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Thesis at a glance

Research
questions

Methods

Results

Conclusion

Study |

Is pSTAT3Y"% associated
with patient and tumor
characteristics? Are there
associations between
pSTAT3Y7% and clinical
outcome in breast cancer?

BC-Blood cohort;
Immunohistochemical
evaluation of pSTAT3Y"%
on TMA in 867 patients.
Outcome was evaluated in
relation to BCFI, DMFI,
and OS.

High pSTAT3Y"® levels
were associated with
younger age, smaller body
constitution, smaller
tumors, lower histological
grade, and HER2".
pSTAT3Y7% was not an
independent prognostic
factor for improved
outcome. A subgroup
analysis of ER*
chemonaive patients
indicated interaction
between pSTAT3Y'%
negativity and tamoxifen
treatment for BCFI and
DMFI, where patients
treated with tamoxifen had
better prognosis than
those receiving aromatase
inhibitors or no endocrine
treatment.

High levels of pSTAT3Y7%
were associated with
favorable prognostic
characteristics, but
pSTAT3Y7% was not an
independent prognostic
marker.

Study I

Is antioxidant use
associated with patient
and tumor characteristics
and clinical outcome? Can
vitamin C activate AHR in
breast cancer cells?

BC-Blood cohort;
Self-reported antioxidant
use was evaluated in
relation to BCFI.
Western blot analysis of
activation of AHR and
CYP1B1 in MCF-7 and
MDA-MB-231 cells
following vitamin C
exposure.

Antioxidant use was more
common among women
using MHT. Among
patients with AHR
information, activation
was twice as common
among antioxidant users.
Multivitamin use was not
associated with clinical
outcome. Clinical outcome
for antioxidant use
differed according to
timing of use and AHR
activation. Cell lines
exposed to vitamin C
showed AHR activation by
increased CYP1B1 levels.

Antioxidants can have
other roles besides
scavenging free radicals
in breast cancer and may
influence outcome.

Study IlI

Is low skeletal muscle
index (SMl,) associated
with patient and tumor
characteristics, treatment
adherence, and clinical
outcome in HNSCC?

ARTSCAN Il cohort;
skeletal muscle mass
delineation on treatment-
planning CT scans at the
level of C3. SMl,,, was
evaluated as continuous
and dichotomized
variable.

SMl,,, was associated
with older age, lower BMI,
tumors in hypopharynx
and less often in
oropharynx, and current
smoking. Patients with
SMl,,, had worse OS and
PFS in univariable
models. In multivariable
models, associations with
prognosis remained only
for men. There was an
interaction between SMl oy
and randomized treatment
for PFS, suggesting that
SMileyw primarily influenced
outcome for patients
treated with cetuximab.

SMl,w influenced
treatment outcome in
patients with HNSCC
treated in a randomized
trial.

Abbreviations: pSTAT3Y"%: phosphorylated signal transducer and activator of transcript 3 at residue
tyrosine 705, TMA: tissue microarray, BCFI: breast cancer-free interval, DMFI: distant metastasis-free
interval, OS: overall survival, HER2™: human epidermal growth factor receptor 2 negativity, ER*:
estrogen receptor positive, BCFI: breast cancer-free interval, AHR: aryl hydrocarbon receptor,
CYP1B1: cytochrome P-450 1B1 enzyme, MHT: menopausal hormone therapy, SMl,,: low skeletal
muscle mass index, BC-Blood: Breast cancer and blood, C3: cervical vertebra 3, PFS: progression-free

survival
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Populérvetenskaplig sammanfattning

Cancersjukdomar har blivit vanligare, bade i Sverige och i 6vriga delar av vérlden.
En av anledningarna till 6kningen 4r att vi lever allt lingre och ddrmed utsétts for
risk under en léngre tid. En annan orsak &r sé kallade livsstilsfaktorer, exempelvis
rokning, alkoholkonsumtion och kost, som kan bade 6ka och minska risken for en
cancersjukdom. For vissa cancersjukdomar paverkar livsstilsfaktorer egenskaper
hos tumdren, vilka i sin tur kan paverka mojligheten att bli botad. Livsstilsfaktorer
kan dven péaverka behandlingens resultat och patientens mojlighet att genomga en
cancerbehandling. Trots stora framgéngar inom cancervarden finns ett stort behov
av att battre kunna anpassa cancerbehandlingen utifran tumdrens och patientens
egenskaper, bade for att undvika underbehandling, men dven &verbehandling.
Studierna som ingar i den hir avhandlingen undersdker samband mellan patienten,
livsstilsfaktorer, egenskaper hos tumdéren och behandlingsresultat.

De tva forsta studierna i avhandlingen handlar om brostcancer, som diagnostiseras
hos nédra 9000 kvinnor i Sverige per &r. Amning minskar risken att drabbas av
brostcancer, men omorganiseringen av vavnaden i brdstet efter amning har setts som
en kritisk tidpunkt for utveckling av brostcancer. En viktig aktor i den hér processen
ar proteinet STAT3 som bland annat styr celldod, sérlakning och inflammationer i
kroppen. Det dr ddremot oklart vilken roll STAT3 har i brostcancer och cellstudier
har exempelvis visat att tumorer kan bli mindre kénsliga for behandling om STAT3
ar aktiverat/aktiveras. Behandlingar som ges vid cancer kan ocksé 6ka nivan av
inflammation i kroppen och pa sa sitt pdverka brostcancern som utnyttjar
inflammationen for att 6verleva. I den forsta studien kunde vi se att hdga nivaer av
aktivt STAT3 i brostcancern var vanligare i brostcancrar som var mindre och som
inte lika ofta spred sig till andra delar av kroppen. Hoga nivaer av aktivt STAT3 var
vanligare hos kvinnor som var yngre, som rapporterade ndgon form av intag av
alkohol och som inte var dverviktiga. Det fanns ett samband mellan hdga nivéer av
aktivt STAT3 och farre aterfall av brostcancern de forsta fem aren, men det
sambandet fanns inte kvar nédr hdnsyn togs till andra kénda faktorer som ocksé
paverkar risken for att sjukdomen ska komma tillbaka. I en analys dir enbart
patienter som inte behandlades med cytostatika ingick skiljde sig
behandlingsresultatet at for de patienter som saknade aktivt STAT3 i sin bréstcancer
och som paverkades av vilket hormonsénkande likemedel som patienten fétt. Det
har sambandet har inte rapporterats tidigare och behover bekriftas i andra studier.

Anvindning av kosttillskott och antioxidanter dr vanligt hos allmédnheten och bland
patienter med brdstcancer. Antioxidanter d4r dmnen som kan paverka cancerns
egenskaper men dven cancerbehandlingen. Proteinet AHR 4r en receptor som
aktiveras av exempelvis rokning, men som ocksé styr reglering av antioxidanter och
Ostrogen. I studie II undersokte vi sjélvrapporterad anvéndning av multivitaminer
och kosttillskott som innehdll ndgon av antioxidanterna vitamin A, C, E, Q10, och
betakaroten. Overlag var det firre som anvinde antioxidanter (ca 10 %) jimfort med
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andra studier vilket gjorde att grupperna som jamfordes blev sma och dédrmed ger
osdkrare resultat. Anvindning av antioxidanter var vanligare bland kvinnor som
tidigare anvidnt hormonbehandling for klimakteriebesviar. Dessutom sags ett
samband mellan att brostcancern var mindre och anvéndning av antioxidanter. Det
var ocksd dubbelt s& vanligt att patienter som rapporterade att de anvénde
antioxidanter hade hogre nivaer av AHR 1 sin brdstcancer. I laboratorieforsék med
tva olika cellinjer fran brostcancer kunde vi visa att vitamin C aktiverar ett &mne
som bryter ner hormonet dstrogen. Det fanns olika samband mellan anvindning av
antioxidanter och cancerbehandlingens resultat. De hdr sambanden paverkades bade
av vilken typ av kosttillskott med antioxidanter som patienterna anvéint, men dven
nir de anvénts och ifall AHR var aktiv eller inte. Kommande studier behdver
undersoka olika antioxidanters samspel med AHR och hur aktiveringen paverkas av
till exempel rokning.

Den tredje studien fokuserade pa huvud- och halscancer, en cancerdiagnos som
drabbar cirka 1700 personer varje ar i Sverige. For manga patienter med huvud- och
halscancer ar stralbehandling tillsammans med cytostatika den bésta behandlingen
for att patienten ska bli botad. Behandlingen dr mycket péfrestande, darfor behovs
information som kan hjélpa till att avgora vilka patienter som tél och har bést nytta
av behandlingen. Olika vdvnader i kroppen aldras olika snabbt och redan i tidig
vuxen alder borjar muskler fa sdmre funktion och storlek. Andra orsaker som
exempelvis cancersjukdom eller andra sjukdomar, lagt intag av néring ifrén kosten
och l4g grad av fysisk aktivitet pdverkar ocksa musklerna. Tidigare studier har visat
att patienter med cancer som samtidigt har en lag niva av muskelmassa far simre
resultat av sin behandling och darfor storre risk att fa tillbaka sin sjukdom eller do
av sjukdomen. Fa studier har undersdkt om det hir sambandet dven giller patienter
som far behandling i forskningsstudier dér patienter som ska fa botande behandling
deltar. Dessa patienter har ofta firre andra sjukdomar och &r oftare yngre &n
patienter som inte deltar i forskningsstudier. I studie III anvédndes information fran
ARTSCAN [lI-studien, dir patienterna behandlades med stralbehandling i
kombination med tvd olika ldkemedel - antingen cisplatin eller cetuximab.
Patienternas muskelmassa bedomdes pé forberedande rontgenbilder, som tagits
infOr patienternas stralbehandling. Resultaten i studien visade att patienter med lagre
nivd av muskelmassa var dldre, hade lagre BMI (body mass index), var oftare
rokare, och deras cancer satt oftare i den nedre delen av svalget och mindre ofta i
mellansvalget. Patienter med 1ag nivé av muskelmassa overlevde en kortare tid och
fick oftare tillbaka sin cancersjukdom. Men, nir hinsyn togs till andra kdnda
faktorer som ocksa paverkar samband med resultatet efter en cancerbehandling
fanns sambandet med muskelmassa bara kvar hos ménnen. Resultaten antydde dven
att det framfor allt var patienter som blivit behandlade med cetuximab och som
samtidigt hade en ldg muskelmassa som hade sdmst effekt av behandlingen. Det hér
sambandet har inte visats tidigare och behdver undersokas i fler studier.
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Introduction

The goals of the 2030 Agenda for Sustainable Development formulated by the
World Health Organization are aimed at ensuring healthy lives and promoting
wellbeing for people of all ages (1). In Europe, the incidence and mortality burden
of cancer is disproportionately high in relation to the population size (2,3).
Established treatments have remarkably decreased cancer recurrences and mortality
rates for many patient groups, but others still have poor prognoses (2).

Tumor formation is an evolutionary process with a natural selection of oncogenic
variants that can ultimately lead to cancer. The process involves a complex interplay
between tumor cells, surrounding cells and tissues, and the immune system (4).
Many lifestyle factors influence cancer risk (5) and tumor characteristics (6-8).
Lifestyle factors can also influence treatment tolerability (9,10) and treatment
outcome (11). Therefore, it is important to incorporate lifestyle factors in
oncological research.

This thesis is based on two distinct cancer diagnoses: breast cancer in women and
head and neck squamous cell carcinoma (HNSCC) in both men and women. Study
I evaluated tumor-specific levels of activation of signal transducer and activator of
transcript 3 (STAT3) in breast cancer in relation to lifestyle, other tumor
characteristics, and prognosis in different treatment groups. Activation of STAT3 is
a key regulator in the apoptosis of breast tissue following cessation of breastfeeding
(12) and inflammation (13). In different cancers, activation of STAT3 has primarily
been associated with treatment resistance (13,14) and poor prognosis (15).

The aim of study II was to contribute more knowledge to the patient-derived
question of whether antioxidant supplements can be used during treatment. The
study explores the associations and possible influence of antioxidants on the aryl
hydrocarbon receptor (AHR). AHR is a transcription factor that is highly sensitive
to chemicals and environmental changes and is important for estrogen metabolism.

Study III evaluates whether pre-treatment imaging that is otherwise used for
treatment planning for radiation therapy (RT) could be informative in regard to
treatment adherence and outcome. This was accomplished by the use of skeletal
muscle mass as an indicator for sarcopenia (16). Sarcopenia increases with
increasing age and can also arise due to poor nutrition or a sedentary lifestyle, and
studies have indicated that it has a negative influence on prognosis in different types
of cancers (17).
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Background

The breast and breast cancer

Physiology of the breast

The breast is a highly dynamic organ, which makes it sensitive to carcinogenic
exposure throughout life (18). The initial ductal tree of the breast is established
during the fetal period (19), while further development is controlled by ovarian
hormones (20). Thelarche, the initial appearance of breast development (20), is
influenced by ethnicity and environmental factors and currently starts around the
age of 10 years (21).

During the peripubertal period, there is an extensive increase in both glandular and
stromal tissue in the breast. The increase of glandular tissue is due to growth and
division of small bundles of primary and secondary ducts, which eventually end in
a terminal ductal lobular unit (TDLU) (20,22). Estrogen and progesterone are
essential for normal duct development, and the presence of these hormones is related
to the proliferation rate in breast tissue (20,23). In addition, growth hormones,
insulin growth factor-1 (IGF-1), adipocytes, fibroblasts, and resident macrophages
are involved in the morphogenesis of the mammary glands (19,22).
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Figure 1. Schematic image of the breast. The breast consists of 15-20 lobes and connective ducts
surrounded by adipose and fibrous connective tissue.
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The mammary ducts are composed of an inner layer with luminal cells and an outer
layer of basal cells that are able to differentiate into myoepithelial cells, which
enable contraction and thus the transportation of milk during breastfeeding (19). In
the normal mammary epithelium, the proliferating cells are predominantly found in
the epithelium lining ducts and lobules (20). The TDLU is highly vascularized to
ensure supply of nutrients, hormones, and the presence of immune cells (19). It is
believed that the majority of breast tumors arise from the TDLU (20).
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Figure 2. A Part of the glandular tissue of the breast showing lobules, the duct, and the terminal ductal
lobular unit (TDLU) that comprise a lobule and an end duct. The TDLU is the most common location for
breast cancers to arise. B. Cells in breast lobules and ducts. An inner layer of luminal cells and outer
layer of basal cells are surrounded by the basement membrane.

Four different types of TDLU have been defined in the breast according to the
branching structure (20), and an increase in the amount of acini per lobule
distinguishes lobule types 1, 2, and 3 (24-26). Differentiation from lobule type 1 to
2 and 3 occurs under hormonal influences during the menstrual cycle in preparation
for a potential pregnancy (19,20,22), although some studies report low
intraindividual variations (24). The interindividual variation of lobular type
composition is high, particularly in nulliparous women (22,24). Type 1 lobules have
typically been described more commonly in young females (20) compared to mature
women, in which type 2 is more common (20,22). Type 1 lobules are less
differentiated, they have the highest proliferation rate, and they are also believed to
be more susceptible to carcinogenic agents (20).

Type 3 lobules are the dominant type in parous women and peak in the early
reproductive years (20). Interestingly, this type has also been reported to be present
in nulliparous women, although to a lesser extent (24,26). In a recent study using
volumetric imaging, parity in association with higher age was not linked to lobular
type (22). Type 4 lobules are the predominant type at the end of pregnancy and
during lactation (20,24,26). This type has a secretory phenotype (24,26) and is
regarded as fully differentiated (24). Although long-lasting lobular type 3 in the
TDLU has been reported in women who have given birth at a young age (20),
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similarities with the lobular type composition of parous women and nulliparous
women have been reported as early as three months (24) to 18 months post-partum
(24).

Lobule type 1 Lobule type 2 Lobule type 3 Lobule type 4

Differentiation

Figure 3. Different types of terminal duct lobular units in the female breast that change with age,
menstrual cycle, pregnancy, and lactation. Type 1 is the least differentiated, and type 4 is considered
fully differentiated.

Involution

Upon termination of breastfeeding, the glandular and stromal tissue in the breast is
reorganized in a controlled process called involution (27), which is initiated by
decreased levels of prolactin (19) and milk stasis in the ducts (28). The transcription
factor STAT3 is a key regulator of involution, which consists of an initial phase of
programmed cell death of the secretory epithelium (12,24,27) and a second phase
with active wound healing, which is regulated by STAT3 (28). The second phase
involves immune-cell infiltration (24,26,29) of antigen-presenting dendritic cells,
followed by macrophage and lymphocyte infiltration (29), tissue remodeling of
matrix metalloproteinases, and adipogenesis (19). The involution process is
believed to influence breast-tumor development and histological changes, and
sometimes, prolonged activity of phosphorylated STAT3 at residue tyrosine 705
(pSTAT3Y"%) has been reported in vivo (27).

A second type of involution is age-related involution, which is characterized by
regression of type 2 and 3 lobules to type 1 with different characteristics than in
nulliparous women (25,30), along with replacement of the intralobular stroma with
more dense collagen (30). Over time, the fibroglandular tissue is replaced with
adipose tissue (19,31). Hence, the breast of postmenopausal women generally has a
higher degree of adipose tissue compared to premenopausal women (32).

The progression of age-related involution has been associated with lower levels of
pSTAT3Y"® and higher levels of plasminogen, whereas no association with matrix
metalloproteinase 9 (important for collagen degradation) has been observed (33) in
comparison to post-lactation involution. Age-related involution is more common in
postmenopausal women (25,30,31) but can be partially present in women younger
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than 40 years and still ongoing in women older than 70 years (30). Incomplete age-
related involution has been reported to be more common in women with a family
history of breast cancer and nulliparity (30,31), while associations with exogenous
hormone use are inconsistent (23,25,30,31,33). Breast tissues with high levels of
pro-inflammatory markers (besides pSTAT3Y"%%) (25) and environmental pollutants
(34) have been suggested to delay age-related involution. In women with benign
breast disease, age-related involution has been associated with a reduced risk for
breast cancer (30).

Breast cancer epidemiology

With 2.3 million new cases reported globally in 2022, breast cancer is ranked as the
world’s second most commonly diagnosed cancer (2). The age-standardized
incidence is far higher in countries with a high or very high human developmental
index compared to countries with low or medium levels (incidence rate: 54.1 vs.
30.8 per 100,000 women). The highest incidence rates are observed in France,
Australia, New Zealand, North America, and Northern Europe, while Middle Africa
and South Central Asia have the lowest reported rates (2). In Sweden, breast cancer
is the most commonly diagnosed cancer among females, with more than 8700 new
patients diagnosed in 2021 (3).

The median age at breast cancer diagnosis has been rising (35) and is 66 years in
Sweden. One in five female patients with breast cancer is diagnosed before 50 years
of age (3). An increase in breast cancer among women younger than 50 years has
been observed in various countries, such as Canada (36) and the USA (37). The
global mortality burden of breast cancer is 6.9%, and breast cancer is the fourth most
common cause of death from cancer. However, the mortality burden varies between
global regions (2) and probably reflects the access to health care, as well as
economic and social differences (38). In Europe, many countries report improved
survival rates for breast cancer (38), and in Sweden, the 10-year overall survival
(OS) is almost 90% (3).
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Figure 4. Age-standardized incidence and mortality rate of breast cancer in Sweden between 1960 and
2022. © NORDCAN database, provided by the International Agency for Research and Cancer.

Breast carcinogenesis

Gene-expression studies have given insight into the heterogeneity of breast cancer
(39-41), suggesting that multiple factors influence tumor initiation and progression,
and many of them are related to lifestyle (19,42). Cancer stem cells in the breast
tissue are capable of tumor initiation, progression, and metastasis (43). Germline or
acquired mutations involved in mechanisms such as deoxyribonucleic acid (DNA)
repair can result in uncontrolled cellular proliferation, metabolic alterations, or
aberrant control of the cell cycle and apoptosis (20). Breast cancer cells also
influence and are influenced by stromal cells (42,44) in the tumor
microenvironment, and tumor progression leads to vascularization and remodeling
of stromal compartments.

Crosstalk between the breast cancer cells and fibroblasts (called cancer-associated
fibroblasts) can induce secretion of matrix metalloproteinases, which promote
extracellular matrix degradation, which enables cell migration into the surrounding
tissue (19). In addition, resident macrophages are influenced to acquire a pro-
tumorigenic phenotype (tumor-associated macrophages) (4), which facilitate
immune evasion (19). Together, the cancer cells and the tumor microenvironment
shape pro-inflammatory conditions that facilitate disease progression (44).
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Risk factors for breast cancer

Historical observations of higher frequencies of nuns having breast cancer (45)
drove attention to the female sex and hormonal and reproductive factors in early
case-report studies in the 1920s (46). These factors are now well-established risk
factors for breast cancer (47). Together with age, which is the strongest risk factor
for breast cancer, other factors related to heritability, previous benign breast disease,
body composition, and lifestyle have been identified (47). The influence of lifestyle
can be measured using the population attributable factor, which is an estimate of the
percentage of a disease that could have been prevented if risk factors were removed
from the population.

The Nurse’s Health Study used data from 1980 and examined the total population’s
attributable risk percentage, including the modifiable factors of weight, alcohol
consumption, breastfeeding, and refraining from hormone use. According to this
study, removing these factors would reduce the risk by almost 40% for ER" breast
cancer and 28% for ER™ breast cancer (47). A Swedish report from the Institute for
Health Economics evaluated different types of cancer. 15% of breast cancer cases
in Sweden were attributed to lifestyle factors in a model combining smoking,
alcohol consumption, physical inactivity, dietary habits, overweight, infections, and
sun exposure (48). The papers included in this thesis focus on lifestyle and
associations with patient and tumor characteristics in addition to prognosis, and
some common risk factors for breast cancer are presented below.

Estrogens and estrogen metabolism

Estrogens have important roles in breast cancers and have both proliferative and
carcinogenic properties in breast tissue (20,49). Estradiol-17p (E2) and estrone (E:)
are the most common endogenous estrogens (20). Activation is mediated by
estrogen receptors alpha (ERa) and beta (ER[B), which belong to the nuclear
superfamily of transcription factors (20). Upon activation, ERa dimerizes and is
transported to the nucleus, where it binds to estrogen-responsive elements in the
DNA. Activation can also involve interactions with other transcription factors, such
as epidermal growth factor (EGFR) ligand amphiregulin (AREG) (23) and AHR
(23,49,50).

ERa is essential for cells’ responsiveness to estrogen in the target tissue (20), hence
the ERo has been investigated and characterized more extensively than ERf in
various physiological and pathological processes (23). Invalidation of the use of
antibodies for ERp have led to many published results about the role of ERp in the
breast and in breast cancer being questioned (51,52). In breast cells, higher levels of
estrogen have been correlated with increased transcripts of AREG, while levels of
ERP and AREG have shown negative correlations. Hereafter, ERa will be referred
to as ER throughout the text.
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The metabolism of estrogen is controlled by tissue-specific cytochrome P-450
(CYP) enzymes and involves the generation of metabolites with genotoxic abilities.
Most of the metabolism occurs in the liver, but other tissues also metabolize
estrogens, such as breast and endometrial tissue (49). Hydroxylation by CYP1Al,
CYP1A2, and CYP3A generates 2-hydroxycatechol estrogen, while CYP1BI
generates 4-hydroxycathecol estrogen. The catechol estrogens have short half-lives
due to inactivation by catechole-O-methyltransferase (20), yet 4-hydroxycathecol
estrogen has genotoxic properties due to the generation of free radicals in tissues
such as liver, lung, breast, kidney, uterus, and ovary tissues (49).

