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was to investigate the potential prognostic role of mutations in tumor specimens, blood-based proteins and
circulating tumor DNA.

In study |, we performed EGFR mutation detection by immunohistochemical (IHC) staining in 350 tumors (two
cohorts; 298 tumors and 52 tumors, respectively). Mutation detection by IHC staining was not reliable, the
antibodies used for EGFR mutation-specific staining was sometimes unspecific, and the optimal dilution of the
antibodies was not clear. Thirteen of 17 mutations detected by IHC staining could be verified with PCR or Sanger
sequencing in the larger cohort.
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Popularvetenskaplig sammanfattning

Den brittiske kungen George VI drabbades av en elakartad lungtumér och
genomgick dérfor en stor lungoperation 1951, en s& kallad pulmektomi vilket
innebdr att en lunga opereras bort. Som manga andra i Europa och USA efter andra
varldskriget var kungen aktiv rokare. Bara aret innan kungen opererades hade den
forsta rapporten om en koppling mellan rokning och lungcancer publicerats (Doll
och Hill, British Medical Journal). Idag anses rokning vara en bakomliggande orsak
till omkring 80% av alla lungcancerfall och 4ven om antalet dagliga rokare i Sverige
liksom i andra véstlinder har minskat sedan kung Georges insjuknande &r en stor
andel av lungcancerdrabbade tidigare rokare och prevalensen daglig-rokare i andra
delar av virlden hog. Arligen fir omkring 1,8 miljoner minniskor globalt en
lungcancerdiagnos och i Sverige ar det ca 4000 manniskor som drabbas varje ar.
Femarsoverlevnaden &r omkring 20% och den daliga prognosen beror till stor del
pa att en betydande andel av alla lungcancerfall diagnosticeras i ett skede da cancern
har spridit sig.

Lungcancer delas in i tvad huvudgrupper beroende pa tumorernas egenskaper, icke-
smacellig lungcancer (non-small cell lung cancer, NSCLC) och smaécellig
lungcancer (small cell lung cancer, SCLC) och behandlingarna skiljer sig at. Icke-
smacellig lungcancer utgér den storre andelen av lungtumdrer, ca 75%, och kan
delas in ytterligare i undergrupper. Den hir avhandlingen berdr den stora gruppen
icke-smacellig lungcancer, bade opererade patienter och patienter med spridd
lungcancer.

Kung Georges hilsa fortsatte att forsdmras och han avled ett par manader efter
operationen. Idag ser bade diagnostik och behandlingsmdjligheter naturligtvis
annorlunda ut men ldnge var operation, om det var mojligt, den enda behandlingen
som stod till buds for manga som diagnosticerades med lungcancer. De storsta
kliven framat har framforallt skett under 2000-talet. En sammanfattning av viktiga
framsteg inom lungcancerfaltet med fokus pa NSCLC ar illustrerat i en tidslinje (se
Figur 1).

Behandlingsmdjligheterna, representerade av de roda boxarna i tidslinjen, vid
framforallt avancerad ej operabel lungcancer som &n s linge utgor den storsta
andelen av nydiagnostiserade lungcancerfall, har utdkats mycket de senaste 15 aren.
Vid spridd lungcancer ror det sig i nuldget om palliativa behandlingar som syftar till
symtomlindring, bromsad tumortillvaxt och forldngd 6verlevnad. Ett steg framét
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togs pa 90-talet da studier pavisade en forbittrad Gverlevnad for patienter med
spridd lungcancer som fick cytostatika jamfort med de som enbart fick
symtomlindring. Den storsta utvecklingen inom behandling av spridd lungcancer
har dock skett genom s kallad mélriktad terapi och senare immunterapi. Méalriktad
terapi (targeted therapy) hdmmar specifika tumorprotein som ofta dr starkt
tumordrivande. Sadana defekta proteiner kan bildas genom mutationer, d.v.s.
fordndringar 1 tumorernas DNA-sekvens (arvsmassa), eller genom fusionsgener,
vilket innebér att tva gener i tumoérens DNA smélt sasmman. Med dagens kunskap &r
det hos en minoritet av lungcancerpatienterna vi finner sidana forandringar och kan
ge malriktad terapi. Tva viktiga milstolpar, EGFR-mutationer och ALK-
fusionsgener ses pa tidslinjen och de senaste dren har man identifierat fler drivande
tumorforandringar (ex. i BRAF, ROSI, RET) mot vilka det finns likemedel eller
lakemedel under utveckling. Det senaste tilligget till behandling av spridd
lungcancer dr immunterapi som péverkar kroppens immunforsvar till att bekdmpa
cancercellerna. Riktigt vilka patienter som svarar bést pd immunterapi vet man inte.
Som ses pé tidslinjen har indikationen nyligen breddats och kommer sékert att
dndras ytterligare kommande ar.

Botande behandling av icke-smécellig lungcancer handlar fortfarande frimst om
kirurgi men éven stralbehandling av sma tumorer och kombination av strélning och
cytostatika. Hade kung George opererats idag hade han utretts infor operationen
med skiktrontgen och sdkert 4ven med PET-kamera och med ultraljudsledd
provtagning av lymfkortlar i thorax, vilket ofta gors infor operation for att kartligga
tumorspridning.

Utvecklingen inom lungcancer, framforallt vad géller behandlingsméjligheterna vid
spridd lungcancer, har séledes gatt fort de senaste aren och studier pagar kring nya
behandlingskombinationer och behandlingsmdjligheter.

Detta avhandlingsarbete utgors av fyra delarbeten med det dvergripande mélet att
utvirdera mojliga prognostiska faktorer vid lungcancer. Okad kunskap om
prognostiska faktorer kan pa sikt leda till forbéttrad stratifiering av lungtumorer med
mojlighet till mer individualiserad behandling och uppf6ljning.

Delarbete 1 och II berdr mutationsdiagnostik, EGFR-fordandringar och kliniska
korrelationer. I delarbete I undersoks EGFR-mutationer, dkat antal genkopior av
EGFR och uttryck av EGFR-proteinet i opererade lungtumdrer i en retrospektiv
kohort bestdende av opererade lungcancerpatienter. I detta projekt testades
mutationsdiagnostik av de tvd vanligaste mutationstyperna i EGFR-genen genom
immunhistokemisk fargning och vidare analyserades ett bredare spektrum av
EGFR-mutationer genom andra metoder och uttryck av EGFR-proteinet och dkat
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kopietal av EGFR-genen. Immunhistokemisk fargning &r rutin inom patologin for
diagnostik av bland annat vilken vévnadstyp lungtumdrer har men visade sig i vart
arbete inte vara pélitligt for EGFR-mutationsdiagnostik.

Delarbete II handlar liksom delarbete I om mutationstestning. 1 januari 2015
inférdes mutationstestning med sa kallad next generation sequencing (NGS), vilket
innebdr att manga olika gener i tumodrer frin flera patienter kan undersokas
samtidigt. Under den fOrsta tiden sekvenserades delar av 26 gener, dédribland EGFR
som &r huvudsyftet med mutationstestningen. Under forsta 1.5 &ret som NGS
anvindes i klinisk rutin i Region Skéne for mutationstestning av lungtumorer
sekvenserades tumorer fran ver 600 lungcancerpatienter. Sammanlagt hade 599
patienter med lungcancer, exkluderat SCLC, ett konklusivt mutationsresultat och i
delarbete II samlades kliniska data in for de 599 patienterna och sammanstélldes
tillsammans med sekvenserings-resultaten. I drygt 90% av tumdrerna kunde minst
en mutation i ndgon av de undersokta generna hittas. Mutationsfynden sag olika ut
i olika undergrupper av lungtumorer och det var frimst i gruppen lungcancer av
adenokarcinomtyp som mutationer detekterades. De vanligaste mutationerna fanns
i generna TP53 och KRAS men nagon tydlig koppling mellan mutationer i dessa
gener och behandlingssvar eller progressionsfri overlevnad (tid under och efter
behandlingen dd tumdren inte vixer) hos cytostatikabehandlade patienter med
avancerad lungcancer kunde inte ses. Vidare visar den kliniska sammanstillningen
att eventuell exponering och hereditet ofta inte efterfrdgas. Déremot var uppgifter
om rokning oftast vdl dokumenterat och vi sdg att hos lungcancerpatienter som
aldrig rokt var mutationer som det finns malriktad behandling mot, vanligt.
Exempelvis hittades EGFR-mutation i 44% av dessa tumorer.

Delarbete I1I och IV berér den mindre gruppen av opererade lungcancerpatienter
och deras risk for lungcanceréterfall. Trots tilliggsbehandling med cytostatika efter
operation sé ar risken for opererade patienter att drabbas av aterfall hog. I delarbete
IIT undersoks fem tumormarkdrer i serum tillvarataget innan operation fran drygt
100 opererade patienter. Serumanalyserna utfordes vid Klinisk Kemi, Skanes
Universitetssjukhus, dir de undersdkta tumérmarkorerna sedan tidigare anvinds
som del i den kliniska handldggningen av andra tumorformer &n lungcancer. Det
ségs en tendens till koppling mellan recidiv och tumormarkorer, i synnerhet {for tva
av markorerna, CA 19-9 och CA 125, men kohorten &r liten och resultaten ska déarfor
tolkas forsiktigt.

Delarbete IV bygger vidare pa delarbete III, och de 58 inkluderade patienterna &r
delvis overlappande med patienterna i delarbete III, med maélet att undersoka
blodbaserade markdrer och deras koppling till lungcanceréterfall: Tumor-
markorerna CA 125 och CA 19-9 samt fritt cirkulerande, cell-fritt tumor-DNA
undersoktes i preoperativa blodprover fran patienterna. Fritt cirkulerande tumor-
DNA (ctDNA) utgor en liten andel av allt fritt cirkulerande DNA i blodet och kréver
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kéinsliga analysmetoder for att detekteras. Trots att det hér var tidigt diagnostiserade
tumorer kunde vi detektera ctDNA i blodprover innan operation i sju fall varav sex
senare drabbades av lungcancerrecidiv. Vi kunde ocksa, i likhet med resultaten i
delarbete III, se en trend gentemot sdmre prognos om CA 19-9 eller CA 125 var
forhojt preoperativt. For att verkligen utrona om dessa blodbaserade markorer kan
nyttjas i kliniken for att identifiera opererade patienter med dkad risk att drabbas av
recidiv krivs storre studier.

Sammanfattningsvis utgdrs denna avhandling av fyra delarbeten med frage-
stdllningar direkt kopplade till kliniska utmaningar och med det 6vergripande malet
att individualisera och forbéttra omhéndertagandet av lungcancerpatienter baserat
pa resultat fran tumor- och blodprover.
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Introduction and background

Lung cancer research areas

Lung cancer is a heterogenous disease and lung cancer research is a rapidly evolving
field. Some of the important, major lung cancer research areas and unmet
challenges, in which increased knowledge are highly necessary, are listed below.

Etiology: Increased knowledge about etiology is highly relevant to
prevent lung cancer. An end to tobacco use is the most urgent and
important goal. However, almost a fifth of lung cancer patients are
never smokers and more research is highly needed in order to
improve lung cancer prevention.

Diagnosis/early detection: Prognosis of lung cancer is dependent
on early diagnostics. A screening program might be introduced
shortly and easily accessible markers e.g. in blood or sputum could
potentially play an important complementary role to radiology and
clinical examination in early diagnosis.

Prognostics: Despite adjuvant therapy or very low tumor burden
many surgically treated lung cancer patients are diagnosed with
recurrence, which make stratification beyond stage necessary to
further individualize treatment and follow-up.

Treatment prediction: Through recent years, many new drugs have
been approved for lung cancer and, with new targets being
identified, an increasing number of approved drugs are assumed.
Individualized treatment requires tumor- and/or patient-related
factors that predict response or non-response. For immunotherapy
and chemotherapy, treatment predictive variables are insufficient
or lacking.

Resistance mechanisms: The rapid evolution of new drugs for lung
cancer requires more knowledge about mechanisms of resistance
behind disease progression during therapy.

23



The studies in this thesis focus on the potential of blood- and tumor-based markers
to identify patients at high risk of recurrence after curative surgery and in
prognostication of advanced disease, respectively. Tumors studied are primarily
non-small cell lung cancer (NSCLC), in particular adenocarcinoma (AC) and
squamous cell carcinoma (SqCC). Other types of lung cancer are therefore only
briefly mentioned in the introduction and background. Study I and II focus on
mutational profiling of tumors, and on the mutations’ impact on patient outcome.
The first study includes early-stage surgically treated lung cancer patients and study
II involves all stages. Blood-based markers and their potential association with
patient outcome are investigated in study III and IV. Both studies include surgically
treated early-stage lung cancer patients.

Epidemiology and etiology

Globally is lung cancer not only the most common cancer but also the deadliest form
of cancer with an estimated 2.1 million new cases and 1.8 million deaths in 2018".
Cigarette smoking, initially described as associated with lung cancer in the 1950s?,
contributes to approximately 80% or more of lung cancers in the Western
population'.

A more recent chapter in the long history of tobacco consumption is electronic
cigarettes (e-cigarettes) with vaporized tobacco, originally produced as a smoking
cessation device. E-cigarettes are considered less harmful than traditional cigarettes.
However, long term effects and other aspects, i.e. potential harm from flavoring
chemicals, remain to be investigated®*.

Several other lung cancer risk factors, apart from tobacco smoke have been
identified. Studies have shown evidence of an increased risk of lung cancer also by
environmental cigarette smoke, radon through alpha particles emitted from radon
decay, air pollution, arsenic and asbestos. 58 Chronic obstructive pulmonary disease
(COPD) is smoking-related, like Iung cancer, and an association between COPD
and lung cancer is supposed to be largely attributed to the confounding of smoking’.
Many studies have investigated a possible role for oncogenic infections in lung
cancer, for example certain types of human papillomavirus (HPV), which are known
carcinogens and highly relevant in cervical cancer and oropharyngeal cancer. The
possible role of HPV infections in lung carcinogenesis are not fully known and
studies have shown divergent prevalence of the HPV in lung tumors '*!!,

While lung cancer is generally associated with tobacco smoking and other
environmental factors, heredity might play a prominent role in a small proportion
of lung cancer cases, possibly associated with germline mutations interfering with
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DNA repair, such as mutations in BRCA or TP53 '*'*. A germline mutation in exon
20 of the epidermal growth factor receptor gene (EGFR), resulting in the point
mutation T790M, has also been shown to predispose to lung cancer, often with a
second activating mutation in EGFR '>!°,

Molecular landscape

The transition from normal cells to cancer cells is a multistep procedure in which
the tumor cells stepwise alter. Principles that characterize tumorigenesis can be
organized in the hallmarks of cancer, described by Weinberg and Hanahan'”. These
principles, initially six but extended in the up-dated publication from 2011, are
briefly summarized below.

)

2)

3)

4)

5)

6)

7)

Sustaining proliferative signaling. Mutations in EGFR or BRAF can lead
to constitutively active growth factor receptors triggering pathways
promoting cell growth.

Evading growth suppressors. TP53 normally functions as a suppressor
that inhibits cell growth or promotes apoptosis when receiving signals of
abundant stress or DNA damage. Alterations of TP53 might enable the
tumor to evade this normal function.

Resisting cell death. Tumors can escape cell death by loss of TP53 function
or by upregulate expression of antiapoptotic regulators.

Enabling replicative immortality. In normal conditions a cell’s ability to
pass cell- growth- and division cycles is limited. The chromosomes are
flanked by telomeres, a repeated nucleotide sequence, that shortens for each
division, and the chromosome becomes vulnerable to end-to-end fusions
and ultimately leading to apoptosis for the cell. The enzyme telomerase
might be upregulated in tumors and as it extends the telomeres the cells
become resistant to senescence and apoptosis.

Inducing angiogenesis. Tumors need vessels to grow and can stimulate
endothelial cells to format new vessels by expressing proangiogenic signals
through ligands such as vascular endothelial growth factor (VEGF) or
fibroblast growth factor (FGF).

Activating invasion and metastasis. By alterations in shape, attachment to
other cells and the extracellular matrix, for example by loss of E-cadherin,
tumor cells may exhibit invasion and metastasis.

Genome instability and mutation. Genomic instability, e.g. by alterations
in genes involved in DNA repair, results in genetic alterations that promotes
tumor progression.
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8) Tumor-promoting inflammation. Inflammation can benefit several
hallmark capabilities by supplying factors, for example growth factors in
the tumor microenvironment leading to sustained proliferative signaling.

9) Reprogramming of energy metabolism. Tumors might reprogram their
cellular energy metabolism, skipping the mitochondrial oxidative
phosphorylation, yielding less efficient ATP production but compensating
with an increased glucose uptake. The rationale for this is not fully
understood but one hypothesis depicts that glycolytic intermediates might
be used in synthesis of nucleosides and amino acids, crucial for developing
new cells.

10) Evading immune destruction. Tumors are presumed to avoid being
destructed by the immune system in various ways, including secreting
immunosuppressive factors.

