructed 
phylogenies. It should, however, be mentioned that the vast majority of subclonal driver 
mutations detected in the tumour tissue were found in genes not included in the 
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CHAMP panel. On the contrary, in paper III, inconsistencies of small-scale driver 
variants were detected between plasma and matched tumour tissue in a few cases, as 
also seen in previous studies361,368, but no temporal disparities were found. These 
findings support ctDNA evaluations as a complement in PDAC characterization, 
especially whenever access to tumour tissue is sparse or non-available. 

Contrastingly, although only assessable in a few cases, signs of temporal CNA 
heterogeneity were identified in both paper III and IV. In paper III, a KRAS 
amplification, which was undetectable in the diagnostic tumour biopsy and ctDNA 
sample before treatment initiation, was found in ctDNA in association with disease 
progression. Increased KRAS burden due to multiple DNA copies has been noted in 
other studies292,448, and in distinct association to treatment resistance449. In one patient 
included in paper IV, the ctDNA copy number profile of the sample obtained before 
treatment differed from the sample obtained after two months by several alterations, 
and substantially from CNAs detected in the diagnostic tumour biopsy. Similar results 
were also recently published by Huebner et al.291, emphasizing the value of longitudinal 
CNA assessment using cfDNA for monitoring of disease progression. 

Opportunities for precision medicine 
The focused sequencing approach utilized in paper III and IV facilitated identification 
of a few clinically relevant alterations derived from ctDNA, as also demonstrated by 
others using both cfDNA and tissue analyses355,450,451. These variants included a 
KRASG12C mutation, targetable with novel KRAS inhibitors337, and variants in BRCA2, 
motivating therapy with PARP-inhibitors229. Moreover, utilizing broader gene panels, 
additional actionable targets were detected in tumour tissue, such as a clonal TSC2 
variant in one patient in paper IV. Loss-of-function mutations in TSC2 have been 
shown to enhance the effect of systemic treatment with immunotherapy or mammalian 
target of Rapamycin (mTOR) inhibitors452,453, which could have been fundamental in 
the above-mentioned case considering the observed rapid disease evolvement and 
chemo-resistance. Building on these results, utilizing more comprehensive panels 
should also be considered whenever permitted by sufficient ctDNA fractions, to enable 
a wider identification of less frequent actionable targets146. In addition, this would 
simultaneously provide information regarding germline variants, which is of equal 
importance for clinical management329,332,334. 

Collectively, these findings further motivate clinical implementation of genetic testing 
in PDAC451,454, and the complementary value of ctDNA analyses to tumour biopsies. 
Of note, before considering targeted treatment strategies, one should always consider 
the clonality of the genetic variant, as alterations only detected in a fraction of the 
tumour cells would likely not cause a sufficient tumour response, but rather spur the 
emergence of resistant clones455. 
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Clinical management of PDAC by ctDNA-based stratification 
A range of studies have evaluated the clinical value of detectable, i.e. positive versus 
negative, ctDNA levels in plasma of PDAC patients, both in the adjuvant and palliative 
settings, and concluded an adverse relationship with prognosis357,359,367,435. Hence, 
equivalent comparisons were also carried out in paper III, and although similar trends 
were found for palliative patients, these results could not be statistically validated in 
either patient group. For adjuvant patients, the small cohort size (fifteen patients) and, 
as previously discussed, a likely suboptimal limit of detection for the lower tumour 
burden, probably contributed to the discrepant results. For the palliative patient group, 
apart from the sample size (45 patients), other factors potentially contributing to the 
discrepancy include variations in preprocessing of cfDNA, detection limits of the 
utilized assays and the extent of genome targets. For instance, utilizing the CHAMP 
panel, it was possible to detect ctDNA even in patients with a KRASWT tumour, whereas 
other studies have focused purely on KRASmut tumours367. It should also be noted that 
in terms of detection limit, a slightly higher proportion of PDAC patients was found 
to be ctDNA positive prior to chemotherapy administration in our cohort compared 
to others367,435. 