Exposure to hormones

Early onset of menarche and late onset of menopause expose the breast tissue to
endogenous hormones for a longer period of time (20). Pregnancy has been
associated with a short temporary increase in breast cancer risk, possibly due to
unique hormone exposure, immune changes, or the involution process (as described
above) (53). Parity, on the other hand, is associated with reduced breast cancer risk.
In a study by The Collaborative Group on Hormonal Factors in Breast Cancer, each
birth was associated with a relative risk (RR) reduction of 7% (54). In the Women’s
Health study, nulliparity was mainly associated with an increased risk for ER"
disease, and reduced risk from parity was mainly apparent among women giving
birth at the age of 25 years or earlier (47).

Breastfeeding is associated with reduced breast cancer risk (54,55). In a study by
Islami et al., reduced breast cancer risk upon breastfeeding was largely apparent in
patients diagnosed with triple negative breast cancer (TNBC; see section “Breast
cancer classification”) (55). In addition to the morphological changes in the breast
during breastfeeding (20), the associated weight change may also influence the
reduction in breast cancer risk (56).

Exogenous hormones increase breast cancer risk. Menopausal hormonal therapy
(MHT) increases the risk for breast cancer (8,57), and the risk is dependent on the
duration of use and type of therapy (8). Combined estrogen—progestogen treatments
increase breast cancer risk to a larger extent than regimens that only contain estrogen
(RR 60% and 17%, respectively, after 1-4 years of use). Regarding tumor
characteristics, tumors from MHT users are more often ER" and of the lobular type
among women using MHT for 5-14 years (8).

In a Danish study, March et al. followed 1.8 million women for an average of 10.9
years, and current or recent hormonal contraceptive users had a relative increase in
risk by 20% compared to those who had never used it, and the increased risk was
related to a longer duration of use. However, the absolute increased risk was low
(0.013% per year of using hormonal contraceptives) (58). Exposure to endocrine-
disruptive chemicals has also been associated with an increased risk for breast
cancer (18,59).
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Breast density

High mammographic breast density is associated with increased risk of breast
cancer (60). Dense breast tissue appears white in mammograms (61) and can mask
tumor appearance. Lower breast density as a result of preventive tamoxifen
treatment can reduce the incidence of breast cancer (62). In premenopausal women,
blocking ER by tamoxifen decreases the proliferation rate of epithelial cells and
epithelial tissue expressing ER and progesterone receptor (PR), while in
postmenopausal women the breast density did not change significantly with
tamoxifen treatment (32). Smoking and alcohol consumption have been reported to
influence breast density by modulating the non-dense tissue of the breast in non-
obese women (63). One study has reported an association between high breast
density and higher levels of pSTAT3Y7% (64).

Body composition

Overweight and obesity are established risk factors for postmenopausal breast
cancer (47,56). The increased risk is primarily related to elevated levels of estrogen
(23) produced by adipose tissue through the conversion of androgens to estrogens
by CYP19AT1 (65). Insulin resistance is more common among overweight and obese
individuals and is also associated with increased breast cancer risk (66). Increased
visceral fat is related to both higher age and increased body mass index (BMI) (67).

A study assessing normal breast tissue showed that increased trunk fat was
associated with larger adipocytes in the breast, higher levels of leptin, and increased
expression of CYP19A41 (65). Additionally, higher levels of reactive oxygen species
(ROS) scores, immune scores, and gene expression of Interleukin-6 (IL6) suggest
that increased trunk fat can change the breast tissue to an immunosuppressant pro-
inflammatory state with higher levels of oxidative stress (65). In contrast, a lower
BMI at the age of 18 years has been associated with an increased risk for
postmenopausal breast cancer, particularly ER™ breast cancer (47). Other factors
have also been associated with increased breast cancer risk, such as birth weight
(68), birth length (69), and increased adult height (47).

Alcohol and smoking

Alcohol is a determined risk factor for breast cancer (47), even at lower levels and
at all ages (70). The global age-standardized incidence rate for breast cancer due to
alcohol is 2.2 per 100,000 females, which corresponds to a population attributable
fraction of 4.4% (71), although there are regional differences (70). Meta-analyses
assessing the increased relative risk from alcohol consumption show that one drink
(12.5 g of alcohol per day) increases the relative risk of breast cancer by 5%
compared to non-drinkers (5).

There are several potential mechanisms through which alcohol could influence
breast cancer risk, such as acetaldehyde promoting tumor initiation, ethanol
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metabolism-induced oxidative stress, altered metabolism, impaired immunity, and
increased aromatization of androgens to estrogens (70). Heavy drinking is more
common among smokers (72), which may be one explanation why the association
between smoking and breast cancer is unclear (73). A second explanation involves
the crosstalk between ER and the environmental sensor AHR, which can generate
both estrogenic and anti-estrogenic effects (23,49,50). Nevertheless, two recent
meta-analyses assessing breast cancer risk among smokers and second-hand
smokers reported that both the duration and intensity of smoking and second-hand
smoke exposure linearly increase breast cancer risk (74,75).

Physical activity/inactivity

Studies indicate that physical activity is associated with a reduced breast cancer risk
(76-78), but reports have not been consistent (47). Most studies include
postmenopausal women, and the type of exercise may influence the study results
(66,77). In a Swedish cohort study, women engaging in a high level of physical
activity (>1 h daily walking) had a 23% lower long-term breast cancer risk overall
compared to women reporting low levels of physical activity (76).

Physical activity could influence breast cancer risk in various ways, such as by
reducing body fat, thereby reducing circulating estrogens, increasing the sensitivity
to insulin, and improving immune functions (66). Additionally, reduced levels of
pro-inflammatory markers such as interleukin 6 (IL-6) and tumor necrosis factor
alpha (TNF-a) have been observed after engaging in physical activity (79,80). In
vivo studies of obese mice performing spontaneous physical activity display slower
tumor growth with increased levels of the anti-inflammatory hormone adiponectin,
as well as decreased antioxidant response in tumors compared to tumors in sedentary
mice (81).

Dietary supplements and antioxidants

Dietary supplements

Health benefits from nutrients and phytochemicals are predominantly observed when
consumed in the diet (82-86). Malnutrition is uncommon in the general population
(87), and only certain circumstances require dietary supplements among individuals
who consume a varied diet (88). Nevertheless, dietary supplements represent a large
and increasing market (89,90), and a wide range of products are commonly used in
the general population (89,91-93). The reasons for use not based on general
recommendations include proposed improvement of overall health (88,94-97),
improved physical performance, mobility (94), an improved immune system (97), and
relief of menopausal symptoms (93). Women are more likely to use dietary
supplements than men, and the types of supplement differ between age groups (95).
High socioeconomic status (95), higher levels of physical activity (95), higher
education (86), and a healthy diet are more common among supplement users (86,96).
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Since dietary supplements are classified as food, no proven effect of the
supplements is necessary. In Europe, dietary supplements are regulated by Food
Supplements Directive 2002/46/EC. This regulation requires supplement
constituents to be safe and bioavailable before allowance as ingredients in dietary
supplements (89). However, the responsibility lies with the producer of the product
(89). In Sweden, no authority is responsible for regulating or controlling products
that are available on the market (94). Generally, dietary supplements contain higher
doses of nutrients compared to food (92), which increases the risk for adverse effects
(89,94) and interactions with medical treatments (93,94). Contaminations in dietary
supplements have also been reported (94).

Antioxidants and antioxidant supplementation

A common group of dietary supplements comprises those with antioxidant
properties (92). Antioxidants are substances that are capable of delaying or
preventing oxidative damage caused by ROS (82). ROS are highly reactive
molecules that are generated from oxygen and have at least one unpaired electron
in the outer shell that renders them highly reactive (98). The main source of ROS is
cell metabolism, and a higher metabolism (often present in cancer cells) generates
higher levels of ROS (98).

In normal conditions, ROS are important signaling molecules in several cellular
regulating processes and the innate immune system (98), but excessive amounts
increase the risk for cellular and DNA damage (82). To avoid oxidative stress,
several potent endogenous antioxidants are present in the body (e.g., superoxide
dismutase, catalase, and glutathione) (4,85,99), while exogenous antioxidants like
vitamin C and E, carotenoids, and polyphenols need to be obtained from the diet
(100). An important difference between antioxidants obtained from the diet
compared to supplements is the higher level of antioxidant capacity. Regular
multivitamins have higher antioxidant capacity compared to a regular diet (101),
while single-ingredient supplements and supplements beyond regular multivitamins
often have even higher levels (92). Studies also indicate that antioxidants can
influence tumor characteristics (102-105).

Several medical conditions are caused by or lead to oxidative stress (88). This
observation has led to several randomized trials aiming to prevent cancer (106), but
unexpectedly, supplementation with antioxidants increased the risk of some cancers,
such as prostate (106) and lung cancer (88,107). Consequently, organizations like
the U.S. Preventive Service Task Force advices against use of beta-carotenes and
vitamin E for prevention purposes against cardiovascular disease or cancer (88).

A French population-based study reported that vitamin C intake from food modified
the association between supplement use and postmenopausal breast cancer risk.
Users in the highest quartile of vitamin C intake from food had increased risk for
breast cancer if they also reported supplement use (86). However, these results were
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not confirmed in the Nurses’ Health Study, in which the effect of vitamin C on breast
cancer risk varied depending on family history of breast cancer. In that study, a
reduced breast cancer risk for women in the highest quintile of vitamin C intake was
borderline significant for women with a family history of breast cancer (108).

Clinical aspects

Hereditary breast cancer and syndromes

Approximately 10% of all breast cancers have a hereditary component for breast
cancer, of which 6% constitute known pathogenic variants, and 4% may be due to
genetic, environmental, or a combination of these factors. Germline pathogenic
variants in BRCA1/2 (breast cancer gene 1/2) and genes like PALB2 (partner and
localizer of BRCA?2) are considered high-risk genes (109) with cumulative lifetime
breast cancer risks of 72%, 50—69%, and 30% respectively. The proteins encoded
by BRCAI/2 and PALB2 are all involved in homologous recombination, an
important repair mechanism following DNA double strand breaks (110). Women
with germline pathogenic variants in BRCA1/2 usually inherit a single variant copy
in the germline, thereby making them more susceptible to loss of function if the
second copy is damaged (110).

ATM (ataxia-telangiectasia mutated) and CHEK2 (checkpoint kinase 2) are
associated with a moderate risk for breast cancer (109). The CHEK2 gene is
important for DNA repair, cell-cycle regulation, and apoptosis (110). The ATM gene
is activated by DNA damage and regulates proteins involved in cell-cycle
progression (e.g., p53). Hallmarks of ataxia-telangiectasia include predisposition to
cancer, hypersensitivity to ionizing radiation, immunodeficiency, and infertility
(110). A study of TNBC reported a negative correlation between high levels of ATM
and phosphorylated STAT3 (pSTAT3) (activation residue not reported) (111).
Tumors from patients with genetic predisposition present earlier than sporadic
cancers, hence genetic testing is recommended for younger patients (<40 years) and
women with a known history of breast or ovarian cancer. Additionally, genetic
testing can influence the choice of treatment in some cases (109).

Diagnostics

Breast cancers are diagnosed using triple diagnostic assessments comprising
mammography (or other imaging modalities such as ultrasound), palpation, and
core-needle biopsy or cytology. In Sweden, the majority of breast cancers are
detected through the mammography screening program, where women between the
ages of 40 and 74 years are invited for screening every 18-24 months. Screening
was gradually implemented in the 1980s and 1990s in Sweden, and since 2014, it
has been regulated by the national health screening program (112).
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Among women included in the screening program who regularly attend, 60-70 %
of breast cancers are detected by mammography. Cancers detected between
mammography visits are called interval breast cancers. A core needle biopsy is
essential to confirm malignancy (113) and to assess treatment-predictive and
prognostic biomarkers (113). The core biopsy provides information on the
expression of hormone receptors (ER, PR), human epidermal growth factor-2
(HER?2), and Kiel-67 (Ki-67) (113). A second staining is performed on the surgical
specimen (114), which also provides information about surgical margins and the
presence of in situ components (115). The correlation between the different
techniques is generally high with the exception of Ki-67, which often displays more
heterogeneous expression (113).

Breast cancer classification

Classification of breast cancer is performed at different levels and provides an
informed decision tool about the characteristics of the disease. The TNM (Tumor,
Node, Metastasis) classification from the Union for International Cancer Control
(UICC) (116) categorizes the tumor according to size and local growth
characteristics (TI-4), axillary nodal involvement (NO-3), and distant metastasis
(MO0-M1) (116). By combining information from the T, N, and M status, a clinical
stage is defined (I-1V) and used to guide treatment choices. Prefix annotations in
the TNM stage are used to inform how the information is obtained (e.g., “c” for
clinical evaluation and “p” for pathological evaluation) (116).

Table 1. Clinical stage for breast cancer according to the UICC TNM classification of malignant tumors
(pathological), 8th edition.

T0 T1 T2 T3 T4
NO - IA A 1B 1B
N1mi 1B 1B - - -
N1 A A 1=} A 1B
N2 A A A A 1B
N3 e e e INnc INnc
M1 I\ IV IV I\ I\

Abbreviations: T: primary tumor, N: regional lymph nodes, mi: micro metastasis, M: distant metastasis

The next classification level is the histological type and grade. The most common
histological type is “no special type” (formerly known as ductal carcinoma), which
accounts for approximately 70-80% of breast tumors (114). The lobular type (15—
20% of breast tumors) is characterized by a “single-file” growth pattern due to a loss
or low expression of E-cadherin (114). Less common histological types include
mucinous, tubular, and papillary types, invasive carcinoma with a medullary
pattern, and adenoid cystic and metaplastic types (114). The morphology of the
tumor is graded according to the Nottingham Histologic Grade (NHG) (116), which
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combines information about tubule formation, mitotic activity, and nuclear
pleomorphism to assign one of three different categories (NHG I-111) (114,117).

The third level of classification is related to tumor markers. In Sweden, the cutoff
for ER" and PR" is defined as >10% nuclear staining (113,118). ER" breast cancers
account for about 80% of all breast cancers (119). HER2" is defined by a score of
3" according to immunohistochemistry (IHC) analyses. Tumors with a HER2 score
of 2" can be tested for gene amplification by fluorescence in situ hybridization
(FISH) or silver-enhanced in situ hybridization and are denoted as positive if HER2
amplification is detected (113). Approximately 10-20% of tumors are HER2" (120).

Tumors with low levels of ER, PR, and HER2 expression are defined as TNBC and
constitute about 10-15% of all breast cancers (41,121). Many countries use 1%
positivity as a cutoff for ER" (109,122). In an updated version from the American
Society of Clinical Oncology/College of American Pathologists, ER" expression of
1 to 10% is denoted as ER-low (122).

The cutoff for ER positivity influences the treatment choice and is still controversial
(109). In a recent Swedish population-based study, ER-low tumors (defined as ER"
expression of 1 to 9%) constituted 10% of all TNBC (118). Mutations in the BRCA
gene are more frequently observed in TNBC (4). According to the International
Ki67 in Breast Cancer Working Group, Ki67 staining has shown inter-
observer/laboratory variability in the range of >5% to <30% (123). Thus, the
Swedish cutoffs for low, intermediate, and high are <5%, 6-29%, and >30%,
respectively (124).

In current clinical practice in Sweden, breast cancer is classified by IHC as one of
five different intrinsic subgroups: luminal A-like, luminal B-like, HER2"/luminal-
like, HER2"/non-luminal-like, and TNBC (124) (Figure 5). The intrinsic subgroups
are clinico-pathological surrogate definitions of the intrinsic subgroups defined by
gene expression (40) and were adopted at the St. Gallen consensus meeting in 2013
(121). There is 80% overlap between TNBC and the basal-like subtype, meaning
that not all TNBCs have the same characteristics as those defined as basal-like breast
cancer (121). Basal-like breast cancers (basal-like types 1 and 2) have high levels
of genes involved in cell proliferation and DNA-damage response, such as cell-cycle
check point loss (type 1) and EGFR and IGFR signaling (type 2) (41). The luminal
cancers are a heterogeneous group, and for some patients with ER"/HER2™ breast
cancers gene expression analysis (e.g., Prosigna breast cancer prognostic gene
signature assay (PAMS50), Oncotype DX, and risk of recurrence (ROR)) (121) can
provide information on whether or not the patient will benefit from chemotherapy.
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Figure 5. Classification of intrinsic subtypes according to the St. Gallen consensus. Abbreviations: ER:
estrogen receptor, HER2: human epidermal growth factor 2, PR: progesterone receptor, NHG:
Nottingham Histological Grade, Ki67: Kiel 67.

Tumor prognostic and predictive factors

Several factors influence clinical outcome. Prognostic factors provide information
about the likely course or outcome of a disease, while treatment-predictive factors
give information about the expected response to a specific treatment. In breast
cancer, many of the prognostic factors are also treatment predictive. The 8" edition
of the TNM Classification of Malignant Tumors classifies eight tumor-related
factors as essential: ER status, HER2 status, histological grade, number and
percentage of involved nodes, tumor size, presence of lymphatic or vascular
invasion, and surgical resection-margin status (116). The essential patient-related
prognostic factors are age and menopausal status (116).

The defined intrinsic subtypes provide prognostic information and show different
time frames for recurrence. Basal-like breast cancers tend to have early relapses,
while luminal cancers often display late recurrence (40). Prior to the introduction of
anti-HER?2 targeted treatments, HER2" tumors also displayed early recurrence (40).
Many of the prognostic factors are also associated with each other. For instance, a
Danish study reported that tumor size, HER2", and younger age are associated with
axillary lymph-node involvement (125). The choice of treatment is guided by the
prognostic and predictive factors, as well as the patient’s preferences, age, and
general health (109).
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Breast cancer surgery

In early breast cancer, the aim of surgery is to remove macroscopic tumor tissue.
Tumor-free margins of normal tissue are of great importance (126). Therefore,
historically, for many years, Halsted radical mastectomy was the first method of
choice for breast cancer surgery (127). The less extensive total/modified
mastectomy has shown equal disease-free survival (DFS) to the previous approach
in studies performed in the 1970s, so it was adopted (127). An even less extensive
surgery technique is breast-conserving surgery (BCS), in which only enough breast
tissue is removed to ensure tumor-free margins (128). Several randomized clinical
trials (RTCs) indicate that BCS combined with RT displays similar survival rates to
that of mastectomy (127,129-131). These results are supported by population-based
studies reporting improved OS among patients treated with BCS and RT compared
to mastectomy (119,132), although residual confounding cannot be excluded (115).

Currently, the majority of patients with breast cancer are treated with BCS followed
by RT (119). The development of oncoplastic breast surgery has rendered more
patients eligible for BCS since it allows a more generous resection of breast tissue
without a poor cosmetic result (133). Oncoplastic surgery includes both volume
displacement or replacement and breast-reduction techniques (133). Mastectomy is
indicated when BCS is not possible, as in cases of larger tumors or inflammatory
breast cancer (109). Mastectomy may also be necessary in converted surgery or in
cases of repeated surgery (126).

Elective bilateral risk-reducing mastectomy can be offered for pre- and
postmenopausal patients with pathogenic variants of BRCA1 and BRCA2, as well as
premenopausal patients with pathogenic variants of PALB2 (109). Traditionally,
mastectomy has also been more common for elderly women (133,134). In a Swedish
population-based study, the type of surgery was also associated with comorbidity
and socioeconomic status (119).

The type of surgery can also influence the wellbeing of the patient. A recent Swedish
study concluded that body image, breast satisfaction, and sexual functioning were
higher among patients with partial mastectomy and oncoplastic partial mastectomy,
while symptoms from the breast/chest wall were lower for patients with mastectomy
one year after breast cancer surgery. Among patients treated with RT, patients who
underwent both mastectomy and reconstruction reported the lowest levels of
wellbeing (133).

Major post-operative surgical complications within 30 days, such as bleeding,
impaired wound healing, and infections (135), may delay the initiation of adjuvant
treatment in some cases (109) and influence survival (134,135). In a Swedish
population-based study including women treated in 2008—2017, complications were
less common after BCS (2.3%) compared to mastectomy with immediate
reconstruction (7.3%) and without reconstruction (4.3%) (135). Among women who
were 50 years or older and receiving the same type of surgery, associations with
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major post-operative or medical complications were independent of age, but
complications were more common among patients who were older than 70 years
and had a mastectomy (134).

Axillary nodal status is an important prognostic tool. For patients with clinically
node-negative disease, sentinel lymph node biopsy (SLNB) is a standard procedure
for staging nodal status (109). However, SNLB underestimates the frequency of
positive lymph nodes compared to axillary lymph node dissection (ALND), and the
detailed information from ALND can be important to guide adjuvant treatments for
some patients (136). Nevertheless, ALND is associated with a higher incidence of
arm morbidity (137).

Attempts to de-escalate surgery for patients with breast cancer involve efforts to
omit SLNB in early-stage breast cancer, such as by developing nomograms (138)
or using preoperative negative ultrasonography (139). In the randomized
multicenter SOUND trial, the omission of ALND following a negative
ultrasonography for regional lymph nodes was non-inferior to SLNB for patients
with early breast cancer (139). In relation to clinical outcome, omitting ALND for
patients with T1-3 tumors with 1-2 positive SLNB who received standard of care,
did not influence the 5-year OS or recurrence-free survival in the SENOMAC trial.
The results from the SENOMAC trials support previous studies performed with
patients who had lower tumor or nodal burden (AMAROS, ACOSOG Z0011)
(109,140).

Chemotherapy in breast cancer

Chemotherapy in breast cancer is tailored to the disease characteristics, and the
treatment combinations and approaches have changed over time (141-143). Studies
on patients from the 1970s who were not treated with endocrine therapy
demonstrated 21% lower mortality among patients treated with chemotherapy
(cyclophosphamide, methotrexate, and fluorouracil) compared to those who
received no chemotherapy (142). Currently, regimens consisting of anthracyclines
(e.g., doxorubicin or epirubicin) and taxanes (e.g., paclitaxel or docetaxel) form the
foundation of chemotherapy (124).

In the “Early Breast Cancer Trialists’ Collaborative Group” (EBCTCG) meta-
analysis from 2023, patients assigned anthracycline plus a taxane had 14% lower
recurrence rates compared to patients given regimens without anthracyclines (141).
The reported absolute benefit of adding taxanes was 2.6% (141). Dose-dense
therapies and dose-intense schedules are more efficacious (141) and preferable for
eligible patients (109). High cumulative doses of anthracyclines increase the risk for
cardiovascular disease (143), therefore some patients with cardiovascular
comorbidities are treated with non-anthracycline-based regimens (124).

Preoperative chemotherapy is indicated in inflammatory and inoperable breast
cancers. For patients with stage II-III tumors, preoperative treatment can improve
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surgical options, and the treatment response can guide the choice of adjuvant
treatment (109). Systemic treatment is particularly important for TNBC and HER2"
breast cancers, hence preoperative treatment can also be indicated for earlier stages
(cT1cNO) (124). In TNBC, the addition of carboplatin is recommended, as is the
PD-1 inhibitor pembrolizumab (109).

