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Summary

Metastatic prostate cancer is commonly treated with androgen deprivation therapy (ADT).
While ADT effectively slows disease progression, it is associated with severe adverse effects,
including musculoskeletal, cardiovascular and metabolic impairments, that compromise the
physical fithess and function. The physical decline may be aggravated in advanced disease
by the use of secondary treatments, such as androgen receptor inhibitors (ARI). Physical
activity has been identified as a modifiable lifestyle factor, with benefits for physical health,
prostate cancer progression and survival. These effects may be partially modulated by an
anti-inflammatory immune response that is stimulated as a result of muscle activation.
Structured exercise in particular is thought to promote favourable health outcomes, including
fitness improvements and reductions in systemic inflammation, but studies have reported
conflicting results of exercise interventions during ADT. Overall, the physiological
adaptations and, particularly, the immune response to physical activity and exercise in the
context of ADT are not well understood. The aim of this thesis was therefore to analyse
associations of habitual physical activity with physical fithess and immune function in men
treated with ADT for prostate cancer, and to investigate changes in physical fithess and

immune function following a chronic, structured exercise intervention.

Two cross-sectional studies were performed using baseline data from participants of a multi-
centre, randomised, controlled trial for men with advanced metastatic prostate cancer treated
with ADT. Study 1 examined levels of self-reported physical activity and adherence to
physical activity guidelines, as well as the association between self-reported physical activity
with fitness outcomes, in a large multi-centre sample (140 participants). Study 2 expanded
on this analysis by investigating levels of accelerometer-derived physical activity,
determining their agreement with self-reported estimates, and analysing the association of
accelerometer-derived physical activity with physical fitness and immune parameters in a
German subsample (27 participants). Both studies included a between-group analysis of
physical activity and fitness according to ARI use. Additionally, a longitudinal study (Study 3)
of data collected at the baseline and 6-month testing visits of the trial was performed, which
analysed changes in physical fithess and immune parameters in participants completing a
structured exercise programme of aerobic and resistance exercise compared to the control

arm (19 participants; 8 intervention, 11 control).

Habitual physical activity levels were below the recommended level according to self-
reported estimates, with only 29% of participants adhering to the guidelines for aerobic
physical activity, whereas accelerometer-derived physical activity estimates demonstrated
substantially higher physical activity levels. The agreement between the two measurement
methods was poor. Higher levels of self-reported moderate-to-vigorous physical activity

(MVPA) were significantly associated with a higher maximal oxygen consumption (VOzpeak)
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and a faster 400 m walk time in non-users but not in ARI users. Accelerometer-derived data
confirmed the association between MVPA and walk time, but showed that VO,peak was
positively associated with light activity and not MVPA. There were no associations between
strength outcomes for self-reported MVPA, although higher accelerometer-derived light
activity and MVPA were linked to increased maximal strength of the lower body. Among
immune parameters, higher light physical activity was associated with decreased monocyte
and increased regulatory T cell proportions, while decreased sleep time was associated with

increased neutrophil proportions.

After 6 months of the structured exercise intervention, maximal lower body strength
increased in the intervention arm, while handgrip strength increased in both arms, with a
larger effect in the intervention arm. Aerobic fithess outcomes and blood levels of immune
parameters remained mostly unaltered except for an increase in lymphocyte proportions,
with no differences observed between the intervention and control arm. Regarding the effects
of exercise dose, higher levels of completed aerobic exercise were associated with lower
natural killer cell counts in the intervention arm. Overall, the uptake of the exercise

intervention varied substantially, with the highest adherence noted for resistance exercise.

The results of this thesis indicate that higher habitual physical activity and reduced sedentary
behaviour are associated with improved physical fitness in men with advanced prostate
cancer. Furthermore, the findings suggest a potential decrease in systemic inflammation, as
demonstrated by reduced blood levels of tumour-promoting monocytes, in more active men.
Treatment with ARIs may attenuate the benefits of physical activity, although the findings
regarding their effects on physical activity levels and fithess outcomes are inconclusive.
Because older cancer survivors spend a large share of their time performing habitual, low
intensity activities that are disproportionately affected by recall bias, self-reported data may
provide biased estimates and objective measurement methods may be more suited to
capture this activity. Nonetheless, baseline physical activity levels, especially resistance
exercise participation, were concerningly low in some participants. Interestingly, after 6
months of the structured exercise intervention, the highest adherence was recorded for the
resistance exercise prescription. This indicates that men with advanced prostate cancer,
despite compromised bone and muscle health, are able to perform intense resistance
exercise, which is in turn associated with benefits for neuromuscular fitness. Finally, the
chronic exercise programme elicited minimal changes in circulating immune parameters, and
their significance for the anti-tumour immune response in prostate cancer remains to be

investigated.



Zusammenfassung

Die haufigste Therapie fiir das metastasierte Prostatakarzinom ist die Androgendeprivations-
therapie (ADT). Die ADT verlangsamt zwar wirksam den Krankheitsprogress, fiihrt aber
haufig zu unerwiinschten Nebenwirkungen, wie Beeintrachtigungen von Muskeln, Knochen,
Herz-Kreislauf-System und Stoffwechsel, welche die kdrperliche Fitness beeintrachtigen. Die
Abnahme der allgemeinen Leistungsfahigkeit kann durch den Einsatz von
Androgenrezeptor-Inhibitoren (ARI) verschlimmert werden. Es ist bekannt, dass kdrperliche
Aktivitdt diesen negativen Effekten entgegenwirken, sowie Vorteile fir die allgemeine
Gesundheit und das Krebswachstum bewirken kann. Mdégliche Grundlage fir diese Effekte
von korperlicher Aktivitdt sind entziindungshemmende Immunreaktionen, welche durch
Muskelaktivierung stimuliert werden. Besonders strukturiertes korperliches Training ist mit
positiven gesundheitlichen Effekten, wie verbesserter korperlicher Fitness und niedrigeren
systemischen Entziindungswerten, assoziiert, jedoch konnten diese durch die systemische
Wirkung der ADT beeinflusst werden. Es bleibt zu untersuchen, wie sich die durch
korperliche  Aktivitat und  strukturiertes  Training ausgelosten  physiologischen
Anpassungsprozesse wahrend einer ADT verhalten. Ziel dieser Arbeit war es daher, den
Zusammenhang von alltaglicher koérperlicher Aktivitat mit korperlicher Fitness und
Immunfunktion in Prostatakrebspatienten unter ADT zu analysieren, sowie Verdnderungen
von Fitness und Immunfunktion durch eine chronische, strukturierte Trainingsintervention zu

untersuchen.