A possible confounding factor for sensitive sequencing analyses of plasma is also the 
presence of mutated cfDNA from normal cells, especially in elderly patients158,159,456. 
This problem is particularly pronounced for early detection but cannot be ruled out 
even in advanced disease. However, this can be partly mitigated by utilizing parallel 
sequencing of matched white blood cells, the most prominent source of cfDNA 
mutations158,159, as performed throughout this thesis. Thus, the challenges with 
potential false positive mutations shed from normal solid tissues, and the high 
proportion of palliative patients with detectable ctDNA, further motivated the 
exploration of a more quantitative prognostic metric. 

The majority of analyses in paper III were instead performed by utilizing the absolute 
number of mGEs in each cfDNA sample. This measurement is calculated by 
normalizing the fraction of ctDNA to the total concentration of cfDNA per ml 
plasma118, leading to a decreased vulnerability to fluctuations in normal cfDNA 
concentration, as further discussed in the forthcoming section. The following survival 
analyses showed a significant prognostic value for the number of mGEs per ml plasma 
before treatment initiation, and a prognostic cutoff was calculated. Building on those 
results, the cohort was divided into a ctDNAhigh and ctDNAlow patient group, by 
classifying them according to their ctDNA burden, which revealed a significant 
difference in OS, 3.7 vs 11.9 months, respectively. Thus, although numerous studies 
have evaluated the dichotomized value of positive versus negative ctDNA detection, 
this is, to our knowledge, the first to utilize a quantitative cutoff value to stratify the 
patients. 
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Comparisons of clinical parameters between the two groups further revealed that 
ctDNAhigh patients displayed an increased frequency of distant metastases, particularly 
dissemination to the liver. Thus, of importance, multivariable analyses were carried out 
to ensure that the prognostic value did not only serve as a proxy for patients with or 
without metastatic disease. The analysis was performed together with several clinical 
parameters, including metastatic stage, and revealed that the ctDNA burden was the 
sole independent factor. The association between increased ctDNA levels and 
metastatic spread to the liver has also been reported by others362,435. Nevertheless, future 
studies are needed to confirm whether liver metastases in general shed a higher amount 
of cfDNA to the circulation, or if the metastases simply obstruct the overall cfDNA 
clearance, as the liver remains one of the most important organs for this purpose. 
Proposedly, one could for instance utilize methylation profiling of cfDNA, which has 
been shown to be a sensitive method for tracing the cfDNA tissue of origin457,458. 

Monitoring the systemic disease burden 
Similar concentration measures to the one used throughout paper III have been utilized 
previously for ctDNA quantification110,118, and its utility for clinical purposes has been 
discussed in comparison to the more frequently reported ctDNA fraction86,459. The two 
metrics both come with benefits and drawbacks. The ctDNA fraction is, as previously 
mentioned, dependent on the total cfDNA concentration, whereas the number of 
copies is more sensitive to modifications in overall clearance86. As an example, in paper 
IV, two of the patients had exceptionally high (> 20 %) ctDNA fractions before 
treatment, but only slightly elevated total cfDNA levels. On the contrary, after one 
month, the total concentration of cfDNA had expanded significantly. Of importance, 
although this increase was accompanied by a magnified ctDNA concentration for one 
of the patients, ctDNA could no longer be detectable in the other, highlighting the 
dynamics between plasma-derived cfDNA and ctDNA levels. Thus, the respective 
concentrations of ctDNA and total cfDNA, together with the ctDNA fraction, are 
seemingly complementary, and all three metrics should be considered for evaluations 
of tumour dynamics86. Yet, as the absolute ctDNA concentration takes the ctDNA 
fraction into an account, this was chosen for monitoring purposes in paper III and IV. 