There are widespread differences of genetic alterations between subtypes of NSCLC
and between smokers and non-smokers'®. Cigarette smoke contains thousands of
compounds, of which >60 classifies as carcinogens, and leads to DNA damage by
radical oxygen species or DNA adducts. The transversion type of mutations, in for
example the TP53 or kirsten rat sarcoma viral oncogene homolog (KRAS) genes, are
enriched in tumors of smokers'**. Furthermore, the mutagenic effects from
smoking contribute to the very high rate of mutations per megabase in especially
squamous cell carcinoma (SqCC), which is strongly associated with smoking. While
all lung cancer types are associated with smoking, adenocarcinomas (AC) are the
most frequent histology among never-smokers diagnosed with lung cancer'®,
Mutational profiling of AC and SqCC reveal frequent KRAS mutations in AC
(approximately 30% in Caucasian populations and 5-10% in Asian populations) but
rarely in squamous cell carcinomas. Also associated with AC are targetable EGFR
mutations which are rarely detected in SqCC. Tumor suppressor gene TP53
mutations are frequent in both AC and SqCC but very prominent in SqCC. Other
mutated genes in SqCC are PIK3CA, PTEN, KEAPI and RB1. CDKN2A4 is a tumor
suppressor gene inactivated in a majority of SqQCC cases, through mutations. Other
genetic features prominent in SqQCC are gene copy number alterations, for example
gain or amplification of chromosome 8p (involving CDKN2A4) or deletion of
chromosome 9p (involving CDKN24)"%*"2,
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Oncogenic driver alterations

Some of the above-mentioned mutations are oncogenic driver alterations, which
refer to genetic alterations that are essential for tumor-cell survival by initiating and
maintaining tumorigenesis - vital functions for the tumors that are dependent on
these oncogenic drivers, a phenomenon called oncogene addiction. Oncogenic
driver alterations are typically mutually exclusive and involving genes relevant for
proliferation and survival. Many of them are primarily found in tumors of AC
histology and patients with sparse or no smoking'®%.

In this section, some important driver mutations and gene rearrangements are
described. Some of these altered proteins are actionable, with drugs either approved
or under investigation, which is described in the Treatment section (Targeted
therapies).

EGFR mutations, copy number alterations and protein expression of EGFR were
the focus of study I, whereas in study II, multiple mutations, including variants in
EGFR, KRAS, the B-rapidly accelerated fibrosarcoma gene (BRAF), mesenchymal
epithelial transition factor (MET), are described together with clinical aspects such
as prognosis. For study IV, surgically removed early stage tumors with mutations in
EGFR, BRAF or KRAS were included. However, the mutations themselves were not
the main focus, but rather used as a footprint of the tumor when analyzing plasma
for cell-free circulating mutant DNA originating from the tumor cells.

EGFR is a transmembrane receptor encoded belonging to a tyrosine kinase family
of four receptors; EGFR (ERBB1, HER1), ERBB2 (HER2), ERBB3 (HER3) and
ERBB4 (HER4). Ligand binding to a receptor leads to homo-or hetero-dimerization
of receptors and subsequent phosphorylation of the tyrosine kinase domain located
intracellularly with phosphate derived from ATP bound within the tyrosine kinase
domain. This activation triggers a signaling cascade through several pathways,
including the RAS/RAF/MEK pathway and phosphoinositide 3-kinase
(PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway, ultimately
resulting in cell proliferation, cell survival, cell motility and cell invasion®*,

EGFR mutations in exon 18-21, encoding part of the tyrosine kinase domain, are
presumed to occur early in lung cancer development and lead to constitutive EGFR
activation. The EGFR signaling pathways are illustrated in Figure 2. Many of these
mutations, in particular those in exon 18, 19 and 21, are targetable with tyrosine
kinase inhibitors (TKI) as described in the section Targeted therapy. Mutations in
exon 20 typically confer resistance to EGFR TKI. The prevalence of EGFR
mutations in NSCLC vary with populations studied, approximately 10-15% in
Europe and about 40% in Asia, and generally higher prevalence among never-
smokers, females and NSCLC with AC histology****2°.
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Activating mutations in ERBB2 (HER2) have been identified in a smaller subset of
AC, with clinical features similar to those seen in EGFR-mutated lung cancer'®*,
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Figure 2. EGFR activation and cell signaling pathways. Activated EGFR acts through several pathways, including
Ras/Raf/Mek and PI3K/Akt/mTOR and the intracellular signaling regulating several tumorigenic processes.
Reproduced with permission from?* Copyright Massachusetts Medical Society.

KRAS encodes the protein KRAS, downstream of EGFR in the RAS/RAF/MEK
pathway (Figure 2). Mutations in KRAS are typically associated with AC histology,
mutually exclusive from EGFR mutations, and often smoking-related based on G to
T transversions affecting exon 12 or 13*2%*, Mutations in NRAS, encoding a GTPase
related to KRAS, are much less frequent than KRAS mutations but also suggested to
define a small subset of oncogene addicted lung cancer that seems to correlate with
smoking®*?’.

Downstream of KRAS in the MAPK signaling pathway is another interesting drug
target in NSCLC, BRAF. Activating mutations of the BRAF gene, encoding the
kinase BRAF downstream of RAS in the RAS/RAF/MEK/ERK signaling pathway
regulating cell growth, is present in 2-10% of AC. There is no strong correlation to
absence of smoking history, in contrast to EGFR mutations. The BRAF V600E
mutation is of specific interest since it is targetable by a combination of BRAF and
MEK inhibiton'****,

Activation of RAS and RAF follows by activation of mitogen-activated protein
kinase 1 (MAP2K1/MEK1). Mutations in MAP2KI have been identified as
oncogene drivers in AC*,
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In the pathway consisting of PI3K, AKT and mTOR, involved in proliferation and
cell survival, activating alterations in PIK3CA, which are associated with SqCC, are
suggested to act as oncogenic drivers*'**,

MET encodes the hepatocyte growth factor (HGF) receptor, a receptor tyrosine
kinase involved in regulating development and cell growth activated through ligand
binding and subsequent homodimerization and phosphorylation of intracellular
tyrosine residues. The MET pathway might be dysregulated in a variety of
mechanisms in lung cancer. MET exon 14-skipping mutations define a subset of
oncogene addicted lung cancers and have been identified in 2-4% of NSCLC. In the
regular process, introns flanking exon 14 are spliced out and mRNA containing exon
14 is subsequently translated into a MET receptor. A wide variety of MET exon 14
skipping alterations have been identified, including mutations that disrupt the splice
sites flanking exon 14 leading to aberrant splicing and mRNA lacking exon 14
(Figure 3). Exon 14 encodes a binding site of ubiquitin ligase and the outcome of
the aberrant splicing is a MET protein with increased stability and decreased
degradation®* .

receptor
internalization

and v

degradation
MET exon 14

MET exon 14 alteration

Figure 3. Aberrant splicing of MET resulting in decreased degradation of MET. Top: Normal splicing with exon
14, holding the binding site for ubiquitin ligase, complete. Bottom: Mutations disrupting the splice sites flanking exon
14 result in decreased degradation of MET and increased signalling.

Reprinted with permission from Elsevier2.
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Several tumorigenic, and targetable, gene rearrangements/translocations in NSCLC,
primarily AC, have been identified. The anaplastic lymphoma kinase (4LK) gene
on chromosome 2p23 encodes a receptor tyrosine kinase acting in, e.g., RAS-
MAPK activated pathways. ALK translocations are derived from fusion of a part of
the ALK gene comprising the tyrosine kinase domain with a partner gene, which
results in constitutive tyrosine kinase activation with subsequent uncontrolled
proliferation and survival of the tumor cells. The breakpoint within ALK is highly
conserved but multiple fusion partners are identified, with the major partner being
the echinoderm microtubule-associated protein-like 4 (EML4) gene on chromosome
2p21. ALK rearrangements are detected in approximately 5% of NSCLC?*. Other
fusion genes in NSCLC with similar fusion patterns (a proto-oncogene with a
tyrosine kinase domain) include for example c-ros oncogene 1 (ROSI), rearranged
during transfection (RET) and neurotrophic receptor tyrosine kinase (NTRK)'®.

Histology

Non-small cell lung cancer (NSCLC) accounts for the majority (approximately
75%) of the lung cancer diagnoses, further subtyped into the main histological types
adenocarcinoma (AC), squamous cell carcinoma (SqCC) and large cell carcinoma
(LCC)*. Large cell neuroendocrine cancer (LCNEC) was previously defined as a
variant of LCC but rather share features with the other neuroendocrine tumor types,
i.e. small cell lung cancer (SCLC), which is the most frequently occurring
neuroendocrine lung cancer, and the less frequent, rarely aggressive, carcinoids.

The current histological classification of lung cancer refers to the 2015 WHO
classification. Immunohistochemistry (IHC) has a more crucial role in this
classification compared to the prior 2004 WHO classification, in which morphology
with hematoxylin and eosin (H&E) staining alone was the common diagnostic
procedure 'S, Histological subtype became more important in the renewed
classification due to chemotherapy regimens with different effect on AC and SqCC,
respectively, and due to treatment predictive mutations being more associated with
AC. Since the majority of lung cancer patients are not operable, biopsies and
cytology are important in lung cancer diagnosis, but the prior 2004 WHO
classification addressed resected specimens. A publication from 2011 which was
initially settled to update AC classification, also included a proposed classification
for non-resection specimen including both AC and other histological types to meet
the need of refined diagnostics™.
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A suggested work-up of small biopsies or cytology, i.e. non-resectable tumors, in
the 2015 WHO classification starts with morphology. If morphology reveals a clear
AC or SqCC further diagnostic work is generally not necessary.
Immunohistochemical staining and mucin staining can aid in the further diagnostic
of NSCLC (in WHO classification termed non-small cell cancer; NSCC) not
otherwise specified (NOS). If no clear staining for AC or SqQCC markers the tumor
is classified as NOS but if positive AC markers and negative SqCC markers the
tumor is suggested to be AC while the opposite result of staining suggests SqCC. A
specimen that displays features and/or IHC of both AC and SqCC respectively,
might be an adenosquamous tumor which should then be stated although the
definitive diagnosis can only be established in a resected tumor in which two distinct
cell populations with > 10% of each component can be confirmed. Morphology,
sometimes in combination with IHC, can also reveal SCLC or suspected LCNEC'®,
Swedish guidelines suggest that at least TTF-1 (or napsin A) are performed even in
cases when AC morphology is clear as a positive result strongly suggests lung
origin. In the case of a poorly differentiated NSCLC, a minimal panel consisting of
p40 (or CK5) and TTF-1 (or napsin A) and possibly mucin staining is suggested. If
neuroendocrine morphology is present, neuroendocrine marker are added®’. The
histological pictures of the main non-endocrine subtypes AC, SqQCC and LCC with
typical corresponding features are summarized in Figure 4.

The tumors studied in this thesis work are NSCLC, except for a few cases of SCLC
in study I with surgically treated patients of varied histological subtypes. In study I,
the tumors are classified according to 2004 WHO classification®®. Study II includes
all NGS-tested patients in Region Skéne for 1.5 year, diagnosed with primary lung
cancer or lung cancer recurrence/progression 2015-2016, and includes mainly
NSCLC but also a few LCNEC whereas three SCLC were excluded. The proposed
histological types for mandatory mutational profiling have been changing over time.
The majority of the patients in study II had a tumor of AC histology, which reflects
the mutational profiling being performed mainly in AC and non-squamous histology
on a routine basis, although SqCC were also present. Many lung cancer cases are
subject to NGS test early during investigation, with the analyses thus performed on
small tumor samples sometimes insufficient for a definitive histological diagnosis
insufficient for certain classifications like e.g. that of LCNEC. Study III and IV
include surgically treated early-stage lung cancers of AC histology and, in addition,
the predominant type of AC (explained below) was considered in sub-analyses.
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Adenocarcinoma (54%)

Squamous cell carcinoma (18%)

Large cell carcinoma (6%)

Immunohistochemistry and histological features

Females>Males
Peripheral lesions

Targetable molecular alterations

Males>Females
Main/lobar bronchus

Cavitating lesions

TTF1 + CK5 + Negative AC and SqCC markers
napsin A + CK5/6 +
p40 + Undifferentiated
Glandular formation p63 +
Mugin production
Keratinization
Intercellular bridges
Clinical and radiological features
Never-smokers/smokers Smokers Smokers

Males>Females

Peripheral lesions

Figure 4. The main subtypes of NSCLC with typical (but not exclusive or obligate for the subtype)

characteristics. Pictures of H&E stains and computed tomography (CT) scans.

Photos kindly provided by Dr. Hans Brunnstrém and Dr. Hakan Griph.
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Adenocarcinoma

Decades ago SqCC was the most frequent lung cancer histology but this has shifted
and AC is now the most commonly diagnosed lung cancer type'®. In Sweden, AC
accounted for more than half of the diagnosed lung cancers in the period 2015-
2017%.

Although smoking is associated with all lung cancer types, lung adenocarcinoma is
the predominant histology among never-smokers with lung cancer. Driver gene
alterations in for example EGFR, KRAS, ALK, ROSI, BRAF, RET and ERBB? are
almost exclusively found in lung tumors of AC histology and most of them
preferentially in patients with no or sparse smoking. Lung adenocarcinomas are
generally located in the periphery of the lungs'®.

The tumors are characterized by glandular differentiation, mucin production and
positive IHC of TTF1 and napsin A. Not all features have to be present for a
diagnosis of adenocarcinoma. Likewise the IHC markers are not present in all lung
AC and can also be positive staining in other histologies'®.

The main invasive AC subtypes are described in Table 1. Invasive AC usually
comprise a mixture of subtypes and according to WHO classification, a predominant
subtype should be noted, and present subtypes evaluated in 5% increments. In small
biopsies/cytology, identifiable present patterns may also be described. Beside the
invasive variants presented in Table 1, there are pre-invasive, minimally invasive
AC types and other variants of invasive AC not presented here.

Table 1. Subtypes of invasive adenocarcinomas
Adenocarcinoma subtype Features
Lepidic e  Tumor cells grow along the surface of alveolar walls

. Invasive component in at least one focus of >5 mm in
greatest dimension

Acinar ¢ Glands
. Mucin may be present in neoplastic cells and glandular
spaces
Papillary . Growth of glandular cells along central fibrovascular
cores
Micropapillary . Small and cuboidal tumor cells

. Psammoma bodies
. Growth in papillary tufts, no fibrovascular cores

Solid . Polygonal tumor cells
e  Tumor cells forming sheets
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Squamous cell carcinoma

SqCC is the second most common lung cancer type, comprising 17.6% of lung
cancer diagnoses in Sweden 2015-2017%.

SqCC is more strongly associated with smoking than AC and observed changes in
global incidence are closely related to altered smoking behavior. Tumors of SqCC
histology usually arise in a main or lobar bronchus and the tumors tend to be locally
aggressive and may invade local structures. Hypercalcemia, a paraneoplastic
syndrome, might affect lung cancer patients, especially those with tumors of SqCC
histology. In comparison to AC, treatment predictive mutations are rare. SqCC
typically comprise a very high rate of mutations per megabase and gene copy
numbers alterations are common. Frequently mutated genes include for example
TP53, PTEN and PIK3CA".

The morphological features are more prominent in better differentiated tumors than
poorly differentiated tumors, but characteristics of SqQCC include keratinization,
intercellular bridges and expression of a squamous cell carcinoma marker; CKS5,
CK5/6, p40 or p63'®.

Large cell carcinoma

LCC are undifferentiated NSCLC without histological, cytological or
immunohistochemical resemblance of other histological types. Due to the more
prominent role of IHC in the 2015 WHO classification compared to previous
version, many tumors previously classified as LCC would now be classified as AC
or SqCC. Since LCC is established much by ruling out other diagnoses, the
diagnosis require resected tumor specimens'®. In Sweden, 5.6% of the lung cancers
2015-2017 were classified as LCC™.

Clinical characteristics of these tumors include male gender and most of the patients
have a history of smoking. The tumors are typically peripherally located in the
lungs'®.

Neuroendocrine lung tumors

Neuroendocrine tumors share morphological, immunohistochemical and molecular
features. Nearly all patients diagnosed with SCLC are smokers, among the major
lung cancer subtypes SCLC has the strongest association with smoking. Histological
characteristics of SCLC include densely packed small cells with sparse cytoplasm
and a high mitotic count. Tumors of SCLC histology can express positive staining
of neuroendocrine markers'®. SCLC accounted for 11.7% of lung cancer diagnoses
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in Sweden 2015-2017°°. LCNEC was previously classified as a variant of LCC.
Similar to SCLC, these tumors are strongly associated with smoking. Both SCLC
and LCNEC tend to be aggressive tumors. LCNEC is characterized histologically
by rosettes and peripheral palisading and is by definition positive for at least one
neuroendocrine marker'®,

Diagnostics

The diagnostic work-up aims to confirm the lung cancer diagnosis and to determine
the disease stage, histology, and molecular pathology, which are all crucial for
treatment decision in combination with an evaluation of the patient’s comorbidities
and general performance status.