Basierend auf Daten der Eingangstestung einer multizentrischen, randomisierten,
kontrollierten Studie fir M&nner mit metastasiertem Prostatakrebs unter ADT wurden zwei
Querschnittsanalysen durchgefiihrt. Studie 1 untersuchte in einer multizentrischen
Stichprobe (140 Teilnehmer) das AusmalRl subjektiver korperlicher Aktivitat und die
Einhaltung allgemeiner Aktivitatsvorgaben, sowie den Zusammenhang zwischen subjektiver
korperlicher Aktivitdt und Fitness. In einer Teilstichprobe (27 Teilnehmer) wurde diese
Analyse am deutschen Studienstandort in Studie 2 um die Untersuchung des Ausmal3es
objektiver korperlicher Aktivitat erweitert, sowie die Ubereinstimmung mit subjektiv
erhobener Aktivitat bestimmt. AufRerdem wurde der Zusammenhang von objektiver
korperlicher Aktivitdt mit Fitness und Immunparametern analysiert, und in beiden Studien
Vergleiche zwischen Teilnehmern mit und ohne ARI in Bezug auf korperliche Aktivitat und
Fitness durchgefihrt. Zusatzlich wurde eine Langsschnittstudie (Studie 3) durchgefihrt, die
Veranderungen von korperlicher Fitness und Immunparametern in Teilnehmern einer 6-
monatigen Trainingsintervention im Vergleich zur Kontrollgruppe untersuchte (19

Teilnehmer; 8 Intervention, 11 Kontrolle).

Die subjektive korperliche Aktivitat der Stichprobe lag unterhalb der Aktivitatsvorgaben, die

nur 29% der Teilnehmer einhielten, wohingegen die objektive Aktivitat wesentlich héher war.
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Die Ubereinstinmung beider Messmethoden war gering. Es bestand ein positiver
Zusammenhang zwischen subjektiver moderat-bis-anstrengender Aktivitdit (MVPA) und
maximaler Sauerstoffaufnahme (VO2peak), sowie einer schnelleren Gehzeit bei Mannern
ohne ARI, nicht aber bei ARI-Nutzern. Die Ergebnisse der objektiven Aktivitatserfassung
bestatigten den Zusammenhang zwischen korperlicher Aktivitdt und Gehzeit, wéahrend
hingegen VOzpeak nur mit leichter Aktivitat assoziiert war. Bei der Maximalkraft bestand kein
Zusammenhang mit subjektiver Aktivitat, wahrend objektiv gemessene leichte Aktivitat und
MVPA mit einer hdheren Unterkorperkraft zusammenhingen. Die Immunanalyse zeigte, dass
eine hohere leichte Aktivitdit mit einer geringeren Monozytenzahl, sowie mehr
regulatorischen T-Zellen einhergingen, wéahrend eine geringere Schlafdauer mit mehr

Neutrophilen zusammenhing.

Nach sechs Monaten strukturiertem Training zeigte die Interventionsgruppe eine Zunahme
der Maximalkraft des Unterkdrpers, wohingegen die Handgriffkraft in beiden Gruppen
anstieg, allerdings mit einem grof3eren Effekt in der Interventionsgruppe. Keine chronischen
Veranderungen wurden bei der aeroben Fitness und den Immunparametern beobachtet, mit
Ausnahme eines Anstiegs des Lymphozytenanteils, welcher allerdings keine Unterschiede
zwischen den Gruppen zeigte. Was den Effekt der Trainingsdosis betrifft, so war ein hoheres
Maf3 an aerobem Training mit einer niedrigeren Anzahl natirlicher Killerzellen verbunden.
Insgesamt schwankte die Adharenz der Trainingsintervention erheblich, wobei die hdchste

Beteiligung beim Krafttraining festgestellt wurde.

Die Ergebnisse zeigen, dass hdhere korperliche Aktivitat mit einer verbesserten Fitness,
sowie moglichen Reduktionen in ausgewahlten entziindungsférdernden Immunzellen bei
Méannern mit fortgeschrittenem Prostatakrebs verbunden ist. Der Einsatz von ARIs kdnnte
die vorteilhaften Effekte von korperlicher Aktivitdt abschwéachen, obwohl die Ergebnisse
hinsichtlich ARI-abhéngiger Unterschiede in Aktivitats- und Fitnesslevel nicht eindeutig sind.
Da altere Menschen mit Krebs viel Zeit mit niedrig-intensiven Aktivitaten verbringen, kénnen
subjektive, auf Erinnerungen basierende Messmethoden die Ergebnisse verzerren,
weswegen objektive Messmethoden von Vorteil sein konnten. Unabhangig von der
Messmethode war das Ausgangsniveau der korperlichen Aktivitat, insbesondere die
Pravalenz von Krafttraining, bei einigen Teilnehmern niedrig. Im Gegensatz dazu wurde bei
der strukturierten Trainingsintervention die héchste Adharenz beim Krafttraining beobachtet.
Daraus kann geschlossen werden, dass Manner mit fortgeschrittenem Prostatakrebs trotz
reduzierter Knochen- und Muskelgesundheit ein intensives Krafttrainingsprogramm
durchfihren kénnen, was wiederum mit Vorteilen fur die neuromuskulare Fitness verbunden
ist. In Bezug auf die Immunfunktion zeigte das chronische Trainingsprogramm nur wenige
Veranderungen der zirkulierenden Immunparameter, deren Bedeutung fir die Immunabwehr

gegen Prostatakrebs weiter untersucht werden sollte.
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1. Introduction