In paper III, fluctuations in ctDNA levels were found to be of particular clinical value 
in the ctDNAlow patient group, and it was especially useful for predicting disease 
progression whenever the levels reached above the prognostic cutoff. The same could 
not be seen in the ctDNAhigh group, as a dramatic decrease below the cutoff after 
treatment initiation was not associated with neither progression nor stable 
disease/regression. Even so, all cases showing persistently high levels of ctDNA were 
associated with rapid progression or death within a three-month time frame, in line 
with a recent study292. Collectively, these findings spur clinical implementation of 
PDAC-monitoring utilizing ctDNA. However, the longitudinal analyses were mainly 
based on ctDNA level follow-up at one month and three months, and considering the 
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short half-life of cfDNA114,115, future experiments should also aim for temporal analyses 
with shorter time intervals to allow for increased resolution. 

Can we detect an evolutionary prone tumour from a blood sample? 
To change the outcome for patients diagnosed with PDAC, it is essential to 
individualize the treatment strategy according to the molecular characteristics of the 
specific cancer at hand. Today, patients are treated with similar systemic regimens, 
modified mainly by their performance status, with a wide range of outcomes but no 
adequate prediction models to foresee who will benefit and who will not. Thus, one of 
the fundamental questions throughout this thesis have been 

“Could genetic heterogeneity serve as a marker to distinguish tumours prone for rapid 
evolution and chemoresistance from those having a more indolent disease course and being 
more sensitive to treatment, already at diagnosis?” 

This hypothesis was encouraged by the findings in paper I, proposing that the extent 
of clonal complexity, i.e. a broad range of substrates for natural selection to act upon, 
may be indicative of an increased evolutionary propensity and resistance to treatment. 
Speculatively, such differences might also explain the lack of consensus for ctDNA 
fluctuations and the clinical disease course in the ctDNAhigh group in paper III. 
However, performing phylogenetic analyses from multiregional sampling data is a time-
consuming process, but above all, it requires sufficient access to tumour tissue. Hence, 
palliative patients would seldom be eligible for such an evaluation, and particularly not 
within a reasonable timeframe. Consequently, this motivated the pursuit of blood-
based markers capable of discerning particularly evolutionary prone tumours which 
require an alternative treatment strategy. 

With that in mind, a study by Pereira et al.460 recently demonstrated that the mutation 
profile of cfDNA sufficiently reflected the terminal genetic landscape of several 
metastatic cancers at autopsy. In addition, they showed that cfDNA mutation clonality 
varied depending on the number of metastases harbouring the specific variant. These 
results are in line with the findings in paper IV, proposing that the extent of genetic 
heterogeneity observed in ctDNA before treatment, i.e. the subclonal proportion of 
CNAs, may be suggestive of the overall tumour diversity and potential treatment 
response. These deductions were based on two patients with comparably high 
pretreatment ctDNA levels, but profound differences in treatment response and OS. 
The two patients displayed notable disparities in CNA clonality derived from ctDNA 
before treatment initiation, where an increased clonal complexity was observed in the 
patient with a more aggressive and chemo-resistant tumour, similar to the reasoning 
from the results in paper I. Furthermore, in this patient, the ctDNA profile 
demonstrated a vast mixture of alterations detected across all postmortem sampled 
metastatic tumour sites. Contrastingly for the other patient, with a higher proportion 



104 

of clonal CNAs, the genetic profile was instead closely related to that of the 
pretreatment tumour biopsy. 

It is, however, important to mention that a higher proportion of clonal alterations in 
the ctDNA profile does not necessarily equal a homogenous tumour, but rather a 
dominating clone causative of the majority of DNA shedding into the circulation. 
Either way, for the patient with a more uniform ctDNA profile included in paper IV, 
the dominating clone appeared to be sensitive to chemotherapy, further strengthening 
our reasoning. This was supported by the dramatic drop in ctDNA levels following one 
month of treatment, the sustained response to therapy and the lack of linear 
descendants from subclones detected in the diagnostic biopsy after treatment. 