Diagnostic work-up

Symptoms like cough, hemoptysis or pain might have led to the first radiological
examination subsequently leading to diagnosis but when symptoms are present, the
lung cancer has usually metastasized which is the situation in >50% of newly
diagnosed lung cancers®’. Typically, an early diagnosis might have been set due to
radiology performed by other reasons leading to an accidental finding of a
suspicious nodule in the lung. With x-ray of the lungs, lung cancer suspicious
alterations can usually be detected, but further examination with contrast-enhanced
computed tomography (CT) of thorax and upper abdomen, for metastasis screening
in for example liver and adrenal glands, fluorodeoxyglucose-positron emission
tomography (FDG-PET) with or without CT is required. PET is indicated foremost
in patients with potentially curative disease to exclude dissemination and as a part
of evaluation of thoracic lymph nodes which is also pivotal in a potential curative
situation®.

Flexible bronchoscopy is routinely used in lung cancer diagnostics, enabling tumor
assessment from bronchial/transbronchial biopsies and bronchial brushing and plays
a central role in both potentially curative and palliative situations***!. When the
tumor lesion is located peripherally, transthoracic percutaneous image (CT or
ultrasound)-guided fine needle aspiration or core biopsy can be performed**°.

In potentially operable, early-stage tumors, bronchoscopy can be combined with
transbronchial needle aspiration (TBNA) of lymph nodes by endobronchial
ultrasound (EBUS). Lymph nodes that can be assessed by EBUS include position
2,4,7,10 and 11 and sometimes position 1 (Figure 5). Position 5, 6, 8 and 9 cannot
be assessed by EBUS?. The previous standard method for lymph node assessment,
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mediastinoscopy, is more invasive and EBUS is the preferred method today. During
optimal conditions there is a cytologist present during the bronchoscopy and EBUS
to immediately process the obtained cytological material and evaluate if the samples
are representative. Lymph node assessment should be performed pre-operatively in
the situations of abnormal lymph nodes visualized with PET, enlarged lymph nodes
(=15 mm), centrally located tumor or a tumor with low uptake of FDG. When the
tumor is small, PET-positive and located in the peripheral third of the lung and
lymph nodes are <15 mm and without uptake on PET, lymph node examination is
not considered obligate. PET has a high negative predictive value and high
sensitivity but a positive predictive value around 50%. A positive uptake on PET
can also be caused by infections while it can be necessary to evaluate lesions
detected by PET with biopsy or cytology and furthermore, small lesions (<lcm) or
slowly growing tumors, including some adenocarcinomas, does not always present
with uptake on PET®,

If metastatic lesions are suspected due to symptoms, directed diagnostic
examinations can be performed for diagnostic purpose and to plan specific
metastatic therapy, including for example bone scan, PET or magnetic resonance
imaging (MRI). Metastatic sites might also be accessible for biopsy/cytology for
verification of lung cancer diagnosis as an alternative to bronchoscopy or for tumor
material needed for additional histopathology or molecular analyses. Pleural
effusion is common, and thoracentesis can be used both for diagnostic and
therapeutic purposes®”*’. There is no overall consensus whether radiology of the
brain should be performed in asymptomatic patients*', but in Sweden the national
guidelines recommend brain metastasis screening of locally advanced NSCLC when
curative treatment is planned™.
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Figure 5. The International. Association for the Study of Lung Cancer (IASLC) lymph node map with stations
and zones.
Reprinted with permission from Elsevier*?.
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Molecular diagnostics

The tumor specimens obtained should be sufficient both for diagnosis, either by
morphology alone or with IHC, and for molecular pathology. The importance of
molecular diagnostics is growing and constantly evolving. This is noticed also in
various guidelines within the field, trying to keep pace with new facts. In their latest
guideline for molecular testing, the College of American Pathologists (CAP), the
International Association for the Study of Lung Cancer (IASLC) and the
Association for Molecular Pathology (AMP) highlight that new findings (regarding
e.g. BRAF-mutated lung cancers and use of immunotherapies) were published
between literature review and guideline drafting®. In their guidelines, the major
statements include that a minimum set of genes for test of advanced lung
adenocarcinomas are EGFR, ALK and ROS]1, followed by a recommendation of an
additional set of genes (BRAF, MET, RET, ERBB2 (HER2) and KRAS) to be
included either in the first test in an expanded panel or in sequence after
EGFR/ALK/ROS1. Although targeted therapy for BRAF-mutated lung cancer was
FDA-approved at the time of publish of the guidelines, the authors stated that the
published evidence for BRAF testing as a routine stand-alone assay were not
sufficient at the time of review to warrant an international recommendation but
acknowledge that the next guideline will include a stronger recommendation of
BRAF-testing®. These guidelines were recognized by the American Society of
Clinical Oncology (ASCO). The ASCO Expert panel endorsed minor modifications,
including recommending BRAF test together with EGFR/ALK/ROSI*. In the
guidelines by ASCO and CAP/IASLC/AMP, molecular testing beyond
adenocarcinoma is discussed and recommended for e.g. selected patients with
certain clinical features**. In the end, guidelines are intended to ease but not being
final for clinical decision. Worldwide, lack of resources often means difficulties in
implementing these guidelines.

In Region Skane, molecular testing of lung cancer by next generation sequencing
(NGS, or massive parallel sequencing, MPS) was set up in a clinical framework in
January 2015%. The clinical aspects of the first 1.5 year of molecular profiling of
lung cancer by NGS in Region Skane is described in study II. The first NGS-panel
included targeted sequencing of specific exons in 26 genes including EFGFR, KRAS,
BRAF, ERBB2 and MET but with major clinical focus on EGFR and KRAS. ALK
translocations were at the time analyzed with IHC and/or FISH and ROSI
rearrangements were only analyzed in a minor fraction of the patients, in these cases
with FISH and/or IHC.
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Today (March 2019), a larger set of genes and fusion genes are routinely analyzed
by NGS in Region Ské&ne. Mutation analysis and fusion gene detection is performed
with NGS on DNA and RNA, respectively, reflecting a change towards more
extensive molecular analysis and simultaneous detection of mutations and fusion
genes. Moreover, blood-based analysis of selected mutations in singleplexed assays
are about to be implemented in the clinic (May 2019).

Screening

Due to generally poor prognosis related to diagnosis in a late disease stage and the
possibility to cure the disease if diagnosed early, screening to detect lung cancer
before dissemination could be very beneficial. Implementing screening requires
defined criteria for the population subjected to screening and a program for follow-
up. Based on large studies there are evidence of benefit of lung cancer screening
and an implementation in Europe is probably on the edge. In The National Lung
Cancer Screening Trial (NLST) screening by low-dose computed tomography
(LDCT) compared to chest x-ray was compared in a cohort comprised of more than
53000 American current or former smokers. Results in NLST showed a 20% relative
reduction in lung cancer mortality rate by LDCT screening compared to screening
by chest x-ray*.

Recently, a large Dutch-Belgian lung cancer screening trial, NELSON, revealed the
results from a 10-year follow-up of current and former smokers randomized into
screening with LDCT or to no screening. After 10 years, the lung cancer mortality
reduction was 26% among the males in the screening arm compared to the control
arm whereas an even larger (39%, however not reaching statistical significance)
benefit was shown in the small subset of females in the screening arm compared to
the control arm*’.

Staging

The patients in this thesis work are staged according to the 7™ edition of tumor, node
and metastasis (TNM) classification published in 2009. The component T refers to
the size, localization, and certain other characteristics of the primary tumor, the N
component describes the lymph node involvement and M refers to metastasis.
Combinations of T, N and M are grouped into stages I-IV in which I-III are
subdivided into A and B %, The specific characteristics for T, N and M within the
7" edition of the classification, are described in Table 2 and stage in Table 3.
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Table 2. T, N and M descriptors in the 7t" edition of TNM classification of lung cancer®.

T/N/M Description in the 7" edition of lung cancer classification

T: Primary tumor
TX

TO
Tis
T1

T1a
T1b
T2

T2a
T2b
T3

T4

N: Regional lymph node
involvement

Nx
NO
N1

N2
N3

M: Distant metastasis
MO

M1

M1a

M1b

Tumor size and description

Primary tumor cannot be assessed, or tumor proven by the presence of
malignant cells in sputum or bronchial washings but not visualized by radiology
or bronchoscopy

No evidence of primary tumor
Carcinoma in situ

Tumor < 3 cm in greatest dimension, surrounded by lung or visceral pleura, no
bronchoscopic evidence of invasion more proximal than the lobar bronchus

Tumor < 2 cm in greatest dimension
Tumor > 2 cm but < 3 cm in the greatest dimension

Tumor > 3 cm but <7 cm or any of the following features:

. Invades visceral pleura

. Involves main bronchus = 2 cm distal to the carina

. Associated with atelectasis/obstructive pneumonitis extending to the
hilar region but not involving the entire lung

Tumor > 3 cm but < 5 cm in the greatest dimension
Tumor > 5 cm but < 7 cm in the greatest dimension

Tumor > 7 cm or any of the following:

. Direct invasion of the chest wall, diaphragm, phrenic nerve,
mediastinal pleura or parietal pericardium

. Tumor in the main bronchus < 2 cm distal to the carina without
involvement of the carina

. Associated atelectasis/obstructive pneumonitis of the entire lung or
separate tumor nodule(s) in the same lobe as the primary tumor

Tumor of any size that invades any of the following: mediastinum, heart, great
vessels, trachea, recurrent laryngeal nerve, esophagus, vertebral body, carina
or separate tumor nodule(s) in an ipsilateral lobe to that of the primary tumor

Description

Regional lymph nodes cannot be assessed
No regional lymph node metastasis

Metastasis in ipsilateral peribronchial and/or ipsilateral hilar lymph nodes and
intrapulmonary nodes, including involvement by direct extension

Metastasis in ipsilateral mediastinal and/or subcarinal lymph nodes

Metastasis in contralateral hilar, contralateral mediastinal, ipsilateral or
contralateral scalene or supraclavicular lymph node(s)

Description
No distant metastasis
Distant metastasis

Separate tumor nodule(s) in a contralateral lobe; tumor with pleural nodules or
malignant pleural or pericardial effusion

Distant metastasis in extrathoracic organ(s)
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Table 3. Stage according to 7" TNM classification for lung cancer*®

T/M NO N1 N2 N3

T1a

T1b

T2a

T2b

T3

T4

M1a/b (Any T)

The patients in study [ were all diagnosed before 2009 which also accounts for some
of the patients in study IIl and IV. Stage in study I is based on clinical and
pathological information available at the time. The tumor stage in study III and IV
have been reclassified to TNM 7™ edition by a thoracic pathologist. Patients in study
IT were diagnosed 2015-2016 and the tumors were staged according to the TNM 7%
edition. The current classification system, the 8" edition of lung cancer
classification, became worldwide standard in January 2017°°. In Sweden it was
implemented in the beginning of 2018.

Changes from the 7™ edition in the 8" edition include further subdivision of the T
component and M component, whereas the N component remained unchanged. The
T category was subdivided in 1-cm increments up to 5 cm and T1 was extended
from Tla and b to Tla-c (Tlc including tumors of size >2 ¢cm-<3cm). Tumors
between >5 cm - < 7 cm are categorized as T3 instead of T2 as in the 7™ edition and
T4, depending on descriptors other than size in the 7™ edition, include tumors > 7
cm. Furthermore, qualitative descriptors of T are changed; central tumors involving
a main bronchus are classified as T2a regardless of distance to the carina, tumors
causing obstructive atelectasis are classified as T2 regardless of partial or complete
atelectasis of the lung, tumors involving the diaphragm are classified as T4 and the
former T3 descriptor mediastinal pleural involvement has been omitted. The M
component has been subdivided into M1a-c in which M1a is unchanged from the 7
edition whereas M1b represents tumors with a single distant (extrathoracic)
metastasis and M1c represents tumors with multiple metastases in a single organ or
multiple metastases in several organs*-",
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Prognostic factors

Prognostic factors provide information on the natural course of the disease unrelated
to treatments, whereas a predictive factor predicts response of a certain treatment.
In some cases, a factor can be both prognostic and predictive.

Lung cancer survival is poor, with a five-year survival rate of only around 20% and
an even worse prognosis for SCLC®'. There is a clear variation through stage
according to TNM (Figure 6), which is a well-established prognostic factor in lung
cancer. Also, the degree of tumor burden within stage IV has a prognostic impact
and in the 8" edition of TNM, stage IVA includes M1a and M1b (i.e. intrathoracic
or single distant metastasis, respectively) while stage IVB includes Mlc (i.e.
multiple metastases) and has a worse prognosis than stage IVA®.
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Figure 6. Overall survival by clinical stage according to the 7t" edition of the TNM classification for lung
cancer.
Reprinted with permission from Elsevier*.
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Performance status (PS), a subjective grading of the patient’s level of functioning
in daily life, has been widely studied as a prognostic factor and there is now much
evidence of PS being linked to outcome, i.e. a better PS predicts a more favorable
outcome™. For PS in the studies within this thesis, we refer to a frequently used
grading of PS from the Eastern Cooperative Oncology Group (ECOG) ** (Table 4).
Another patient-related prognostic factor, besides PS, is weight loss, where less
weight loss at baseline is associated with better outcome™?.

Table 4.Performance status (ECOG)

Grade Explanation of activity

0 Fully active, able to carry on all pre-disease performance without restriction

1 Restricted in physically strenuous activity but ambulatory and able to carry out any work
of a light or sedentary nature, e.g., light house work, office work

2 Ambulatory and capable of all selfcare but unable to carry out any work activities. Up and
about more than 50% of waking hours

3 Capable of only limited selfcare, confined to bed or chair more than 50% of waking hours

4 Completely disabled. Cannot carry on any selfcare.
Totally confined to bed or chair

5 Dead

Women tend to have better prognosis than men, also when adjusting for stage,
histology or smoking respectively’>**. Smoking is a well-known, established risk
factor for lung cancer and several studies have also concluded that smoking is a
negative prognostic factor’>>>*°. Suggested explanations for this negative
prognostic effect include not only smoking-related comorbidities but also an
interference with the immune system leading to reduced capacity to clear cancer
cells *.

Adenocarcinomas are associated with better prognosis than other histological types
of NSCLCs®’. However, the classification of adenocarcinoma published in 20113
links subtypes of AC to outcome independent of stage, with predominant lepidic
tumors associated with better outcome and micropapillary tumors being one of the
subtypes associated with worse outcome®®*’. Further suggested stratification of
adenocarcinomas for prognosis include different epigenetic subgroups based on
methylation pattern® and a subgroup of adenocarcinomas with shared gene
expression pattern showing less aggressiveness®'.

In clinical settings, prognostic factors would aid in stratifying lung tumors into risk
groups, in order to choose the best-suited treatment or monitoring of the patient.
Adjuvant treatment is one example, described in the treatment section, where the
benefit is significant but the absolute effect on survival is moderate. Although stage
is a very important issue in the adjuvant treatment decision-making, it is insufficient,
and additional risk stratification tools are needed. Another example is in the
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palliative setting, where additional prognostic factors could be helpful when
deciding the follow-up intensity or the choice of more or less aggressive treatments.
Furthermore, studies of prognostic factors might be a step towards further
stratification of lung tumors, generating hypotheses for functional studies of these
factors and for subsequent treatment-related studies.

Many projects investigate prognostic factors, but few have been implemented. With
the above-mentioned examples of important, strong and in some cases suggested
prognostic factors, the value of investigations of a single potential prognostic
marker might be of limited value. Identified single prognostic markers should be
further investigated in relation to other variables, considering the complexity of lung
cancer.

Treatment

Treatment opportunities for NSCLC have been evolving rapidly in recent years
much due to an increasing number of targeted therapy drugs and immunotherapy as
a new cornerstone in the treatment arsenal. Further treatment options, both new
drugs and new combination of drugs, are in pipeline and the treatment overview for
newly diagnosed NSCLC, illustrated in Figure 7, will probably be changing in a
near future. Additionally, recommended first hand choice in curative situations or
first line treatments illustrated in Figure 7, and described in the following sections,
cannot be applied for all patients due to comorbidities, tolerability issues and
patients’ preferences. Furthermore, despite efforts, staging, molecular pathology,
and accurate diagnosis can be challenging. In order to discuss treatment strategies,
multidisciplinary conferences with radiologists, pathologists, pulmonologists and
oncologists are generally performed at all Swedish hospitals responsible for
management of lung cancer patients.

A central part in choice of treatment concerns tumor-related factors, most
importantly disease stage and mutational or fusion gene profile. The staging helps
to decide if curative intention is possible, whereas the mutational and fusion gene
analysis is to determine whether targeted therapy can be given in a palliative
situation. Unfortunately, the majority of lung cancer patients are diagnosed in a late
stage (approximately 50% with metastatic disease and 70% with either locally
advanced or metastatic disease)’', when treatment generally has a palliative intent,
although, in selected cases with single solid metastases curative intention is
sometimes possible. A description of lung cancer patients treated in a single
Swedish health care region is presented in study IV.
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Figure 7. Treatment overview in newly diagnosed NSCLC. In a majority of newly diagnosed lung cancers, curative
treatment is not possible. In these situations, mutational profile and result from PD-L1 test guide treatment choice. Only
first line treatment options are illustrated and size of patient groups in each treatment alternative is not taken into
account. Abbreviations: ChT=chemotherapy, IT=Immunotherapy, TKI=tyrosine kinase inhibitor, RT=radiotherapy

Surgery

Surgically treated patients with early stage tumors comprise all included patients in
study I, III and IV, and part of the patients in study II, in this thesis work. Surgery
is the prominent option of curative treatment and should be considered in early
stages and for selected patients with locally advanced stage. Pre-surgical
examination should include a proper staging and lymph node assessment and a
general risk evaluation considering co-morbidities and specifically the patient’s
cardiopulmonary function and predicted post-surgical status. For patients with
single station N2 disease, surgery is not excluded, but in case of multiple N2 disease
or N3, surgery is not recommended*'.