Adjuvant chemotherapy is decided based on tumor characteristics, nodal
involvement, and younger age (124). Postoperative chemotherapy is recommended
for patients with TNBC who are not receiving preoperative chemotherapy. In
HER2" breast cancers, adjuvant chemotherapy is administered in combination with
trastuzumab, along with the addition of endocrine treatment for hormone-receptor-
positive breast cancer (109).

Radiation therapy for breast cancer

Postoperative RT is administered to reduce the risk for recurrence from microscopic
foci or disseminated tumor cells (129). The target of RT depends on the type of
surgery and clinical stage and may or may not include axillary or parasternal nodes
(128,144). An EBCTCG meta-analysis published in 2011 including clinical trials
performed between 1976 and 1999 demonstrated an absolute risk reduction for
recurrences of 15.7% and reduced risk for death by almost 4% in RT treated patients
compared patients not treated with RT at the 15-year follow-up (129). The study
also reported greater benefit of local control in node-positive cancers compared to
node-negative cancers (129).

Generally, the local recurrence risk following RT is low (129,145-147). In a
Swedish retrospective study of patients treated between 2004 and 2008, the overall
recurrence at 10 years was 7.1%, and local recurrences were more often represented
by ER™ and HER2" breast cancers (148). The addition of a boost dose to the primary
tumor site further reduces the risk of a local recurrence (149) but can increase the
risk of fibrosis (149). Bartelink et al. examined patients between 1989 and 1996 and
reported an absolute reduction of recurrences of 4%, but the additional gain of the
boost strongly correlated with age (149). Therefore, a boost dose is recommended
for younger women (<50 years) and in cases of non-radical surgery (124).

The recent IMPORT HIGH trial evaluated simultaneous boost fractionation
schedules. Ipsilateral breast recurrences at five years ranged between 1.9% and 3.2%
in the three test groups, and there was no significant difference in moderate or
marked late adverse events in normal tissue (147). The results of the IMPORT
HIGH study indicate that use of a simultaneous boost is safe, while dose escalation
for the tumor bed did not improve rates of locoregional recurrences (147).

Traditionally, whole-breast irradiation has been administered with 50 Gray (Gy) in
25 fractions with five fractions per week. A shift towards hypo-fractionated
schedules of 40—42 Gy in 15—16 fractions occurred following studies performed by
Haviland ef al. in 2013 and Whelan et al. in 2010. These studies demonstrated
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similar survival rates and toxicity profiles to those of conventional fractionation
(145,146). During the COVID-19 pandemic, the ultra-hypofractionation schedule
of 26 Gy in five fractions that was tested in the FAST FORWARD trial was
introduced for older patients (150). This schedule has subsequently been
implemented for women > 51 years old following BCS without nodal involvement
(124).

Compared to older studies, lower doses to organs at risk have been made possible
in more recent studies due to knowledge about adverse events, improvements in
target delineation, and treatment techniques such as CT-based treatment planning,
tangential fields, and respirator gating (151). The SweBCGRT trial followed
patients with early breast cancer over a 20-year period (1187 women; <76 years old,
pTI-TIIA, NO), and patients treated with RT had similar cumulative incidence for
cardiac mortality (12.4% vs. 13%), contralateral breast cancer (8.7% vs. 8.6%), and
lung cancer (1.6% vs. 2.6%) compared to patients who were not treated with RT
(152). These results are in line with those of a Danish population-based case-control
study, which did not detect any significant increase in risk for cardiac events during
the first 10 years following RT among patients treated with CT planning (153).

At the individual level, treatment targets and anatomical differences can still pose a
risk for high doses to organs at risk. The systematic review by Taylor et al. estimated
excess relative risks for cardiac mortality as 0.041 per Gy of whole-heart dose and
0.11 for lung cancer per Gy of whole-lung dose (151). These results were highly
influenced by smoking status, with higher risk occurring among patients who
continued smoking (151). Studies with high mean RT doses to the esophagus
(primarily when the internal mammary nodes are included in the treatment target in
older studies) have been associated with an increased risk for esophageal cancer
(151). Skin toxicity includes erythema, edema, breast shrinkage, induration, fibrosis
telangiectasia, and hyperpigmentation (146,147,154). Although there is individual
variability, skin toxicities increase with increasing volume (154), dose
(146,147,149), use of boluses (154), and smoking during RT (154).

Efforts to de-escalate or reduce RT include reducing treatment-target volumes (155)
and forgoing RT for low-risk patients. The IMPORT LOW demonstrated that the
target volume can be reduced to the primary tumor site for older women (>50 years)
with low-risk tumors, which leads to comparable recurrence and survival rates to
those obtained with whole-breast irradiation (156). Partial breast irradiation
significantly reduces the radiation dose to organs at risk, such as the heart and lungs,
and has been implemented in clinical practice (124) since 2020 in Sweden.

Kunkler et al. investigated the omission of RT between 2003 and 2009 with patients
aged 65 years or older and TI-T2 tumors. The local recurrence rate was 9.5% in the
no-RT group and 0.9% in the RT group (157). In that study, the survival rates were
almost 81% in both groups, and most deaths were not due to breast cancer (157). In
a subgroup analysis, patients discontinuing endocrine therapy in the no-RT group
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had a more than a four-fold increase in risk for local recurrence (157). The ongoing
T-REX trial is investigating the omission of RT for regional lymph nodes for
patients with 1-2 sentinel-node macro-metastases (cNO, T1-2, ER", and HER2").
Gene expression signatures for locoregional recurrences following RT are being
developed, and future use may help to identify patients that can safely forgo RT
(POLAR) (158) or have a higher risk of locoregional recurrence (ARCTIC) (159).

Endocrine treatment in breast cancer

Tamoxifen is a selective ER modulator (SERM) that antagonizes ER by competitive
binding, thereby inhibiting transcription of estrogen-responsive elements (160).
Tamoxifen treatment was introduced in the 1980s (161) and is primarily used for
premenopausal women (109). In the large EBGTCG meta-analysis, tamoxifen
treatment for five years reduced the relative risk for recurrence by 47% at the 15-
year follow-up compared to no endocrine treatment (161).

Aromatase inhibitors (Als) such as anastrozole, letrozole, and exemestane were
approved in 2005 and subsequently introduced following RTCs (162). Als block the
aromatase enzyme that catalyzes adrenal androgens to estrone and estradiol (163).
The conversion to estrogens primarily takes place in adipose tissue (65).
Postmenopausal women receive adjuvant Als or switch between 2 and 3 years of Al
treatment followed by tamoxifen (109). This treatment sequence is the reverse of
the one used when the regimen was introduced.

Premenopausal women with high-risk tumors are sometimes also candidates for Al
treatment (109). The EBCTCG meta-analysis in 2015 compared Als to tamoxifen
in nine randomized trials. Five years of treatment with Al reduced recurrence risk
(distant, local, and contralateral) and improved OS (162), while at 10 years, Al
treatment led to 3.6% fewer recurrences and 2.1% reduced risk for death. Half of
the deaths reported were not related to breast cancer (162). Compared to tamoxifen,
Als increase the risk for bone fracture, and the risk is increased for older women
(162). Traditionally, endocrine treatment is given for a duration of five years, but an
extended duration can reduce recurrence risk for high-risk patients (109).

Women younger than 40 years and high-risk premenopausal women benefit from
combining endocrine treatment with ovarian suppression (109). The greatest benefit
is seen with women who remain premenopausal following chemotherapy (164). The
combined report of the TEXT and SOFT trials examined 4690 premenopausal
women who were randomized to receive exemestane + ovarian suppression versus
tamoxifen + ovarian suppression. The study reported a 4.6% absolute improvement
in DFS for exemestane + ovarian suppression. The incidence of death was
insignificant higher for exemestane + ovarian suppression during the first five years.
There was no difference between treatments at later time intervals and no
association with OS for any treatment at the 13-year follow-up (164).
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The combined treatments showed a higher degree of grade 3 adverse events for
musculoskeletal symptoms and osteoporosis, but rates for thrombosis or embolism
were similar for tamoxifen with and without ovarian suppression (165).
Bisphosphonates relieve the side-effects related to osteopenia/osteoporosis in
postmenopausal women receiving Als and in premenopausal women treated with
ovarian suppression. Importantly, bisphosphonates also reduce the risk of breast
cancer recurrence (109).

Anti-HER? treatment in early breast cancer

The introduction of anti-HER?2 treatments has improved the survival of patients with
HER2" breast cancers (120,166). A meta-analysis examined seven RTCs performed
in 2000—2005, and the addition of trastuzumab to the chemotherapy regimen was
found to reduce the risk of recurrence by 9% and the 10-year mortality by 6% (120).
Trastuzumab was the first registered drug to target HER2 and is a recombinant
monoclonal antibody that is directed against the extracellular domain of the tyrosine
kinase receptor HER2. The main effect of trastuzumab comes from direct inhibition
of signal transduction upon binding. In addition, trastuzumab also acts through
antibody-dependent cell-mediated cytotoxicity (ADCC) (167).

Pertuzumab is a fully humanized monoclonal antibody that blocks HER2
dimerization with other members of the erythroblastic leukemia viral oncogene
(ErbB) family. Since trastuzumab and pertuzumab bind to different epitopes, their
combination leads to an additive effect (167). The addition of pertuzumab to
trastuzumab and chemotherapy was tested for early breast cancers in the APHINITY
trial, but there was no improvement in OS. However, patients with lymph-node-
positive disease had an absolute benefit of 4.9% regarding DFS. Despite increased
risk of cardiac toxicities, the rate of cardiac events was below 1% in all treatment
groups (168).

Targeted therapies in early breast cancer

Several ongoing studies are examining targeted therapies for breast cancer. Targeted
drugs can be aimed at the tumor, as well as the TME and cellular energetics (166).
In clinical practice, the CDK4/6 inhibitor abemaciclib can be offered to patients
high-risk ER" breast cancers (109). In patients with germline pathological variants
of BRCA1/BRCA2, OS can be improved by adjuvant treatment with the poly ADP
ribose polymerase (PARP)-inhibitor olaparib (109). Nevertheless, despite
remarkable improvements in breast cancer treatments, some patients still have poor
prognoses, while de-escalation of treatments is warranted for others. To improve
personalized treatment strategies, novel prognostic and treatment predictive markers
are needed.
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Signal transducer and activator of transcription 3

STAT3 belongs to a family of seven intracellular transcription factors that regulate
gene expression (STAT1, STAT2, STAT3, STAT4, STATS5a, STATSb, STATO).
STAT3 has a wide range of biological functions involving proliferation, cell
differentiation, inflammation, and apoptosis (169), and it may influence treatment
resistance (170) and immune modulation (171,172). The canonical STAT3 pathway
is activated by several receptors, such as cytokine (e.g., IL-6) receptors, growth
factor receptors, G-coupled receptors, and Toll-like receptors. The most common
phosphorylation site is at tyrosine residue 705, as shown in Figure 6. The non-
canonical activation of STAT3 involves phosphorylation by serine 727
(pSTAT3%"), un-phosphorylated STAT3, or mitochondrial regulation (169).
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Figure 6. The canonical pathway of STAT3 activation. Activation of receptors recruits and activates
intracellular tyrosine kinases of the JAK family, which exposes anchor sites for STAT3 binding by its
SH2 domain, with subsequent phosphorylation of STAT3 (pSTAT3) at residue tyrosine 705
(pSTAT3Y7%). Following this, pSTAT3Y% dimerizes by either homo- or heterodimerization, translocates
to the nucleus, and binds to responsive elements of the DNA. Both STAT3a and STAT3 isoforms can
be activated by phosphorylation site Tyr705, whereas the STAT3 isoform lacks the Ser727 residue
and cannot be phosphorylated at Ser727. The STAT3 pathway is negatively regulated by members of
the SOCS and PIAS family. Abbreviations: STAT3: signal transducer and activator of transcript 3, JAK:
Janus kinase, SH2: Src homology 2, pSTAT3: phosphorylation of STAT3, Y705; tyrosine residue 705,
S727: serine residue 727, SOCS, suppressor of cytokine signaling, PIAS: protein inhibitor of activated
STAT3

The two major isoforms of STAT3 are STAT3a and STAT3p, which lead to
different responses upon activation. The STAT3a isoform contributes to a larger

40



portion of STAT3 signaling and mainly has tumor-promoting properties. An
alternative splicing generates the STAT3[ isoform, which lacks the Ser727 residue
(169). The STAT3p isoform is believed to have anti-inflammatory properties, and
mice depleted of this isoform are more susceptible to inflammation (173).

Overexpression of the splicing regulator factor poly(rC)-binding protein 1 in MCF-
7 cells decreases the relative ratio between the STAT3a and B isoforms and
downregulates B-cell lymphoma-extra large and survivin, which are important
factors for the suppression of apoptosis (174). Important interplay between the two
isoforms was recently demonstrated in esophageal squamous cell carcinoma, where
enforced expression of STAT3p increased STAT3a in vivo and in vitro. The
increased expression of STAT3B or knockdown of STAT3a decreased chemo
resistance and clonogenic ability and was dependent on phosphorylation at the
tyrosine 705 residue (175). An exclusive evaluation of the STAT3p isoform in
breast cancer has not been performed so far.

In normal cells, the activation of STATS3 is strictly regulated by members of the
SOCS and PIAS family and protein tyrosine phosphatases (15). Transient STAT3
activation is crucial for restoration of tissue integrity and has a regulatory role during
post-lactation involution. In contrast, constitutive activation of STAT3 has been
associated with mainly tumor-promoting capabilities (176), and compared to normal
tissue, overexpression of STAT3 has been reported in many different types of
cancer, including breast cancer (15). Gene alterations in STAT3 primarily consist
of mutations or amplifications with a reported alteration frequency of less than 4%
in breast cancer (15).

Activity of pSTAT3Y" is generally absent in normal healthy breast tissue (117),
whereas low levels of pPSTAT®’?” have been reported (42). In breast cancer cell lines,
ethanol increases pSTAT®’?, which mediates increased cell proliferation by the IL-
6/JAK/STAT pathway (MCF-7 and MDA-MB-231) and phosphoinositide-3-kinase
(PI3K) (MDA-MB-231) (177). Data from The Cancer Genome Atlas (TCGA)
database indicate a positive association between pSTAT3 and PD-LI (programmed
cell death ligand 1), and IL-6 treatment of MCF-7 increases protein levels of PD-L1
and pSTAT3Y"% (171).

In TNBC, RT induces higher levels of pSTAT3Y"%, and RT-resistant TNBC cells
with low levels of ROS display increased RT sensitivity upon pSTAT3Y'®
inhibition (170). Enhanced treatment resistance has also been observed in HER2"
cell lines following RT-induced activation of STAT3Y"® (178). Interestingly,
although most cancer types with elevated levels of STAT3 are associated with an
adverse prognosis (15), association with STAT3 in early breast cancer points
towards an improved prognosis for most subgroups, but not all (117,179-181).
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Antioxidant and oncological treatment

Patient-related factors may influence treatment outcome, such as the use of
antioxidant supplements, which are commonly used by patients with cancer.
(97,182,183). During active treatment, patients are generally advised to stop taking
antioxidants (184,185) since there is no reliable evidence that such supplements do
not interfere with oncological treatment (11,186). For patients treated with RT, 70%
of the DNA-damaging effect is believed to arise from radicals (mainly the hydroxyl
radical, OHe), which are produced by the interaction between the ionizing radiation
and water (187). Most chemotherapeutic agents also rely on the generation of free
radicals in addition to their main effect to trigger cell death (98). Anthracyclines,
platinum-based chemotherapy, alkylating agents, camptothecins, arsenic agents,
and topoisomerase inhibitors generate high levels of ROS, while lower levels have
been reported for taxanes, vinca alkaloids, and antimetabolites (98).

The impact of antioxidant use on treatment can be influenced by comorbidities, other
lifestyle factors (185), and smoking (11). Meyer at al. performed a randomized trial
including 540 patients with HNSCC who were treated with RT. An effect
modification between smoking and antioxidant supplementation during treatment was
reported, where smokers had a 2-fold increased risk for recurrence or death if given
supplements compared to non-smokers, who had no significant excess risk (11).

Antioxidants and breast cancer

Studies report that antioxidant use is common among patients with breast cancer
(186,188-192). In line with data from the general population (96), most studies
report that such patients that use supplements are less often smokers (182,188,193),
have healthier eating habits (189), and are more likely to use MHT (182,190,191).
High levels of supplement use have also been reported for women making active
lifestyle changes post diagnosis (194). In the SWOG 0221 trial from 2003, some
patients were recommended to use multivitamins or supplements during treatment,
while others were not (195). A German study included young women with breast
cancer who participated in a rehabilitation program, and 7 out of 10 participants
used vitamins or minerals. The reported use of “antioxidants” was 16% while 9%
reported use of supplements believed “to strengthen the immune system” (e.g.,
vitamin E, ubiquinone, coenzyme Q10) (191). A recent Irish study reported that
very few patients with breast cancer, particularly regular users of supplements,
believed that supplements could increase the risk of a poor outcome (184).

Many studies report that multivitamins are among the most commonly used
supplements among patients with breast cancer (182,184,192,194,195). A report
from the Swedish Mammography Cohort examined data from 1997, and 25.5% of
included women used multivitamins (182). So far, multivitamin use has not been
associated with worse survival in observational studies (186,189,196). In contrast,
studies report conflicting associations with outcome when highly potent antioxidant
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supplements are evaluated separately (188,189) or in combination (186,190). It has
also been proposed that prior use may influence the impact of the antioxidant if used
during treatment (186).

The aryl hydrocarbon receptor

Antioxidant supplementation may also influence by other factors besides
neutralization of ROS, such as the master regulator of estrogen metabolism, AHR.
AHR is an environmental sensor that was first discovered to be induced by the
herbicide 2.,4,5-trichlorophenol by Alan Poland when investigating industrially
acquired acne among factory workers (50). A multitude of compounds have been
identified as AHR ligands, such as xenobiotics (e.g., tobacco smoke), endocrine-
disrupting chemicals (197,198), synthetic retinoids (199), omeprazole, and naturally
occurring indoles and flavonoids (99).

AHR activation can occur through either the canonical pathway (Figure 7) involving
gene expression or the non-canonical pathway, where AHR interacts with other
signaling pathways (49,50). In the cell nucleus, AHR binds to xenobiotic-responsive
elements (XREs) in the DNA with subsequent activation of CYP1 enzymes (e.g.,
CYP1A1l, CYPIBI1), CYP19A1 (200-202), or antioxidants (4,99). Several
mechanisms control AHR activity, including negative regulation by the AHR
repressor (AHRR) (50,203,204).

S

v
AHR ARNT
/\.

AHR
p23) RXAR2
Hsp90
+ AHRR

PXODODOTH

XRE

Ligand

Downstream genes e.g.CYP1A1, CYP1B1

Figure 7. Inactive aryl hydrocarbon receptor (AHR) residing in the cytosol forms a complex with HSP-
90, XAP2, and p23. Upon ligand binding, AHR is released from the complex, translocates to the
nucleus, and forms a heterodimer with ARNT, which activates xenobiotic responsive elements such as
CYP1A1 and CYP1B1. AHRR inhibits AHR function by competing with it for dimerization with ARNT.
Abbreviations: AHR: aryl hydrocarbon receptor, ARNT: aryl hydrocarbon receptor translocator, HSP-
90: heat-shock protein 90, XAP2 X-associated protein 2, XRE: xenobiotic responsive elements, CYP:
cytochrome P-450 enzymes, AHRR: aryl hydrocarbon receptor repressor
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Crosstalk between AHR and ER can result in estrogenic, anti-estrogenic, or anti-
androgenic activity (50). The estrogenic effects are mediated by ligand-activated
AHR binding to unliganded ER, while antiestrogenic effects involve increased
estrogen metabolism and inhibition of binding to estrogen responsive elements in
DNA (49,50,203). In addition, AHR activation can lead to enhanced degradation of
ER (203) and androgen receptor (AR) (50) by AHR acting as an E3 ubiquitin ligase.
The type of activation is suggested to be dependent on the availability of ARNT
(203). When ARNT is available, AHR acts through the canonical signaling
pathway, and when it is occupied, by AHRR or hypoxia-inducible factor 1 subunit
alpha (HIF1-a), AHR functions as an E3 ligase (203). Forced overexpression of
AHRR in the MCF-7 cell line reduces the expression of ER target genes in vitro and
reduces tumor size in vivo (203).

AHR also interacts with EGFR and several different transcription factors (e.g.,
STATS3, nuclear factor kappa-light-chain enhancer of B cells (NF-xB), and nuclear
factor erythroid 2p45-related factor (NRF-2)) (50). NRF-2 is a key transcription
factor that protects against oxidative stress, and AHR and NRF-2 have overlapping
antioxidant-responsive elements (99). Xenobiotic induction of oxidative stress can
activate both NRF-2 and AHR when either is knocked out in breast cancer cell lines
(4), suggesting that AHR is important for redox homeostasis. AHR also maintains
endogenous antioxidants in their reduced form, reduces lipid peroxidation, and
scavenges superoxide (99). Silencing of ARNT in the MCF-7 cell line exposed to
RT increases treatment sensitivity, whereas forced overexpression increases
treatment resistance (205).

The wide range of possible mechanisms of AHR has yielded studies reporting either
cancer-promoting or cancer inhibiting activities (99,197,198,203). In addition, the
activation and response of AHR are highly specific to the ligand and breast cancer cell
line involved, and the signaling pathways can differ between ER" and ER™ cell lines
(197,198,203), as well as between tissues (204). Studies assessing breast cancer tissue
by IHC have reported the presence of AHR® and AHR™* at different levels in tumors
(204,206,207) and in intratumoral non-epithelial tissues such as tumor infiltrating
lymphocytes (204). Activation in other cancers such as lung, esophageal, bladder,
colorectal, and head and neck cancer (HNC) have also been reported (208).

Generally, high levels of AHR®" are related to high levels of AHR™ (204,206-208),
but different combinations occur (206). In a study on 920 patients from the BC-
Blood cohort, AHR™™ positivity was present in almost 32% of patients, and high
levels of AHR®" were present in 80%. That study also reported different tumor
characteristics in relation to AHR localization, where high levels of AHR®" were
associated with ER", PR", lower histological grade, and lower frequency of TNBC
tumors. Furthermore, AHR™® was associated with fewer PR" tumors (206).

The prognostic impact of AHR in breast cancer is not clear. Relapse-free survival
time indicated improved OS, particularly for lymph node positive patients, when
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assessing messenger ribonucleic acid (mRNA) AHR expression in the Gene
Expression Omnibus database (207). A different study using AHR mRNA data from
439 tumors did not indicate any association between high and low 4HR regarding
metastasis-free survival, while high expression of AHRR mRNA improved
metastasis-free survival (204). That study reported an association between high
AHR mRNA and AHRR mRNA levels in only ER™ patients.

Furthermore, high AHR mRNA levels were related to high levels or BRCA1 mRNA
and /L6 in ER" and ER™ breast cancers (204). In the BC-Blood study, patients with
AHR®" levels had the most favorable clinical outcome regarding recurrence-free
survival and distant metastasis-free survival, while patients with high AHR™ levels
only had improved outcome during the first five years (206). Another study of IHC
involving 302 patients with breast cancer reported worse OS for patients with
nuclear AHR activity (207).