Evidently, it is essential to also acknowledge that these conclusions were drawn from 
only two patients, and therefore require exploration and validation in larger cohorts. In 
addition, the findings from both paper III and IV demonstrate biological limitations 
for CNA analyses using targeted sequencing approaches in ctDNA low samples291, 
despite utilizing novel bioinformatic approaches436. Low ctDNA fractions should, thus, 
always be taken into account whenever exploring the extent of genetic heterogeneity 
and its clinical implications. Yet, it is logical from a biological and evolutionary point 
of view to speculate on whether a homogenous ctDNA profile could in fact be 
indicative of patients who are more likely to benefit from chemotherapy 
treatment54,56,460. For cases where tumour tissue is available, one could also proposedly 
assess the genetic diversity with increased resolution by comparing ctDNA and tumour 
profiles. In addition, future incorporation of sensitive cfDNA methylation profiling 
might shed further light on the metastatic burden and ctDNA heterogeneity by tracing 
the tissue origin of the circulating fragments457,458. 

The complex multifaced host response in PDAC 

Local and systemic immune response 
Like any naturally occurring ecosystem, the TME imposes various constraints for 
tumour progression, not least in PDAC with its hypoxic, desmoplastic and 
immunosuppressive characteristics372,461. In this case, the harsh environment has further 
been shown to promote an aggressive and invasive phenotype and to hinder the 
penetration of therapeutic agents372,462. Hence, in paper I and III of this thesis, the local 
and systemic immune responses were evaluated, respectively, in combination with the 
genetic tumour profiles for various patient groups. In both studies, one should, 
however, bear in mind that the relatively small sample sizes most likely influenced the 
observed results. The hypothesis for paper I was built upon previous research showing 
that the clonal evolution of tumours is in constant interplay with the surrounding 
TME, and that the IC subtypes and their topographical distribution are important for 
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prognosis463-466. Thus, the research question motivating the analyses in paper I was 
whether an increased genetic heterogeneity of the tumour was also reflected by a diverse 
spatial immune landscape. Multiregional analyses of each resected tumour showed both 
great intrapatient and interpatient heterogeneity of various IC populations. Yet, no 
significant associations were observed between the overall diversity of IC subsets in the 
TME and the genetic evolutionary complexity of the tumour. Hence, although the 
utilization of double IHC analyses enabled spatial investigations of ten different IC 
populations, other multiplex methods, capable of mapping subpopulations in further 
detail, are most probably required467. 

Moreover, for an effective adaptive immune response, specific lymphocytes such as Tc 
cells must be able to detect the cancer cells by, for example, recognizing MHC class I 
bound neoantigens on their cell surface. Recent research has looked deeper into this in 
PDAC long-term survivors and found that specific characteristics of tumour 
neoantigens are important for proper T cell activation and OS333,463,468. Thus, looking 
further into the link between neoantigen repertoire, T cell infiltration and genetic 
heterogeneity could be a logical approach in future investigations. 

Likewise, in paper III, changes in levels of different immune related proteins and ICs 
were analysed both in adjuvant patients and in palliative patients divided into the 
ctDNAhigh and ctDNAlow group. Immune markers with significant fold changes over 
time were only found in the ctDNAlow group, most likely influenced by the small 
sample size of the other groups, and included a significant increase of IFN-g and 
CXCL12. The impact of each specific treatment regimens, however, remains a 
potential bias in all groups and needs further investigation in larger cohorts. For 
instance, therapeutic agents targeting proliferating cells have been shown to affect B cell 
maturation and impair cytokine production in T cells, leading to impaired 
communication and a weakened adaptive response469. 