Lobectomies/bilobectomies, in which one or two lobes, respectively, are removed
are the most common surgical procedures in lung cancer®. In study II, III and IV
the proportion of lobectomies/bilobectomies varied between 76-86%. An alternative
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to lobectomy is sublobar resections (segmentectomies that follow anatomy and the
non-anatomical wedge resections), which can be the preferred choice when patient’s
cardiovascular function is not sufficient for a lobectomy. It could possibly also be
an alternative if the tumor is small and without lymph node involvement, but
lobectomy is still the recommended procedure. In the mid-nineties, a randomized
controlled trial (RCT) was published with the findings of a higher rate of local
recurrence after a sublobar resection compared to lobectomy for stage I NSCLC®,
So far, no newer RCT have been published although staging and surgery have
developed. Thus, results from older studies might not be entirely applicable today
and patients who can be treated with sublobar resection without increased risk of
recurrence in comparison with a lobectomy still needs to be defined. Although some
studies have supported the conclusion of lobectomy being superior to sublobar
resections in stage I other studies have shown that lobectomies and sublobar
resections are equal and that several variables such as histology, tumor size, age and
choice of sublobar resection are important to consider . Results from new
randomized trials are awaited to shed new light on the question of lobar versus
sublobar resections®*®,

The first successful pneumonectomy/pulmectomy of a lung cancer patient, a
procedure in which an entire lung is removed, was performed in 1933 by the surgeon
Dr Evarts A. Graham who later died of lung cancer himself, survived by the patient
and friend who he had operated 25 years earlier®. Pulmectomies (approximately
20% of the lung cancer surgical procedures) are necessary in cases of centrally
located tumors or tumors with engagement of all ipsilateral lobes. This procedure is
associated with a higher risk of complications®’.

Figure 8. Thoracotomy (Department of Cardiothoracic surgery, Skane University Hospital, Lund)
Photo kindly provided by Dr. Sandra Lindstedt Ingemansson.
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Lung cancer surgery is performed either with open thoracotomy (Figure 8) or by
video-assisted thoracoscopic surgery. VATS is associated with improved post-
operative recovery than thoracotomy’’!. The next development to have a
breakthrough in lung cancer surgery might be robotic-assisted lobectomy, i.e.
computer-aided surgery. There are no RCTs or large multicenter retrospective
studies, but existing studies have suggested equal outcome or possibly even better
outcome of robotic surgery compared to other surgical methods’>”.

Radiotherapy

Radiotherapy (Figure 9) has for long been, and still is, a central therapy in lung
cancer treatment both in curative and palliative situations. Since adverse effects
from radiotherapy are dose-dependent, the dose-planning depends on the treatment
intent. Some of the important side effects include inflammatory pneumonitis, lung
fibrosis, esophagitis and toxicity of the heart™.

Figure 9. Linear accelerator at the Oncology department, Skane University Hospital, Lund.
Photo kindly provided by Dr. Jens Engleson.

Curative intent

Radiotherapy can be given with curative intent as the only oncological treatment for
patients with small tumors or in combination with chemotherapy for patients with
locally advanced tumors. Furthermore, radiotherapy plays a role in the neoadjuvant
setting and in post-operative cases with incomplete resections.
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Medically inoperable patients might be offered curatively intended stereotactic body
radiotherapy (SBRT), also called stereotactic ablative radiotherapy (SABR). Small,
preferably peripheral, tumors are best-suited for this treatment. In stereotactic
radiotherapy the radiation beams are delivered with very high precision and the
treatment is usually well-tolerated. In Sweden, SBRT is usually given in three
fractions of 15 Gy*’. RCTs investigating the outcome of SBRT versus surgery are
ongoing, where patient selection and type of surgery for comparison are essential.
Some former RCTs attempting to compare effectiveness between these modalities
have closed early, facing difficulties to recruit patients®>*!7+7,

In locally advanced NSCLC, radiotherapy might be given in combination with
chemotherapy (CRT) as a curatively intended therapy which can be sequential,
starting with chemotherapy and subsequent radiotherapy, or concomitant.
Concomitant treatment has been shown to be superior to sequential treatment in
terms of survival’’. A platinum-based combination is the recommended choice of
chemotherapy regimen. There is a dose-response relation in effect of radiotherapy,
but higher doses generally come with increased risks of toxicity. Suggested optimal
doses vary between 60 and 68 Gy>*!.

Other situations in which radiotherapy is given in curative situations are pre- and
post-surgery. Trimodality therapy, i.e. the combination of CRT followed by surgery,
is applied for selected locally advanced cases*. Post-operative radiotherapy should
be considered if surgery has not been radical®**'.

Palliative intent

Radiotherapy in the palliative setting may serve both as local tumor control and
symptom relief. If the patient has a good performance status up to 36 Gy against the
primary lung tumor can be given, otherwise approximately 20 Gy is an option. An
important role of radiotherapy is also local control and symptomatic treatment of
metastases such as to the bone or CNS*,
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Chemotherapy

Chemotherapy is used in curatively intended treatments, either in combination with
radiotherapy in cases of unresectable NSCLC as described above, or as adjuvant
therapy after surgery. In metastatic disease, chemotherapy might be given alone or
in combination with immunotherapy in first-line. Adverse effects of chemotherapy
partly depends of regimen but generally include neutropenia, anemia, nausea,
gastro-intestinal side effects and fatigue.”

Curative intent

Adjuvant chemotherapy after radical surgery has been shown to be beneficial in
tumors with lymph node engagement or tumors larger than 4 cm, i.e. patients with
stage IA tumors are not considered for adjuvant chemotherapy. The benefit of
adjuvant chemotherapy is an absolute increase in survival of 4-5% at five years post-
surgery, thus, a modest but significant increase in survival, based on evidence from
several randomized trials and meta-analyses. Adjuvant chemotherapy is usually
given in four cycles and the regimen recommended is a cisplatinum-based
combination, preferably vinorelbine for which most robust evidence exist’®”.

Palliative intent

Chemotherapy was proven to be more beneficial than best supportive care in
patients with metastatic lung cancer in the 1990°s and has since then been a
cornerstone in the treatment of metastatic NSCLC™®. The proportion of patients
treated with chemotherapy alone in first line is expected to decrease following the
pending implementation of a recommended combination of chemotherapy and
immunotherapy. Standard chemotherapy regimen in first line is four cycles of a
platinum-based combination with a taxane, gemcitabine, vinorelbine or pemetrexed
to patients with PS 0-2. Monotherapy is an option for patients who do not tolerate
doublet chemotherapy™*°. Histology guides the choice of chemotherapy
combination, where platinum combined with pemetrexed have been shown to be
effective particularly in patients with non-squamous histology®'**. In patients with
a good performance status, tumor with non-squamous histology and no progression
after four cycles of platinum-based chemotherapy, maintenance therapy, that is a
continuous treatment, can be considered and for which pemetrexed has the
indication®*°.

Since 2015, immunotherapy has an increasing role in patients with negative
predictive tests for targeted therapies. So far, immunotherapy in first-line treatment
has been restricted to monotherapy and in patients selected through positivity of an
[HC-evaluated marker, programmed cell ligand 1 (PD-L1), whereas the remaining
patients were treated with chemotherapy. However, during 2018, studies
demonstrating immunotherapy and chemotherapy combinations being superior to
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chemotherapy alone in first-line treatment of metastatic NSCLC were published®*
85 The studies concluded effect also regardless of PD-L1 expression and first line
treatment of metastatic NSCLC is therefore now about to include immunotherapy
for all patients without contraindications. Thus, the treatment of patients with
negative predictive tests for TKI will consist of two main directions as illustrated in
Figure 7, chemotherapy and immunotherapy or immunotherapy as monotherapy.

Immunotherapy

Immunotherapy is the latest added modality in the treatment arsenal of lung cancer.
As seen in Figure 7, immunotherapy now has a role in both curative and palliative
treatments of newly diagnosed NSCLC. However, hitherto, the majority of patients
receiving immunotherapy has been in later (second or beyond) lines of palliative
treatment.

The immune system recognizes differences between normal and malignant cells but
gained abilities in the tumor or modulations of the microenvironment can disturb
this normal function, making the tumor escape the immune system. Tumors might
avoid elimination by the immune system by loss of antigenicity, loss of
immunogenicity or establishing an immunosuppressive environment. Examples of
these mechanisms in tumors include defects in antigen presentation or upregulation
of the immunoinhibitory membranous molecule PD-L1. By acting on activating
signals in the immune system or by inactivating inhibitory signals, immunotherapy
alters the interactions between the immune system and the tumor steering it towards
tumor regression®.

The immunotherapies used in lung cancer are so called immune checkpoint
inhibitors that target either the ligand PD-L1 (atezolizumab, durvalumab) or its
receptor programmed death 1 (PD-1; nivolumab, pembrolizumab). Immunotherapy
is overall well-tolerated but adverse effects such as immune related adverse events
(irAEs), e.g. pneumonitis, thyroiditis, and colitis, occur. Many irAEs can be
managed with corticosteroids®**>%7,

Membranous IHC of PD-L1 expression on tumor cells is a marker used for selecting
patients to immunotherapy in first line. However, patients without PD-L1
expression can benefit from immunotherapy and vice versa. Another potential
marker for immunotherapy is tumor mutational burden (TMB), the number of
nonsynonymous mutations in tumor DNA. A suggested definition of high TMB is
> 10 mutations/megabase of genome examined.
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Other potential predictive markers for response to immunotherapy under
investigation include e.g. quantity of tumor infiltrating lymphocytes and their PD-
L1 expression, gene-signature expression, and the intestinal microbiome®**’,
Mismatch repair defects have been associated with immune checkpoint inhibitor
efficacy in several other tumor types but seem to be rare in lung cancer’®’'.

Curative intent

A recently published RCT for unresectable stage III NSCLC demonstrated a
survival advantage of durvalumab versus placebo when administered after standard
concurrent CRT to patients without progression during the CRT. It is suggested that
chemoradiation up-regulates PD-L1 expression in tumor cells and, by administering
a PD-L1 inhibitor, this suppression of the immune system would be reversed®’.

Palliative intent

The start of immunotherapy in NSCLC treatment was nivolumab in second line,
requiring positivity in PD-L1 for non-squamous histology but not for SqCC where
nivolumab had shown to be superior to docetaxel in second line in RCTs**%, A first
line indication of immunotherapy was reached in February 2017 with
pembrolizumab®® and included patients with advanced NSCLC and PD-L1
expression on > 50% of tumor cells’.

More recently, studies concluded that addition of pembrolizumab to platinum-based
chemotherapy results in longer overall survival (OS) and improved progression-free
survival (PFS) than platinum-based chemotherapy alone regardless of PD-L1
positivity or not. However, if patients with at least 50% positive PD-L1 expression
on tumor cells benefit from immunotherapy combined with chemotherapy or if
immunotherapy as monotherapy is equally beneficial remains to be investigated®**.
Furthermore, the addition of atezolizumab to the angiogenesis inhibitor
bevazicumab plus chemotherapy has shown to significantly improve OS and PFS®
and a combination of nivolumab and ipilimumab (an antibody that is directed
against cytotoxic T-lymphocyte-associated antigen 4, CTLA-4, and thereby
obstructs T-cell-inhibiting signals), have shown to be effective in patients with high
TMB®”.

In summary, in first-line treatment of advanced NSCLC, immunotherapy as
monotherapy is considered for patients without targetable mutations/gene fusions
and with a PD-L1 expression > 50% and for patients with <50% PD-L1 expression
a swift from chemotherapy to chemotherapy plus immunotherapy is being
implemented in Sweden during 2019.
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Targeted therapy

The identification of treatment predictive mutations in EGFR in 2004 marks the
beginning of an era of rapidly evolving personalized medicine in lung cancer.
Today, multiple targeted therapies are available for NSCLC, offering patients
treatments that are generally more tolerable and more effective than chemotherapy.
However, these treatment-predictive genetic alterations are only present in a subset
of patients and there is a tough battle against resistance mechanisms. In addition to
EGFR inhibitors, approved targeted therapies for NSCLC are currently available for
NSCLC harboring ALK fusions, ROS1I fusions, or BRAF mutations. In addition,
targetable genes where approval currently awaits results from clinical trials include
e.g. RET, MET, and NTRK.

EGFR

In 2004, a correlation between activating mutations in the kinase domain of EGFR
and response to the reversible EGFR TKI gefitinib was discovered. It had been
noticed that response to EGFR TKI was associated with specific features, such as
female gender, being a never- or light-smoker, East Asian origin, and
adenocarcinoma histology”®”’. At the time of this milestone discovery, EGFR TKI
(gefitinib or erlotinib) was indicated as monotherapy for chemotherapy refractory
patients with NSCLC?*,

The EGFR exons 18-21 all code parts of the tyrosine kinase domain of the receptor
but, with a few exceptions, all TKI-sensitizing mutations are found in exon 18, 19,
or 21, whereas mutations in exon 20 predict resistance. The majority (approximately
85%) of the sensitizing mutations is comprised of exon 19 in-frame deletions and a
substitution mutation in exon 21, L858R. The prevalence of EGFR mutations in
NSCLC vary with populations studied, approximately 10-15% in Europe and about
40% in ASiaZS’Zé’IOO’IOI.

The discovery of EGFR mutations being predictive of EGFR TKI-response led to a
large number of subsequent RCTs comparing first-generation (erlotinib or gefitinib,
both with reversible blocking of EGFR signaling) or second-generation (afatinib, an
irreversible blocker of EGFR signaling) EGFR TKI to chemotherapy in first-line for
patients harboring EGFR mutations concluded a better response and PFS with
EGFR TKI in this subset of patients which led to the first FDA approval of EGFR
TKI as a first-line options in patients with EGFR mutations 2013 (erlotinib).
EGFR TKIs are generally well-tolerated, side effects include for example rash and
gastrointestinal disorders'*'%,

By unambiguously increasing both the survival time and the quality of life for
patients with disseminated disease, the introduction of EGFR inhibitors marked a
major turning point in the treatment of NSCLC. However, nearly all patients at some
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point progress due to acquired resistance in the tumor. A particular mutation in exon
20, T790M, is responsible for about 50-60% of the resistant cases. Some other
resistance mechanisms include MET or HER?2 amplification leading to a by-pass of
the inhibited EGFR by upregulation of alternative signaling pathways, downstream
activation through mutations in PIK3CA, epigenetic alterations, and histological
transformation to SCLC. Different resistance mechanisms might be present at the
same time'%*!%7,

Osimertinib is a third-generation EGFR TKI that targets both T790M and
sensitizing EGFR mutations. Accordingly, studies have revealed effect both in the
situation of resistance developed during treatment with first- or second-generation
EGFR TKI and in TKI-naive patients. Improved PFS with osimertinib compared to
first-generation EGFR TKI in first line**!® has made osimertinib a first-line
treatment option for patients with EGFR-mutated tumors*’. More effective first-line
treatments push the second-line treatment considerations further ahead but the
problems with acquired resistance remains. Mechanisms of resistance to osimertinib
as a first-line treatment is not yet fully investigated. However, some identified
resistance mechanisms to osimertinib in the situation of pre-treated T790M-positive
NSCLC are similar to those for first- and second-generation EGFR TKI, i.e.
activation of alternative pathways and histologic transformation to SCLC but also
loss of T790M-mutant clones and EGFR mutation C797S'*®!'°,

ALK

In 2007, the first reports of anaplastic lymphoma kinase (ALK) fusions in lung
cancer were published''"!'?. 4LK rearrangements are present in 3-7% of NSCLC,
with varying frequencies in different geographic areas, and, similar to EGFR-
positive lung cancer, these tumors are associated with younger age and
adenocarcinoma histology and are more frequently found in patients who have
never smoked or who smoked sparsely''*!''*,

The first ALK TKI, crizotinib, was approved in Sweden 2014 for ALK-positive lung
cancer patients previously treated with chemotherapy'® and was subsequently
demonstrated to achieve significantly better PFS in first-line compared to
chemotherapy in ALK-positive NSCLC''. Since then, additional ALK inhibitors
have been introduced and approved for use in first line; Ceritinib and alectinib are
ALK inhibitors which have shown better intracranial activity than crizotinib''” ''®
and alectinib is currently the preferred first line option in most Swedish lung cancer
units. For second-line treatment or beyond, yet another ALK inhibitor, brigatinib,
was recently approved based on a trial reporting promising PFS in patients
previously treated with crizotinib, and is currently also compared to crizotinib in
ALK-positive patients with no prior ALK inhibition, revealing a superior PFS in the

first interim analysis'"”.
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Similar to anti-EGFR therapies, the ALK inhibitors lose their antitumoral effect
when the tumor sooner or later develop resistance. Resistance mechanisms to ALK
inhibition are complex and include e.g. several mutations within ALK itself, with
differences partly varying depending on the ALK inhibitor used'?. Also the adverse
effects from ALK inhibition vary between the different TKIs but may include e.g.
nausea, gastrointestinal side effects and elevated aminotransferases*.