Head and neck cancer

Epidemiology and risk factors for head and neck cancer

HNCs involve tumors that arise in different subsites of the head and neck region:
the nasopharynx, nasal cavity/sinuses, major salivary glands, lips, oral cavity,
oropharynx, hypopharynx, larynx, and salivary glands, as well as head and neck
carcinoma of unknown primary location (HNCUP). Tumors that arise in the
mucosal epithelial lining are jointly referred to as head and neck squamous cell
carcinomas (HNSCCs) and account for more than 90% of all HNC cases (209).
Salivary-gland cancers and other types of cancers may also arise in the head and
neck region and include malignant melanoma, lymphoma, and sarcoma (124).
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Figure 8. Schematic picture of tumor subsites of head and neck cancer
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The global incidence of HNC is increasing, which is related to exposure to risk
factors that vary with culture and global region (209). The latest report from the
International Agency for Research on Cancer (IARC) presents the different tumor
subsites are individually. If combined, HNC would represent the sixth most
common type of cancer with more than 890,000 cases and would have the seventh
highest mortality rate with more than 455,000 deaths in 2022 (2). Globally, cancers
in the lip and oral cavity have the highest incidence, followed by tumors in the
larynx, nasopharynx, and oropharynx (2). In Sweden, HNC constitutes 2.3% of all
cancer diagnoses, and in 2022, 1064 men and 670 women were diagnosed (210).
Tumors in the oral cavity and oropharynx are the most common tumor subsites and
constitute about 60 % of all HNC in Sweden (Figure 9) (211).

Distribution of head and neck cancers

mLip 10% m Oral cavity 30% Nose and sinuses 4%
Nasopharynx 2% Major salivary glands 6% Oropharynx 30%
Hypopharynx 3% Larynx 11% EHNCUP 4%

Figure 9. Approximate distribution of head and neck cancer cases in Sweden according to the Swedish
head and neck cancer registry report for 2024 (211).

In Sweden, along with Western Europe and North America, the observed increase
in HNSCC is strongly related to Human Papillomavirus (HPV) infections and an
increasing incidence of oropharyngeal cancer (209,212,213). The incidence of oral
cancer has also increased in Sweden in the last decades, while other HNC subgroups
of tumor sites, such as laryngeal cancer and hypopharyngeal cancer, have decreased
(214). In other regions, such as Southeast Asia, Australia, and India, consumption
of products containing carcinogens, such as betel, increase the prevalence of
HNSCC, particularly in the oral cavity (209).

The majority of patients with HNSCC are men, but the incidence pattern differs
between different tumor subsites. In the case of oropharyngeal cancer, 72% of
diagnosed patients are men in Sweden, while for oral cavity cancer and cancer of
the major salivary glands, the sex difference is about 3% (210). The mean age at
diagnosis also differs between the different tumor sites. Generally, patients with
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HPV" oropharyngeal HNSCC are younger at diagnosis compared to patients with
HPV™ (215), but a shift towards older age has been observed (213). In Sweden, the
mean age at diagnosis for oropharyngeal cancer is 63 years, whereas patients with
hypopharynx, larynx, and oral-cavity cancer have a median age of around 68 years
(210).

Smoking and alcohol consumption

Smoking (70,215) and alcohol consumption (5,71,216) are well-known risk factors
for HNSCC and have synergistic effects (70,73,217). Tobacco smoke contains more
than 5300 compounds, including known carcinogens such as nitrosamines from the
tobacco plant and polycyclic aromatic hydrocarbons that form when tobacco is
burned (73). The reactive metabolites of tobacco smoke form covalent DNA adducts
that can induce mutations (70) in genes such as the tumor suppressor gene p53 (217).
A Swedish report stated that smoking increases the risk for cancer in the lips, oral
cavity, and pharynx more than fourfold and cancer in the larynx or hypopharynx 16-
fold compared to non-smokers (48).

The metabolism of alcohol produces acetaldehyde, which is a reactive compound
that has DNA-damaging abilities (70,216). The intensity and duration of alcohol
consumption influence the risk of tumor development, which varies somewhat
depending on the tumor subsites in the head and neck region (216). For heavy
drinkers (= 4 drinks per day or 50 g alcohol), increased relative risks are reported to
range between 2.62 and 5.40 for cancers in the oral cavity, pharynx, or larynx (5).

Greater alcohol consumption is common among individuals that smoke (217-219).
In combination with smoking, alcohol can function as a solvent for carcinogens
from smoking and increase the permeability of the oral mucosa (73), leading to
super-multiplicative increased risk (up to 14-fold increased risk for upper digestive
and respiratory tract neoplasms among heavy smokers/heavy drinkers) (5). The
synergistic effect may also increase acetaldehyde production by resident oral
bacteria (73).

HPYV infections

Infections with HPV are common sexually transmitted viral infections in men and
women (220,221), and the majority of sexually active people become infected at
some point during life. Most commonly, the immune system resolves the infection
within two years, but in some cases, the infection persists and can lead to cellular
changes (221,222). HPV is an established risk factor for oropharyngeal, cervical,
anal, vaginal, and penile cancer (221,222). The presence of HPV in HNSCC was
detected in the mid-1980s (221), but its carcinogenic role was not established until
the early 2000s (213,223).

There are currently more than 200 known different strains of HPV, of which 12
types are classified as carcinogenic, and one is considered probably carcinogenic,
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which are also included in testing for HPV in Sweden (222,224). HPV 16 and 18
are the most prevalent HPV types in cancer (224), including oropharyngeal cancer
(212,213). Vaccination against HPV has been part of the national vaccination
program in Sweden since 2012 (220,222,225) and currently covers nine different
HPYV strains, including HPV 16, 18, and 45, which have high oncogenic properties.

The vaccine was initially given to girls, but since 2020, it has also been offered to
boys (226). A catch-up program for unvaccinated women is in place, and it has been
recommended that it should also be initiated for men up to the age of 26 years (222).
In 2023, the vaccination coverage with a single dose was 91% for girls and 87% for
boys in Sweden (222), and a continuous decline has been reported for HPV 16/18
in cervical screening tests from birth cohorts of women offered school-based
vaccination (220).

Additional risk factors

In certain parts of Asia, endemic infection by the Epstein—Barr virus is the main
cause of nasopharyngeal cancer (209). Exposure to fine particles such as wood dust
increase the risk for sinonasal cancer. Higher doses of ionizing radiation increase
the risk for cancer in the major salivary glands, and sun exposure increases the risk
for cancer of the lips (226). Poor oral hygiene (215) and the presence of
premalignant leucoplakia (227) increase the risk of oral cancer. The incidence of
oral cancer in younger populations without traditional risk factors has increased in
the last decades, and women are more often affected than men (227,228). A family
history of early onset of cancer has been proposed as a potential factor for this
patient population (229).

Prognosis

The prognosis for HNC is strongly related to the etiology and tumor localization.
Generally, survival rates have improved modestly in the last decades (209).
Improved outcome is primarily observed in HPV-positive oropharyngeal cancer
(230), for which the 5-year relative survival was 71% in Sweden in 2008-2017
(210). The corresponding 5-year relative survival rates for oral cavity, larynx, and
hypopharyngeal cancers in Sweden are 62%, 67%, and 25%, respectively (210).
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Figure 10. Age-standardized incidence and mortality rate of (A) oropharyngeal cancer and (B) oral
cancer in Sweden between 1960 and 2022. © NORDCAN database, provided by the International
Agency for Research and Cancer.

Head and neck carcinogenesis

Mucosal epithelial cells line the oral cavity, pharynx, larynx, and sinonasal tract and
are continuously renewing. Exposure to carcinogens and viruses can transform
normal adult cells and progenitor cells into cancer cells, potentially including cancer
stem cells that harbor pluripotency and self-renewing properties. A complex
interplay with surrounding cells, tissue, and the immune system can eventually lead
to tumor development. In HNSCC, the tissue usually follows orderly histological
changes from normal mucosa to hyperplasia, dysplasia, carcinoma in situ, and,
eventually, invasive carcinoma (209).

HPV™ tumors often display a higher mutational burden than HPV", and HPV-driven
carcinogenesis yields distinct tumor characteristics (7,231,232). The properties of
the tonsillar tissue in the oropharynx enable virus particles to access the basal cell
layer as a site for infection (213). Upon infection, the viral DNA may reside within
the cell as episomes. When the basal cells start to differentiate, viral activity can be
triggered in persistently infected cells. Thus, HPV increases the production of the
viral oncoproteins E6 and E7 (213), and the increase of E6 and E7 can be accelerated
by interruption of the E2 gene, which is a natural suppressor for the £6 and E7 genes
(213).
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Figure 11. Schematic picture of HPV-induced infection, carcinogenesis, and increases in E6 and E7.
Tonsillar cells at the basal level infected with HPV increase protein levels of E6 and E7 upon
differentiation, which in turn inactivate the protein Rb in the retinoblastoma pathway and decrease p53
levels. Abbreviations: HPV: Human papillomavirus, pRb: retinoblastoma protein

In HPV-positive cancers, viral E6 and E7 inactivate the tumor suppressor pS3 and
the retinoblastoma (Rb) pathway (213,221). Inactivation of the Rb protein (pRb)
removes the suppression of the transcription factor E2F, allowing tumor cells to
bypass the pRb-dependent cell-cycle arrest, which results in high levels of p16 in
cells (209). Immune infiltration levels differ between HPV" and HPV™ cancers
(7,233). In the TCGA database, HPV -positive tumors have higher levels of
cytotoxic T lymphocytes (T-cells) expressing cluster of differentiation (CD) 8
surface markers (CD8" T-cells) and lower rates of T-regulatory T-cells than HPV~
tumors (7).

In the study by van der Heijden et al., high levels of CD8" T-cells were only
associated with good prognoses in patients with HPV" tumors (233). Additionally,
high expression of immune-suppressive cytotoxic T-lymphocyte antigen 4 (CTLA-
4) was observed for HPV' tumors, whereas expression of programmed cell death
receptor 1 (PD-1) and PD-L1 and high expression of mature cytotoxic natural killer
(NK) cells (CD56%™) were similar between tumor types (7). An analysis using a
smoking mutational signature demonstrated lower levels of T-cell immune
infiltration with lower levels of T-cells and interferon gamma (IFN-y) signaling
independent of HPV status in smokers (7).

Clinical aspects

Diagnostics

The symptoms of HNSCC vary according to the anatomical site. Common
symptoms are a palpable lump in the neck, difficulties in swallowing, hoarseness,
and pain. The symptoms are often subtle, which can cause delay before patients seek
health care (234). The diagnosis is confirmed by biopsy and imaging using CT or
positron emission tomography and magnetic resonance imaging (MRI) (235). The
majority of HNSCCs have metastases in regional lymph nodes at diagnosis, whereas
distant metastases are less common (209).
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HPV testing is recommended for oropharyngeal tumors (213), and the detection of
HPV-DNA and HPV-mRNA is referred to as the gold standard (232,236).
Overexpression of pl6 can be assessed by IHC (236) and is recommended as a
surrogate marker for HPV positivity in the TNM staging manual by the UICC (116).
The cutoft for IHC p16-positivity usually requires >70% of strong staining present
in the nucleus and cytoplasm, whereas weaker positivity requires additional testing
(212,213,231,236).

Prognostic and predictive factors in HNSCC

HNSCC is classified according to the TNM classification and further categorized
using subgroups of clinical stage. Given the distinct characteristics and favorable
prognosis of HPV" oropharyngeal cancer, the 8" version of the TNM classification
distinguishes between HPV"™ and HPV™ oropharyngeal cancer (116). Additionally,
invasion depth in oral cancer and the presence of extracapsular extension nodal
involvement have been added in the 8" edition (116).

Table 2. Clinical stage for p16-positive cancer in the oropharynx according to the UICC TNM
classification of malignant tumors (clinical), 8th edition.

T T2 T3 T4
NO | | Il 1]l
N1 | | Il 1]
N2 Il Il Il 1]
N3 Il I 1] 1]
M1 1\ v 1\ 1\

Abbreviations: T: primary tumor, N: regional lymph nodes, M: distant metastasis

For patients treated with surgery, the resection margin is an essential prognostic
factor (116). Patient-related factors such as age, comorbidities (237), and
performance status influence treatment tolerance and the choice of treatment (226).
The Eastern Cooperative Oncology Group performance status (ECOG-PS) was
developed specifically for oncological patients and yields an overall estimate of the
condition of the patient (226). The ECOG-PS score can guide treatment choice (226)
and influence clinical outcome (238,239).

Patients with HPV™ oropharyngeal cancers generally display less comorbidity than
patients with HPV™ cancer (237). In contrast, patients reporting high alcohol
consumption and current smoking have more comorbidities (237). Additionally,
smoking influences the efficacy of RT (116,240), and heavy past or ongoing alcohol
consumption has been reported to decrease locoregional control following chemo-
and radiation therapy (chemo-RT) (233).

The overall treatment time (OTT) is important in HNSCC (241) and reflects an
increased capability for the repopulation of clonogenic cells during treatment
triggered by RT (242). Higher levels of EGFR have been associated with worse
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clinical outcome (233,243). Tumor hypoxia is common, particularly in larger
tumors (233), and is associated with enhanced treatment resistance for RT and
chemo-RT (233,244). Nimorazole is a drug that mimics the effect of oxygen in
hypoxic cells and has been used as a radio sensitizer in Denmark following studies
in the 1990s, where the combined treatment improved loco-regional control (245).
However, in a recent phase III trial including older patients unfit for combined
chemo-RT, the addition of nimorazole to RT did not significantly improve
locoregional control or OS (236).

Established treatments for HNSCC with focus on RT

Treatment options for patients treated with curative intent include surgery, RT, and
chemo-RT (226,246). The HNC region contains several critical structures for basal
functions that can influence the possibility for radical surgery and preserved
functionality. Therefore, the tumor location and resectability with acceptable side
effects, together with patient tolerance, influence treatment choice. Conventional
RT with curative intent is most commonly delivered with 2 Gy/day and 5 fractions
per week to a total dose of 68—70 Gy to the tumor areas. Lymph nodes with risk of
metastatic spread are usually treated with prophylactic RT doses (46—50 Gy) (226).

Meta-analyses of randomized trials report improved OS of 6.5% at five years for
chemo-RT compared to RT alone (247), as well as an additional gain in clinical
outcome for hyperfractionated chemo-RT (248). Altered fractionations are being
explored to find the maximum gain in tumor control with the least risk of normal
tissue complications (249-252). Besides total dose (which influences both early and
late tissue complications), fractionation size and OTT influence early tissue
complications, while for late tissue complications, fractionation size is the dominant
factor (250,253,254).

Hyperfractionated RT with smaller doses per fractions at two or more fractions per
day is beneficial in regard to late tissue complications (253). Thus, the total treatment
dose can be increased to improve tumor control (251,255). Hyperfractionated chemo-
RT is rarely used for HNSCC in Sweden outside clinical trials. This is mainly due to
practical reasons since the treatment requires a break of at least six hours between
sessions. Accelerated fractionation reduces the OTT by either reducing non-treatment
days or using hyperfractionation, but it has been associated with increased treatment
toxicity (249,252,254). A moderate acceleration with an increase of one fraction per
week adopted from the DAHANCA 6/7 trial (250) is used at some centers in Sweden
and to a large extent in Denmark and Norway.

Disease recurrence of HNSCC is often locoregional (255-257), and patients with
HNSCC are predisposed to developing a new cancer in the head and neck area (240),
as well as second primary tumors at other sites, especially in the lungs (240). Several
vital organs reside in the head and neck region, so the total RT dose can be limited
by constraints of critical organs at risk (226), such as the spinal cord, optical nerves,
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and brain (252). Higher dose conformity and lower doses to normal tissues can be
accomplished due to the development of more advanced treatment techniques in
recent years, such as intensity-modulated RT (IMRT), volumetric modulated arc
therapy (VMAT), and tomotherapy (226,258).

Treatment toxicity and adverse events

Treatment-induced side effects of RT influence treatment adherence (252) and
substantially impact patients’ quality of life (230,246,259). Treatment toxicity and
side effects differ according to the tumor location, dose to adjacent normal tissue,
fractionation schedule, concomitant or adjuvant treatment, and patient-related
factors (226,246,252,254,260). Dysphagia and mucositis are common acute
toxicities (235,246,254). Symptoms such as pain, xerostomia, and taste and smell
alterations often arise during treatment (235,254), the ability for food intake can be
severely influenced (261), and weight loss is common (259). Therefore, during and
after treatment, surveillance and nutritional support are important to maintain
patient weight and to prevent muscle loss, which is a hallmark of cachexia (261).

For patients with inadequate oral intake, enteral nutrition is necessary
(235,246,257,261), but it is still important to encourage patients to maintain their
swallowing function (261). In a single-center study with patients included in the
ARTSCAN III trial, enteral nutrition at the end of treatment was more common
among patients treated with cisplatin + RT compared to those treated with
cetuximab + RT. However, no difference between the treatment groups was
observed at the one-year follow-up (259). Another common side effect is radiation-
induced dermatitis (235), and different interventions are used to alleviate the
inflammatory reaction of the skin (262). Many patients also express high levels of
fatigue during treatment, but within a year, the levels often return to their baseline
(263). Late treatment toxicities include xerostomia, pain, trismus (235), fibrosis, and
osteoradionecrosis (226,249).

Cisplatin

Cisplatin is the established first-line choice in chemotherapy for HNSCC
(230,235,247). In a meta-analysis by Lacas et al., patients treated with concomitant
platinum-containing chemotherapies had the lowest hazard ratios (HRs) for event-
free survival (HR 0.74; 95% CI 0.67—-0.82) (247). Cisplatin is an alkylating agent
that forms adducts and crosslinks with DNA, resulting in cell-cycle arrest and cell
death unless the damage is repaired (264). Additionally, cisplatin induces a
mitochondrial-dependent ROS response that enhances the cytotoxic effect (98).

Cisplatin in combination with RT has traditionally been administered intravenously
every third week (days 1, 22, and 43) at a dose of 100 mg/m? (230) with the aim of
a cumulative dose of at least 200 mg/m?* (265,266). A lower cumulative dose has
been associated with reduced locoregional control (233). Due to the pronounced
side effects, weekly administrations of lower cisplatin doses during RT have been
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introduced, which have lower levels of toxicity and higher treatment adherence
(235,265,266). Dose-limiting toxicities include nephrotoxicity, neurotoxicity,
hearing impairment, myelosuppression (265,267), and oral and gastrointestinal
toxicity (230). The high toxicity profile prevents patients with severe comorbidities
from being treated with cisplatin, and dose reductions for treated patients are
common (235,260).

Cetuximab

Cetuximab is a monoclonal antibody that is directed at EGFR (268), which is
commonly upregulated in HNSCC (269). The effectiveness of cetuximab as a
monotherapy is low (270), whereas its combination with RT was reported by Bonner
et al. to improve OS by 9% compared to RT alone (271,272). Given the high toxicity
burden of chemo-RT, several studies have been initiated to compare the addition of
cetuximab to RT versus chemo-RT (230,235). Disappointingly, studies including
mainly patients with HPV-positive oropharyngeal cancer have shown inferior
results of cetuximab + RT compared to cisplatin + RT (230,235,257,273). In the
NRG/RTOG 0522 study, including HNSCC of the oropharynx, larynx, or
hypopharynx, OS rates at 10 years differed by 3.4% in favor of cisplatin + RT
compared to cetuximab + cisplatin + RT (257).

Currently, cetuximab is less commonly used for patients with HNSCC in Sweden,
but some sites and studies report use for patients who are not eligible for cisplatin
treatment (223,274) and in a palliative setting (226). In combination with RT,
cetuximab is administered with a loading dose of 400 mg/m” one week before RT,
followed by weekly doses of 250 mg/m?* during RT treatment (235,271). Common
side effects include mucositis and acneiform rashes (235,273).

In addition to blocking EGFR, cetuximab acts through ADCC (268,275), which is
mediated by the constant region (Fcylll) of cetuximab, which interacts with the
CD16 receptor on monocytes and NK-cells (268,276). Studies are currently
investigating the potential of combining cetuximab with immunotherapies
(277,278), such as immune checkpoint inhibitors (279).

Immune checkpoint inhibitors

Immunotherapy has attracted increasing interest in oncology (277,280), and PD-
1/PD-L1 inhibitors can be used as monotherapy or in combination with
chemotherapy for patients with unresectable, recurrent, or metastatic HNSCC
(281,282). In the KEYNOTE-048 trial, pembrolizumab (a PD-1 inhibitor) combined
with chemotherapy showed improved outcomes compared to cetuximab combined
with chemotherapy in the metastatic setting (282). For patients treated with curative
intent, durvalumab (a PD-L1 inhibitor) was reported to be inferior to cetuximab for
patients who were ineligible for cisplatin in the NRG-HNO004 trial (274), and the
addition of pembrolizumab to chemo-RT did not improve event-free survival in the
recent KEYNOTE-412 study (283).
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Sarcopenia and low skeletal muscle mass

The process of muscle wasting begins in early adulthood and increases with age
(284-286). The term sarcopenia is defined as a combination of reduced muscle
strength and muscle mass (16,287), which are often closely related symptoms (284).
Age-related sarcopenia is denoted as primary sarcopenia, whereas secondary
sarcopenia indicates that other causes influence the muscle-wasting process, such as
organ failure, chronic disease, lack of physical activity, or inadequate nutrient intake
(16). Studies have also reported sarcopenia in individuals with obesity, which is
called sarcopenic obesity (16), where fat infiltration into muscles decreases muscle
quality. This infiltration is increased with age and changes of fat deposits with lower
levels of subcutaneous fat and higher levels of visceral fat (288).

In general, muscle mass and strength are higher in men than women (284,289),
while longitudinal studies on older populations report earlier decline for muscle
strength and muscle loss for men than women (284,289). Besides the primary
function of aiding in body movements, muscles have important roles in regulating
the immune system (290) and metabolic functions, and sarcopenic patients have
increased risk of developing metabolic syndrome (288). Malnutrition, cachexia, and
frailty are all differential diagnoses of sarcopenia and can each manifest as low
muscle mass (16), so overlap between these syndromes is common (87). Figure 12
presents an example of how these syndromes were assessed in the population-based
UK biobank study. The study reported an incidence of sarcopenia of 5.8% of
included individuals, and all patients with sarcopenia in that study were defined as
frail (87). In a systematic review of meta-analyses, the incidence of sarcopenia was
10-16% in elderly populations, with higher incidence in patients with different
comorbidities (291).
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SARCOPENIA

e Low grip strength +
e Low muscle mass

LOW MUSCLE MASS

MALNUTRITION

e Low muscle mass or low BMI
+

e Anorexia or inflammation
SEVERE SARCOPENIA

+ Slow gait speed

FRAILTY CACHEXIA
e BMI < 20 kg/m? +

3 or more components:
e Low grip strength

e Low physical activity * Low muscle mass

| ¢ e Fatigue
| e Slow walking speed e Anorexia

* Low grip strength e Abnormal biochemistry

3 or more components:

e Weight loss
e Exhaustion

Figure 12. Sarcopenia, malnutrition, cachexia, and frailty often overlap and can all manifest as low
muscle mass. The figure gives an example of commonly used definitions that were utilized by
Petermann-Rocha et al. when investigating the cluster of these syndromes in the UK Biobank (87).

Estimates of low muscle mass can be used as an indicator of sarcopenia
(17,285,286,292-294), and some studies still use the term sarcopenia for muscle-
mass assessment (17), although this is not consistent with current definitions (291).
In the geriatric population, the combined information of muscle mass and function
yields stronger associations with common adverse events such as falls, self-reported
mobility limitations, hip fractures, and death (287). In an oncological setting, where
muscle-mass decline can be accentuated by disease conditions, shorter survival has
been reported for patients with low muscle mass and different cancer types,
including HNSCC (17,291-295). For patients with HNSCC, the tumor location
increases the risk for involuntary weight loss, and reduced nutritional intake can be
manifested as reduced muscle mass at diagnosis (9,296). This suggests that both
primary and secondary sarcopenia can influence muscle loss in these patients.