The prostate is the main gland of the male reproductive system and as such, is involved in
key reproductive functions like ejaculation control and sperm motility *. Central to prostate
physiology is the androgen receptor (AR), which acts as a ligand-activated nuclear
transcription factor and promotes genes that are necessary for normal prostate function and
homeostasis 2. The main ligand of the AR in prostate cells is the testosterone derivate 5a-
dihydrotestosterone, which regulates prostate cell metabolism and plays a crucial role in
male sexual development and function 2. Mutations of the AR gene lead to aberrant AR
signalling and overactivation of anabolic pathways, resulting in uncontrolled prostate cell
growth and the development of prostate cancer 4. Prostate cancer is the second most

common malignancy in men globally and accounts for 1.4 million new cases each year °.

The immune system plays an ambivalent role in cancer, because it employs cytotoxic effector
mechanisms that antagonise tumour growth but at the same time is involved in tumour
formation and progression ©. Inflammation in the prostate can support carcinogenesis by
inducing genomic damage through increased oxidative stress, stimulating rapid cell
replication and promoting angiogenesis ’. Tumours carry antigens that are recognised by the
immune system as foreign and stimulate immune cells to eliminate the tumour cells, a role
that is mostly executed by natural killer cells and cytotoxic T lymphocytes 628, In turn, tumour
cells exploit various mechanisms to suppress anti-tumour immune responses and enable
immune escape, including aberrant regulation of immune cell differentiation, activation and

effector function 919,

Although screening efforts and novel treatments have improved prostate cancer survival
rates, men diagnosed with the disease are at risk of physical health declines induced by the
cancer and its treatments 113, Due to the androgen-dependency of prostate cancer, the
mainstay treatment is androgen deprivation therapy (ADT), which blocks the synthesis or
action of androgens and deprives the tumour of its main anabolic stimulus to inhibit tumour
growth 4. While these drugs significantly delay prostate cancer progression and improve
overall survival, the continuous and long-term withdrawal of androgens is associated with
pronounced adverse effects 5. Because androgens regulate multiple physiological
processes, men on ADT commonly experience debilitating symptoms such as muscle
wasting, reduced muscle strength, increased body fat mass and fatigue 617, Furthermore,
ADT and secondary AR inhibitors (ARIs) for prostate cancer have been associated with
hypertension, increased blood levels of glucose and lipids, poor bone health and a higher
risk of cardiovascular events 1820, Altogether, these ADT-induced adverse effects exacerbate

the decline of physical health and fitness that is typically observed in cancer.
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Physical activity has been identified as a modifiable lifestyle factor that can delay disease
progression, improve survival and overall health, and reduce treatment-related adverse
effects in various cancer populations 2122, As a subset of physical activity, structured exercise
in particular has been recognised as a potent stimulus that promotes favourable health
outcomes, such as improvements in neuromuscular and cardiorespiratory fitness, which
could counteract the adverse effects of ADT 2324, Therefore, the American Cancer Society
encourages cancer survivors to engage in physical activity and regularly perform aerobic and
resistance exercise 2°. Despite this, studies that have assessed physical activity levels and
exercise participation have reported concerning results, with the majority of prostate cancer
survivors demonstrating insufficient levels of physical activity 2628, In light of the adverse
effects on physical fitness induced by androgen withdrawal, physical inactivity may be
exacerbated in men with advanced prostate cancer who receive long-term ADT combined

with ARIs, however, this has not been investigated yet.

The anti-tumour effects of physical activity are thought to result from increased
immunosurveillance and enhanced immune function 2°. Exercise is a potent stimulus of
immune responses because it induces the release of muscle-derived signalling molecules
that activate immune cells and mediate exercise adaptations, such as tissue repair .
Repeated bouts of exercise reduce systemic inflammation while increasing immune cell
regeneration, activation and migration 3!. Importantly, exercise stimulates various immune
cell populations to infiltrate tumours and enhances anti-tumour cytotoxicity. Previous studies
have demonstrated enhanced anti-tumour immunity following exercise in early stage prostate
cancer 32, but changes in the immune function of men with advanced disease have not been
investigated. Furthermore, in this highly sedentary population that is confronted with
exercise-limiting factors, such as advanced age and bone metastases, increased habitual
physical activity may present a viable stimulus that enhances immune function, while also

promoting physical fithess improvements.

The aim of this thesis was therefore to analyse how the physical fithess and immune function
of men treated with ADT for prostate cancer relates to habitual physical activity, as well as to
investigate changes in physical fithess and immune function following a structured exercise
intervention. This incorporated an assessment of the adherence to physical activity
guidelines and the prescribed exercise intervention. Furthermore, a subgroup analysis of ARI
use was performed to investigate its effects on physical activity and fithess. For the purpose
of this thesis, data from participants of a multi-centre, randomised, controlled trial for men
with advanced metastatic prostate cancer collected at baseline and at the 6-month testing

visit was analysed.
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2. Review of the literature

2.1. Prostate cancer biology and epidemiology

2.1.1. Basics of prostate function and biology

Prostate anatomy

The prostate is an accessory gland, which is part of the male reproductive system . It is a
round-shaped organ located in the pelvis directly below the bladder and partly surrounds the
urethra. The size of the prostate typically increases as men age 33. The prostate gland itself

is surrounded by a collagenous capsule, a fascia and a neurovascular bundle 34

Anatomically, the prostate is divided into five distinct zones and regions * (Figure 1). The
peripheral zone makes up roughly 70% of prostate tissue. Most of the glandular structures
are located within this zone, which extends to the lateral, posterior and apical boundaries of
the organ 1. The central zone surrounds the ejaculatory ducts that come from the seminal
vesicles, and extends to the base of the bladder. The periurethral gland region and the
transition zone are located adjacent to the central zone and partly surround the urethra. The
fibromuscular region forms the anterior boundary of the prostate and consists of non-

glandular tissue.