ROSI

ROS!I fusions, present in approximately 1% of NSCLC, define yet another small
subset of NSCLC with an actionable target, associated with little or no smoking and
adenocarcinoma histology. Crizotinib is currently the first-line choice for patients
with ROS1-rearrangements®***12!,

BRAF

Dual BRAF- and MEK-inhibition by dabrafenib and trametinib is approved for
treatment of BRAF V600-mutated lung cancer based on two non-randomized
multicenter trials demonstrating efficacy in advanced NSCLC treated as first-line
and second-line therapy, respectively. The targetable V60OE mutation in BRAF is
detected in approximately 1-2% of NSCLC*4*-122,

Other

Other oncogenic drivers in NSCLC that are actionable with targeted therapies but
not yet established in clinical routine include for example RET fusions, alterations
in MET, and NTRK fusions.

RET fusions are discovered in 1-2% of NSCLC. There are no RET-selective
inhibitors approved yet, and multikinase inhibitors have hitherto unfortunately not
reached the same results as seen for other TKIs**'%3,

Among MET alterations, splice site mutations have yielded the largest interest in
lung cancer. These mutations are found in 3-4% of NSCLC, usually in
adenocarcinoma or sarcomatoid carcinoma, and lead to aberrant splicing and MET
exon 14 skipping. Crizotinib has shown effect as a multi-kinase-inhibitor in this
patient group and, furthermore, MET-directed TKIs are under development®'*°.

NTRK fusions are very rare (<1%) in NSCLC, but studies of targeted therapies, e.g.
larotrectinib, have shown encouraging results**',

The monoclonal antibody bevacizumab is directed against vascular endothelial
growth factor (VEGF) to inhibit tumor angiogenesis, and can be added to
chemotherapy (most evidence in carboplatin/paclitaxel) in non-squamous advanced
NSCLC or to erlotinib in EGFR-mutated NSCLC40125:126,
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Furthermore, the TKI nintendanib, targeting the VEGF receptor (VEGFR), can be
used in combination with docetaxel as a second-line treatment for
adenocarcinoma'?’. Currently there are no predictive markers for response to

angiogenesis inhibitors'*®,

Treatment options for lung cancer recurrence and progression

Despite being the best chance of cure from what we know today, only about 30 to
70% of surgically treated patients (i.e. stage I to III) are free from lung cancer
recurrence within five years from diagnosis'?. Only selected cases of strictly local
recurrences are available for salvage with radiotherapy or, more seldom, surgery.
Beside comorbidities and patient performance status, the treatment options in the
situation of lung cancer recurrence therefore most often depends on mutation status
and PD-L1 expression and are thus equal to first-line options in primary
disseminated disease; chemotherapy, possibly in combination with immunotherapy,
immunotherapy as monotherapy, or (in case of targetable mutations or gene fusions)
TKI.

Patients in stage III treated with CRT are at higher risk of recurrence*!. The five-
year survival rate in this group have been about 15-30%, but the recently
implemented treatment strategy with addition of durvalumab therapy after
concurrent CRT without progression have shown a survival advantage compared to
placebo. Thus, for a subgroup of patients with unresectable stage III disease an
increased long-term survival might crystallize®” Treatment of progressive disease
after CRT is generally dependent on previous chemotherapy given, duration of
response after CRT, molecular profiling of the tumor and the patient’s
comorbidities.

Traditionally, chemotherapy has been given to patients with advanced disease and
no treatment-predictive alterations, yielding a moderate increase in absolute
survival. However, studies leading to implementations of maintenance therapy
showed a median overall survival of almost 14 months with pemetrexed after four
cycles of cisplatin and pemetrexed®. In second line, for patients treated with
chemotherapy in first line, immunotherapy should be considered, and molecular
profiling performed if not achieved before. Chemotherapy, e.g. docetaxel or other
regimens, comprised the alternative before immunotherapy was introduced and
might still be the preferred choice for patients with contraindications for
immunotherapy. Chemotherapy as a single modality in first line will be given to
fewer patients due to immunotherapy and the newly introduced combination of
chemotherapy and immunotherapy, however, its role in second line is indisputable.
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Patients harboring treatment-predictive EGFR mutations and treated with EGFR
TKI (erlotinib, gefitinib) have been shown to have a median progression-free
survival of 11 months versus 5.6 months with chemotherapy in first line.
Osimertinib, previously given to patients with T790M resistance mutation detected
at progression on first- or second-generation EGFR TKI, is now a first-line option
with significantly longer median progression-free survival than with standard EGFR
TKI'®. A standard-option of second-line in these patients is not established and
there are probably local variations. Chemotherapy or inclusion in studies might be
alternatives.

Treatments of patients in this thesis work

In study I, IIl and IV the patients are surgically treated and received no pre-operative
therapy. In study I, it can be presumed that the patients were not subject to any post-
operative adjuvant treatment due to the time of surgery (the majority in the 1980’s
and 1990’s). In study III and IV, comprising surgically treated early stage patients
during 2005-2014, adjuvant treatment was given to selected patients with stage 1B
and in general to all patients with stage II or III, unless there were contraindications
or patients’ preferences were against it.

The patients in study Il were diagnosed either with a primary lung cancer or with a
lung cancer recurrence/progress in 2015-2016. Clinical follow-up ended in May
2018 and treatments reflect the recent rapid development of the therapy arsenal in
lung cancer. Thus, immunotherapy was mainly a choice in second line palliative
treatment and, when it comes to targeted therapies, crizotinib was the first hand
choice for ALK-positive cases, followed by ceritinib at progression, and EGFR TKIs
in first line included erlotinib, gefitinib and afatinib, whereas third generation EGFR
TKI (osimertinib) did not have an indication of first line treatment at the time. ALK-
rearrangements were tested for in a high proportion of the patients but ROSI-
rearrangements only in a small subset of the patients. PD-L1 test increased during
the study period but only a few patients received immunotherapy in first line. BRAF
V600E was included in the NGS panel but was in general not included in the
statement from the pathology department to the clinician since BRAF/MEK
inhibition was not an approved lung cancer treatment at the time.
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A1ims

Overall aim

In this thesis work, I used a combined clinical and molecular approach to
characterize lung cancers. With the overall and long-term goal to individualize and
improve patient management, I aimed to investigate and correlate potential
prognostic information from blood-based markers, tumor mutations, and clinical
data.

Specific aims

Study I and 11

The aims of study I and II were to investigate the frequency and variety of mutations,
in particular EGFR mutations but also a wider spectrum, and furthermore to
investigate the potential association between mutations and clinical features,
including patient outcome. More specifically, the usefulness of mutation-specific
IHC staining, the frequencies of mutations across 26 genes, and the prognostic
impact of the most commonly occurring mutations, were examined.

Study Il and IV

The aims of study III and IV were to investigate blood-based markers and their
potential prognostic role in surgically treated lung cancer. In study III, five
potentially lung cancer-related tumor markers in serum and their relation to lung
cancer relapse were studied, followed by combined analyses of two of these serum
markers and plasma cell-free circulating tumor DNA in study IV.
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Patient material

The four studies of this thesis work are based on tumor specimens/cytology, blood
samples and clinical variables from four different patient cohorts summarized in

Table 5.

Table 5. Patient cohorts in the thesis.

Biobank

Patients (n)

Median age at
lung cancer
diagnosis

Smoking

Period of
inclusion for
patients in the
study

Histology

Disease stage

Tumor material

Blood samples

Study |

Two retrospective
cohorts

Cohort |: 298
(35% F, 65% M)

Cohort II: 52
(44% F and 56%
M)

Cohort |: 66
Cohort II: 70

Not available

Cohort I: 1981-84
and 1995-97

Cohort 11:1993-03

Cohort |: 42%
SqCC, 36% AC,
18% LCC,

3% SCLC

Cohort Il: 77% AC,
23% SqCC

Surgically treated
early stage
patients

e Resection
o FFPE
o Fresh frozen

Study Il

Clinically NGS-tested

patients

599
(51% F, 49% M)

70

Current/former: 87%
Never: 12%
Unknown: 1%

January 2015 to
June 2016

70% AC
16% SqCC
14% Other

All stages

e Cytology
o Biopsy/resection
o FFPE

Study Il

Southern Swedish
Lung Cancer Study

n=107
(68% F, 32% M)

68

Current/former: 85%

Never-smoker: 15%

2005-2011

AC

Surgically treated
early stage patients

e Resection
o FFPE
o Fresh frozen

Pre-operative serum

Abbreviations: F=females, M=males , FFPE=formalin-fixed paraffin embedded

Study IV

Southern Swedish
Lung Cancer Study

n=58
(66% F, 34% M)

69

Current: 57%
Former: 28%
Never: 16%
2005-2014

AC

Surgically treated
early stage patients

e Resection
o FFPE
o Fresh frozen

Pre-operative serum
and plasma
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Study I

Study I is based on two retrospective cohorts, cohort I and II, consisting of lung
cancer patients in early stage treated surgically with curative intent and without pre-
surgical treatment. No patients were overlapping in the two cohorts.

Cohort I consisted of 298 patients surgically treated for clinical stage I-IIIA primary
lung cancer at the Lund University Hospital (renamed into Sk&ne University
Hospital in 2010). The patients were treated either in 1981-1984 (48%) or 1994-
1997 (52%). Cohort II comprised 52 patients with early stage tumors (NO, MO)
surgically treated at the Lund University Hospital in 1993-2003, non-overlapping
with cohort I and without pre-surgical treatment. Tumor material analyzed consisted
of formalin-fixed paraffin embedded (FFPE) tumor tissue and/or fresh frozen tumor
tissue.

Studies on these retrospective cohorts were approved by the Regional Ethical
Review Board in Lund, Sweden (Registration no. 762/2004).

Study II

Starting in January 2015, lung cancer patients in the Southern Health Care Region
in Sweden go through predictive mutational testing by NGS. Study II includes all
599 lung cancer patients in Region Skéne whose tumor(s) were mutationally
profiled with NGS the first 1.5 year (January 2015 until June 2016), as described in
Figure 10. Depending on the clinical situation, cytology or FFPE tumor specimens,
either from biopsies or from resections, were used.

Data on multiple pre-defined variables were obtained from patient charts. These
variables included baseline patient characteristics, lung cancer treatments and
treatment outcomes. More specifically, the following variables were assembled:
date of diagnosis, age, performance status, smoking history, family history of
cancer, lung cancer-related treatments and outcome of treatments, tumor extension
at time of diagnosis and tumor dissemination during follow-up including time to
progression or recurrence and subsequent treatment lines. Date of diagnosis was
defined as date of histological/cytological proof of lung cancer, or cancer if more
specific diagnosis could not be reached for which the summarized evaluation of
clinical, radiological and histological information led to lung cancer diagnosis.
Smoking history was categorized as never-smoker, former smoker and current
smoker. Smoking cessation within a year from lung cancer diagnosis was
categorized as current smoker. A frequently suggested definition of never-smoker
is <100 cigarettes, but in 599 patient records this definition was never used. This
definition is thus probably not realistic to use in a retrospective study based on
patient records. We included also patients with a very short period of irregular
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smoking as never-smokers. Date of death and primary malignancies were obtained
from the Southern Swedish Cancer Registry.

Chemotherapy response in a subgroup of patients within study II (101/297 patients
with advanced or metastatic disease) were evaluated according to Response
Evaluation Criteria for Solid Tumors (RECIST) 1.1 criteria®® in order to study
possible treatment-predictive associations. Patients included were treated with at
least two cycles of platinum-based chemotherapy combination. Patients with
discontinuation after less than four cycles for other reasons than progression was
not included. Furthermore, in order to be able to evaluate chemotherapy response,
radiotherapy against the lung tumor or mediastinum prior to or concomitant with
chemotherapy was an exclusion criterion for this part of the study. Due to the
retrospective nature of the study and available radiological examinations, a few
modifications of the criteria were necessary. In one case, progression was confirmed
purely by a clinical finding and in one case a progression was confirmed by a
bronchoscopy statement compared to a previous bronchoscopy statement.

The study was approved by the Regional Ethical Review board in Lund, Sweden
(registration no. 2014/32, 2015/575 and 2017/620).

Suspected/possible lung cancer stated on referral
to laboratory for NGS analysis: n = 656

« Diagnosis “lung cancer”: n = 645
« Diagnosis “unknown primary cancer”: n = 11

Excluded: n = 51

>+ Not lung cancer: n =23
* NGS not possible (PCR performed): n = 28

Y
NGS tested lung cancer patients: n = 605|

Excluded: n =6

* Inconclusive NGS: n=2
+SCLC:n=3
* Other:n =1

A 4

Y
Non-carcinoid and non-SCLC with
conclusive NGS analysis: n = 599

Figure 10. Inclusion of patients in study II.
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Study III and IV

Study III and IV include patients from our internal biobanking, the Southern Lung
Cancer Study. This consecutively collected biobank contains blood samples pre-and
post-surgery and tumor specimens from surgically treated lung cancer patients in
the Southern Swedish Health Care Region (including the counties Skéne, parts of
Halland, Smaéland and Blekinge) between 2005-2014.Tumor specimens, blood,
serum and plasma were stored at -80°Celsius (C). Patients signed a written consent
and the study was approved by the Regional Ethical Review Board in Lund, Sweden
(Registration no. 762/2004).

Pre-operative serum and tumor specimens and samples from 107 patients with lung
adenocarcinoma stage [-1IIA surgically treated between 2005 until September 2011
were analyzed in study I11.

Study IV included tumor specimens and pre-operative serum and plasma from 58
patients fulfilling the criteria of tumor in stage I-IIIA with mutation in either
BRAF/KRAS/EGFR and adenocarcinoma histology. Figure 11 displays the selection
process.

Lung adenocarcinomas sequenced with lllumina
exon-focused 26-gene panel: n = 157

A,
Tumors with mutation(s) in EGFR/KRAS/BRAF: n =77

—»{Poor sequencing results: n = 2

¥
| Tumors with conclusive NGS results: n = 75 |

Stage IV:n=6
| Plasma volume < 1mL:n =6 |<—

One patients with two synchronous
Technical failure: n =3 tumors excluded.

The two tumors were stage IlIA and

<— IA, respectively. Blood was not
available from prior the first surgery,
i.e. of the larger tumor with higher risk
of relapse.

¥
58 lung tumors with combined plasma and serum analysis

Figure 11. Study scheme, outlining inclusion of patients in study IV.
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Baseline characteristics including age, date of surgery, smoking history, adjuvant
treatment and lung cancer follow-up was obtained through patient records. Smoking
cessation within a year from lung cancer diagnosis was categorized as current
smoker. None of the patients in study III and IV received neoadjuvant treatment.
Stage and histology were reviewed by a pathologist according to 7™ edition of TNM
and guidelines in WHO'®*,
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Methods

The analyses performed in this thesis include detection of mutations, protein
expression, gene amplifications, gene fusions and blood-based markers. The
methods used in each study are summarized in Table 6.

Table 6. Methods used in the four studies.

Method Analysis Study | Study Il Study Il Study IV
IHC, mutated EGFR Mutation status X

EGFR mutation-specific PCR Mutation status X

IHC, total EGFR Protein expression X

FISH Gene copy number X

Sanger sequencing Mutation status X

Quantitative real-time PCR Gene copy number X

NanoString technology Fusion genes X

NGS Mutation status X X X
Electrochemiluminescence Tumor markers X X
immunoassay

Cell-free circulating

Droplet digital PCR tumor DNA

Immunohistochemistry, mutated and total EGFR
(Study I)

In study I, EGFR mutation analysis by IHC and total EGFR expression were
evaluated. Exon 21 point mutation p.L858R and exon 19 deletion E746_A750 in
tumor specimens were analyzed by IHC staining with two rabbit monoclonal
antibodies. An automated immunostainer was used. Tumors were evaluated on a
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tissue microarray (TMA). With few exceptions triplicate 1.0-mm cores from each
case on a tissue microarray (TMA) were evaluated. Positive cases regarding
mutation-specific antibodies were repeatedly stained on whole tumor sections to
evaluate tumor heterogeneity.

Mutation-specific PCR (Study I)

Tumors in cohort I that were mutation-positive according to ITHC were further
analyzed regarding EGFR mutations with a real-time PCR-based kit. This kit detects
29 EGFR mutations including 19 exon 19 deletions, T790M, L858R, L861Q, G719
point mutations, S7681 and three exon 20 insertions. It relies on the amplification-
refractory mutation system, that DNA polymerase effectively distinguish a match
and a mismatch at the 3’end of a PCR primer. The kit also uses Scorpion
primer/probe for detection.

Fluorescence in situ hybridization (Study I)

Gene copy number of EGFR was determined by fluorescence in situ hybridization
(FISH) in cohort I. A dual-color EGFR probe, labeled with spectrum orange for
EGFR (7p12) and spectrum green for centromere localization (CEP7) was used for
hybridization. If less than 3 copies of the EGFR gene or chromosome was detected
the case was considered negative. Tumors with amplification (EGFR/CEP7 ratio
>2) or polysomy (=3 copies of both EGFR gene and chromosome 7) were
considered positive.