With muscle loss that has already manifested, these patients may be more
susceptible for treatment-related toxicities and more often require treatment
interruptions or dose reductions (297,298). Few studies have investigated the
prognostic role of low muscle mass in the context of a clinical trial with curative
intent. Thus, there is a gap in knowledge about whether reduced muscle mass
influences treatment adherence and clinical outcome, particularly in subsets of
patients with less comorbidity.
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A1ims

Overall aims

The overall aim of this thesis was to investigate associations between patient and
tumor characteristics in relation to outcome in patients with breast and head and
neck squamous cell carcinoma.

Specific aims

Paper 1

e To investigate how the tumor-specific level of pSTAT3Y'® is associated with
patient and tumor characteristics and clinical outcomes in patients with primary
breast cancer following different treatments in a Swedish breast cancer cohort

Paper 11

e To investigate the association between pre- and postoperative antioxidant and
multivitamin use, clinicopathological characteristics, and clinical outcome in
different adjuvant treatment groups, with special focus on chemotherapy and
radiation therapy, as well as the potential influence of antioxidants such as
vitamin C on AHR activation

Paper 11T

e To evaluate the prognostic value of sarcopenia (defined as low skeletal muscle
mass) in the ARTSCAN III patient population and whether sarcopenic patients
have poorer treatment adherence
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Materials and methods

The Breast Cancer and Blood cohort

The Breast Cancer and Blood (BC-Blood) cohort is a population-based prospective
cohort of women diagnosed with primary breast cancer, used in studies I and II. The
primary aim of the BC-Blood cohort is to investigate associations between host
factors, lifestyle, and tumor characteristics in relation to prognosis. The BC-Blood
cohort was initiated in 2002, and patients were enrolled at Skédne University Hospital
in Lund (2002-2019) and Helsingborg Hospital (2006-2011). Women diagnosed
with different cancer within the last 10 years or prior breast cancer at any time were
not included in the study. A lack of research nurses or an unknown diagnosis were
the main reasons for not being included in the study. Tumor tissue microarrays
(TMAs) were constructed for patients included in Lund in 2002-2012 (n = 1018).
Information from TMAs was used in study I (pSTAT3Y7%) and study II (AHR).

Table 3. Time period for inclusion, end of follow up, and median follow-up for patients included in studies
land Il

Median follow-up for

Time period for patients still at risk,
inclusion End of follow-up years, IQR
Study | Oct 2002 — June 2012 June®*" 2016 5.6 (4.2-9.1)
Study Il Lund Oct 2002 — June 2018 June®™" 2019 4.8 (2.7-8.7)
Study Il Helsingborg Oct 2006 — June 2011 June®*" 2019 9.0 (8.0-11.1)

Upon inclusion in the study, prior to surgery, patients filled out a three-page
questionnaire with questions concerning reproductive history, current medications,
and several lifestyle factors such as exogenous hormone use, supplement use,
smoking, and alcohol consumption. There were no questions about physical activity
in the questionnaire. At this first visit, trained research nurses took anthropometric
measurements, including height, weight, waist and hip circumference, and breast
volume. The breast volume was measured using plastic cups, which is a method that
was used by plastic surgeons at the time when the BC-Blood study was initiated
(299).
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Participants in the BC-Blood study were invited to follow-up visits with
anthropometric measurements and filled out a one-page questionnaire at three to six
months after inclusion. Patients treated with both adjuvant chemotherapy and RT
were invited to an additional follow-up visit at seven to nine months after inclusion.
All patients were later invited to an annual follow-up visit up to three years after
inclusion. A questionnaire was then sent to the included patients biannually as of
the fifth year following study inclusion (Figure 13).

Questionnaire
l Anthropometric measurements

| I | Y !

| Preoperative 3-6mo 7-9mo 1yr 2yr 3yr Syr 7yr 9yr 11yr 13yr 15yr >

X X X X

Baseline data study | and |1
X Data for supplement use study ||

Figure 13. Timeline for data collection in the BC-Blood study. In studies | and Il, baseline information
from the preoperative visit was used. In study Il, information on supplement use was collected from the
preoperative visit and at the 3—6-month, 7-9-month, and 1-year visits.

Tumor information was gathered from pathology reports and included information
on TNM classification, histological grade, and hormone-receptor status. Routine
testing for HER2 was introduced into clinical routine in November 2005 for patients
younger than 70 years with node-positive tumors. The HER2 information was
supplemented with dual gene protein staining on TMA for patients lacking HER2
information (300).

Information on Ki-67 status was incorporated in clinical routine in March 2009.
Since Ki-67 information was unavailable for the entire cohort, it was not included
in the studies’ statistical models. Adjuvant treatments were retrieved from patient
charts and questionnaires. Date of death was collected from the Swedish Population
Registry. Adjuvant treatments were considered until the first recorded breast cancer
event, last follow-up, or death in case of no event.
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Patients operated for breast cancer
at Skane University Hospital, Lund
October 2002-June 2012
n=2,170

Patients not enrolled
n=1,054

Included in the BC-blood study
n=1,116

Preoperative treatment
n=>51

In situ carcinoma
n= 39

Distant metastasis £0.3
years from preoperative visit
n=38

v

A 4

Invasive breast cancer
n=1,018

Non-evaluable or
> missing core
n=151

\ 4

Included for pSTAT3Y79% evaluation
n =867

Figure 14. Flowchart of included and excluded patients in study | evaluating activation pSTAT3Y'% in
the BC-Blood study.

60



I Patients with primary breast cancer included in BC-Blood in Lund Oct 2002-June 2018 (n=2,132)

Preoperative treatment (n=118)

Breast cancer event < 0.3 years from preoperative visit (n=16)
In situ carcinoma (n=105)

Missing information on antioxidant use (n= 38)

A4

1,855 patients included in the study Antioxidant: Yes n=191 (10.3%) No n = 1,664 (89.7%)

Breast cancer event priortovisit2(n=1)
»| Missingfollowupvisit(n=247)
Missing information on antioxidant use at follow-upvisit(n=17)

v
1,590 patients with antixoidant follow-up data Antioxidant: Yes n= 163 (10.3%) No n =1,427 (89.7%)

I
Chemonaive

radiation therapy
(n=714)

.

Adjuvant chemotherapy

+/- radiation therapy
(n=464)

.

No adjuvant chemo- or

radiation therapy
(n=412)

n=1,178

Missing follow-up visit on chemotherapy treated patients(n =55)
» Missing information on antioxidantuse at follow-upvisit(n=2)
No radiationtherapy(n=119)

v
All patients treated with
radiation therapy (n = 1,002)

Figure 15. Flowchart of included and excluded patients in Lund in study II.

I Patients with primary breast cancer included in BC-Blood in Helsingborg Oct 2006—June 2011 (n=521) I

Preoperative treatment (n = 2)

Breast cancer event < 0.3 years from preoperative visit(n= 1)
In situ carcinoma (n=34)

Missing information on antioxidantuse (n= 6)

478 patients included in the study Antioxidant: Yes n= 64 (13.4%) No n =414 (86.6%)

Breast cancer event priorto visit2(n=0)
»| Missingfollowupvisit(n=22)
Missing information on antioxidant use at follow-up visit(n=2)

v
454 patients with antioxidant follow-up data  Antioxidant: Yes n =47 (10.4%) No n =407 (89.6%)

!

!

!

Chemonaive radiation therapy
(n=188)

Adjuvant chemotherapy
+/- radiation therapy
(n=130)

No adjuvant chemo- or
radiation therapy
(n=136)

Figure 16. Flowchart of included and excluded patients in Helsingborg in study II.
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Tumor tissue microarrays and immunohistochemistry

TMA is a commonly used technique to analyze markers in tumor tissue. The TMA
is created from archival tumor tissue blocks by extracting cylindrical formalin-fixed
paraffin-embedded tissue cores (I mm) from representative tumor regions. The
cores are then re-embedded in a single block with coordinates for each sample. One
block can consist of many hundreds of patient samples, and each patient has
duplicate tissue cores (301). The TMA in the BC-Blood study was constructed using
a semi-automated tissue-array device (Beecher Instrument, Sun Prairie, WI, USA).

In study I, IHC was performed on TMA for pSTAT3Y". The pSTATY'® antibody
is activated by STAT3a and STAT3p. The validation of homogenous distribution
of pSTAT3Y"% has been reported previously (117), suggesting that staining of TMA
would be representative for whole tumor tissue. Prior to IHC staining, the TMA
block was sectioned into thin 4-um sections, deparaftinized, and pretreated using an
automatic PT-link system (DAKO, Glostrup, Denmark). The pSTAT3Y"* antibody
(rabbit anti-STAT3 phosphor Y705, ab76315 Abcam, Cambridge, UK) has been
validated in multi-tissue micro TMA (302) and HeLa cells by western blot. Staining
was performed with the pSTAT3Y"® diluted to 1:100 for 30 min at pH 9 and an
EnVision FLEX high-pH kit (10 min development time) using Autostainer Plus
(DAKO). There was no staining for pSTAT3’® in tumor-adjacent normal ducts
while the placenta (with a high rate of proliferation) was positive for the pSTAT3Y"%
antibody.

SRS Negative < 10

¥
* Intermediate 10-150

High > 150

Immunhistochemistry scoring of pSTAT370 by Histo-scores 0 to 300

Figure 17. Immunohistochemistry using tissue microarray for pSTAT3Y"® with duplicate cores for each
tumor. Scoring was performed using Histo-scores of 0 to 300, taking both intensity and fraction into
account. Abbreviations: pSTAT3Y"%: phosphorylated signal transducer and activator of transcript 3 at
residue tyrosine 705

Nuclear pSTAT3Y"% was scored independently by two observers (L.N. and E.S.),
with support from a senior pathologist (K.J.), who were all blinded to other data.
Duplicate cores were evaluated jointly across both cores. Since the pSTAT3Y'®
staining was highly heterogenic, scoring was performed using the Histo-score (H-
score), which takes both intensity (0—3) and fraction (%) into account (303). The
fraction was scored in steps of 10 and calculated as follows:
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0 x (% cells intensity 0) + 1 x (% cells intensity 1+)
+ 2 x (% cells intensity 2+) + 3 x (% cells intensity 3+)

All cases with scoring discrepancy were re-evaluated until consensus was reached.
Statistical analyses were not performed to calculate the rate of discrepancy, which
are otherwise a common approach to confirm the reliability of the scoring (300,303).
Instead, the staining heterogeneity and scoring difficulties were taken into account
when cutoff values were decided using the entire H-score scale despite having an
uneven distribution. Although not quantified, stromal fibroblast showed both
positive and negative staining of pPSTAT3Y"%, indicating that pPSTAT3Y"® is present
in both the tumor and stroma.

The sectioning, transfer, and staining procedures during the IHC staining of the
TMA can result in loss of cores (301). Furthermore, a TMA that has been sectioned
many times may have no remaining tumor tissue left, particularly when tumors are
small. In study I, we considered cores with low numbers of tumor cells (<50 cells),
cores with staining artefacts, and missing cores as non-evaluable. In total, 151
patients had non-evaluable or missing cores and were not included in the evaluation
of pSTAT3Y"%. Since the missing data can lead to over- or underestimation of the
tumor marker, it is important to compare evaluated and non-evaluated cases (301).
In study I, women without evaluable cores had fewer children than women with
evaluable cores.

In study 11, levels of AHR reported by Tryggadottir et al. were used (206). In that
study, AHR®" intensity scoring was categorized as either negative, weak, moderate,
or strong. To obtain a dichotomized variable for AHR®", negative and weak scores
were combined and compared against the combination of moderate and strong
scores. AHR™* was scored as positive or negative (206).

Storage of tissue samples can result in loss of antigen immunoreactivity (301). In
study I, there was a significant correlation of time between surgery and staining for
pSTAT3Y"%. A similar correlation was also reported for AHR levels used in study
II (206). Analyses using these markers were adjusted for time between surgery and
staining. Importantly, adjustment for time between surgery and staining will also
adjust for other factors that have changed over time (e.g., treatment protocols (124)
and BMI (304)) in subsequent multivariate models.

At the time of study I and currently, there has been no consensus regarding cutoff
levels of pPSTAT3Y"®. We used three cutoff levels based on the calculated H-score:
negative (0—9), intermediate (10—150), and high (160—300). In comparison to others
(305-307), we allowed few weakly stained cells to be included in the negative group
as well. Some studies use three (307) to four (306) different categories, and the
median (117) and z-scores have also been applied (180).
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In vitro studies

In study II, protein extraction and quantification by western blotting were performed
by S.K. to investigate the AHR response to vitamin C at different concentrations
and at different time points in two breast cancer cell lines: MCF-7 and MDA-MB-
231. MCF-7 is a line of human breast cancer cells that are often used to represent
ER-positive breast cancer since it has similar characteristics to a primary breast
cancer. The MCF-7 cells were donated by Sister Catherine Frances, a 69-year-old
nun who was initially diagnosed with a benign tumor in her right breast, followed
by a malignant tumor in her left breast four years later. Despite radical mastectomy,
adjuvant RT, and hormonal therapy (probably the high dose of the estrogen
diethylstilbestrol), local recurrence was noted on the chest wall, which spread to the
lymph nodes and lungs within three years.

The cell line was generated from malignant cells found in pleural effusion (45). The
MCF-7 cells are used for their resemblance to luminal A tumors (43). When grown
in cell culture, MCF-7 cells produce catechol estrogens (20), and estradiol induces
upregulation of CYP1BI (308). The chromosome number has remained relatively
stable over the years and is currently 82 (range 66 to 87), despite many years in
culture. The high chromosomal number reflects the heterogeneity, adaptive abilities,
and survival properties of MCF-7 (45).

The MDA-MB-231 is a highly aggressive human breast cancer cell line that was
established in 1976 and is used to represent triple negative breast cancer lacking ER,
PR, and HER?2 positivity, as well as late-stage breast cancer. MDA-MB-231 was
derived from pleural effusion from a 51-year-old woman with metastatic breast
cancer (45). MDA-MB-231 has high expression of markers associated with
epithelial-mesenchymal transition stem-cell-like properties (CD447/CD24") (309),
and stemness (aldehyde dehydrogenase 1 family, member A1 (ALDH1)) (43). The
MDA-MB-231 cell line also displays higher intrinsic levels of pSTAT37 (171) and
AHR (198) than MCF-7.

The MCF-7 and MDA-MB-231 cell lines were purchased in 2019 from the
American Type Culture Collection (ATCC, Manassas, VA, USA). The
authentication of cell lines was performed by short tandem repeat. Since many
passages of cell lines can introduce changes, such as mutations or phenotypical
changes, the cell lines were never cultured for more than 20 passages. The cells were
cultured at 37°C in a humidified incubator containing 5% CO». The media was cell
line specific Roswell Park Memorial Institute (RPMI) 1640 for MCF-7 and
Dulbecco’s Modified Eagle Medium (DMEM) for MDA-MB-231 (Gibco,
Gaithersburg, MD, USA) with the addition of 10% fetal bovine serum (FBS) (Sigma
Aldrich, Saint Louis, MO, USA) and penicillin—streptomycin (1%) (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA).
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Vitamin C addition and protein extraction

Upon vitamin C addition, cells were cultured in a volume of 25 cm? at a density of
5 x 105 cells/mL for 24 hours. The vitamin C (50 or 100 pM; Sigma Aldrich) was
added at 1, 4, or 24 hours before cells were harvested. The concentrations of vitamin
C were based on physiological plasma levels that are achievable by oral intake
(310). Harvested cells were washed with cold phosphate buffered saline (PBS)
(Gibco) and centrifuged for 5 minutes at 3000 revolutions per minute (rpm) at 4°C.
Protein  extraction was performed by resuspending the cells in
radioimmunoprecipitation assay (RIPA) lysis buffer (S0mM Tris-HCl, pH 8.0, 150
mM sodium chloride, 1.0% Igepal CA-630 (NP-40), 0.5% sodium deoxycholate,
and 0.1% sodium dodecyl sulfate (Sigma Aldrich), and a protease and phosphatase
inhibitor cocktail (Roche, Basel, Switzerland).

The lysates were placed on ice for 20 minutes to prevent protein degradation, and
then the lysates were centrifuged at 13,000 rpm and 4°C for 20 minutes. To
determine the protein concentration, a Pierce BCA Protein Assay Kit (Pierce
Biotechnology, Waltham, MA, USA) was used at 540 nm with a FLUOstar Omega
microplate reader (BMG Labtech, Offenburg, Germany). Equal amounts of protein
were separated by sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (4-12% Bis-Tris-Protean gel, Invitrogen, Waltham, MA, USA).

Western blot

The extracted protein was transferred to a nitrocellulose membrane (Trans-Blot
Turbo mini-Nitrocellulose Transfer Packs) (Bio-Rad, Hercules, CA, USA). To
prevent non-specific binding of antibodies, membranes were blocked in Tris-
buffered saline buffer containing 0.1% Tween-20 (TBS/T) with 5% bovine serum
albumin (BSA) (Sigma Aldrich). The membranes were incubated with three
different antibodies: monoclonal anti-aryl-hydrocarbon receptor antibody
(ab190797, Abcam Cambridge), anti-CYP1B1 antibody (PA523139, Invitrogen),
and the anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody
(MAB374, Sigma Aldrich, St Louis, MO, USA), which was used as control.

All antibodies had validated specificity by western blot. Protein visualization was
performed using a secondary antibody conjugated horseradish peroxidase (Sigma
Aldrich). Protein band detection was performed using SuperSignal West Dura
Extended Duration Substrate (Thermofisher Scientific) with the Odessey imaging
system (LI-COR Biosciences, Lincoln, NE, USA). The software Image Studio
version 5.2 was used for densitometry analysis. The results were normalized by the
density of GAPDH protein, which is a commonly used method to enable
comparisons of protein levels between samples.
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Antioxidant use

In paper II, antioxidant use in relation to prognosis was explored in the BC-Blood
cohort. Information was gathered from preoperative and follow-up questionnaires
asking what medications including supplements had been used in the last week. The
constituents of the supplements were collected from retailers’ web pages. The
antioxidant variable combined the use of supplements, including vitamin A, C, E,
carotenoids, and Q10. This antioxidant combination was previously used in an
American study reporting a borderline 41% increase in incidence for recurrence of
breast cancer if antioxidants were used both prior to and during chemotherapy,
although no association was found for antioxidants included in multivitamins (186).
Therefore, multivitamin use was recorded as any use of a supplement containing at
least nine or more vitamins or minerals (182) without containing herbs, drugs,
hormones, enzymes, or animal derivates.

The majority of the multivitamin supplements contained vitamin levels in the range
of recommended daily intake. Patients reporting a supplement denoted as a
“multivitamin” are also classified as taking a multivitamin supplement. The third
variable, “non-MV antioxidant” (non-multivitamin antioxidant), excluded patients
who only used multivitamins but contained some patients who used both “non-MV
antioxidants” and multivitamins during the last week. To consider habitual use,
patients were classified according to use prior to surgery (yes (Y) or no (N)) and use
at the follow-up visit three to six months later, resulting in four different categories:
NN, NY, YN, and YY. For patients from Lund, reported antioxidant use was
evaluated for patients treated with adjuvant chemotherapy followed by RT based on
data from the follow-up visits at the end of chemotherapy (three to six months after
surgery) and a third visit at end of RT (seven to nine months after surgery).

Studies reporting antioxidant use in breast cancer have used different classifications
for antioxidants (188). The majority of dietary supplements have antioxidant
properties, doses, and combinations of constituents that influence the antioxidant
capacity (311). Notably, among all patients included in the BC-Blood cohort at the
time of supplement coding, about 430 different types of supplements, natural
remedies, or traditional plant-based medicines were reported. Supplements could
include between one and 40 constituents or more. In total, 365 different constituents
were annotated. Only three brands of multivitamins included beta-carotene.

The ARTSCAN III trial

The ARTSCAN III study was a phase III (NCT01969877) multicenter randomized
controlled trial comparing concomitant cisplatin plus RT to concomitant cetuximab
plus RT for locoregionally advanced HNSCC. The study inclusion was prematurely
closed after an unplanned interim analysis in 2018. In total, 298 patients were
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included between 2013-2018. The five-year follow-up showed that patients treated
with cetuximab had 11% lower survival rates than those treated with cisplatin (312).

Patients included in the ARTSCAN III trial were diagnosed with stage III-IV
squamous cell carcinoma of the oral cavity, oropharynx, hypopharynx, or larynx
according to the UICC TNM classification (7" edition) (313) without distant
metastases and were eligible for treatment with curative intent. All patients were
aged 18 years or older. Patients were required to have no previous malignancies,
pre-existing hearing loss, pre-existing neuropathy, or severe cardiac illness.
Adequate renal, bone marrow, and liver functions were also required. Only patients
with performance status of 0-2 were included in the study. Prior to treatment, a
biopsy and a CT scan were performed to verify the diagnosis. The p16 marker was
used as a proxy for HPV" disease (235).

Included patients were randomized 1:1. Cisplatin was administered weekly with a
dose of 40 mg/m?”. Treatment with cetuximab was administered as an induction dose
(400 mg/m?) one week prior to RT, followed by weekly doses of 250 mg/m?* (271).
The primary tumor and lymph-node metastases were treated with 68.0 Gy in 34
fractions, and elective lymph nodes were treated with 54.4 Gy in 34 fractions.

A second randomization was performed for patients with T3—T4 tumors between
using 68.0 Gy and 73.1 Gy on the primary tumor volume. Treatments were given
with five fractions per week. In cases of treatment interruptions (planned or
unplanned), four sessions of hyperfractionation (with at least 6 hours apart between
treatments) were allowed in order to stay within the predefined OTT of 49 days. RT
was given with either VMAT, IMRT, or helical tomotherapy (235). Patients were
invited for follow-up visits every three months in the first two years and then every
six months until five years after treatment completion (235).
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Patients included in ARTSCAN 111
Nov. 2013 —Mar. 2018
(n=298)

Excluded due to screening
failures (n =6)

Withdrawal of consent (n = 1)
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discontinued treatment (n=1)
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Figure 18. Flowchart of included and excluded patients in study Ill.

Skeletal muscle mass assessment

Methods to assess muscle mass include imaging techniques (dual X-ray
absorptiometry, CT, MRI), bioelectrical impedance analysis, anthropometric
measurements, and biochemical markers (17,293). Shen et al. first presented the
method of using cross-sectional skeletal muscle area (CSA) at the level of lumbar
vertebra 3 (L3) as a representative value for whole-body muscle mass for healthy
adults (314) and by Mourtzakis et al. for cancer patients (315). The method has
grown in popularity in research because it allows for retrospective evaluation of
muscle mass in relation to clinical outcome (9,17,293,316-318).