Signs of immune evasion 
The most interesting finding from the IC analyses in paper I was the positive 
association between CNA burden and PD-L1 molecules on the tumour cells. In line 
with these results, an elevated PD-L1 expression has previously been associated with an 
increased number of neoantigens470. In addition, correlations between tumour 
aneuploidy and immunosuppression have been shown for other cancers, together with 
a decreased response to immunotherapies188. Thus, speculatively, the observed 
association in paper I promotes the hypothesis that a higher CNA burden results in an 
increased tumour immunogenicity, and, hence, the need for upregulating immune 
check point molecules to dampen the surrounding anti-tumour activity189. The true 
relationship between CNA burden, neoantigen load, immunoediting strategies and 
response to immunotherapies, however, remains to be unveiled189,455. 
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Similarly, in paper III, PD-L1 was shown to be a centrality when investigating 
covarying proteins in serum between different the patient groups by dynamic time 
warping. This method is of particular use when comparing patterns between two time 
series, as it allows for a certain degree of flexibility. Importantly, however, it must be 
noted that this analysis was built upon the assumption that proteins covarying closely 
together represent ongoing active immune processes, which needs further validation. 
Interestingly, though, in the two most opposing patient groups, adjuvant treated 
patients and palliative patients stratified into the ctDNAhigh group, soluble PD-L1 was 
not observed to fluctuate together with the same proteins. In the adjuvant group, PD-
L1 covaried with immunostimulatory proteins, and in the ctDNAhigh group, it instead 
covaried with for instance other immune checkpoint molecules. The same analysis was 
also performed by grouping the patients according to which treatment regimen they 
received. Again, PD-L1 was observed to be a central node both for patients treated with 
oxaliplatin and gemcitabine, with similar disparities in covarying proteins, i.e. a close 
covariation with immune activating molecules in patients treated with oxaliplatin and 
with immunosuppressive molecules in patients treated with gemcitabine. 

Theoretically, the two distinct PD-L1 networks observed in paper III could propose 
ongoing immune exhaustion and stimulation processes in different patient groups and 
treatment regimens. However, to which extent these findings are affected by the given 
treatment and the tumour burden remains to be explored. Taken together, these 
hypothesis-generating results promote further evaluations of the systemic immune 
response in PDAC and its potential for providing important information regarding 
ongoing immunoediting processes. 

Circulating nucleic acids and their immunological effects 
In addition to analysing signs of ongoing immune processes, dynamic time warping in 
paper III was also utilized to explore protein and immune cell markers covarying with 
plasma concentrations of circulating nucleic acids. Of importance for these discussions 
is that cfDNA may act as a DAMP, which can trigger activation of innate ICs through 
pattern recognition471,472. In addition, the total cfDNA concentration has been 
negatively associated with prognosis in various malignancies, including PDAC112,113,473. 

Temporal patterns of the protein marker NOS3 and intermediate monocytes were 
found to have the closest similarities to variations in ctDNA concentration specifically. 
In line with these results, NOS3 has been shown to contribute to oxidative stress and, 
in turn, tumour aggressiveness in PDAC474. The role of intermediate monocytes, 
representing a transition state between classical and non-classical populations in the 
circulation170, is however less understood, and has been shown to contribute to both 
pro-inflammatory and anti-inflammatory processes475. It should however be noted that 
fluctuations of plasma-derived ctDNA are inevitably affected by overall ctDNA levels 



107 

and thereby the detection limit of the methodology, which might impact the resolution 
of the analysis. 

Moving forward with temporal variations of total cfDNA concentrations, the closest 
covarying patterns were seen for Vδ1+ γδ T cells and HGF. Vδ1+ γδ T cells are sparsely 
found in the circulation but have been shown to be capable of exerting cytotoxic activity 
in tumours, including PDAC, after activation476,477. Of particular interest, and in line 
with its association to cfDNA levels in this study, previous research has demonstrated 
that they can be activated by innate signalling from DAMPs477,478. HGF on the other 
hand has been associated with tumour metastasis and progression, and previous studies 
have demonstrated that it may be produced by pancreatic stellate cells in the TME479. 
Of note, these cells are further known for their contribution to the hypoxic fibrotic 
environment in PDAC480. 

Conclusively, these results highlight the intricate dynamics between circulating nucleic 
acids, both tumour specific and in general, and the complex host response. In particular 
for PDAC, the findings further proposes that the desmoplastic TME not only impacts 
the local, but also the systemic immune response. 

Prognostic immune biomarkers for monitoring treatment response 
The lack of reliable routine biomarkers in PDAC, both predictive and prognostic, also 
motivated the search for novel biomarker candidates in paper III. Of importance, the 
longitudinal blood sampling further enabled detection of immune markers capable of 
providing temporal clinical guidance. Both circulating immune cells and serum proteins 
were explored, which in the end demonstrated three markers with significant 
prognostic value over time, and superior performance compared to routine biomarkers. 
These included the protein MUC-16, also known as cancer antigen 125 (CA125), 
HLA-DR+ Tc cells and CD20+ B cells. 