Sanger sequencing (Study I)

EGFR mutation status, including exon 18-21, of fresh frozen tumor specimens in
cohort II were evaluated by Sanger dideoxy chain termination DNA sequencing.
After PCR amplification of the DNA template, a sequencing reaction containing
fluorescently labelled dideoxynucleotides mixed with normal nucleotides were
assembled. When the DNA polymerase incorporates a fluorescently labeled
dideoxynucleotide the DNA elongation process terminates which leads to DNA
strands of different lengths with a fluorophore molecule in the end. The DNA
strands of different length are separated by size through capillary electrophoresis
and detected, followed by sequence analysis.
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Quantitative real-time PCR (Study I)

In cohort II, EGFR gene copy number was evaluated by quantitative real-time PCR
(qPCR). A SYBR Green-based assay was used. When the SYBR Green binds
double-stranded DNA a fluorescent signal is emitted. For each PCR cycle the
fluorescence increases and then reaches a threshold, Cr, of measurability. Thus, the
more DNA product, the less PCR cycles need to be completed before the
fluorescence reaches the threshold. Relative EGFR gene copy numbers were
calculated by comparing Cr values of EGFR with an endogenous reference gene, in
this case the genes of albumin or glucokinase respectively, in the target DNA with
a reference DNA (commercial human diploid DNA). A ratio > 1.5 was defined as
amplification. In each run, serial dilutions of a reference DNA were used to generate
a standard curve from which the amplification efficiency was determined. To ensure
lack of DNA contamination a no template control with all essential components of
the amplification reaction except the template was also included.

NanoString technology (Study II)

The focus in study II is on clinical data in relation to mutational status. However, in
addition to NGS, a subset of tumors was analyzed for fusion genes by NanoString
technology. The NanoString assay used herein is based on probes hybridizing to
RNA purified from tumors. It has the advantages that no amplification of the sample
is performed, and it tolerates samples of low quality such as FFPE derived RNA.
After hybridization, the sample is loaded onto a cartridge. After purification,
hybridized molecules are stretched out on an optical surface where they are counted
and identified via the target-specific molecular identifier. For fusion gene analysis
we used probes targeting exons on both sides of the junction, so called imbalance
probes. An expressed fusion gene usually means a higher expression of the part
involved in the fusion, for example the kinase domain of ALK. Specific probes
spanning the junction were used to identify the exact fusion.

Next generation sequencing (Study I, III, IV)

Next generation sequencing (NGS), or massive parallel sequencing, is a high-
throughput sequencing method enabling parallel analysis of multiple samples
covering large part of the genome, as opposed to Sanger sequencing described
above, which is restricted to smaller DNA sequences. In study II, III and IV NGS-
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based mutation analysis was performed using the Illumina Trusight Tumor (TST)
exon-focused 26 gene panel, including specific exons across 26 solid tumor-related
genes, as previously described®. The assay is optimized for FFPE derived DNA. It
uses two pools with gene specific oligonucleotides and each sample is sequenced
on both strands of DNA. Samples are indexed and amplified using PCR and then
pooled prior to sequencing. During sequencing, strands are attached to the surface
of a flow cell where clusters are generated from one original DNA fragment. The
clusters are sequenced by synthesis in a parallel manner. Fluorescently labeled
nucleotides are incorporated base by base and the fluorescent emission is recorded.
Since both strands of the original DNA are sequenced, formalin-induced artefacts
misinterpreted as mutations can be avoided, as only alterations present in both
strands are considered as true mutations. The tumors in this work were sequenced
on a MiSeq instrument, the data were aligned to the Human UCSC hg19 reference
genome and mutation detection was performed in the software Variant Studio,
supplied by Illumina.

NGS-based mutation analysis is the main focus in study II, investigating mutation
spectrum and clinical aspects. In study III, NGS-results for KRAS and EGFR were
considered in sub-analyses and in study IV, mutations in either KRAS, EGFR or
BRAF, were used as an inclusion criterion and the mutation detected in the tumor
were subsequently analyzed in plasma (see description of droplet digital PCR
below). In study II, we did a filtering of presumed single nucleotide polymorphisms
(SNP) by identifying variants with a frequency of > 1% in the general population as
reported in Variant Studio by Illumina. Furthermore, we took into account that
mutational load in lung cancer is high and although the gene-panel for NGS through
the study period covers exons where hotspot alterations occur in different cancers,
alterations detected have a wide variety of significance when it comes to
tumorigenic effect. We distinguished some more potentially prognostic/predictive
driver oncogenes (defined in*"“"*'"'*%). The following were thus noted as
driver alterations. In KRAS: mutations in codon 12,13 and 61, in EGFR:
exon 19 deletions, exon 20 insertions, T790M, codon 719 and exon 18 deletion
E709 _T710delinsD, p.S768I (exon 20), exon 19 insertions, C797S (exon 20), codon
851 and 861 (exon 21), in BRAF: variants in codon 600, in PIK3CA: codon 542,
545 and 1047 variants, in NRAS: codon 12,13 and 61, in MAP2K1: codon 56 and
57 variants, in ERBB2: exon 20 insertions and in MET: variants involving the donor
splice site position at the exon 14 intron-exon junction, leading to a MET exon 14
skipping variant.
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Electrochemiluminescence immunoassay (Study III, IV)

Five tumor markers in pre-operative serum from early-stage lung cancer patients
were analyzed in study III to investigate the relation between these markers and lung
cancer recurrence in patients treated with curatively intended surgery. In study 1V,
the prognostic role for two of these tumor markers in serum in surgically treated
early-stage lung cancer patients were further studied in combination with ctDNA in
plasma. Tumor markers studied include carcinoembryonic antigen (CEA), cancer
antigen 125 (CA 125), human epididymis protein 4 (HE4), neuron-specific enolase
(NSE) and carbohydrate antigen 19-9 (CA 19-9). These blood-based protein or
antigens are not routinely used in lung cancer monitoring but are implemented to
varying degrees in the monitoring of other cancers. CEA is frequently used as a
tumor marker in colon carcinoma'?*, CA 125 is used in diagnostic procedure and
management of ovarian cancer'>>!*°. HE4 is used as a marker in ovarian cancer'®,
CA 19-9 is a marker in pancreatic cancer'®” and NSE is associated with tumors of

neuroectodermal origin'®®,

Tumor marker levels were analyzed with electrochemiluminescence immunoassay
at the Division of Clinical Chemistry and Pharmacology, Department of laboratory
Medicine, University Hospital, Lund, Sweden where these analyses are performed
in clinical routine. In electrochemiluminescence immunoassay, the marker binds to
specific antibodies and the complex is detected by luminescence produced during
electrochemical reactions. The cutoff values for normal reference interval used were
also applied in these studies; CEA <5ug/L, CA 19-9 <35kE/L, CA 125 <35kE/L,
NSE < 17 nug/L, HE4 premenopausal women < 92 pmol/L and postmenopausal
women < 121 pmol/L. We did not have any information regarding menopause and
presumed all women > 50 years to be postmenopausal. No cutoff values for men
existed for HE4 and we chose to use the same reference interval as for
postmenopausal women.

Droplet digital PCR (Study 1V)

Droplet digital PCR (ddPCR) was used in study IV to detect cell-free circulating
tumor derived DNA (ctDNA) in pre-operatively collected plasma (median 1500
microliters, range 1000-1600) from early-stage lung cancer patients. Prior to ctDNA
analysis, tumors with a mutation in either of the genes EGFR/BRAF/KRAS had been
selected and the specific mutation were analyzed in previously collected plasma
from the respective patient. Twenty-three assays were designed based on the tumor
NGS results and the performance of the assays was verified using mutated and
normal human DNA as positive and negative controls respectively.
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Digital PCR (dPCR) differs from PCR by compartmentalization of the sample,
ultimately enabling a quantification of the target sequence. Instead of one reaction
per sample, PCR-amplification occurs in each compartment, ideally containing one
single molecule, in dPCR. In study IV, we used droplet digital PCR (ddPCR) in
which the PCR reaction mix are randomly partitioned into thousands of water-in-oil
droplets. Amplification of the target cleaves a fluorescent molecule from the target-
specific probe, and each droplet is read as either positive or negative depending on
its fluorescent intensity. At least two mutant-positive droplets were considered a
positive finding of ctDNA. The specific ddPCR method used in this project was
IBSAFE ddPCR, an improved method based upon ddPCR with improved limit of
detection. This is achieved by sequential combination of linear amplification to
increase copies of true target sequence followed by limited exponential
amplification for signal generation, thereby increasing sensitivity and specificity by
drastically minimizing the consequence of polymerase base-incorporation errors.

Statistical methods

Descriptive statistics were used in all four studies, with numbers and percentage
presented for categorical data and median and range for continuous variables.
Statistical analyses were performed with Stata 12.1 in study I, SPSS version 22 in
study III and R version 3.5.2 in study Il and IV.

In general, a significant probability value (p-value) for rejecting the null hypothesis
was predefined as <0.05 - a commonly seen predefined value and approach.
However, the p-value is a continuous measurement of evidence against the null
hypothesis and strongly affected by sample size. Reasoning about the results might
be a better approach than merely present p-values. Thus, in study II and IV
(comprising the last projects of this thesis in chronological order) no p-value was
defined as significant.

The main statistical tests used in the different studies of this thesis are listed in
Table 7. Specifically, categorical variables were compared using Chi-square test or
Fisher’s exact test in situations when expected counts in at least one cell was <5. In
case of two ordinal variables, linear by linear analysis was performed. Comparison
of the distribution of a continuous variable over categorical variables were
performed with the non-parametric (due to small data sets) Mann-Whitney’s test
and corresponding Jonkheree-Terpstra test if the categorical variable was ordinal.
Differences in overall survival (OS) or recurrence-free time were evaluated with
Kaplan-Meier plots and log-rank test to compare survival curves.
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Cox regression was used to calculate an effect measure, a hazard ratio (HR) with
confidence interval (CI). Cox regressions were either univariable or multivariable
to adjust for confounding factors. Different clinical endpoints were used in the
different studies as explained below.

Table 7. Statistical methods used in this thesis work.

Statistical method Purpose Study | Study Il Study Il Study IV
Fisher’s exact test / Association between X X X
Chi-square test categorical variables
Log-rank test / log-rank Comparison of survival curves X X X X
trend test
Cox regression Estimate effects on survival X X X
curves with hazard ratio (HR)
Linear by linear test Comparison of two ordinal X
variables
Mann-Whitney test Compare distribution of X

continuous variable over
categorical variable

Jonkheere-Terpstra test Compare distribution of X
continuous variable over
ordered groups

"Fischer’s exact test when expected counts in at least one cell was < 5.

Study I

Fisher’s exact test was used for associations between the EGFR variables;
mutations, total protein expression and gene copy number as well as comparisons
between histopathological subtypes. Differences in overall survival (OS) according
to the EGFR-related variables and other factors including gender and histology were
evaluated with Cox regression analysis. Start of time period was date of surgery and
endpoint was death of any reason. Follow-up time for patients alive was censored
at the end of the study. Kaplan-Meier plots and log-rank test was used to compare
differences in OS. Regression analyses were performed with and without adjustment
for gender.

Study I

Associations of clinical variables with mutation findings were analyzed with the
Chi-square test when comparing categorical variables; mutation status (7P53, KRAS
and EGFR mutation or wildtype) and other primary malignancy than lung cancer
(binary variable). Kaplan-Meier plots and log-rank test was used to compare
progression-free survival (PFS) and OS, respectively, with mutation status (KRAS,
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TP53 and the combination of these two alterations). The PFS endpoint was
measured as the date of diagnosis until progression or death. Censoring of time
period for patients without event was done at the date of their latest appointment at
the lung department. The endpoint OS was defined as the date of diagnosis until
death and time period for patients alive was censored at the end of the study.
Survival analyses were performed using Kaplan-Meier plots and the log-rank-test.

Study II

In study III, tumor marker levels were analyzed in relation to tumor stage and EGFR
and KRAS status, respectively, and in relation to recurrence. In the first part, tumor
markers levels (continuous variables) were compared through stages with the
Jonkheree-Terpstra test, while the number of elevated tumor markers (0-5 or 0-4
when NSE was excluded) of the markers through tumor stages were analyzed with
linear by linear analysis. Relation between EGFR or KRAS status (binary variables)
and discrete categorization of tumor marker levels were analyzed with the Chi-
square test or Fisher’s exact test. Tumor marker levels in tumors grouped according
to EGFR and KRAS status respectively, were analyzed with the Mann-Whitney’s
test. The endpoint disease-free survival (DFS) was defined as the time period from
surgery to recurrence. Time period for patients without recurrence was censored at
time of death, diagnosis of a second primary lung cancer, diagnosis of a cancer of
suspected origin other than Iungs, or at the end of the study if alive (last check in
patient files in February 2016). Survival analyses were performed using Kaplan-
Meier plots and the log-rank test. Cox regression analyses were performed to adjust
for stage and adjuvant treatment.

Study IV

Kaplan-Meier plots were constructed to illustrate differences in recurrence-free
interval (RFI) in patients according to the binary variables ctDNA, tumor markers
(CA 125 and/or CA 19-9) and combination of ctDNA and tumor markers (ctDNA
and/or at least one tumor marker). RFI was defined as the period from surgery to
recurrence. Time periods of patients without an event were censored at last lung
cancer-related medical follow-up. Survival analyses were performed using Kaplan-
Meier plots and the log-rank test. Cox regression analysis was performed to adjust
for stage and adjuvant treatment.
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Limitations

The studies in this thesis have several limitations, some related to the long duration
of time for my thesis work (2011-2019 in parallel with clinical duty) but others
associated with more study-related limiting factors. Through this time period,
diagnostic procedures and treatments have advanced, thus potentially challenging
the relevance of the work performed meanwhile.

The populations studied are generally small (in particular when there is need for
relevant subgrouping by for example stage), retrospective and sometimes relying on
old tumor material. When analyzing prognostic impact of different variables in lung
cancer, stage is of course relevant to take into account but also other factors such as
extent of lymph node involvement, mutational status and pathological factors
which might be difficult due to the limited size of the cohorts. Study I includes
patients treated in the early 1980°s and 1990°s. Staging of these tumors might be
incorrect. Due to the diagnostic process and surgery performed at the time it would
have been difficult, or probably not possible, to do it more accurately. The study
also contains a variety of methods, merely because the second cohort was added to
a pre-existing project and examined dependent on in-house methods at the time.
Another aspect of the patient cohorts in this thesis is that, in contrast to study II
(which includes all NGS-tested lung cancer patients in Region Skane through 1.5
year), studies I, IIl and IV are not population-based, which would have
provided a more accurate picture of for example frequency of mutations.

Regarding statistical analyses, a lot could probably have been improved with
additional tests/considerations. Across the studies, different endpoints are used,
which can contribute to making this thesis more difficult to read. Different endpoints
were used partly due to necessity (e.g. PFS in the group of patients with advanced
disease in comparison to RFI when studying recurrence in surgically treated
patients) but also because we gained more insight into the different applications
during the study progress. Furthermore, to conclude whether a patient had a lung
cancer recurrence or not, or to distinguish a second primary lung cancer from a
recurrence, can be challenging, in particular based on the retrospective design and
available information in patient files. However, we have used all available
information, i.e. radiology, molecular pathology, notes from multidisciplinary
conferences and the clinical decisions, to define the events as accurate as possible.
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Results and discussion

A rapid evolvement within the molecular lung cancer field accompanied this thesis
work, with methodology expanding during the time period from single gene testing
to need for multiplexed and, most recently, blood-based testing. The studies I-IV
focus both on molecular and clinical profiling, investigating both blood- and tumor-
based associations with patient outcome. Some results, with potential implications
for future individualized and improved treatment and follow up for lung cancer, are
discussed below.

Study I and II: Mutational profiling and clinical outcome

Study I and II focus on mutation analysis in lung cancer. EGFR mutations and other
EGFR alterations are investigated in study I, whereas the first 1.5 year of clinical
lung cancer mutational profiling by NGS is presented in study II.

In study I, the two most common EGFR mutations L858R and exon 19 deletion
p-E746_A750 were analyzed with mutation-specific [HC. IHC is a well-established
method in pathology. In lung cancer pathology specifically, IHC has subsequently
become more central due to the need of subclassification for treatment choice'®*%’.
Furthermore, gene copy number of EGFR and EGFR expression were evaluated.

Predictive testing of primarily FGFR mutations was the basis of the clinical
inclusion in study II. Since NGS test for mutational profiling of lung cancer was
implemented in the clinic in 2015 (Region Skane, Sweden), additional genetic
alterations in lung tumors have gained clinical interest and relevance and we present
multiple mutational findings from NGS results in this clinically defined Southern
Swedish cohort with focus on prognosis. In a well-characterized sub-cohort
comprising patients with stage IIIB/IV and treated with platinum-doublet
chemotherapy we studied PFS and OS in relation to KRAS/TP53 mutation/wildtype.