Prostate function

The prostate is composed of two distinct cellular structures: a glandular epithelium and a
fibromuscular stroma 1. The prostate epithelium is embedded in the stroma and its dominant
cell types are secretory luminal cells, which produce and release a fluid that is part of the
semen. In addition, the epithelium includes basal and neuroendocrine cells, which line the
basement membrane between the layer of secretory cells and the stroma. Basal cells exert
a supportive function for the secretory luminal cells 3°, while the rarer neuroendocrine cells
act as intraepithelial regulators by releasing a variety of hormones 6. The stroma provides a
microenvironment that allows for and promotes the ideal function of the prostate epithelium.
It contains predominantly smooth muscle myocytes, which can contract spontaneously to
prevent fluid stagnation, as well as fibroblasts, which support the prostatic ducts that enable

fluid transport 4.

Prostatic fluid is drained into the urethra during ejaculation and contains several factors that
are involved in ejaculation control, semen liquefaction and sperm motility 1. Among these
factors is the prostate-specific antigen (PSA), a serine protease belonging to the kallikrein
family. PSA, together with other kallikreins, is activated after ejaculation and promotes semen

liquefaction. This process is necessary to release the sperm so that it can travel upwards in
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the female uterus towards the Fallopian tube, where fertilisation occurs. Because the
prostatic fluid contains a mixture of metabolites, which trigger mechanisms that enable sperm

to reach and fertilise the egg, the prostate plays a major role in male fertility.
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Figure 1. Anatomy and histological structure of the human prostate. (a) The prostate is
located beneath the bladder and surrounds the urethra and ejaculatory ducts. Anatomically,
the prostate can be divided into five distinct regions: the central zone, the periurethral gland
region, the transition zone, the fiboromuscular region and the peripheral zone. (b) Each region
consists of ducts, which are composed of a single layer of epithelium surrounded by a basal
lamina, embedded in a fiboromuscular stroma. The prostate epithelium contains several cell
types, which each play an important role for prostate function. Luminal cells produce the
prostatic fluid and are supported in this by basal cells, while neuroendocrine cells have a
signalling function. Intermediate cells present a phenotype intermediate between luminal and
basal cells. Reproduced with permission from Rebello et al. (2021) 4.

Androgen-dependency of the prostate

The signalling processes within the prostate that ensure ejaculation control and release of
the prostatic fluid are regulated by androgens 37. Androgens are a group of sex steroid
hormones that are primarily responsible for developing and regulating the reproductive
organs and maintaining reproductive capacity 3. The dominant androgens involved in male
sexual development and reproductive function are testosterone and 5a-dihydrotestosterone

(DHT) 3:3°. Testosterone is the most abundant androgen in adult men. Physiological serum
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testosterone concentrations range from 10 to 30 nmol-L in a 30-year old man and decline

by 1 to 2% per year with ageing 3.

Testosterone can be converted via an enzymatic reaction to DHT, which is a more potent
activator of the AR 3°. Androgen synthesis in men occurs primarily in the Leydig cells of the
testes and is regulated by a complex signalling pathway known as the hypothalamic-pituitary-
gonadal (HPG) axis #° (Figure 2). The HPG axis consists of the hypothalamus-pituitary unit,
which belongs to the brain and controls the function of the gonads, i.e. the testes, via
endocrine signalling. Neurosecretory cells in the hypothalamus produce gonadotropin-
releasing hormone (GnRH), which is released in a pulsatile fashion and activates hormone
synthesis in the anterior pituitary gland 4°. GnRH stimulates gonadotropic cells in the anterior
pituitary gland to produce and release two hormones: luteinising hormone (LH) and follicle-
stimulating hormone (FSH). While both hormones are essential regulators of testicular
function, only LH is involved in androgen synthesis. LH binds to the LH receptor on the
surface of Leydig cells in the testes and stimulates the biosynthesis of testosterone from
cholesterol via a multi-level metabolic pathway 3. Testosterone is then released by the Leydig
cells into the circulation, where it is transported to its target tissues and exerts its function as
a signalling hormone 3. Less than 2% of testosterone circulates freely in the blood, with the
majority bound to plasma proteins such as sex hormone binding globulin (SHBG) or albumin
4142 |n order to enter its target cells, testosterone has to dissociate from these plasma
proteins #2. The testosterone metabolite DHT is to a much lesser extent also found in the

blood, with serum DHT concentrations only amounting to one-tenth of testosterone

concentrations 39,

Testosterone is involved in the regulation of various signalling pathways #3. In the male body,
the predominant function of testosterone is the development and regulation of reproductive
function, including the induction of secondary sex characteristics during puberty, stimulation
and maintenance of sexual function and activation of spermatogenesis. Testosterone is also
a major regulator of signalling pathways in bones, skeletal muscles, blood cells, liver, heart,
vasculature and brain #3. Testosterone inhibits bone resorption and promotes the formation
or remodelling of bone tissue, stimulates muscle protein synthesis and haematopoiesis,
regulates glucose metabolism and contributes to the proper function of the central nervous

system by maintaining neuron viability 4447,
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Figure 2. Regulation of the hypothalamic-pituitary-gonadal (HPG) axis and testicular
androgen synthesis. The complex regulation of the HPG axis is mediated by stimulatory
and inhibitory signals on neurosecretory cells in the hypothalamus. Upon activation, these
cells secrete gonadotropin-releasing hormone (GnRH) to stimulate the release of luteinising
hormone (LH) from cells in the anterior pituitary gland. LH binds to receptors in Leydig cells
of the testes, which activates testosterone synthesis. Testosterone is either transported to
target tissues directly or converted to 5a-dihydrotestosterone (DHT). The HPG axis is
regulated through negative feedback by both testosterone and DHT. Adapted from Naamneh
Elzenaty et al. (2022) 3.