It is, however, important to mention that peripheral immune cell data was only 
included for patients with samples available from at least the following three time 
points: start of treatment, one month and three months. Thus, these analyses should 
be interpreted with caution in terms of survival as the analysis may be slightly affected 
by an overall longer OS of the included patients. Nevertheless, the prognostic value of 
the immune cell populations HLA-DR+ Tc cells and CD20+ B cells has, to the best of 
our knowledge, not been shown for PDAC previously. The negative association 
between CD20+ B cells and OS could, proposedly, be due to a specific subset of CD20+ 
B cells called B-1 B cells, which have shown capable of exerting both pro-tumour and 
anti-tumour activity481. Specific B-1 B cells have, for example, demonstrated regulatory 
abilities, dampening the overall immune reaction and facilitating tumour progression, 
and they can be activated by DAMPs in an innate manner481,482. Thus, in line with the 
discussions in the aforementioned section, associations between specific B cell subsets 
and circulating nucleic acids merit further study, especially in the context of systemic 
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cytotoxic treatments. For this purpose, in-depth analyses of specific B cells could be 
facilitated by methodologies such as scRNAseq. The role of HLA-DR+ Tc cells in cancer 
has been less studied, although previous research has proposed regulatory activities 
similarly to other defined Tregs

483,484. Speculatively, their adverse prognostic relationship 
with OS in paper III is in line with this data, although their particular impact in PDAC 
remains largely unexplored. 

The sole protein biomarker associated with OS was MUC-16, which is a commonly 
used marker in clinical practice for ovarian and endometrial cancers. Previous research 
has, however, highlighted its tumour-agnostic utility, as increased expression has been 
shown to be associated with disease progression in various cancers, including 
PDAC485,486. The functional role of MUC-16 in PDAC has been attributed to invasive 
traits, such as increased cell migration487, and in ovarian cancer, studies have shown that 
it may protect tumour cells from destruction by NK cells488. Thus, although its 
association with prognosis in paper III did not come as a surprise, it further stresses its 
potential utility in future PDAC management. 

If further validated, these markers could proposedly be utilized in tandem with the 
suggested ctDNA stratification, to refine prognostication and aid clinical monitoring 
and management of PDAC. 

Concluding thoughts 
The work of this thesis addresses and explores several aspects of PDAC across all disease 
stages, including genetic diversity, clonal evolution and immunological traits, both local 
and systemic. It explicitly underlines the clinical implications of tumour heterogeneity 
and stresses the inadequacy of utilizing single tumour biopsies for capturing a 
comprehensive view of the PDAC landscape. It also suggests modern strategies for 
PDAC monitoring and prognostication, utilizing liquid biopsies, and a novel patient 
stratification based on the systemic tumour burden. In addition, it highlights the 
possibilities of utilizing archival FFPE material for evolutionary analyses, promoting 
usage of already established repositories world-wide. 

In conclusion, although PDAC evolution is impacted by a plethora of factors, this thesis 
has provided new insights which may hopefully contribute to an improved patient 
outcome and quality of life. 
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Future management of PDAC 

“Cure sometimes, treat often, comfort always.” 

by Hippocrates, “Father of Medicine” (460-370 BC) 