The different techniques used in these two studies reflect the changes towards
multiplexed mutational approaches in line with advances in methods and the
increasing knowledge of targetable alterations in lung cancer.
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Study I

The main aim of study I was to evaluate EGFR detection by mutation-specific IHC
and, in addition to FGFR mutations, also investigate FGFR gene copy number
alterations and EGFR protein expression and the association between these
variables.

Evaluation of mutation-specific antibodies by IHC revealed 17 mutation-positive
cases in cohort I, of which nine were positive for exon 19 deletion and eight for
L858R. With DNA-based methods only 13/17 cases could be verified. In two of the
discrepant cases, the repeated staining with the more diluted antibodies, 1:100 on
whole section, did not display any positive staining, thus a titer-dependent false
positive staining could be suspected. However, three of the PCR/sequencing-
verified cases with positive mutation-specific IHC using the concentration 1:10 of
the antibodies stained negative when using the titer 1:100.

The two remaining discrepant cases showed heterogenous staining within invasive
areas on whole section with the titer 1:100. We investigated invasive areas with
varying staining in a tumor with a verified mutation using PCR and pyrosequencing.
The mutation was detected by both methods in all areas, including areas negative
with mutation-specific antibody staining. The two discrepant cases could thus
represent unspecific staining or, less likely, truly mutated cells but too few for
detection with PCR.

In all, 13 tumors in cohort I had verified mutations, eight with exon 19 deletions and
five with L858R. There was a distinct difference in mutation frequency across
histological types (p=0.006, Fisher’s exact test) with 11/13 of the mutation-positive
tumors in tumors of AC and 2/13 in the group of SqCC resulting in totally 10%
mutation-positive AC and 1.6% mutation-positive SqCC in cohort I. All mutations
were detected in females.

This study demonstrated that these mutation-specific antibodies were not reliable
due to the discrepancies explained. Furthermore, EGFR mutation analysis (covering
exons 18-21) of cohort II by Sanger sequencing revealed five mutations, of which
none were any of the two that should be recognized by the antibodies. One of the
five mutations was an 18-base pair (bp) exon 19 deletion and was actually detected
by mutation-specific IHC staining but only with 1:10 dilution and not 1:100. The
tumors were resected in different time periods, altogether ranging from 1981-2003,
and paraffin-embedded tissue might have been prepared in different ways during
these wide time period and impact on IHC performance due to different handling of
the material cannot be excluded. The TMA construction also displayed some
pitfalls, the cores near the edges were sometimes clearly not optimally stained. In a
few cases, a triplet of cores could not be evaluated. Despite our concerns about
unspecific staining, unclear dilution and unsure sensitivity and specificity an
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obvious reason for not using these antibodies is of course the technical advances in
molecular diagnostics. Molecular testing by IHC are not recommended in clinical
use in the latest guideline of molecular testing since these antibodies are suboptimal
and because of much better alternatives even in small tumor samples making these
antibodies unnecessary™®, thus, entirely in line with our findings and the direction in
the clinic where NGS was implemented in 2015 which is further described in study
11

By FISH, 294/298 tumors in cohort II could be evaluated of which 123 (42%)
showed increased gene copy number (by amplification in 22 tumors and polysomy
in 101 tumors). Increased EGFR gene copy number in cohort 11, detected by qPCR,
was found in 6/52 (12%) of the cases. The different frequencies of increased gene
copy number in the cohorts might be derived from the different methods, FISH and
gPCR. The former includes a subjective evaluation and in qPCR the cell content can
have different amounts of normal cells that affect the result.

Immunostaining for EGFR expression was evaluable in all but one case in cohort I
and 186 tumors (63%) were positive. In cohort II, all except one of the 52 tumors
could be evaluated with IHC for total EGFR and 30 (59%) displayed positivity. In
contrast to EGFR mutations which clustered in tumors of AC histology, total EGFR
expression was associated with SqQCC in both cohorts (statistically significant in the
larger cohort I, p<0.001, Fisher’s exact test). Expression of EGFR is frequent in
NSCLC, in particular SQCC where it has been reported in 70%, and it has also been
suggested as a negative prognostic factor'*. When it comes to clinical applications,
EGFR expression stands in the shadow of the successful prediction of TKI-response
with EGFR mutations, but actually has a small role in lung cancer treatment.
Necitumumab is a monoclonal EGFR antibody that competes with natural ligands
and through binding to EGFR inhibits downstream signaling. In advanced SqCC the
addition of necitumumab to cisplatin and gemcitabine has shown a very moderate
benefit in particular for the patients expressing EGFR'*. This treatment
combination has not been adopted as a standard treatment in Europe™®.

Analysis of the relation between EGFR variables displayed an association between
FISH positivity and total EGFR positivity by IHC (p<0.001, Fisher’s exact test) in
cohort I and in cohort II similar tendency between the corresponding EGFR gene
copy number by qPCR and total EGFR IHC in cohort II (p=0.04, Fisher’s exact
test). No trend of association between total EGFR and mutations were detected in
any of the cohorts. Mutations and FISH positivity in cohort I were associated but in
the smaller cohort II with five EGFR-mutations and six tumors with increased gene
copy number by qPCR no association was detected.

OS analyses were performed in cohort I. The follow-up time of the survivors was
16 years in median (range 8-30). Female gender was the strongest prognostic factor
in this material, in line with several other studies®. Females had a significantly
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better survival than males (p=0.001, log-rank test; HR=0.66, 95% CI=0.51-0.85).
Log-rank tests and univariable analyses of the EGFR variables and histology (AC
vs. SqCC) displayed a significantly worse outcome for patients with positive total
EGFR compared to those with negative immunostaining of total EGFR (p=0.004,
log-rank test; HR=1.4, 95% CI 1.1-1.9). A trend of worse outcome for patients with
SqCC compared to AC, mutation-positive compared to mutation-negative and also
for FISH-positive compared to FISH-negative but none of these analyses reached
significance. The worse outcome in the group of total EGFR positive cases remained
when adjusting for gender. Furthermore, the worse outcome for males became more
obvious when excluding the 13 cases with EGFR mutation. It is difficult to interpret
the potential prognostic impact of EGFR mutations in this material with only 13
detected mutations, furthermore, except for the 13 PCR/Sanger verified mutations,
cohort I is only screened for mutations by the mutation-specific IHC staining.

Study 1I

Background

In 2015, mutational profiling of lung cancer by NGS was implemented in Region
Skéne, meeting the need for a multiplexed testing instead of methods covering only
few mutations like e.g. the mutation-specific antibodies (never established in
clinical settings) or real-time PCR (until recently the standard method for predictive
testing in lung cancer). Study Il summarizes the mutational findings from the first
1.5-year of clinical NGS test of lung tumors in Region Skane and describes the
clinical lung cancer patient cohort subjected to NGS. Moreover, associations
between frequently occurring mutations and clinical outcome in the group of
patients with advanced lung cancer treated with platinum-doublet chemotherapy
were analyzed.

Enrolled patients (n=599) were grouped according to the situation of the NGS test.
Since synchronous and metachronous tumors were sometimes selected for NGS test,
the total amount of tumors was 611. In the majority of the patients (n=519 patients,
with 530 tumors), mutational profiling by NGS was performed as part of the
diagnostic procedure, i.e. prior start of treatment. In this sub-cohort, referred to as
De novo-diagnosed cohort, histology and clinical baseline data were similar to the
entire cohort. A comparison with the total number of lung cancer diagnoses
(carcinoids and SCLC excluded) in Region Skane through the same time (to
estimate the coverage of NGS test among newly diagnosed lung cancer cases)
revealed a coverage of 68%. The reasons for exclusion from NGS test of the
remaining approximate third of newly diagnosed lung cancers can be derived from
four main reasons; i) surgically treated patients not routinely selected for molecular
profiling, ii) no mandatory routine testing of SqCC, iii) tumor specimens not
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sufficient for molecular pathology (as stated by a pathologist) and iv) tumors
selected for NGS test but tissue specimen turned out to be insufficient for NGS and
PCR-based molecular testing was performed instead. Nonetheless, this cohort gives
a comprehensive picture of the mutational spectrum and clinical course among lung
cancer patients in a single Swedish health care region. It can also be concluded that
NGS as the primary test for treatment-predictive mutation test of lung cancer
patients could be effectively implemented.

Mutation spectrum and clinical baseline information are presented for the entire
cohort (599 patients), while treatments and survival were investigated among the
519 patients with the NGS test as part of the primary diagnostic process (i.e. prior
to lung cancer treatment), called De novo-diagnosed cohort. Furthermore, within
the De novo-diagnosed cohort we looked deeper into the groups treated with TKI
or with standard platinum-doublet chemotherapy in first line, respectively. The
study scheme is outlined in Figure 12.

Baseline clinical data, Treatments, survival Mutational profiling, Mutational profiling and
mutational spectrum EGFR-TKI and ALK-TKI chemotherapy outcome
36 patients
De novo-diagnosed 101 patients

. cohort: 519 patients
All 599 patients

Figure 12. The scheme of study Il in the top boxes and patients included in each theme in the lower boxes.
The entire cohort comprises 599 patients for which clinical baseline data and mutational spectrum is described. In a
majority of the cases (n=519 patients), NGS test was performed as part of the diagnostic procedure of the primary
lung cancer, i.e. prior treatment. These patients comprise the De novo-diagnosed cohort for which treatment lines and
results from NGS was put in relation to TKI-treatments and chemotherapy.

Description of the cohort

In the entire cohort of 599 patients we were able to group 99% into smokers, former
smokers and never-smokers while pack-years could be estimated only in 78% of the
cohort. Never-smokers comprised 12% (71 patients) of the cohort and at the other
end of the spectrum were the 11% of the patients who had smoked 50 pack-years or
more. A vast majority of the never-smokers (93%) had tumors of AC histology and
63% were women. Occupation was not as well documented as smoking but was
reported in 85% of the cases. Specific information regarding exposure could be
found only in 15% of the patient files, asbestos comprising the most frequently
reported exposure (40 patients). By categorizing occupations into low-risk (e.g.
health care, education or office work) it could be estimated that 48% of the never-
smokers and 36% of the ever-smokers had low-risk occupation and no other
reported exposure, however, the information was deficient.
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Other variables in the baseline data for all 599 patients constituted other primary
malignancies (other lung tumors and non-melanoma skin cancers excluded) and
heredity of cancer. Information of other primary malignancies was obtained for all
patients through the Swedish Cancer Registry and patient files. Twenty-one percent
(n=126) had a history of another primary malignancy either before, in parallel with,
or after lung cancer diagnosis/treatment. Most commonly occurring primary tumors
were breast cancer and prostate cancer, in line with the incidence or tumors in
Sweden. The frequency of other primary tumors was similar in never-smokers and
ever-smokers, respectively. Neither did we detect any association between another
primary malignancy (of any kind) and mutations in the three most frequently
mutated genes; TP53, KRAS and EGFR.

Cancer in family was reported only in 185 (31%) of the patient files. Occurrence of
any cancer in a first-degree relative (n=109) was not associated with mutations in
any of the genes TP53, KRAS or EGFR. A family member diagnosed with lung
cancer, specifically, was revealed in 39 cases, of which 35 had at least one first-
degree relative with lung cancer. Hence, 5.8% of the patients reported a first-degree
family member with lung cancer, which thus might be considered as the minimum
proportion of lung cancer heredity in this cohort with information about heredity
missing in approximately two thirds of the patient files. As data on family history
come from patient-reported information (in patient files) and not the Cancer
Registry, data should be carefully interpreted. Nonetheless, questions about heredity
should probably be included in the management of newly diagnosed lung cancer
patients.

Mutation spectrum

Mutational analysis by NGS in the 611 tumors revealed at least one variant (i.e. one
of the 26 genes with at least one mutation) in 92%. TP53 was the most frequently
mutated gene in this 26-gene panel, followed by KRAS and EGFR, all three
displaying variations between AC and SqCC. An overview of the mutations, both
variants defined as drivers and other variants, in relation to histology, stage, gender
and smoking status are presented in Figure 13.
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Figure 13. Mutations in the 611 tumors. Frequency of mutations in each gene for the entire cohort, all AC
separately and SqCC separately are listed to the right.

The mutation spectrum largely reflects the European lung cancer population'*"'*,

Among the oncogene drivers, KRAS mutations were most common, with 36% of the
tumors harboring an oncogene driver mutation in KRAS followed by oncogene
driver mutations in EGFR in 9.8% of the tumors. As expected, KRAS mutations
were associated with smoking. Approximately a third (35%) had smoked 11-30
pack-years and another third (34%) over 30 pack-years. EGFR mutations were
associated with no smoking or light smoking; 53% were never-smokers and
additionally 10% had smoked no more than 10 pack-years.

Among the 60 EGFR mutations classified as driver mutations, half were exon 19
deletions and a third were L858R, four of the tumors with these common EGFR
mutations also had a T790M. The remaining ten tumors with EGFR mutations
displayed two exon 20 insertions, three L861X, one G719X, one exon 18 deletion
and three with compound mutations. The three tumors with compound mutations
comprised the following combinations; EGFR-mutations G719S and L861Q, EGFR
mutations G719C and S7681 and EGFR mutations L861Q and T725M.
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Driver alterations in the other genes with predefined driver mutations (BRAF,
PIK3CA, MAP2K 1, MET, ERBB2 and NRAS) were less common, with 7-14 tumors
displaying oncogene driver mutations in each gene, respectively. The oncogene
driver mutations were frequently mutually exclusive, but this was not obligate. Of
the 14 tumors with driver mutations in PIK3CA, another driver alteration was
present in nine of the tumors (of which one harbored three co-occurring driver
mutations). In total, 14 tumors had two co-occurring drivers and one tumor had
three, in most cases these driver alterations displayed different variant allele
frequencies (VAF), suggesting different tumor clones. The clinical relevance of co-
occurring driver mutations needs to be further studied. Notable, although only eight
tumors with MET exon 14 splice site mutations were detected, no other driver
mutations were present in these tumors. Similar to driver mutations in EGFR, and
also in ERBB2, these MET mutations were associated with a non-smoking history.
None of the patients NRAS or PIK3CA driver mutations, in which pack-years could
be estimated, were never-smokers whereas never-smokers in patients harboring
BRAF V600 or MAP2K1 driver variants comprised 7% and 22%, respectively.

Some of the driver alterations are targetable with drugs; BRAF V600, MET exon 14
skipping mutations and EGFR mutations. In addition, targetable ALK and ROSI-
rearrangements were analyzed in a subset of the patients. In the entire cohort one
targetable alterations was detected in 100 tumors (16% of the tumors). However,
due to incomplete testing of ALK fusions and ROS/ fusions (combined results from
NanoString technology and IHC/FISH performed in the clinic), ALK status was
present in 90.2% and ROS]I status only in 33%. In the group of never-smokers,
comprising 12% of the 599 patients, a targetable alteration was detected in 59%.
Among never-smokers ALK status was unknown in 5.6% and ROS] status in 73%.
These findings highlight the need of an extensive molecular testing in lung cancer,
especially since fusion genes were incompletely analyzed in this cohort and the NGS
gene-panel could only detect one type of MET exon 14 splice site mutations and
other potentially targetable fusion genes such as RET and NTRK fusions '*'** and
since the NGS gene-panel could only detect one type of MET exon 14 splice site
mutations.