Once androgens have reached their target cells, they exert their function by binding to their
main intracellular effector, the AR 2 (Figure 3). The AR belongs to the family of steroid
hormone receptors and is a nuclear receptor, which acts as a transcription factor when
activated by its ligand. In the absence of a ligand, the AR remains inactive and forms a
complex with heat shock proteins, which help to maintain a receptor shape that is ready for

ligand binding. Within prostate cells, AR-activation mainly occurs via DHT, which is converted
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from testosterone by the enzyme 5a-reductase in the cytoplasm. DHT binds to the AR with
a higher affinity than testosterone 3°. The binding of DHT to the AR removes the heat shock
proteins and facilitates the translocation of the ligand-activated receptor to the cell nucleus,
where it dimerises and exerts its role as a transcription factor 2. By binding to androgen
response elements located in the promoter regions of its target genes, the AR dimer enables
other regulatory proteins involved in transcription to attach and form the transcription
machinery. This transcription machinery transcribes the genetic information into messenger
ribonucleic acid (mMRNA), which is then translated and assembled into the target protein.
Many different genes involved in normal prostate function and homeostasis have been
recognised to be regulated by androgens, most prominently the gene encoding the protein
PSA L
Androgen and AR action in the prostate

Testosterone (T)

A’ SHBG

Extracellular 1

—

DHT
A—> O

50
red'uctase\r

-~ ~ -
~
~
N
\
) \
PSA
[ Tare ARe [ TATA] I;MPR§S2
rowt
Nucleus Promoter S

Figure 3. Androgen receptor (AR) signalling in prostate cells. Following synthesis in the
testes, testosterone is transported to its target tissues while bound to sex hormone binding
globulin (SHBG). Upon entry into prostate cells, testosterone is converted to 5a-
dihydrotestosterone (DHT). DHT replaces the heat shock proteins (HSP) that stabilise the
inactivated AR by binding to the receptor, thereby activating the translocation into the
nucleus, where the AR dimerises and binds to androgen response elements (ARE) of target
genes. That allows other transcription factors and coregulators to attach to form the
transcription machinery, which facilitates the transcription of genes encoding the prostate
specific antigen (PSA), as well as growth and survival factors. CBP: CREB-binding protein,
TBP: TATA-box-binding protein, TFIIF: transcription factor [IF, TMPRSS2: transmembrane
protease serine subtype 2. Reproduced under a Creative Commons licence (CC BY-NC-ND)
from Tan et al. (2014) 2.
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2.1.2. Carcinogenesis and pathophysiology of prostate cancer

Disease initiation

Prostate cancer occurs when cells in the prostate proliferate uncontrollably and produce
abnormal prostate tissue growth. The most common type of prostate tumour, also referred
to as prostate adenocarcinoma, originates from basal or luminal prostate epithelial cells, as
opposed to the much rarer prostate tumours with neuroendocrine differentiation originating
from neuroendocrine cells 484°. Cancer of any type is often caused by gene mutations in
actors of growth factor signalling, which result in overactivation of anabolic pathways and the
promotion of excessive cell growth %0, In the case of the prostate, mutations associated with
the development of a tumour are located in genes of the androgen metabolism and the AR
signalling pathway in prostate epithelial cells. AR-mediated activation of target genes is

central to prostate biology and, thus, also to prostate cancer. Currently, there are 159 known
mutations of the AR gene that represent a genetic predisposition to prostate cancer °1,
Elevated AR activity due to gene mutations has been established to increase growth signals
for prostate cells to the point where the rate of proliferation exceeds the rate of cell death,
resulting in tissue net growth 2. Such a transformation of the prostate epithelium is classified
as prostate cancer once the proliferating cells break through the basal lamina and invade the

stroma, because this step signifies the loss of structural integrity of the tissue 2 (Figure 4).

Normal Proliferative Prostatic Prostate
prostate inflammatory intraepithelial cancer
atrophy neoplasia

Columnar

oy

Inflammatory
cells

Figure 4. Stages of prostate carcinogenesis. Cellular atrophy and deoxyribonucleic acid
(DNA) damage induced by endogenous and exogenous factors result in inflammation and
subsequent proliferation of the prostate epithelium. Continuous proliferation and pro-
inflammatory stimuli promote the accumulation of genomic changes and ultimately lead to
the development of invasive adenocarcinoma of the prostate. Reproduced with permission
from Nelson et al. (2020) 3.
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The AR-driven reprogramming in prostate cancer also alters the activation of metabolic
pathways, such as glycolysis, oxidative phosphorylation and amino acid uptake and
metabolism, among others, to provide the metabolites required for increased cell proliferation
0. As in normal prostate tissue, the metabolic pathways that fuel prostate cancer growth are
mainly controlled by the AR 5°. This is supported by studies showing that the withdrawal of
androgens significantly inhibits tumour growth because prostate cancer cells transition into
a state of senescence when AR signalling is suppressed ®#°°. The initial reliance of prostate
cancer on androgen signalling is applied clinically in the form of ADT, which deprives the

tumour of its proliferation signals and thereby arrests growth and progression 4.

Metastatic disease

Prostate tumour growth is not limited to the prostate. Metastatic spread occurs when
malignant cells emigrate from their tissue of origin and survive in the bloodstream, before
invading other tissues to proliferate and establish cancer growth there %6, Prostate cancer
metastasis mostly affects the lymphatic system and the bones “. Locoregional lymph nodes
and the pelvic bones are common sites of initial metastatic growth due to the proximity to the
prostate, from where the metastasis can further spread to distant lymph nodes and across
the entire axial skeleton as the disease progresses #. Other organs, such as lungs, liver or
brain, are less frequently affected and metastasis in these tissues is often associated with

particularly aggressive disease and poor prognosis °”.