Since many patients with cancer do not regularly undergo CT scans of the L3 region,
various levels have been explored as alternative sites (318-320). In 2016, Swartz et
al. reported a correlation between skeletal muscle mass at L3 and that of cervical
vertebra 3 (C3) (319), which has been confirmed in subsequent studies (318,321)
(322). Swartz et al. also suggested a prediction model for calculating the CSA of
skeletal muscles at L3 by using that of the C3 level for HNSCC patients:
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CSA atL3 (cm?) = 27.304 + 1.363 xCSA at C3 (cm?) —
0.671 x age (years) + 0.640 x weight (kg) +
26.442 x sex (1 for female and 2 for male)(319)

The prediction model was based on a cohort of HNSCC patients: 40 men and 12
women with a median age of 61.9 years and a median BMI of 24.3, and the majority
(73%) of patients had oropharyngeal cancer (319). Validation studies report strong
correlations between the measured and estimated volume at L3 (322,323), but there
are also reports of both underestimations (322) and overestimations (323). To obtain
a CSA value that is independent of height, the CSA is most commonly normalized
by the height squared and denoted as the skeletal muscle index (SMI cm?/m?)
(318,322,323). An alternative method is to normalize using BMI (16). It has also
been suggested that normalization using height may be more appropriate for taller
populations (324), which may become more important if younger populations are
evaluated in regard to muscle mass.

&3
Conversion formula to golden

standard estimate at L3

13

Normalization by height? ——— Skeletal muscle index

Figure 18. Delineation of paravertebral and sternocleidomastoid muscles was performed at the level of
cervical vertebra 3 (C3) and converted to muscle mass at the level of lumbar vertebra 3 (L3), which is
considered the gold standard level for cross-sectional muscle mass assessment. The muscle mass
estimate is normalized by the patient height squared to remove the association between muscle mass
and height, yielding the skeletal muscle index.

The proposed method by Swartz et al. has been applied to examine the clinical
outcomes of patients with HNSCC (10,238,297,298,325) and was used in study III.
The skeletal muscle areas of C3 were acquired using Eclipse version 16.1 (Varian
Medical Systems, Palo Alto, CA) and CT scans obtained for treatment planning.
Muscle delineation was done using the first slice scrolled from the caudal to the
cranial direction of C3 and showed the entire vertebral arc and the transverse and
spinous processes. The sternocleidomastoid muscles and paravertebral muscles
were identified using a Hounsfield unit (HU) range of -29 to +150 and delineated
separately.

Delineation was primarily performed automatically using the Image Thresholding
function, followed by manual correction in cases of delineation of non-muscle
tissue. The procedure was performed by L.N. and controlled by M.G.-M. In 37

69



patients, the sternocleidomastoid muscles were affected by tumor infiltration. For
these patients, the volume of the affected side was substituted with the volume of
the unaffected contralateral sternocleidomastoid muscle (319,322,323). The
volumes were exported from Eclipse by a developed Python script and corrected by
the thickness of the CT slice to obtain the CSA. A sample of volumes from 20
patients was cross-checked using the Raystation treatment-planning system
(Version 12A SP1, Raysearch Laboratories, Stockholm, Sweden).

Figure 19. Delineation of paravertebral and sternocleidomastoid muscles at the level of cervical
vertebra 3.

Cutoffs to define low skeletal muscle mass (SMliow) in cases of HNSCC differ
between studies. In study I1I, we used sex-specific quartiles to define SMloy (<45.7
cm?/m? in men and <33.0 cm?/m? in women). Associations were reported between
OS and PFS for SMl,ow and SMI as a continuous variable. Two common approaches
for cutoffs in cancer cohorts are those suggested by Martin et al. (295) or Prado et
al. (326). Martin et al. included patients with gastrointestinal (GI) or respiratory
tract cancer (n = 1473), while Prado ef al. specifically focused on obese patients
with GI, respiratory, or colorectal cancers (n = 250). These studies both used
optimum stratification for OS do define SMl,w. See Table 4 for comparisons
between different cutoffs used in different studies.
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A general recommendation from the European Working Group on Sarcopenia in
Older People is to define sarcopenia as two standard deviations below the population
mean (16,320). Using the 5" percentile has also been suggested, and reference
values assessed from a population of healthy kidney donors in Europe have been
published (286). Table 4 presents a summary of cutoffs and cutoff approaches in
different studies using the CT-derived cross-section SMI referred to in this thesis.

Table 4. Summary of cutoffs applied in different cohorts to define low skeletal muscle mass using
computed tomography scans at the level of L3.

SMIIcow lelow
cm?/m? cm?m? Comment / studies using
Study Cohort men women suggested cut-off
Study IlI? HNSCC <457 <33.0 Lowest sex specific quartile
Van der Werf Kidney donors  <41.6 <32.0 5 percentile (age 20-82)
etal. 2018 (Europe)
(286)
Derstine et al. Kidney donors <45.4 <344 Two standard deviations below mean
2018 (320) (USA)
Prado et al. Gl, respiratory <524 <38.5 Optimum stratification for OS in
2008 (326) or colorectal patients with obesity
cancer Applied in HNSCC studies:
Grossberg et al. 2016 (317)
Fattouh et al. 2018 (327)
Martin et al. Gl or <43.0/ <41.0 Optimum stratification for OS, specific
2013 (295) respiratory <53.0 cut-off for men with BMI > 25
cancer Applied in HNSCC studies:
Findlay et al. 2021 (9)
Ganju et al. 20192 (297)
Vangelo et al. 20222 (323)
Ufuk et al. 2019 (318)
Rijn-Dekker et HNSCC <424 <30.6 Lowest sex specific quartile
al. 2020 * (238)
Huiskamp et HNSCC <45.2 <45.2 Log-likelihood for dose limiting toxicity
al. 20202 (325) of cetuximab
Wendrich et HNSCC <432 <432 Optimum stratification for
al. 20172 (298) chemotherapy dose limiting toxicity
Karavolia et HNSCC <42.0 <31.2 Lowest sex specific quartile
al. 2022 2 (10)
Zwart et al. HNSCC <46.49 <379 Occurrence of adverse events, all
2022 * (328) toxicities
Caan et al. Breast cancer - <40.0 Optimum stratification for OS
2018 (316)

@ Measurements at the C3 level are used and converted to the L3 level using the prediction model
suggested by Swartz et al. (319). Abbreviations: SMl,,: low skeletal muscle-mass index, HNSCC: head
and neck squamous cell carcinoma, Gl: gastrointestinal, OS: overall survival, BMI: body mass index
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Variables and cutoffs

A research study includes not only the exposure and outcome variable, but also
several other variables that need consideration. In the following section, some of the
variables used in the different studies are discussed.

Alcohol consumption

At the preoperative visit in studies I and II, participants reported how often they
consumed alcohol (never, < 1 time/month, 2—4 times/month, 2—3 times/week, and
more than 4 times/week) and the number of drinks consumed during the last week
(none, 1-3 drinks, 4-9 drinks, 10—19 drinks, and more than 20 drinks). Simonson
et al. evaluated alcohol use in the BC-Blood study, and the frequency of alcohol
consumption showed a strong correlation with the reported number of drinks had
per week. Therefore, patients were reclassified into four groups using the reported
weekly alcohol consumption: none, low (1-3 drinks), moderate (4—9 drinks), and
high (10+ drinks) (329). In studies I and II, alcohol consumption was dichotomized
as “no consumption” or “any consumption” using the final categorization by
Simonsson et al. (329).

The questions regarding alcohol use were derived from the AUDIT (Alcohol Use
Disorders Identification Test) questionnaire (330). A shorter version of the AUDIT-
C with the initial three questions is frequently used and has been validated (330).
The alcohol variable in studies [-II lacks information about duration of use. It is
also possible that patients who cautiously abstained from alcohol prior to surgery
were misclassified. Interestingly, some patients recruited early in the study cohort
report that they were recommended to drink a glass of wine to ease their worry while
awaiting surgery. The recommendations regarding alcohol use prior to surgery have
thus changed substantially during the course of the study.

Information on alcohol consumption was not included in the ARTSCAN III trial
due to the unreliability of questions regarding alcohol consumption. A recent
population-based study from Sweden confirmed that an AUDIT-C score of 0 can be
used to exclude current excessive drinking. Among patients with moderate or
excessive alcohol consummation, the AUDIT-C questionnaire underestimated or
overestimated alcohol consumption in comparison to PEth (phosphatidylethanol)
levels in serum (218).

Body mass index and waist-to-hip ratio

The increase of overweight and obesity in the general population (331) is reflected
in cancer patients (296,304,327,332). The BMI was developed as a measure of
excess body weight and was used in studies [-III. In papers I and 11, the waist-to-
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hip ratio was also used to assess central obesity and was measured by trained
research nurses. The World Health Organization’s classifications for overweight
(>25 kg/m?) (333) and central obesity (waist-to-hip ratio > 0.85) were applied to
these measures (334).

BMI is an easy and accessible measure (333), but it does not distinguish between
fat tissue and other tissues such as bone and muscle tissues (316,335) and displays
ethnic and geographical variations (291,335). A higher BMI is associated with
worse clinical outcome in breast cancer (304,336,337). Additionally, underweight
at diagnosis has been associated with increased incidence of death for female
patients with breast cancer (337). A study including more than 3000 women with
breast cancer in stages 11 and III proposed that CT-derived cross-sectional measures
of total adipose tissue and skeletal muscle mass may associate more strongly with
OS than BMI (316). In HNSCC, BMI at treatment initiation is often influenced by
the severity of the disease and the nutritional status of the patient (9,338), as well as
prior weight loss (296).

Exogenous hormone use

In studies I and II, information on the use of oral contraceptives and estrogen-
containing MHT in relation to the exposure variable was assessed. Subgroups of
oral contraceptives or MHTs were not defined. Use was defined as ever use,
regardless of current/previous of use and its duration. Regarding MHT,
approximately 40% of patients did not remember what type of MHT had been used
(339). Intrauterine devices with progestin were not classified as MHT (339).

Smoking status

In studies I and II, smoking status was based on the categorization performed in a
previous BC-Blood study (340). The categories were based on whether patients
defined themselves as non-smokers, smokers, or occasional smokers. Patients
reporting any cigarette use and occasional smokers were also defined as smokers
(340). The proportion of patients who were current smokers at the time of inclusion
in the BC-Blood study decreased between 2002 and 2016 (304).

99 ¢¢

In study 11, the categories for smoking status were “never smoker,” “smoker,” and
“previous smoker.” Dichotomization of the smoking variable combined smokers
and other/previous smokers in the multivariable model. Smoking status was also
assessed in relation to low skeletal muscle mass to explore the combination of never
smokers and previous smokers compared to smokers. Measures of cumulative use,
such as pack—years, can provide more information regarding smoking status
(215,341) and facilitate comparisons of studies (341). Another approach is to use
molecular smoking signatures in tumor tissue (342). A study using the TCGA
database suggested that this approach may be more accurate than collecting clinical
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smoking history from HNSCC patients (7), which may reflect the difficulty of
collecting representative data for smoking history.

Statistical methods

The choice of statistical methods depends on the characteristics of the data and how
the data can be presented in a clear and meaningful way. To improve consistency in
research reporting, recommendations and checklists have been published for
research publications, such as the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) guidelines for observational studies (343), and
Reporting Recommendations for Tumor Marker Prognostic Studies (REMARK) for
studies on tumor markers (344). Different statistical methods were used in the
papers included in this thesis (Table 5). The application SPSS (versions 24, 26.1,
and 28) was used in studies I and II, and the application RStudio (R Core Team
2023) was used in study III. Additionally, PS Power Sample Size Calculation
Program version 3.1.2 was used for power calculation in study I. In study II,
GraphPad version 8 (San Diego, CA, USA) was used for calculation and graphical
illustration of in vitro data.

Table 5. Overview of statistical methods used in study I-IlI

Study | Il Il Comment

Descriptive statistics X X X

Shapiro-Wilks test X Test for normality

Group comparison tests
Mann-Whitney U-test X Continuous vs 2 groups, non-parametric
Kruskal-Wallis test X 2 or more groups, non-parametric
Chi-square X Categorical non-parametric
Fisher exact test X Categorical non-parametric
Student’s t-test X Continuous, parametric

Pairwise Fisher test X Post hoc, pairwise differences

Benjamini-Hochberger adjustment X Multiple testing

Spearman correlation X X Non-parametric

Jonckheere Terpstra trend test X Continuous, non-parametric

Chi-square test for linear trend X Categorical, non-parametric

Receiver Operating Characteristic curve
Area Under the ROC Curve

Youden’s index

Logistic regression

Kaplan-Meier

Log-rank test

Cox proportional hazards model
Multiplicative interaction

Power calculation

Plot of test for specificity and sensitivity
Discriminative ability of test

Optimal cut-off identification

Odds ratio

Univariate survival analysis

Survival difference

Multivariable survival analysis
Interaction calculation

Statistical power

X X X X X
X X X X X
X X X X X X X X
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Descriptive and inferential statistics

The purpose of descriptive statistics is to summarize information about included
variables in an easy and comprehensible way for the reader to provide an overview
of the data. By giving detailed information about study participants, before
addressing possible associations, the reader can gain an understanding of how the
study participants may differ from the population to which the results may be
generalized and study groups being compared (343,345-347). In contrast to
descriptive statistics, the aim of inferential statistics is to estimate characteristics
and test research hypotheses about an underlying population based on a study
sample.

To determine evidence of differences or relations between variables, hypothesis
testing is performed. The null hypothesis states that there is no evidence of
difference or relation between the variables included in the test. To quantify the
evidence against the null hypothesis, a P-value (probability value) is calculated. The
P-value is defined as the probability of observing a difference or relation that is as
strong as or stronger than that observed when assuming that the null hypothesis is
true. A general limit for statistical significance is 5% (P < 0.05), as was used in all
three studies. A lower P-value indicates stronger statistical evidence against the null
hypothesis, suggesting that the observed effect is unlikely to be due to chance alone.

It is important to evaluate P-values within their context, preferably together with a
confidence interval that indicates the uncertainty of the result (345). Rejecting a null
hypothesis that is true is called type I error, whereas failing to reject the null
hypothesis if it is false is called type II error (Table 6). If multiple hypotheses are
tested simultaneously, the false discovery rate and the risk to for type I errors
increase. To decrease the false discovery rate, methods for multiple testing can be
used. In study III, Benjamini—Hochberger adjustment for post-hoc tests was
performed. The Benjamini—~Hochberger method is considered less conservative than
Bonferroni correction and was chosen to balance the risk of introducing type II error.

Table 6. Type | and type Il errors

HO false HO true
Reject HO Yes Type | error (false positive)
Do not reject HO Type |l error (false negative) Yes

All three studies included in this thesis investigated associations between patient
characteristics, tumor characteristics, and variables of interest, so testing was
performed on what would otherwise have been considered baseline characteristics.
If possible and meaningful, descriptive statistics and measures of associations can
be presented in a joint table (347), as was performed in all three studies. An
association is a relation between two variables, while a correlation describes how
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the variables change in relation to each other and can be both positive and negative
(348). The characteristics of the data determine what statistical method should be
used (Table 5). Data visualization with histograms or plots can be applied, as well
as tests for normality.

Non-parametric tests are often used for small datasets and variables that are not
normally distributed and were used in all three studies. Non-parametric tests are
based on the difference in the median or rank, which makes them more robust when
outliers are present. Non-parametric tests are not as powerful as parametric tests but
can be used for normally distributed data, which can limit the number of different
types of tests in a table to yield a uniform comparison between variables. In cases
where there is doubt about whether the assumptions for a parametric test are
fulfilled, non-parametric methods should be used. One approach to manage
variables that are not normally distributed is to transform the variable, such as by
log transformation.

In a correlation analysis, there is no dependent or independent variable. Regression
analysis estimates the effect on a dependent variable by one or more independent
variables. In a linear regression model, the dependent variable is continuous,
whereas in logistic regression, the dependent variable is binary, while the
independent variables can be continuous or categorical in both cases. The effect for
each variable on the dependent variable is estimated in linear regression by
estimating the regression coefficients for each variable using the least square
method. In logistic regression, the coefficients represent the log-odds of an event
occurring. For easier interpretation, log-odds are often converted to odds ratios
using Euler’s number (studies II and III).

Interaction analyses

Interaction analyses are performed to examine different effects of an exposure on a
dependent variable in subgroups of other variables. Effect modification and
interaction are two types of differential effects. Effect modification denotes that the
causal effect of one exposure varies across different strata of another exposure,
whereas interaction refers to the combined effect of two exposures together (349).
Interaction analysis indicates that if data should be stratified and analyzed
separately, an interaction term can be added to the model. If there are interactions
in a model, it will be incorrect since the variables are treated as independent
predictors.

In all three studies, multiplicative interaction calculations were performed before
stratification. Interaction analyses can become significant by chance (as with all
statistical tests). Therefore, it is important to evaluate whether the proposed
differential effect is plausible. For well-defined groups, stratification without
interaction analyses is possible. One example is hormone-receptor-positive breast
cancers in a dataset of patients with breast cancer.
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Collinearity and multicollinearity

Collinearity and multicollinearity indicate that two or more independent variables
partly measure the same thing. In such cases, one or more of the variables should be
excluded from the model. Multicollinearity can be estimated using tests such as
tolerance and the variance of inflation factor (VIF). In study I, we experienced a
problem with multicollinearity in the multivariate model based on clinically relevant
variables. Creation of directed acyclic graphs (DAGs) (350) for visualization of
causal associations between variables (351) and VIF analysis might have helped to
create a better model.

Survival analyses

Endpoints

Different time-to-event endpoints were used in the studies of this thesis and are
presented in Table 7 together with the definitions of the endpoints. To establish
uniformity in time-to-event definitions, the Definition for the Assessment of Time-
to-Event Endpoints in CANcer trials (DATECAN) has published guidelines for
endpoints in RCTs for several types of cancer. For breast cancer, the guidelines were
published in 2015 (352), and the definitions were used in both studies I and II.
Currently, the results for the HNSCC population and the DATECAN definitions
have not been published. A recent publication from the Head and Neck Cancer
International Group highlights the different definitions in RCTs for HNSCC (353).
This study also suggests how censoring should be handled (353), which is an issue
that was not defined in DATECAN (352).

Table 7. Different time-to-event endpoints with definitions in studies |-l

Study 1 | 1l
Breast cancer free interval, Lund cohort; X X

Time from inclusion until any breast cancer event, (locoregional, contralateral

or distant) censored at last follow-up, emigration or death before June 30"

2016 (1) and 2019 (1)

Breast cancer-free interval, Helsingborg cohort; X

Time from inclusion until any breast cancer event, (locoregional, contralateral

or distant) censored at June 30" 2019 and of emigration or death by June 30"

2019

Distant metastasis-free interval; X

Time from inclusion until first distant metastasis, censored at last follow-up or

death before June 30" 2016

Progression-free survival; X
Time from randomization to the first event (locoregional, distant, recurrence or

death from any cause, censored at last follow-up

Overall survival; X X
Time from inclusion until last follow up or death
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OS is often considered the primary time-to-event endpoint in clinical trials and is
required for drug approval in Europe and United States (354). A practical problem
with OS is that it requires long follow-up with patients who have good prognosis.
Therefore, surrogate endpoints have been developed with shorter follow-up time,
such as progression-free survival (PFS) (354,355), which was used together with
OS in study III. In Europe, PFS and OS can be used as primary endpoints for drug
approval in cases where OS is included as a secondary endpoint (354). In
observational studies, standardization of surrogate endpoints does not provide the
same quality as an RCT, so the results are more difficult to compare between studies
(354).

In study I, three different time-to-event endpoints were used. Since this study aimed
to determine the prognostic role of a tumor marker, one can argue that different
endpoints are justified. OS was included as a complement to the breast cancer-free
interval (BCFI). The distant metastasis-free interval (DMFI) was added since the
prognosis of a patient that experiences local or loco-regional recurrence is more
favorable than that of a patient with distant metastases. The use of several survival
outcomes is an advantage for observational studies (354), but a downside is that it
comes with more statistical tests and thus increased risk for chance findings.

In study II, BCFI was selected as an endpoint since we wanted to assess the risk of
breast cancer events among patients taking antioxidant supplements. In hindsight,
OS could have been a good complement to BCFI. Using BCFI means that patients
who die without a previous breast cancer event from other causes are censored.
Since many patients with cancer die from other causes than breast cancer, this could
have biased the results. A different approach could have been to use the competing-
risks method with the BCFI endpoint.

In study III, OS and PFS were selected as time-to-event endpoints. The combination
of events and deaths increases the total amounts of events in a small study
population and has been shown to be valid in populations with HNSCC and p16-
positive cancers (355). Since the majority of patients included in the ARTSCAN III
trial had p16-positive oropharyngeal cancers, the PFS variable seemed reasonable
to use as a complement to OS.

Censoring

Censoring in survival analysis depends on the chosen endpoint. Patients whose
follow-up times are censored are either lost to follow-up, have no event of interest
when the follow-up ends, or have a competing risk. For instance, death from a
different disease or older age can be a competing risk that may influence the survival
analysis (356). Therefore, it is important to report the reasons for censoring and how
it was handled in the analysis (343).

In study II, the patient cohort from Lund and the validation cohort from Helsingborg
had different follow-up approaches, so they were censored differently. This could
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have introduced bias when comparing the different cohorts since study participants
that were censored at the last follow-up in Lund might have had a different risk
profile from patients that were censored at the end of the study period. In case
censored patients had worse clinical outcome, patients left in the study appear to
have a better prognosis than they actually have (informative censoring) and the true
negative effect of the exposure is underestimated in that subgroup.

Kaplan—Meier and log-rank test

The Kaplan—Meier (KM) estimate is commonly used in univariate analysis of
survival and was developed to estimate the probability of survival as a function of
follow-up time. The KM function estimates the probability that an event will occur
at a specific time point among patients that have not already experienced an event
(357). A KM estimate is often presented with the log-rank test. The null hypothesis
for the log-rank test is that there is no difference in survival between the compared
groups.

In all three studies, KM estimates and log-rank tests were used to visualize the
survival and quantify the evidence against the null hypothesis of equal groups of
patients. The KM estimate assumes non-informative censoring, meaning that those
who are censored should have the same risk as those who remain in the study. When
censoring is performed in the presence of competing risks, there is a risk of
overestimation using the KM estimate (357), so it is important to consider the
possible impact of a competing risk when choosing both the endpoint and type of
survival analysis (356). A common approach to handle competing risks is to use a
cumulative incidence function that estimates the time to more than one event (357).
In study II, patients classified as Y'Y users (antioxidant use at both time points) in
Lund were older than other user groups, so their overall risk of death was increased,
which can be only partly adjusted for in a Cox regression model.

Cox proportional hazards model

The Cox proportional hazards model is a commonly used regression model for time-
to-event analysis for both uni- and multivariable analyses. The Cox regression
yields HRs which are relative effects of included variables on the incidence of the
chosen outcome. An important assumption for the Cox regression is proportional
hazards, meaning that HRs need ratios to be at least approximately constant over
time. The proportional hazards assumption can be verified using different tests, such
as Shoenfeld residuals or time-variant hazards modeling. Restricted mean survival
time is a method that has recently been used more to handle survival data that violate
the hazard assumption. This method was considered but not used in study II1.

A multivariable model is used for prediction and to adjust for potential confounders.
In all three studies, variables for the multivariate analysis were based on clinical
experience. To avoid overfitting a model, a general rule is to have at least 15 events
for each variable included in the model. An alternative is to reduce the number of
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variables in the model or to use stepwise regression models. Results from stepwise
regression models are sometimes more difficult to replicate in different settings
since the regression model is adapted to a specific set of data. Therefore, the Cox
proportional hazards model was used in all three studies, although some models
could be regarded as overfitted according to the general rule described above.