From an engineer’s point of view, acknowledging the fact that all oncological considerations 
might not be fully covered, several approaches for future PDAC management may be 
proposed from the results of paper I, III and IV of this thesis. It is, for instance, apparent 
that for many PDAC cases, a combined assessment of clinicopathological data, together 
with information from genetic analyses and various immune biomarkers, may result in a 
more accurate prognostication. The forthcoming section will, hence, summarize proposed 
analyses and future approaches that could be used in different PDAC stages, utilizing 
already clinically approved therapeutic drugs. 
Starting with patients eligible for operation, complementary liquid biopsy analyses should 
be carried out after surgical removal of the tumour to evaluate the presence of ctDNA in 
plasma and various biomarkers such as CA19-9 and CA125. The ctDNA analysis should 
proposedly be carried out by utilizing ultra-sensitive methods such as ddPCR or sWGS, as 
the ctDNA fraction will most probably be sparse (paper III). In addition, after surgery, 
genome-wide sequencing of different tumour areas should be performed to evaluate genetic 
tumour heterogeneity and to explore targets enabling future alternatives with precision 
medicine. Of note, targets may include both germline alterations and somatic variants 
detected in all tumour areas. In addition, one should also evaluate potential signs of 
“BRCAness”, i.e. ongoing CIN, even in the absence of variants in HRR associated genes. 
Patients with a homogenous tumour profile, negative resection margins and negative 
ctDNA status in plasma, could suggestively be offered a similar linear adjuvant protocol as 
currently used in clinical practice, as these tumours will, speculatively, according to the 
findings of paper I, be less prone to adaptation. However, for patients with detectable 
ctDNA in plasma after surgery and/or a heterogenous genetic tumour profile, microscopic 
disease is likely still present, and the increased clonal diversity might indicate a heightened 
risk of evolutionary propensity and rapid relapse (paper I). Thus, for these patients, 
sequential administration of drugs with different antagonistic mechanisms, exploiting the 
vulnerable state that comes with small populations, should be considered as an alternative 
adjuvant therapy approach64. In the best of worlds, this strategy would lead to an extinction 
vortex, as the tumour cells will probably not be resistant to all agents, which will eventually 
eliminate the remaining tumour cells. Nevertheless, for both patient groups, sensitive 
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monitoring should be carried out by analysing cfDNA and other biomarkers, in order to 
adjust the strategy in the event of tumour recurrence and spare patients from ineffective 
harsh treatments. 
For palliative patients, the findings in paper III propose an initial stratification into either 
a ctDNAhigh or ctDNAlow group following focused targeted sequencing of cfDNA. In cases 
where ctDNA fractions are deemed sufficient, when tumour tissue is available, or else 
utilizing circulating leukocytes, broad targeted sequencing should also be carried out to 
enable opportunities for precision medicine purposes, as described above. In the ctDNAlow 
group, results generated in paper III further showed an increased chance of survival benefits 
from current clinical treatment protocols, which should again be offered. This should, 
however, be combined with close surveillance by liquid biopsies to detect imminent tumour 
progression and treatment resistance, as ctDNA monitoring was found to be particularly 
useful in this patient group. However, novel arising strategies, such as adaptive treatment 
protocols exploiting ecoevolutionary dynamics to either control or eliminate the disease372, 
will hopefully provide an even more markedly improved outcome for these patients in the 
future. For this purpose, the close coherence between ctDNA fluctuations and the clinical 
disease course could prove to be particularly useful. 
For patients stratified into the ctDNAhigh group, findings from paper III and IV indicate a 
high risk of treatment resistance. Thus, in this group, upfront broad targeted sequencing, 
or WGS, of cfDNA would be particularly important to evaluate alternative therapeutic 
agents. In cases where no targeted treatments are declared suitable, these patients should 
instead be offered best supportive care, which is of equal essence to prevent toxic side effects 
without any survival benefit from chemotherapy. However, and of importance if validated, 
the findings in paper IV propose that assessment of genetic heterogeneity in ctDNA, and 
compared to tumour tissue when available, might provide further evidence of evolutionary 
propensity and predictions of chemotherapy effectiveness. As in the case of one ctDNAhigh 
patient in paper IV, where only a limited CNA heterogeneity was detected in the ctDNA 
profile before treatment, a durable treatment response was observed and ctDNA levels 
dropped below the limit of detection after treatment initiation. 
Taken together, from the results of this thesis, and all insights that have come from being 
a part of the CHAMP study, we foresee various potential approaches towards individualised 
treatment strategies for patients with PDAC. In an initial step, we intend to follow up on 
these essential takeaways with a treatment trial specifically designed for the palliative patient 
group, where the treatment protocol will be adapted based on combined molecular and 
clinical factors. 
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