Metastasis is a multi-step process that requires extensive transformation of the malignant
cells to relocate from the primary tumour site to distant organs °6. First, they must
downregulate some of their membrane structures in order to detach from neighbouring cells
and become motile 456, Next, the newly motile cells perform intravasation, meaning that they
penetrate the basement membrane of the prostate epithelium and enter the bloodstream.
Entry into blood vessels allows these malignant cells to travel to distant sites but also poses
a challenge as they are now exposed to surveillant immune cells. Several immune evasion
mechanisms and an acquired resistance to programmed cell death enable the survival of
cancer cells in the bloodstream 6. To establish tumour growth at a distant site, the cancer
cells need to extravasate, i.e. leave the blood vessels by transmigrating through the
endothelium, and attach to native cells at the new site where they can proliferate and form a
metastasis +°. Notably, most cancer cells that extravasate do not immediately result in
metastases, but instead enter a dormant state because they cannot proliferate without the
presence of growth factor signalling, immunological stimuli or angiogenic factors °6. Such
cells are referred to as micrometastases. However, micrometastases can eventually escape

from their dormant state and, provided the right environment, resume proliferation to form a
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secondary site of tumour growth. While the process of metastasis is not yet fully understood
on a cellular and molecular level, evidence suggests that different types of cancer cells home
to different tissues. For example, more than 80% of men with metastatic prostate cancer
have bone metastases, which may be facilitated by signalling molecules on the prostate

cancer cell surface that attract these cancer cells to bone tissue through interaction with

markers expressed on bone marrow cells %859,

Disease progression

Disease progression despite androgen deprivation occurs when prostate cancer cells
recover their AR-mediated signalling and maintain proliferation even in the absence of
androgens %°. These androgen-independent cells develop as a result of genetic alterations,
which arise from the increased selective pressure of continuous androgen deprivation that
forces the tumour to adapt in order to maintain growth. Thus, AR-targeted therapies
eventually fail in almost all patients when the tumour develops a resistance to the androgen

withdrawal, a state that is termed castration resistance 2.

How exactly castration resistance develops remains uncertain but four potential mechanisms
have been proposed to explain androgen-independence in prostate cancer 2 (Figure 5).
Firstly, castration resistance might be driven by increased sensitivity of the AR to its ligands.
Although ADT significantly reduces the serum levels of circulating androgens, testosterone
is not completely eliminated. While the major androgen synthesising pathway via the HPG
axis is downregulated by ADT, residual androgen production from the adrenal gland and
intra-tumoral secretion of enzymes involved in androgen synthesis maintain a critical level of

testosterone 2. The tumour counters the scarcity of androgens by increasing AR expression

in the cell to ensure androgen signalling when only few ligands are available 2. The second
explanation for castration resistance involves mutations of the AR gene, which produce
alterations in the receptor that could allow other steroid hormones, like oestrogen or
glucocorticoids, to bind and activate the transcriptional activity of the AR. A third potential
mechanism is ligand-independent activation of the AR facilitated by mutations that make the
AR immune to its natural inhibitors. Lastly, there is evidence that prostate cancer cells
sometimes bypass the AR signalling pathway completely and activate the transcription of its
target genes independently. Some of these bypasses involve the immune system, which
reacts to proinflammatory signals released by dying prostate cancer cells with the secretion
of survival-stimulating factors. It is worth noting that these four potential mechanisms of
castration resistance are not mutually exclusive and it is likely that the tumour, forced by the

selective pressure of androgen deprivation, adapts in more ways than one.
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Figure 5. Mechanisms of androgen-independence in castrate-resistant prostate
cancer. Four mechanisms have been proposed as drivers of castration resistance: 1)
Androgen receptor (AR) amplification to increase sensitivity to residual androgen
concentrations, combined with intra-tumoral steroidogenesis. 2) AR mutations resulting in
promiscuous ligand binding and activation by other molecules, such as oestrogen (E2),
progesterone (P), glucocorticoids (G) or the pharmacological AR antagonist flutamide (F). 3)
Ligand-independent AR activation through AR mutations that prevent binding of negative
regulators or facilitate binding of long non-coding RNAs (e.g. PGCEM1). 4) AR-independent
mechanisms that active AR target genes via other pathways, like Stat3 signalling stimulated
by pro-inflammatory factors released from infiltrating immune cells. Reproduced under a
Creative Commons licence (CC BY-NC-ND) from Tan et al. (2014) 2.

2.1.3. Epidemiology of prostate cancer

Prostate cancer is the second most common cancer in men worldwide and is estimated to
account for 1.4 million new cases or 7% of total new cancer diagnoses annually °. With an
estimated 375,000 associated deaths, prostate cancer ranks fifth in the leading causes of
cancer-related deaths in men globally but second in Western countries such as the United
States and Germany >9384, Death rates for prostate cancer have been decreasing in many
Western countries, a development that has been attributed to increased screening efforts
and improved treatment options. In Germany, the most recent data show a relative 5-year
survival rate for prostate cancer of 89% . The high incidence paired with a higher survival
rate than other cancers leads to prostate cancer now being the primary cause of years lived

with cancer-related disability in developed countries .

Prostate cancer mostly occurs in men of older age. While the probability of developing

prostate cancer for men under 50 years is 0.2%, it increases to 9.2% for men 70 years or
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older in the United States %2, with similar numbers reported for Germany . Current estimates
of the cumulative lifetime risk show that 1 in 9 men will develop prostate cancer and 1 in 30
will die of the disease 4. Although some of the rise in the global incidence of prostate cancer
may be attributable to intensified screening efforts and overdiagnosis, the increasing life
expectancy of the world’s population will see the number of men living with prostate cancer

increase further in the future °.