The Cox proportional hazards model does not take competing risks into account. If
competing risks are present, a cumulative-incidence competing-risk method should
be used, such as the Fine and Gray method. The use of competing-risk models has
gained more attention for cancer populations with high levels of comorbidities like
HNSCC (235) compared to breast cancer. Some data suggest that the adjustment for
competing risks could improve risk modeling in some cases (356,358,359). In study
1L, we considered using the Fine—-Gray method, and in retrospect, it would have been
interesting to see whether death was a competing risk.

Ethical considerations

The Declaration of Helsinki emphasizes that all research should be conducted with
respect for human dignity, and the benefit of research must always surpass the risks.
All participants must provide informed consent and have the right to withdraw from
the study at any time. All participants included in studies I-III provided written
informed consent to participate in the study, and all studies are approved by ethics
committees. In studies I-1I, ethical approval was obtained from the Lund University
Ethics Committee (Dnr75-02, Dnr37-08, and Dnr658-09 with amendments). In
study 111, ethical approval for the ARTSCAN III trial was obtained from the regional
ethical committee in Lund (2013/110), and an amendment for the current study was
approved by the Swedish Ethical Review Authority (2023-0709402).

The aim of the research conducted for this thesis was to individualize cancer
treatment to benefit patients, which is justified from a societal perspective. The
patients included in the studies included in this thesis were exposed to a minimal
degree of risk since the information was based on registered and previously
collected data. Some question topics included in the questionnaires, such as
reproductive factors, smoking, and alcohol use, can be perceived as personal and
raise feelings of guilt if these factors are also associated with an increased risk for
the cancer disease. Body measurements could also raise feelings of guilt for some
individuals. To preserve the trust of the study patients, it is important that no
individuals can be identified involuntarily in the presented results and that all data
are kept confidential. For patients included in the BC-Blood cohort, additional
follow-up visits with a trained breast cancer nurse can be regarded as a patient
benefit.

80



The use of TMA for IHC does not require any modified or additional procedures for
patients. The TMA is constructed from archival tumor tissue after routine clinical
use and necessary storage of tumor tissue for future clinical need. Therefore, smaller
tumors are underrepresented in the TMA since small tumor volumes lack sufficient
tissue for research purposes. The TMA method utilizes smaller volumes of the
tumor material than whole-slide IHC, so more analyses can be performed. These
analyzes can lead to identification of new prognostic or treatment predictive
biomarkers. The patient identification of the TMA is coded, and the readers of the
TMA were blinded to clinical data and outcome when annotating the TMA.

Experiments with cell lines do not require ethical approval, but there are still ethical
considerations to take into account. The MCF-7 cell line was voluntarily donated by
Sister Catharine Frances, and newspaper articles with pictures were written about
the donation at the time. The community that Sister Catharine Frances was a part of
still celebrates the success of the established cell line. There is no information
suggesting that the MDA-MB-231 cell line was not voluntarily donated, but ethical
guidelines regarding cell-line establishments have changed over time. One can
argue that it would be impossible for the donor at the time to envision all of the
information that could be obtained from cell lines today. The goal of experiments
performed was only to evaluate the activation of signaling pathways by a common
vitamin, not to re-identify the donor or related family members.

All evaluated treatment-planning CT scans were pseudo-anonymized. The
retrospective nature of the study does not increase the radiation dose to patients. CT
scans are necessary for planning RT. Utilization of the images for additional
information can spare patients additional examinations or tests, in addition to being
cost-effective.
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Results and discussion

Results and discussion according to the specific aims

Study I

The main results of the study were that a higher level of pSTAT3Y"% assessed by
IHC was associated with younger age, higher age at first child birth, any alcohol
consumption, lower BMI, and lower waist-to-hip ratio. Regarding tumor
characteristics, higher levels of pSTAT3Y"% were associated with smaller tumors,
lower histological grade, lymph node negativity, PR positivity, and HER2
negativity. Patients with high pSTAT3Y"® levels had improved BCFI and distant
metastasis-free intervals in univariable models, but the associations did not remain
statistically significant in multivariable models. Chemonaive patients with
ER/STAT3Y"%-negative tumors treated with tamoxifen had a better BCFI than
patients who were treated with Al or did not receive tamoxifen.

Discussion

In study I, we report that several patient characteristics are associated with levels of
pSTAT3Y"%, of which few have been addressed by others. The association between
higher pSTAT3Y"® levels and younger age is not consistent between different
cohorts (64,117,181,305) and may be influenced by different cutoffs. Radenkovic
et al. reported that higher levels of breast density are associated with pSTAT3Y7%,
while there was no association between pSTAT3Y"® and being younger or older
than 50 years (64). This suggests that genetic, hormonal, and lifestyle factors can all
influence pSTAT3Y"%,

In the present study, we did find a weak association between any alcohol
consumption with high levels of pSTAT3Y"%*. Alcohol consumption was reported to
influence breast density in non-overweight women (63), and ethanol can increase
pSTAT3% levels in breast cancer cell lines (177), which may influence the levels
of pSTAT3Y" (360). However, additional studies are needed to investigate the
possible causal effect of alcohol consumption and STAT3 activation in breast
cancer.

Increased BMI is often associated with higher age and higher levels of IL-6 (65).
Since IL-6 is a known activator of pSTAT3Y7® (171), it was unexpected that tumors
in older patients presented lower levels of pPSTAT3Y%. Despite intrinsic low levels
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of STAT3 in hormone-responsive cancer cells (171), cell cultures with enriched
medium containing estrogen, epidermal growth factor, and TNF-a respond with an
initial increase of pPSTAT3%7%" followed by higher levels of pSTAT3Y’% 24 h hours
later. This suggests that factors in the tumor microenvironment influence activation
and that pSTAT3%* and pSTAT3Y"® display different kinetics (44).

In light of pSTAT3Y"® being an important regulator of cancer stem cells, loss or
inactivity of pSTAT3Y7 could render tumors more aggressive (44) and alter
immune-suppressive functions (171). Deficiency of STAT3 isoforms due to
mutations or inherent genomic alterations could possibly alter the
STAT3Y"%/STAT3%?" balance and increase susceptibility to inflammatory
stimulation. Different haplotypes of STAT3 with geographical differences (361) and
susceptibility for breast cancer risk (362) have been reported. In Europe, two
haplotypes of STAT3 dominate, but it has not been explored whether this would
influence the results in our cohort.

The associations between pSTAT3Y"%® and tumor characteristics indicate that a high
level of pSTAT3Y"® is a marker for early-stage breast cancer. Others have reported
the associations with smaller tumors (15,181,305,306,360), lower histological grade
(360), absence of lymph-node involvement (360), and HER2 negativity (181) in
high-pSTAT3Y"* tumors using IHC. Luminal A tumors present higher levels of
pSTAT3Y"® than luminal B tumors (117,305). Intrinsic subtyping of tumors with
high levels of pSTAT3Y"® show that upstream activation of pSTAT3Y"* differs
between intrinsic subtypes (180,363).

In a study by Tell et al., the high pSTAT3Y"* basal-like subtype had a distinct gene
signature with upstream signaling that is also related to pSTAT3%*" activation
(363). This association was recently confirmed in an IHC study of TNBC, and
interestingly, an association with smaller tumors and lower histological grade in
cases of high pSTAT3%?" was only present with coexisting high levels of
pSTAT3Y"® (360). However, pSTAT3%? activation was not associated with fewer
lymph-node involvements (360). This study also indicated a moderate correlation
between the two phosphorylation sites and that joint activation of pSTAT3%"?” and
pSTAT3Y"® yielded a higher H-score when assessing pSTAT3Y'® levels (360).
Taken together, results from these studies indicate that when all breast cancer
subtypes are analyzed jointly, as in the present study, some pSTAT3Y"*-positive
tumors may be basal-like cancers, which could explain why there was no clear
association between high pSTAT3Y" and ER", as reported by others (117).

Studies report associations with high levels of pSTAT3Y" and improved outcome
(117,181). In the present study, statistical associations with improved BCFI and
DMFI did not remain in the multivariate models. A recent study including 5694
patients with breast cancer enrolled in the ALLTO trial assessed targeted HER2
treatments. The study concluded that pSTAT3Y’% is also a favorable prognostic
factor in ER"/PR'/HER2" breast cancers (181). However, pSTAT3Y"® was not
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associated with prognosis in hormone-receptor-negative patients (181), in contrast
to data collected from the METABRIC dataset using STAT3 mRNA expression
(117).

A possible explanation is that STAT3 is also expressed in stromal compartments
(360). A meta-analysis performed in 2018 involving 12 studies and 4513 patients
concluded that pSTAT3 (phosphorylation residues not reported) was associated
with a 32% improvement in breast cancer-specific survival and a 28% improvement
in OS. Total STAT3 was not associated with OS and instead pointed to increased
risk of death, which supports the observations that not all types of STAT3 activation
are beneficial (364). Importantly, the authors of the meta-analysis could not rule out
publication bias of small negative studies (364).

In the present study, a subgroup analysis of chemonaive hormone-receptor-positive
breast cancers suggested an effect modification for pSTAT3Y"%-negative tumors
and tamoxifen treatment for BCFI and DMFI. Patients treated with tamoxifen had
longer BCFI and DMFI if their tumors were negative for pPSTAT3Y"%. The non-
activity of pSTAT3Y"" suggests that other signaling pathways are activated. For
instance, activation of p65 can compensate for the regulatory role of cancer stem
cells in the absence of pSTAT3Y'% and activated p65 is associated with treatment
resistance to tamoxifen (365).

Interestingly, STAT3 reaction to tamoxifen and letrozole have opposing directions
in proposed mechanisms of acquired resistance (163,366). Mechanistic studies
suggest that cell lines exposed to tamoxifen show increase pSTAT3Y'® together
with an increase of EGFR (366), while letrozole decreases STAT3Y'% accompanied
by a nuclear increase of BRCA1 (163). Hypothetically, this could imply that
treatment with Al maintains a low level of STAT3 with continued activity of other
compensatory pathways, while pSTAT3Y"%-negative tumors treated with tamoxifen
will require an adaption to STAT3 activation before treatment resistance is acquired
by this pathway. Future studies are needed to validate these findings.

The introduction of STAT3 inhibitors in clinical trials in a metastatic setting have
not been successful so far, despite the rationale that blocking the IL-6/JAK-STAT
pathway could render tumors more sensitive to treatments (14,307). In a phase 11
study including patients with aromatase-inhibitor-resistant advanced breast cancer,
the results showed minimal effect for patients treated with ruxolitinib (JAK1/2
inhibitor) in combination with exemestane. This suggests the activation of other
inflammatory pathways. Interestingly, this study also reported a high frequency of
patients carrying a high-risk IL-6 polymorphism that influenced lack of treatment
response (14). The favorable outcome for patients with high levels of pSTAT3Y"%
in the early setting in the present study implies that activation of STAT3 has
different roles, and studies need to assess what other regulatory pathways are
activated when the cancer stem-cell-regulating function of STAT3 is blocked (44).
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Study I

The main results from study II showed that antioxidant use was somewhat more
common among patients from Helsingborg (13.4%) than patients from Lund
(10.3%). Patient and tumor characteristics differed between users and non-users,
and associations were not consistent between patients from Lund and Helsingborg
except for YY use being associated with smaller tumors. In Lund, where data on
AHR levels were available for 915 patients, AHR™ was twice as common in
patients reporting use prior to surgery. Supplement use with multivitamins was not
associated with outcome in either patient group.

In Lund, antioxidant use was borderline associated with outcome in the subgroup of
non-MV antioxidant users, while in Helsingborg, antioxidant use and non-
antioxidant use were associated with outcome. Among patients from both cities, the
influence of antioxidant use on outcome differed with the pattern of use, where YY
users had worse clinical outcomes, and NY users had favorable clinical outcomes.
We could not identify that antioxidant use would interfere with oncological
treatments in treatment subgroups.

Preoperative data revealed an interaction effect between AHR™® negativity and
preoperative antioxidant use on BCFI. The combination of AHR™" negativity and
preoperative antioxidant use was associated with a worse prognosis. In the hormone
responsive cell line MCF-7, the addition of vitamin C increased the protein level of
AHR and CYP1BI1, whereas in the triple negative cell line MDA-MB-231, CYP1B1
levels increased without a significant increase in AHR.

Discussion

In study II, we used a previously published definition for the antioxidant variable,
which took both pre- and post-treatment use into account (186). Despite other
cohorts presenting high frequencies of multivitamin (91,182) or antioxidant use
(188,190), low frequencies of antioxidant users in the present cohort yielded small
user groups, which introduced uncertainty to the results. Antioxidant users from
both cities reported more frequent MHT use than non-users, which has also been
reported by others (190). Other patient and tumor characteristics were not consistent
between patients from Lund and Helsingborg, and previous reported associations
with a normal BMI (188-190) were only apparent in patients from Lund. This
suggests that the antioxidant users constitute a heterogeneous group and not solely
patients traditionally referred to as users of complementary alternative medicine
(191,193,367).

Few studies have reported histological type in relation to antioxidants. The
association between antioxidant use and lobular type among patients from Lund was
not verified in Helsingborg and may therefore be due to chance. In a Danish study
of dietary micronutrient intake, reduced risk for lobular breast cancer was reported
for high levels of dietary beta-carotene, whereas no association was apparent for use
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of beta-carotene supplements (368). The association with fewer tumors of
histological grade III in patients from Lund could also not be confirmed in patients
from Helsingborg, nor in the study by Jung et al. (190).

In contrast, Campbell et al. reported an association between higher tissue levels of
ascorbate and histological grade I tumors (105). In addition, high ascorbate levels
were associated with low activation of the HIF-1 pathway and a lower degree of
necrosis in breast tumors, suggesting a protective role of vitamin C in the tumor. A
gene analysis using a predicted vitamin C index reported that a high index was
associated with lower tumor mutational burden and upregulation of genes involved
in estrogen response, DNA repair, ROS regulation, and lipid and bile acid
metabolism (104). The characteristics of tumors with a high vitamin C index could
render these tumors less sensitive to adjuvant treatments and may possibly be
underestimated (104).

In the present study, AHR activation was twice as common among patients using
antioxidants prior to surgery compared to non-users. Whether this represents an
effect of antioxidants used in the study or other factors that can activate AHR is
unknown. The mechanistic study showed that vitamin C can activate the AHR
signaling pathway with subsequent elevation of CYP1B1 levels. A lower increase
of AHR despite CYP1B1 elevation in MDA-MB-231 can most likely be explained
by the inherent high level of AHR in the MDA-MB-231 (369). Constitutive AHR
activation with subsequent CYP1BI1 elevation is linked to estrogen metabolism (49).
Therefore, it could be hypothesized that the antioxidant capacity of vitamin C
compensates for the increase of ROS due to CYP1BI estrogen metabolism and thus
keeps the mutational burden low.

Interestingly, associations between high levels of mRNA AHR and CYPIBI were
only present in ER™ breast cancers in the study by Vacher et al. (204). This suggests
that the AHR-CYPIBI1 pathway may not typically be activated in ER" breast
cancers. Collectively, these results suggest that the use of vitamin C (which at least
80% of patients in the present study used if using antioxidants) can influence tumor
characteristics that may in turn influence treatment outcome (104,105) and
treatment resistance.

Associations with clinical outcome among antioxidant users were largely attributed
to patients using “non-MV antioxidants,” and in line with other studies,
multivitamin use was not associated with clinical outcome in the present study
(186,189,196). In the study by Ambrosone et al., 44% of participants reported
regular use of multivitamins during chemotherapy in a randomized clinical trial, and
there was no association with clinical outcome (186). A study from Germany
combined multivitamins with the use of vitamins A, C, and E and zinc. The study
reported increased risk for breast cancer recurrence and OS when these supplements
were used during chemotherapy or RT (190).

86



In the present study, associations of outcome with combining multivitamins and
antioxidant supplements were only apparent in patients from Helsingborg. “Non-
MYV antioxidant” users had worse clinical outcome among Y'Y users in Lund and
Helsingborg. These results are in line with those reported by Ambrosone et al., who
used the same antioxidant variable and adjusted for multivitamin use (186). This
suggests that more regular use of “non-MV antioxidants” influences treatment
resistance, although associations were weak among patients from Lund.

When adjuvant treatment groups were analyzed separately, no associations with
outcome were apparent. Few patients used antioxidants during chemotherapy in the
present study when analyzed separately, so the results of evaluating chemotherapy-
treated patients should be interpreted with caution. Although we lack information
on discontinued use of supplements, it is probably a result of information from
healthcare personnel.

In a study by Zirpoli et al., half of the included patients reported that no information
was given regarding supplement use (195). In that study, patients that did receive
information to discontinue use, the majority followed the recommendations, and
prior use of vitamins C and E declined during treatment (195). Previous non-users
that did receive information to use vitamins and supplements during treatment were
more likely to use vitamins D, B6, B12, C, and E (195). Whether use of specific
vitamins was recommended or a result of the patients’ own initiative could not be
determined in the study by Zirpoli et al. (195).

In the present study, NY users had an improved clinical outcomes. In a study by
Ambrosone et al., reduced hazards for NY users were non-significant and further
attenuated in adjusted models. Similarly, in a study by Jung et al., reduced hazards
for non-concurrent use among chemotherapy-treated patients did not reach
statistical significance (190). Nechuta et al. included 4,433 women treated between
2002 and 2006 and reported fewer recurrences and reduced mortality for patients
who used multivitamins, vitamin E, or vitamin C and were treated with
chemotherapy without RT. However, patients treated with RT (8% of the study
population) had non-significantly worse clinical outcomes (189).

Greenlee et al. also reported improved prognosis for vitamin E and C users among
2,264 women treated between 1997 and 2000. However, this study did report that
patients using beta-carotene had an increased risk of breast cancer mortality and all-
cause mortality (188). Nevertheless, a meta-analysis including eight studies and
17,062 patients with breast cancer could not find any association with OS when
vitamins A, C, and E were combined, but vitamin C use improved OS by 16% (370).
This meta-analysis also concluded that more recent studies report worse OS for
antioxidant use during chemotherapy (370) than older studies (189), which may
reflect changes in chemotherapy regimens over time (141,142). An earlier meta-
analysis emphasized that improvements in outcome in relation to vitamin C intake
were higher for dietary vitamin C intake than the use of vitamin C supplements
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(371). Collectively, these findings suggests that there are currently no data
supporting the association between NY use and favorable outcomes in the present
study and that confounding factors and changes in oncological treatments may have
influenced the results.

The interaction calculation with AHR indicated that outcomes in relation to
antioxidants cannot solely be determined by reported use. In the present study,
outcomes differed depending on the AHR activation and the timing of use in relation
to adjuvant treatment. High levels of mRNA AHR activation have been associated
with genes related to inflammation, metabolism, invasion, and IGF signaling,
particularly in ER™ breast cancers (204). Furthermore, triple negative cell lines have
higher metastatic capacity when AHR is activated (369). Future studies need to
validate whether antioxidant use prior to treatment influences these associations in
a positive way, such as by not activating the HIF-1 pathway or by reducing estrogen
levels.

Interestingly, although the subgroups were small, applying the four user groups to
the AHR status indicated that antioxidant users with activated AHR had the most
favorable outcomes if use was discontinued. This suggests a possibility that
protective roles in the tumor that could have introduced treatment resistance were
not maintained during treatment. AHR acts as an E3 ubiquitin ligase that enhances
degradation of the ER in cases where ARNT is occupied (203), and this mechanism
could influence tumor characteristics and treatment outcomes.

Plant-derived substances such as carotenoids and curcumin can bind to AHR and
attenuate receptor transformation by preventing the phosphorylation of the
AHR/ARNT complex, thereby preventing nuclear translocation (372,373). In the
diet, these substances are regarded as having protective effects against cancer (82).
There have not been investigations of whether the same mechanism can be applied
to dietary supplements of carotenoids containing higher doses compared to a regular
diet (82). The interaction with AHR suggested that antioxidant use without AHR
activation was associated with worse clinical outcome.

An association with increased mortality has been observed among patients with
breast cancer using beta-carotene supplements (188), and pro- and anti-oxidative
effects have been reported in studies on lung cancer (374,375). These findings imply
that excessive blockage could have negative consequences. Since the report of
increased risk for lung cancer among patients prophylactically administered beta-
carotene supplements (107), few regular multivitamin brands have contained beta-
carotene.

Study III

The main results in study III were that patients with SMl,,, were older, had a lower
BMLI, and were more often current smokers. The tumors in patients with SMIj.w were
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more often located in hypopharynx than oropharynx. No association was found with
treatment adherence. For RT, the median OTT differed by one day between patients
with normal SMI and SMl,,w. Having SMl,,w was associated with increased hazard
ratios for OS and PFS in univariable models. Separation by sex and evaluation of
SMI as a continuous variable revealed associations with treatment outcome for men,
while no associations were found for women. For men, SMI,,, was an independent
predictor in the multivariable model for OS and borderline for PFS. An interaction
between SMli,w and randomized treatment in favor of cisplatin was identified and
needs further validation.

Discussion

In this study based on a previously performed randomized controlled trial, we found
that SMIow provides prognostic information that can be attained from pre-treatment
planning CT scans. The association of SMlow with older age and BMI in this study
is in line with other studies that used skeletal muscle mass to identify sarcopenia
(285) and other measures of muscle strength, such as grip strength and gait speed
(287,291). In the HNSCC population, age-related sarcopenia may be accentuated by
decreased nutrient intake and weight loss related to the disease (296). Interestingly,
the associations with older age were more pronounced in men than women. This
discrepancy could be a result of weaker associations arising from fewer women
having been included in the study or other sex-related factors that have been
reported to be related to muscle loss in relation to age, such as BMI (286).

Smoking has previously been associated with the presence of SMljoy in other patient
populations (291) and in HNSCC (238), which is in line with our results. Smoking
may contribute to development of sarcopenia (341). For instance, mice exposed to
long-term smoke show relatively low skeletal muscle mass and a reduced activation
of the IGF-1 mTOR pathway in skeletal muscles, which could be abrogated by
therapeutic exercise (376). However, it is difficult to evaluate the influence of
smoking as an isolated factor, and different methodologies, definitions, and other
contributing factors associated with smoking habits yield uncertain results (341).

The positive correlation found for oropharyngeal cancer with muscle mass
(measured by bioelectrical impedance analysis) was also reported in a Swedish
prospective cohort, although in that study, patients with oral cancers presented the
lowest muscle mass according to combined values of men and women (296).
Patients diagnosed with pl16" oropharyngeal cancers are generally younger, have
healthier lifestyle habits, and have fewer comorbidities (215,237,377), which may
explain the relatively high level of muscle mass in this patient group. This patient
group represents the majority of patients included in the present study, and few
patients with high performance status were included in the ARTSCAN III trial.
These factors may explain why there was no association between SMl,,y and higher
performance status in the present study compared to previous studies (9,238).
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In contrast to previous observational studies (297,298), SMlow Was not associated
with treatment adherence in the present study. The differing results may be
influenced by the different study populations (i.e., patients were not included in a
randomized trial and received treatments) (297,298,325). Interestingly, studies have
used non-sex-specific optimum stratification to determine SMl, for low adherence
to cisplatin (298) or cetuximab (325), and in those studies’ patients with SMI . were
overrepresented by women. Despite low adherence, SMIj, was not associated with
outcome in these studies (298,325) compared to other studies on HNSCC
populations (238,292,297,317,318,327).