De novo-diagnosed cohort

In De novo-diagnosed cohort, i.e. the 519 patients with NGS test as part of the
primary diagnostic procedure, we further evaluated the clinical implications of the
mutational profiling. Survival curves for the entire De novo-diagnosed cohort
displayed clear differences across stages, as expected (Figure 14).
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Figure 14. Survival plot, log-rank test and median survival time for De novo-diagnosed cohort. Five patients
were excluded because stage could not be concluded.
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TKI therapy and mutational findings in De novo-diagnosed cohort

Twenty-seven patients were treated with EGFR TKI in first-line and ALK inhibitor
in nine patients. All nine patients with ALK inhibitor were given crizotinib, EGFR

TKI varied but osimertinib did not have first-line indication at the time and was
exclusively given to patients with progression on first-line EGFR TKI. These 27
and nine patients, respectively, are presented with some characteristics in Figure 15.
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Figure 15. TKI as first-line treatment among patients in De novo-diagnosed cohort. A) Twenty-seven patients
with EGFR TKI. For one patient (white box in treatment situation), stage could not be concluded. Given two NGS tests
with very different results, one at time of diagnosis showing an EGFR mutation and no KRAS mutation and one after
anti-EGFR therapy displaying a KRAS mutation and no EGFR mutation. Besides, ALK tests performed at the same time
as NGS was negative and subsequently positive. Retrospectively, it cannot be concluded that this was two synchronous
tumors from the start and not a intrathoracic metastatic disease. B) Nine patients with ALK inhibitor.
Abbreviations: L=treatment line,
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With so few patients it is difficult to distinguish any potential impact on mutational
findings. An expected tendency of better response to TKI for patients with exon 19
del can be seen also in this small sub-cohort. One of the patients treated with EGFR
TKI had a tumor of SqCC with an G719V mutation, where results from NGS also
revealed a TP53 mutation. The patient was a current smoker at time of diagnosis
and with a smoking history of 50 pack-years. Curative CRT resulted in partial
remission but four months later treatment with EGFR TKI was initiated due to
progression in the lungs. Treatment was ended two months later when progression,
again in the lungs, was discovered. A new biopsy from the lungs concluded the
diagnosis of SqCC, which had not been entirely clear in initial biopsies from start,
and, in addition, the same treatment-predictive FGFR mutation was confirmed in
NGS of the new biopsy. Due to the rarely seen EGFR mutation positive SqQCC this
case was reviewed with extra accuracy by our thoracic pathologists who agreed on
the SqCC diagnosis. Although the tumor morphology was poorly differentiated,
features of SqCC was recognized and the [HC staining (p40+ and TTF1- in both
biopsies) supported SqQCC. Although this patient did not respond on EGFR TKI, this
case is a reminder of the rare but existing £GFR mutation-positive results in tumors
of SqCC. Another case among the 27 patients on EGFR TKI illustrated in Figure 15
worth noticing was the patient with an exon 18 deletion (E709_T710delinsD). This
patient was diagnosed in stage [V with tumor dissemination in the lungs and was on
erlotinib for about eight months before progression. Less frequent EGFR mutations
than exon 19 deletions and L858R have indeed been associated with shorter duration
of response and might also respond differently depending on the type of EGFR TKI.
For example, tumors with exon 18 mutations have been suggested to respond best
to second generation EGFR TKI"**!%,

Platinum-based chemotherapy in stage IIIB/IV in De novo-diagnosed cohort

A group of 101 patients in stage [IIB/IV from De novo-diagnosed cohort was treated
with platinum-doublet chemotherapy (inclusion and exclusion criteria for this group
is described in section Patient material). Response to platinum-doublet
chemotherapy was evaluated as partial remission in 43 patients, stable disease in 30
patients and progressive disease in 28 patients. We did not detect any correlation
between mutational status in KRAS, TP53 or a combination of KRAS and TP53 or a
TP53 and KRAS combined. Neither OS nor PFS were significantly different
between the patients grouped into KRAS or TP53 mutation, respectively, versus
wildtype or when divided into four groups according to mutation status; KRAS and
TP53 wildtype, KRAS mutation/TP53 wildtype, TP53 mutation/KRAS wildtype or
KRAS and TP53 mutation. A weak trend of worse outcome for patients with 7P53
mutations could be observed. In the literature, there has not been a clear consensus
of the possible prognostic impact of KRAS mutations.
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These variations between studies might depend on co-occurring mutations and on
the cohort studied"**'**. A meta-analysis revealed a non-significant worse PFS for
patients on chemotherapy if KRAS-mutated tumor in comparison to patients with
KRAS and EGFR wildtype tumors'*°.

Summary

In summary, we examined the mutational spectrum in a well-characterized and
population-based cohort and detected a large proportion of targetable alterations
(59%) among the 12% never-smokers. Of the detected EGFR mutations, some were
unusual variants and we found one case of EGFR-mutated SqQCC. These findings
highlight the importance of an extensive mutational and fusion gene panel and to
not exclude non-adenocarcinomas from testing. Apart from the clear and intended
predictive information from the mutational testing, we could not detect any
additional impact on patient outcome. Specifically, we evaluated patients with
advanced or disseminated lung cancer who were treated with chemotherapy.
Chemotherapy is still the cornerstone in treatment within the palliative setting,
either as a single modality or in combination with immunotherapy, but, today, no
predictive markers for chemotherapy response exist and this is thus a topic that
needs further investigation.

Normal tissue or blood samples were not available but could have been sequenced
and used for comparison of detected variants in the tumor, which would have
assured classification of possible SNPs or germline mutations other than those SNPs
we identified through Illumina Variant Studio. Moreover, with multiple intra-
individual tumor samples and samples from different metastatic sites, we would
have analyzed heterogeneity in mutation patterns, revealing possible subclones
within the tumors. NGS test in plasma could have enabled detection of tumor
heterogeneity.

Study III and I'V: Blood-based markers in early stage
lung cancer

The minimally invasive nature of a blood sample and the opportunity of serial
sampling makes blood-based markers interesting for clinical purposes, such as early
diagnostics, prognostication, treatment prediction, and disease monitoring. Study I11
and IV include surgically treated early-stage (I-1IIA) lung cancer patients with pre-
operative serum and plasma analyzed for tumor markers and ctDNA respectively.
Most patients with NSCLC are diagnosed in an advanced stage beyond surgery
opportunity’'. However, this might change due to screening which is glimpsed at
the horizon. Unfortunately, many patients, also with early stage NSCLC, develop
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later lung cancer recurrence and additional prognostic variables are therefore needed
in order to refine lung cancer follow-up and treatment. In these studies, we
investigated blood-based markers and their relation to lung cancer relapse.

In study III, five tumor markers, CEA, NSE, CA 125, HE4 and CA 19-9, were
measured in serum and correlated to outcome. The 107 patients comprised 68%
women and 32% men with median age 68 years. Fifteen percentage were never-
smokers and the remaining 85% were current or former smokers at time of
diagnosis. The tumors comprised 52% stage I, 29% stage Il and 19% stage III.
However, one patient with stage | was diagnosed with liver metastases a few weeks
after surgery, probably present prior to surgery but despite efforts with radiology
not correctly diagnosed. This patient has later been discussed again and questions
regarding lung origin of the liver lesions have been raised. In this study, the patient
was included in accordance with how the case was managed in the clinic, i.e. an
early stage lung cancer patient. Forty patients (37%) were diagnosed with lung
cancer recurrence through the study period. Analyses of the tumor markers were
successfully performed for all except NSE which is particularly sensitive to
hemolysis'*® and for which analysis failed in 35 cases. Subsequent analyses
comparing relations between tumor markers and clinicopathological variables were
performed, with and without NSE. In total, 64% of the patients had at least one
elevated tumor marker in pre-operative serum. Frequency of positive markers are
displayed in Table 8.

Table 8. Distribution of patients by number of elevated tumor markers.

No of elevated tumor Frequency No of elevated tumor Frequency
markers markers when NSE
was excluded

0 36% 0 39%

1 39% 1 40%

2 19% 2 15%

3 4% 3 5%

4 1% 4 1%

5 1%

Discrete categorization of the tumor markers revealed a tendency of more markers
in higher stages and analysis of tumor markers’ continuous levels in relation to stage
revealed a higher level of CA 125 in higher stages (Jonkheere-Terpstra test,
p=0.008). Furthermore, the tumor markers were evaluated in relation to EGFR and
KRAS status. Thirteen patients had an EGFR mutation and 33 patients had a KRAS
mutation of which one patient had both an EGFR and a KRAS mutation. Mutation
status was unknown in six patients. EGFR and KRAS status showed no relation to
the tumor markers as dichotomized variables but analysis of continuous levels of
tumor markers revealed a higher level of CA 125 in patients without EGFR
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mutation. When excluding three uncommon EGFR mutations which we thought
had unsure clinical relevance (two P848L and one M766I) the result for CA 125
remained and a difference between EGFR positive and negative patients appeared
for HE4 with lower values of HE4 associated with EGFR positive tumors. Due to
the small number of patients, EGFR mutations and the varying results, although
stable for CA 125, when excluding three cases the value of these results are
questionable.

DFS differed between patients with more tumor markers and we found a significant
difference between patients with > 2 positive tumor markers compared to < 2
(Figure 15).
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Figure 15. DFS in relation to number of positive tumor markers in pre-operative serum (NSE excluded).
Patients grouped into A) 0-4 positive markers (log-rank trend test p=0.001) and B) < 2 markers and = 2 markers,
respectively (log-rank test p<0.001).

We further analyzed this relation between tumor markers and recurrence by Cox
regression. In univariable analysis CA 125 (ten patients) and CA 19-9 (ten patients)
were significantly associated with worse outcome. Furthermore, higher stage was
associated with worse outcome, as expected, and adjuvant treatment probably since
it is given to patients with higher stage and has a moderate effect on outcome which
may not be detected in this small cohort. In multivariable Cox regression including
CA 125, CA 19-9, stage and adjuvant treatment the two tumor markers remained
associated with worse outcome but with a weak evidence (p=0.04 for each marker
respectively). Patients with a positive CA 19-9 and/or CA 125 (18 patients in total,
two with both positive CA 19-9 and CA 125) had a worse prognosis compared to
patients without CA 19-9 and CA 125 adjusted to stage and adjuvant treatment
(HR=2.8, 95% CI 1.3-5.7, p=0.006) adjusted to stage and adjuvant treatment. Due
to few patients few positive tumor markers the results should be interpreted with
caution.
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In summary, the results point toward an association between stage and tumor
markers, but we also demonstrated a possible addition of prognostic information
beside stage in this small cohort. Some concerns of the potential utility of these
markers are the few positive findings and the fact that they are not lung cancer-
specific. Identifying lung cancer specific references and using serial monitoring of
several markers, e.g. including markers positive in pre-operative serum in regular
blood samples obtained at follow-up visits post-surgery to detect changes in marker
levels, could be an option to use these markers. The potential value of these markers
for early diagnostics was low, with only 64% cases positive for at least one tumor
marker. Furthermore, we did not investigate these markers in a cohort without lung
cancer for comparison of specificity and it is known that several factors might
influence these markers such as different primary malignancies and benign
conditions'’. This should be taken into account and strengthen the hypothesis that
a panel of markers should be necessary.

In study IV, we continued the investigation of blood-based markers and their
possible prognostic role in early stage lung cancer by a combined analysis of the
two most interesting serum markers from study I1I, CA 125 and CA 19-9, and cell-
free circulating tumor-DNA (ctDNA). Fifty-eight patients were included in the
study of which 25 patients were diagnosed with recurrence during our follow-up,
76% of these recurrences occurred within three years after surgery. Median follow-
up time for patients alive and without lung cancer recurrence (n=33) was 3.3 years.
Two tumors had mutations in two of the genes EGFR/KRAS/BRAF. Since the
limited plasma volumes did not allow for multiple testing, the choice of mutation
was based on availability of assays developed previously in other projects. In total,
plasma was analyzed for KRAS mutations in 40 (69%) samples, EGFR mutations in
14 (24%) samples and BRAF mutations in 4 (7%).

Elevated tumor markers were detected in pre-operative serum from ten patients, four
with CA 125, four with CA 19-9 and two with both markers present in serum. Eight
of the patients with positive tumor markers were diagnosed with lung cancer
recurrence. With low volumes of pre-operative plasma (median 1500uL), we
detected seven patients with ctDNA, four of them in stage III and all of them with a
KRAS mutation. Six of seven patients with pre-operative ctDNA detected in plasma
had a lung cancer relapse. Two patients had both positive markers and ctDNA. Thus,
15 patients in total had either positive ctDNA and/or at least one positive tumor
marker. Both tumor markers alone, ctDNA alone and the combination of ctDNA
and markers as a dichotomized variable (ctDNA and/or at least one marker or
neither ctDNA or tumor markers vs. neither ctDNA nor tumor markers) were
associated with worse outcome when RFI was estimated with Kaplan-Meier curves
and corresponding log-rank test (Figure 15).
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Figure 15. RFI and OS in relation to ctDNA and tumor marker status in pre-operative blood samples. A) RFl in
patients with versus without tumor markers. B) RFI in patients with detected ctDNA versus without no detected ctDNA.
C) RFl and D) OS in patients with ctDNA and/or tumor markers versus no detected ctDNA and no tumor markers.
Log-rank test p-values are shown.

As in study III, positive findings of these blood-based markers tend to be more
frequent in higher stages. We performed a Cox regression analysis considering
ctDNA, adjuvant treatment, and stage. For ctDNA associated with recurrence and
adjusted for stage and adjuvant treatment, we demonstrated HR 3.0 (95% CI 1.04-
8.9), p=0.04, and for the combination (ctDNA and/or tumor markers), adjusted for
stage and adjuvant treatment, HR 5.9 (CI 2.3-14.9, p<0.001). However, given the
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small sample size and few events this analysis should be interpreted with great
caution. Therefore, Figure 16, displaying RFI times, results of blood-based marker
analyses and clinicopathological variables, is a more fair and perspicuous way of
presenting these data. The extent of potentially stage-driven associations can be read
from this overview of individual cases. Despite this, it is also seen that detection of
blood-based markers is possible in tumors in stage 1. This is an important finding in
relation to screening which will probably be implemented in a near future and the
detection of small lung cancers as well as benign lung nodules will increase. Blood-
based markers could potentially be one of several tools to increase the accuracy in
distinguishing nodules from lung tumors. The complexity of multiple variables
contributing to lung cancer recurrence should be further studied and blood-based
markers deserve to be investigated in larger cohorts and in particular using larger
volumes of plasma for ctDNA detection.
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Figure 16. Clinicopathological factors and blood-based markers. Recurrence-free intervals (y-axis) are displayed
in relation to results from ctDNA and tumor marker analyses (bar colors) in patients with subsequent lung cancer
relapse (x-axis, to the right) or without lung cancer relapse (x-axis, left). Stage, plasma volume, adjuvant treatment
and adenocarcinoma grade are described below each patient/bar.
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Due to overlap with another study, one tumor was in in parallel re-classified as
having a 10% large cell neuroendocrine tumor component and therefore classified
as a combined LCNEC. Interestingly, this tumor had the highest amount of mutant
ctDNA concentration (Figure 17).
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Figure 17. The case with the highest amount of ctDNA of the seven cases with positive ctDNA.
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Conclusions

This thesis work comprises four studies with the overall aim to detect prognostic
indicators based on analyses of blood samples and tumor specimens.

Study I and 11

Detection of EGFR mutations on the protein level by IHC staining is not
feasible.

A majority of lung tumors profiled by NGS, using a 26-gene pan-cancer
panel, displays at least one mutation. Driver alterations are more frequent
in AC compared to SqCC.

Targetable alterations are common in never-smokers and extensive
molecular profiling is recommended.

No correlation between mutational status of the most frequently altered
genes (KRAS or TP53) and PFS or OS can be demonstrated in advanced
patients.

Study III and IV

Blood-based (ctDNA or protein) markers can be measured pre-operatively
in a subset of early stage lung cancer patients.

There is a tendency of higher frequency of lung cancer recurrence in
patients with pre-operative tumor markers and/or ctDNA, although this
observation might derive from an association with higher stage and
deserves to be further evaluated.
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Future perspectives

The studies in this thesis cover only a small piece of the important lung cancer
research field. Blood-based markers and mutational profiling in this work focused
on prognostics. However, a lot of lung cancer research is ongoing, which is desirable
in order to increase the knowledge and survival of this devastating disease. In this
section, | present some views of future work and thoughts related to the projects
within my thesis.

The need of accurate and broad mutational profiling and fusion gene detection in
lung cancer might increase as knowledge of oncogene drivers, and the ways to target
them, grow. This will require broader panels for mutations and fusion genes. The
prognostic role of certain driver alterations, and not least the impact of co-occurring
alterations, remain to be evaluated in order to individualize treatments further. In
contrast to the growing field of targeted therapy, with corresponding predictive
genetic alterations, chemotherapy lacks successful molecular markers of response.
Although the role of chemotherapy as a first-line treatment is diminishing, it is still
used both as a single treatment modality and in combination with for example
immunotherapy and not the least, plays an important role in later treatment lines.
The 101 patients, from within De novo-diagnosed cohort in study II, constitute a
well-defined sub-cohort treated with platinum-doublet chemotherapy and with
evaluation of chemotherapy response. We did not detect any association of PFS or
OS with KRAS or TP53 mutations (wildtype vs mutation) but this cohort will be
used in future project in the Lung cancer research group, investigating e.g. possible
associations between chemotherapy response and either gene expression signatures
or DNA patterns caused by DNA repair deficiency.

The poor prognosis of lung cancer, much related to a large proportion of the patients
being diagnosed in an inoperable stage, might change in favor of a larger proportion
of lung cancers being detected at an early stage when lung cancer screening is
implemented, which is probable considering the latest results from a screening trial.
However, even early-stage patients unfortunately often experience lung cancer
recurrence and more research is needed to improve this prognosis. Blood-based
markers may here offer a minimally invasive way to monitor lung cancer worth
studying in more detail. Indeed, despite the low number of tumors with detected
ctDNA in study IV, and the suspected relation to stage for both tumor markers in
serum and ctDNA, my results do not rule out a potential future clinical use for these
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analyses. I therefore think that larger studies can yield more knowledge about the
relation both to stage and to other variables, such as mutation status,
adenocarcinoma grade, proliferation index in tumors and vascularization of the
tumor, some of them included also in our studies. This could in turn result in a
prognostic model with weighted variables adding prognostic information to stage.
Furthermore, using a multiplexed assay for ctDNA detection could potentially make
ctDNA more beneficial to use in early-stage lung cancer. Moreover, serial
monitoring of ctDNA during follow-up after surgery could potentially be of value
for early detection of lung cancer relapses and, in the end, inhibition of more
advanced tumor dissemination by early treatment. Such an approach for longitudinal
blood sampling is currently used both by us and by many other research groups.

To summarize, the subject of my thesis work is within one of the most rapidly
evolving fields of oncology and I believe lung cancer management will continue to
improve in a rapid pace.
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