The incidence and mortality rates of prostate cancer differ between countries but also
between different population groups in a country. Recent estimates of prostate cancer
incidence by region show that Northern Europe has the highest age-standardised rate (ASR)
with 83 per 100,000, followed by Western Europe and Australia with 78 and 76, respectively
66, South-Eastern Asia and South-Central Asia show a lower incidence with estimated ASRs
of 14 and 6 per 100,000, respectively. Mortality of prostate cancer on the other hand was
higher in the Caribbean, Middle Africa and Southern Africa, with estimated ASRs of 28, 25
and 22 per 100,000, respectively, compared to 11 and 4 in Europe and Asia. When analysing
populations by their Human Development Index (HDI), the highest prostate cancer incidence
ASR is present in populations with a very high HDI, which is likely a result of increased access
to diagnostic screening, whereas the highest mortality ASR is present in low HDI populations

suggesting an association with socioeconomic risk factors ©°.

Regarding the individual risk of developing prostate cancer, there are few risk factors that
are well established and many more that have been proposed to explain the epidemiology of
the disease. In addition to advancing age, which has been shown to be closely linked to the
occurrence of prostate cancer, the factors with sufficient evidence for a causal relationship
with prostate cancer risk include family history, genetic predisposition and ethnicity 6. A man
with a family history of prostate cancer has a two-fold risk of developing prostate cancer
himself and approximately 20% of men who are diagnosed have familial prostate cancer 67,
The risk increases with a higher number of affected family members, as well as with
decreasing age at diagnosis of the family member. Furthermore, a first-degree family history
of breast cancer has been identified as a risk factor for developing prostate cancer, which

68 Germline

suggests a shared genetic predisposition to hormone-related cancers
alterations in several DNA damage repair genes, e.g. BRCALl, BRCA2 and CHEK2, as well
as transcription factor genes, e.g. HOXB13, have been linked to a predisposition to prostate
cancer 9. However, hereditary cancer and genetic predisposition due to germline alterations
are complex because cancer risk is also influenced by environmental factors. This also holds
true for ethnicity, which has been used to explain patterns of prostate cancer risk among
different populations ’°. African-American men in the United States show a higher prostate
cancer incidence and mortality than White men, yet this might be related to a multitude of
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factors, including inequality regarding access to screening and treatment, exposure to

occupational hazards, or various risk behaviours 7.

Many additional individual or
environmental factors have been proposed to influence the risk of developing or dying of
prostate cancer 6670, These include behaviours such as smoking, physical activity and
sexual activity, as well as various dietary factors and symptoms associated with metabolic
disease. However, the relationship between prostate cancer risk and these factors remains

controversial.

2.2. Prostate cancer management

2.2.1. Screening and diagnosis of prostate cancer

Because prostate cancer is a prevalent malignancy that is often asymptomatic in the initial
stages and can be cured if detected early, many countries conduct extensive screening
programmes for prostate cancer as part of routine healthcare. The standard screening
method is the measurement of serum PSA levels #. Since PSA is a prostate-specific molecule
secreted as part of the prostatic fluid into the urethra, increased blood levels may be
indicative of prostatic disease. However, PSA serum elevations also occur in prostatitis, i.e.
inflammation of the prostate, or low-grade tumours that present no threat to overall health or

survival.

The value of population-based PSA screening for reducing the disease burden of prostate

cancer has therefore been questioned as its benefits for mortality reduction are unclear and

it may result in overdiagnosis and overtreatment %73

. Instead, experts recommend an
individualised approach that considers risk factors such as age and family history 73. This
approach is employed in Germany, where healthcare providers cover the costs for men 45
years of age or older to undergo an annual digital rectal examination, but not measurement
of serum PSA levels, as part of prostate cancer screening 4. As of 2016, only 24% of eligible
men utilised the offered screening, although percentages differed considerably between age

groups, with the lowest participation rate among men aged 45 to 49 years '*.

Standard diagnostic procedure for detecting prostate cancer consists of a digital rectal
examination of the prostate to detect any enlargement or textural changes combined with
analysis of serum PSA levels ’°. Generally, serum PSA levels below 4 ng-mL? have been
regarded as normal 7®. If either of these results are abnormal, a scan of the prostate using
magnetic resonance imaging (MRI) can confirm a suspected malignancy ’°. Ultimately, a
definitive cancer diagnosis is obtained through prostate biopsy and subsequent
histopathological analysis of prostate tissue samples. The result for each of the tissue

samples is reported separately, including the location, differentiation grade and extent of the
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tumour. The Gleason classification was established to set a universal standard for the

grading of prostate cancer aggressiveness and the categorisation of patients by their disease
risk /778, The Gleason grade quantifies how much each biopsy sample has deviated from
normal prostate tissue, with the highest and the most common grade summed to obtain the

Gleason score /7 (Table 1).

Table 1. The Gleason grading system for classification of prostate cancer 7.

Gleason grade Gleason score

1 Small, uniform glands <6 No cancer

2 More stroma between glands 6 Low-risk group

3 Distinctly infiltrative margins 7 Intermediate-risk group

4 Irregular masses of neoplastic glands

5 Poor dlifferentiation, only occasional gland | 28 High-risk group
formation

The chance for men in the low-risk group of prostate cancer to have metastases is minimal,
thus, no further diagnostic procedures are required after the biopsy ’°. By contrast, it is
recommended that some men with intermediate-risk and all men with high-risk tumours
undergo further diagnostic assessment, such as imaging to screen for metastases. Imaging
methods include bone scintigraphy, computed tomography (CT) or prostate-specific
membrane antigen (PSMA) positron emission tomography (PET)/CT 7°. This allows the
accurate determination of the prostate cancer stage at diagnosis and is pivotal for selecting
the optimal treatment approach. The standard classification system for staging of prostate

cancer is the TNM system, which describes the anatomical extent of the cancer and

combines test results from several diagnostic procedures 8281 (Table 2).