The cutoffs used in the present study were somewhat higher for men and women
compared to the study by Rijn-Dekker et al. They used the same methodology and
reported SMljow to be an independent prognostic marker in a retrospective cohort
study of HNSCC patients treated with curative intent (238). In contrast, it was much
lower for women compared to the study by Ganju et al., which evaluated patients
treated with chemo-RT (297). These large discrepancies could partly be due to
ethnic differences (378) in muscle mass but may also represent different levels of
fat infiltration in muscles, which reduces muscle quality (379).

One study has reported a difference in the discriminative ability of different muscle
groups according to sex, where the paravertebral muscles at C3 showed the best
predictability for men, whereas the sternocleidomastoids had the best predictability
value for women (318). Since the total volume of the paravertebral muscles is larger
than that of the sternocleidomastoids, it could be argued that a combined value of
all muscles at the C3 level may be a better predictor for men than women.
Additionally, Olson et al. aimed to establish cutoff values for SMI at the level of C3
and thereby omit using the conversion formula. However, they were only able to
confirm the prognostic value of C3 muscle mass for men in the validation cohort
(321). It is also possible that the generalizability of this method to other cohorts was
influenced by the small number of women included in the study by Swartz et al.
(319) to generate the conversion formula.

Few studies have evaluated muscle mass as a continuous variable for HNSCC (293)
and have reported either no association (380) or improved outcome (296) for larger
muscle mass when men and women were combined. Since men generally have
larger muscle mass than women (286), non-sex-specific cutoffs can generate
skewed distributions where women are overrepresented as having low muscle mass
(267,298,325). Interestingly, some studies on the general population have reported
that compared to men, women are more often considered as having low muscle mass
(285) and more often frail (all sarcopenic individuals were considered frail) (87).
Different associations between SMl,, and overall mortality between men and
women have also been described with an initially linear association that reaches a
plateau for men, while the association for women displays a u-shaped association
(294). To improve the prognostic implication for SMI, sex-specific nomograms of
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SMI for different populations are needed, as recently highlighted in a systematic
review of cancer in general by Vicker ef al.(17).

There have not been previous reports of the interaction between SMl, and
randomized treatment in favor of cisplatin for PFS. Although not powered for
subgroup analysis, the study by Bonner ef al. reported improved benefit of
cetuximab for male patients younger than 65 years (272). Younger age and fewer
comorbidities render patients with HPV-positive oropharyngeal cancers less likely
to suffer from sarcopenia, and high survival rates have been reported for low-risk
patients (230). Interestingly, a retrospective study of patients with metastatic
colorectal cancer reported worse survival for patients with low BMI who were
treated with cetuximab, suggesting that body constitution may influence the
response (381).

The decline of muscle function in aging influences the immune system (290) and
reduces levels of interleukin 15 (IL-15), which is essential for immune regulation
and activation of NK-cells (382) and has been reported in patients with sarcopenia
(383). Thus, it could be hypothesized that these changes could influence the ADCC
activity of cetuximab, thereby reducing the inherent effect. Physical activity
increases systemic levels of IL-15 and has the potential to trigger immune responses
(384). However, for some patients, physical activity is not an option, therefore
medical treatments are also needed to improve immune functions for patients with
cancer (268,385). The NCT06239220 study is an ongoing phase I study involving
patients with advanced HNSCC that is evaluating a super agonist of IL-15 in
combination with modified NK-cells and cetuximab. This study may provide more
knowledge about the influence of IL-15 and NK-cells in cetuximab treatment (280).
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Methodological considerations

“Repeated observations of white swans did not prove that all swans are white, but
the observation of a single black swan sufficed to falsify that general statement *

Karl Popper, 1976

Study design

This thesis is based on two cohort studies (studies I and II) and one retrospective
analysis from an RCT. Although RCTs are considered advantageous in medical
research, they also have some drawbacks. For instance, well conducted RCTs are
often expensive and time consuming, and some research questions might not be
ethically justified or possible to conduct within the randomized research setting
(345). To accomplish a strict setting for the study, RCTs often exclude patients that
are older with severe comorbidities and worse performance status (346).

In this sense, observational studies can provide a complimentary method to RCTs.
In observational studies, there is no intervention, and patients are followed over
time. This enables inclusion of more heterogeneous patient populations with less
rigorous treatment protocols (354). Well-managed registries are good sources of
observational data. Since observational studies have a higher risk of random errors
than RCTs, they need to be considered and handled during all phases of the study
(345).

In a retrospective analysis of an RCT, the assumption of equally distributed
variables is lost, and the higher risk of random errors is equal to that of an
observational study. One advantage of a retrospective analysis of an RCT is that the
treatment setting is controlled, and many variables that might influence the outcome
of interest are well defined and can be balanced. In all three studies included in this
thesis, data collection was performed to add additional information to the existing
database in order to be able to answer the research questions.

Errors in a study that eventually lead to incorrect results can be random or
systematic. Random errors in the data can be quantified using different statistical
methods (345) and are more likely to influence the results when the studied
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population is small. The systematic errors (also called bias) have three main
components: selection bias, information bias, and confounding (345).

Selection bias refers to when the study population does not represent the population
of interest (345). Perfect selection of a study population does not exist, but it is
important to reflect upon how the differences might influence the results of the
study. Information bias refers to bias that occurs during data collection (345), which
can come both from the study participants, as in cases of recall bias and self-
representational bias, and from the researcher (observer bias). Confounding is a
major challenge in observational studies and is discussed below.

Confounding

Confounding occurs when an observed association between a variable and an
outcome is distorted by the influence of a third variable (the confounder). The
confounder is related to both the variable of interest and the outcome, and this makes
it difficult and often erroneous to draw conclusions from the association of interest.
If confounders are well known and measured, they can be controlled for by different
statistical methods, such as multivariable regression models and stratification (345).

There are also confounders that are more difficult to handle, which have been
proposed as explanations for studies where results from randomized trials and
cohort studies do not agree. The “healthy user effect” in observational studies is a
bias related to patient behaviors, such as higher levels of physical activity and
avoidance of alcohol (345,386). In study I, patients with high pSTAT3Y" levels
had several patient characteristics that could be addressed as ‘“healthy user”
characteristics and could have influenced the favorable prognosis in the univariable
model.

In study II, this possible confounding is an important aspect since supplement users
have been reported to have healthier lifestyle habits than non-users. It may also have
influenced the results of study III, where current smoking was more common in
patients with a low skeletal muscle mass. More information about lifestyle habits,
such as dietary habits (studies I-III), physical activity level (studies I and II), and
alcohol consumption (study III) could have helped support or reject “healthy user”
confounders.

Similar to the “healthy user” the “healthy adherer” relates to the observation that
patients that adhere to a prescribed treatment are more likely to engage in other
healthy behaviors. For example, one RCT showed that patients who were adherent
to a placebo had lower rates of mortality than non-adherent patients who were also
assigned to the placebo (386). In study II, adherence to endocrine therapy was
investigated in relation to supplement use since some studies had suggested that
supplement users might be less adherent to the prescribed treatment. In contrast to

93



the suggestion of non-adherence, there was no difference in endocrine treatment
adherence between supplement users and non-users in study I1.

A rigid treatment protocol in an RCT may reduce the adaptability of the treatment
and thereby increase the risk of non-adherence that would otherwise be accounted
for in a clinical setting (345). “Selective prescribing” is a possible confounding
factor in observational studies and refers to adjustments in prescribed treatment,
such as adjustments made to account for comorbidities or frailty (386). This type of
confounding is difficult to adjust for in observational studies unless the given
treatment is recorded in detail in the research database.

Internal validity and reliability

Internal validity is defined as the extent to which a concept is accurately measured
(387). Biases are common threats to internal validity that hinder conclusions
between a studied variable and an outcome (345). Reliability refers to the
consistency of the measure, and high reliability means that the same result will be
obtained if the measures are repeated. If the validity is low, there is no point in
having high reliability since a different effect is measured (387).

In studies I and II, questionnaires were used to collect lifestyle-related information
from patients. Questions about events or habits from the past might be at risk of
introducing recall bias, whereas questions about lifestyle habits may introduce self-
representation bias. Anthropometric measurements were conducted by trained
research nurses (299,340), which reduces the risk of self-representational bias and
increases the reliability of the measurements. In study 111, smoking status might have
introduced a risk of self-representation bias. In studies I, II, and III, dual assessments
of the exposure variables were used to improve reliability. The laboratory
experiments in study II were performed at least five times for each exposure to
ensure consistency in the results and to increase validity and reliability.

Generalizability

Generalizability (external validity) refers to what degree to which the findings are
applicable to other populations. For research results to be clinically useful, they need
to be relevant for the intended population, not just the study sample. If treatment
efficacy is modified by different attributes of the patient population, this can result
in different effects from what was observed in an initial RCT (345). In general,
patients not included in RCTs more often have mental health disorders, more
comorbidities, and in some cases, limited functionality and lower socioeconomic
status. In oncology studies, patients not included in RCTs are more often older, more
likely to be female, have a higher performance status (> 2), and a have worse
prognosis (346).
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An advantage of observational studies is that the participants often show closer
resemblance to the general population than patients included in clinical trials.
Studies I and II are based on the BC-Blood study, which is considered population-
based and representative of female patients with breast cancer treated in Lund and
Helsingborg at the time of the study. Although not investigated thoroughly, the
majority of included patients were of Swedish or European decent, so
generalizations to other patient populations with different ethnicities and cultures
might not be applicable. In study III, generalizability may be restricted for those
with HNSCC and good performance status who are eligible to receive treatment

with curative intent.

Table 8. Strengths and limitations in studies I-IlI

Study |

Strengths Large population-based
prospective cohort.
Validated antibody.
Rigorous information on
patient and tumor

characteristics.

Limitations =~ Few patients with high
levels of pSTAT3Y7%,
Positive staining for
pSTAT3Y7% may
represent different
isoforms of STAT3
activation.

Residual confounding.

Study Il

Large population-based
prospective cohort.
Detailed information from
supplement users.

Two patient cohorts were
investigated and
displayed similar trends.
Two different cell lines
were evaluated.
Experiments were
performed with a minimum
of five replications.

Exact time period of
supplement use, doses,
and dietary intake could
not be considered.

Few antioxidant users
yielded small groups for
comparison.
Nonspecific exposure
variable.

Residual confounding.
Vitamin C is easily
oxidized in a laboratory
setting.

The AHR is highly
responsive to chemicals
and materials that may
influence the estimated
activation.

Study IlI

Randomized controlled
trial with well-controlled
data.

No bias in treatment
selection.

Delineation according to
validated method.
Patients are
representative of HNSCC
patients with good
performance status.

Use of measurements at
the level of C3 may
over/underestimate the
level of L3, which is the
gold standard method.
Few women limit
conclusions for this group.

Abbreviations: pSTAT3"7%: phosphorylated single transducer and activator of transcript 3 at residue 705,
AHR: aryl hydrocarbon receptor, HNSCC: head and neck squamous cell carcinoma, C3: cervical vertebra

3, L3: lumbar vertebra 3
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Causality

Causation means that an exposure causes a measured effect. Variables can have
different relations and associations, but a relation does not imply causation (348). For
example, Pathak er al (388) aimed to identify risk factors for a loco-regional
recurrence in breast cancer, and the variable of neoadjuvant treatment was associated
with more frequent events of locoregional recurrence. Readers familiar with
oncology, including the authors of the article, will conclude that the association can
be explained by the reason why the patient was treated with neoadjuvant treatment.

When it comes to less well-known associations, the interpretations may not always
be as easily concluded. All three studies included in this thesis report both known
and previously unknown associations. In epidemiology, which seeks to find
causations but primarily reports associations, nine viewpoints proposed by Sir
Bradford Hill in 1965 can be used as a guide to draw conclusions (350,389). The
viewpoints are sometimes referred to as Hill’s criteria, although they were not
intended to be regarded as rules for causation, but rather as a tool for reflection when
interpreting results (Figure 20).

Causality?
Experiment Temporality
Analogy Biological Specificity
gradient
Strength Consistency Plausibility Coherence

Figure 20. Hill's viewpoints for causality

In short, a strong association is more likely to have a causal component than a weak
association, although exceptions always occur. Consistency of a reported
association in different cohorts and contexts is more likely to represent a causal
relationship. It is also important to take the specificity of the exposure, the variable,
or the population into consideration when conclusions are drawn. Does the
association imply a single causation or multi-causation, which is more common in
medicine and biology?
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For a causal effect to be present, the exposure must always precede the outcome
(temporality), which is not always easy to prove in observational studies. If the
condition can be altered by an experiment, and there is an analogy with similar
causes and effects, this also indicates greater likelihood for causation. If a biological
gradient can be identified, whether linear, non-linear, or dependent on a threshold,
it may indicate causation.

When associations are detected, it is always important to consider the plausibility
of the association to diminish the risk of incidental findings. Importantly, what is
considered plausible depends on current knowledge. Coherence with current
knowledge and biological mechanisms should also be considered (389). Since their
first publication, Hill’s viewpoints have been modernized and further developed
(350). For instance, causal pie charts can illustrate the multifactorial nature of
causations to help interpret causal mechanisms and interactions of causal
components.

Another way to illustrate associations between variables and identify possible
confounders is by using DAGs (351). The “Grading of Recommendations
Assessment, Development, and Evaluation” (GRADE) system has been developed
to assess the certainty of evidence and is often used in systematic reviews (390).
Certainty is defined as the extent of the confidence that the estimates of an effect
are correct (350) and includes validity, precision, consistency, and applicability of
the result estimates (390).
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Table 9: Main findings of the thesis in relation to the viewpoints for causality by Sir Bradford Hill

Viewpoint
Strength

Consistency

Specificity

Temporality

Experiment

Analogy

Biological
gradient

Plausibility

Coherence

Reflection of prognostic value on clinical outcome in studies I-lll

Study I: The effect size for high levels of pSTAT3Y7%® was low (HR 0.17/no event) for BCFI, DMFI,
and OS but not significant when adjusted for time between surgery and staining. Study II: Effect
estimates for BCFI were strongest for non-MV antioxidants with differential effect regarding timing
of use (Lund; NY 0.21 /YY 1.59, Helsingborg; NY no event/YY 3.76). An interaction between AHR
activation and antioxidant use indicated improved BCFI for patients with positive AHR in
combination with preoperative use (adjusted effect estimate 0.25). Study lll: Effect estimates for
SMliow were 2.09 and 2.19 for OS and PFS in univariable models, respectively.

Study I: High levels of pSTAT3Y7% have been associated with improved prognosis in other
studies, particularly ER* breast cancer. Study II: The result for YY use is in line with a previous
study using the same antioxidant variable and a recent study from Germany. Older studies report
associations with improved prognosis for some antioxidants post diagnosis. Study Ill: SMliow has
been associated with worse prognosis in HNSCC, other cancer diagnoses, and geriatric
populations.

Study I: pSTAT3Y7% activates two isoforms of STAT3 with differential effects that introduce
uncertainties to the result. Oncological treatments can activate pSTAT37%. Study II: The
combined antioxidant variable cannot distinguish between different antioxidants with diverse
properties, which may influence the result. Antioxidants from diet were not assessed and may
influence total intake. Study lll: A validated method for assessment of skeletal muscle mass was
used. However, this method is a proxy for the gold standard measurement at L3 with reported
reports of over- and underestimations.

Study I: IHC was performed on pretreatment tumor tissue suggesting activation prior to
assessment. Study Il: Antioxidant use was assessed prior to initial adjuvant treatment and
associations with tumor characteristics. Use at follow-up visit involved information of antioxidant
use prior to that date. Study Ill: SMI measurements were collected prior to treatment initiation.

Study I: STAT3 may decrease and increase treatment resistance in cell studies. Inhibition of
STAT3 has not been successful in studies of metastatic breast cancer. Study Il: Clinical trial
reports worse OS for smoking patients with HNSCC using antioxidants during treatment. In vitro
studies showed that vitamin C can activate AHR by increasing downstream CYP1B1 levels,
suggesting that antioxidants can influence tumors besides scavenging of free radicals. Study Il
In vivo studies report lower muscle mass in mice exposed to long-term smoking.

Study I: High levels of pSTAT3"7% were associated with favorable patient and tumor
characteristics known to have a positive influence on outcome. Study II: The diverse results of
antioxidant use depending on timing are both supported and contradicted by previous studies.
Study lll: Worse prognoses in HNSCC have been reported for older patients and patients with
higher levels of comorbidities, often associated with reduced muscle mass.

Study I: A trend towards earlier recurrences for lower levels of pSTAT3Y7% was observed along
with less favorable tumor characteristics for lower levels. Study II: We found no associations for
multivitamin supplements with daily recommended doses of nutrients, suggesting that
associations are driven by higher doses or other non-evaluated factors related to these
supplements or supplement use. Study llI: In men, higher muscle mass evaluated as a
continuous variable was associated with improved OS and PFS.

Study I: STAT3 isoforms appear to have differential effects in vivo and in vitro. Pathways for
pSTAT3Y7% activation differ between intrinsic subtypes. Study II: Higher mutational burden
increases ROS levels in cells. Antioxidants protect normal cells and can increase cancer cells’
ability to survive and resist oncological treatment. Study lll: Muscle loss influences several
important functions in the body, including immune regulation and metabolism, and can be an
indication of malnutrition, frailty, and cachexia, which can all influence HNSCC prognosis.

Study I: STAT3 has both pro-tumor and tumor-inhibiting properties. Most studies report
associations between high levels of pSTAT3Y7% and improved prognosis. Study II: Worse BCFI
for YY use is in line with recent studies of continuous use. Recent studies report non-significant
reduced risks for NY use, which may be related to residual confounding. Study lll: Most studies
report associations with worse prognosis for SMliow. Women are underrepresented in HNSCC
studies, and a larger samples is needed to evaluate the prognostic value in women.

Abbreviations: STAT3: signal transducer and activator of transcript 3, pSTAT3%: phosphorylated
STAT3 at tyrosine residue 705, BCFI: breast cancer-free interval, DMFI: distant metastasis-free interval,
OS: overall survival, PFS: progression-free survival, non-MV antioxidant: non-multivitamin antioxidant,
NY: no-yes user, YY: yes-yes user, SMl,,: low skeletal muscle mass index, HNSCC: head and neck
squamous cell carcinoma, L3, lumbar vertebral, CYP1B1: cytochrome P450 family 1B1.
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Conclusion

Study 1

High levels of pSTAT3Y"® in breast cancer were associated with patient
characteristics such as younger age, smaller body constitution, and any alcohol
consumption

A high level of pSTAT3Y'® was associated with smaller tumors, lower
histological grade, PR negativity, HER2 negativity and lymph-node negativity
but not ER status

pSTAT3Y"" was not an independent prognostic factor

pSTAT3Y"® negativity may influence prognosis in tamoxifen-treated chemo-
naive patients with breast cancer

Study 11

Antioxidant users more often reported MHT use. Other characteristics differed
between patients in Lund and Helsingborg regarding antioxidant use

Associations between antioxidant use and preoperative tumor characteristics
were not consistent between patients in Lund and Helsingborg and regular use
(YY) was associated with smaller tumors

Antioxidant use influenced clinical outcome differently depending on the type
of antioxidant, timing of use, and activation of AHR

Exposure to vitamin C increased levels of CYP1BI1, indicating activation of the
AHR pathway in the MCF-7 and MDA-MB-231 cell lines

Study LI

SMlIj.w was associated with older age, lower BMI, current smoking, and tumors
more often located in the hypopharynx and less often in the oropharynx

There was no association of either medical treatment adherence or RT
adherence and SMIow

Patients with SMIj, had worse OS and PFS in univariable models. In
multivariable models, associations with outcome were only significant for men
when analyzed separately

An interaction between SMIjow and randomized treatment for PFS in favor of
cisplatin was identified and warrants further validation
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Future perspectives

The results presented in this thesis exemplify ways in which lifestyle is associated
with tumor characteristics and influences treatment outcome. The influence of
lifestyle in an oncological setting is complex and difficult to decipher, particularly
since lifestyles change with time and trends, and analysis often relies on patient-
reported data (73,86). To further elucidate the prognostic role of activated STAT3
in breast cancer, it is necessary to determine the influence of different
phosphorylation sites and STAT3 isoforms (391). Increased IL-6 levels prior to
adjuvant treatments have been associated with increased distant metastasis risk
(392). These changes may need to be taken into consideration if pSTAT3Y"® is to
be used as a prognostic marker, given that patient characteristics (392) and different
treatments can influence systemic IL-6 levels (393) and tumor pSTAT3Y70¥5727
levels (394).

An association between pSTAT3Y' in basal-like breast cancer and miRNA-222
has been reported (363). MiRNA-222 has oncogenic properties (363) but may also
influence neovascularization negatively in endothelial cells. Interestingly, increased
levels have been reported in patients with breast cancer one month after RT (395).
The ways in which pSTAT3Y"® and miRNA-222 influence each other in regard to
oncogenic properties and atherosclerosis warrant further research.

The STAT3 and AHR pathways both appear to have different roles depending on
estrogen status, so future studies may gain from analyzing these markers separately.
The AHR pathway has multiple roles, including modulation of immune functions
(396). By using multiplexed IHC, Kim et al. detected AHR positivity in tumor and
immune cells in five different cancer types, which each present different
characteristics of AHR positivity in immune cells (208). A similar evaluation in
breast cancer could generate a comprehensive analysis of AHR positivity and the
influence of antioxidant use, and it could complement studies reporting activation
in both tumors and stroma in breast cancer (204).

Inhibitors of AHR aimed at immune-suppressive functions in the tumor
microenvironment (396) are currently being tested in a metastatic setting of solid
cancers (NCT04069026), and an initial positive response has been reported in a
conference abstract (397). In contrast, dietary supplements are not specific, while
influences such as those of the AHR pathway can be either agonistic or antagonistic,
and the effects are difficult to predict (373). For instance, the impact of vitamin C
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on the AHR pathway with possible influence of estrogen metabolism warrants
validation, particularly since concentrations used in the experiments are achievable
with dietary vitamin C intake. The influence of genetically predicted vitamin C on
characteristics of tumors and the tumor microenvironment reported by Yuan et al.
(104) is a topic of interest. It would be interesting if future studies could validate
these findings in combination with the expression of vitamin C receptors in tumors
and reported vitamin C intake.

The use of medical imaging performed for diagnostic (398) or treatment-planning
purposes (238) has the potential to provide prognostic information, but it will be
essential to establish relevant sex-specific cutoffs to define SMly, for different
ethnicities or geographical areas (286,320). In the HNSCC population, where
women are underrepresented, collaborations to establish larger study samples are
needed to address the influence of SMljw on prognosis (321). With improved
technology (379,399), the methodology has the potential to improve the prognostic
value without increased work load. For instance, multiple levels of measurements
could be used (379), including the quantification of muscle density as a proxy for
muscle quality and levels of fat infiltration (400). These aspects should be explored
further in the HNSCC population.

The underlying cause of reduced muscle mass influences the possibility for
interventions prior to, during, and after treatment. For instance, the ongoing
DAHANCA 31 randomized trial is evaluating resistance training for patients with
HNSCC treated with chemo-RT (401). With improved technology also or newer
treatment equipment, online images in radiation therapy will be able to provide
accurate HU values for comparisons at different time points during the treatment
period. Future studies on interventions and prognosis in HNSCC could include this
information. Overall, host—tumor interactions are important to consider in
oncological research and could provide information on how to improve personalized
and precision medicine in the future.
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