Table 2. The TNM classification of malignant tumours issued by the American Joint

Committee on Cancer 82,
Primary tumour (T)
Tx Primary tumour cannot be assessed
T0 No evidence of primary tumour
T1 Clinically inapparent tumour not palpable or visible by imaging
T2 Tumour confined within prostate
T3 Tumour extends through the prostatic capsule
T4 Tumour invades adjacent structures (e.g. bladder, pelvic wall)
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Regional lymph nodes (N)

NXx Regional lymph nodes were not assessed
NO No regional lymph node metastasis
N1 Metastasis in regional lymph node(s)

Distant metastasis (M)

Mx Distant metastasis was not assessed

M1 Distant metastasis

M1a Metastasis to non-regional lymph node(s)

M1b Metastasis to bone(s)

M1c Metastasis to other site(s) with or without bone metastasis

The combination of these diagnostic results allows the differentiation between localised,
locally advanced and metastatic disease . Localised prostate cancer is confined to the organ
and usually remains asymptomatic, whereas this changes in advanced disease. Locally
advanced prostate cancer refers to a tumour that has broken through the capsule of the
prostate gland and spread to nearby organs, such as the bladder or regional lymph nodes
5. Consequently, the symptoms of locally advanced prostate cancer depend on the affected
organs, and typically include frequent urination, urinary retention, pain during urination, or
haematuria (i.e. blood in the urine) 82. The overall tumour burden typically increases further
when distant metastasis occurs. At this stage, tumour growth is often associated with
debilitating symptoms that are no longer limited to the urinary tract 4. Metastasis to distant
organs impairs the normal physiological function of these tissues and can result in local
symptoms such as pain, pathological fractures, spinal cord compression or lymph oedema,
amongst others 8384, The diagnosis of metastatic prostate cancer can either come after
progression from an initially localised tumour or as a de novo diagnosis, where the tumour
growth is only detected once it has already formed metastases to distant organs . Metastatic
cancer is generally considered incurable and men with metastatic prostate cancer have

considerably lower 5-year survival rates than those with localised disease "*.

Lastly, prostate tumours are classified by their androgen-dependency. Initially, prostate
cancer is androgen-dependent as characterised by effective tumour control in response to
androgen withdrawal through ADT, which is classified as hormone-sensitive prostate cancer
(HSPC). By contrast, a tumour that has progressed to androgen-independence as
determined by disease progression despite androgen deprivation is referred to as castrate-
resistant prostate cancer (CRPC). This differentiation is crucial for the selection of

appropriate treatment options.
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2.2.2. Overview of treatment options for prostate cancer

Local Systemic
Tumour burden therapy therapy

(ng/ml PSA)

TNM stage A |

Disease stage

Treatment approach

Figure 6. Overview of treatment approaches according to prostate cancer stage. Men
with localised prostate cancer who do not respond to local therapy eventually progress to
metastatic disease accompanied by increased prostate-specific antigen levels. Various
forms of systemic therapy, such as androgen deprivation and chemotherapy, are available
for the treatment of metastatic prostate cancer, although at this stage further progression
from metastatic castrate-sensitive prostate cancer (MCSPC, also referred to as metastatic
hormone-sensitive prostate cancer (MHSPC)) to metastatic castrate-resistant prostate
cancer (MCRPC) is inevitable and the intent of the treatment switches to palliative care.

Reproduced with permission from Rebello et al. (2021) 4.

The treatment course of each individual with prostate cancer depends heavily on the
histopathological and molecular profile of the tumour, the clinical prostate cancer stage at
diagnosis, as well as patient characteristics # (Figure 6). While the early disease stages of
prostate cancer often present as slow-growing and indolent tumours that can be managed
using surveillance and local treatment, men with advanced prostate cancer may experience
rapid disease progress that requires aggressive treatment ’°. Additionally, because prostate
cancer is a disease that often presents late in life, a patient-oriented treatment approach also
entails a consideration of estimated life expectancy and overall health status. The androgen-
dependent nature of prostate cancer was discovered more than eighty years ago 4. Due to
advances in medical research over the last decades, prostate cancer patients now have a

variety of treatment options and a high long-term survival rate compared to other cancers.

Localised prostate cancer

Treatment options for localised prostate cancer include active surveillance, radical

prostatectomy or radiotherapy ’°. Active surveillance refers to a predefined schedule of
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regular follow-up visits, where digital rectal examination, measurement of serum PSA levels
and prostate biopsy are repeated. The aim of active surveillance is to monitor the disease
closely to ensure the detection of a potential progression requiring surgical or
pharmacological intervention, while preventing overtreatment in men with very low-risk
prostate cancer that may never progress during their lifetime. While active surveillance is
designed to simply manage a slow growing tumour, radical prostatectomy and radiotherapy
are pursued with curative intent in this setting *. Radical prostatectomy is a surgical
procedure in which the entire organ is removed. A similar result is achieved by radiation
applied to the prostatic area, which is comparable to prostatectomy in regards to tumour
control but carries a different spectrum of adverse events 8. While the benefit of these local
treatments for men with low-risk prostate cancer remains unclear, clinical guidelines
recommend them for men with intermediate or high-risk localised disease to prevent

metastatic spread ’°.

Although localised prostate cancer can be cured, regular monitoring after completion of local
treatment is still warranted. If serum PSA levels fail to decrease or continue to rise after
prostatectomy or radiation, it indicates either residual disease or biochemical recurrence 4.
Biochemical recurrence refers to a rise of serum PSA above a certain threshold, the exact
value of which depends on the primary treatment, and is indicative of occult prostate cancer

growth that will eventually lead to disease progression if not managed 8. Thus, serum PSA

levels should be frequently monitored even after the completion of primary treatment ’°.

Metastatic hormone-sensitive prostate cancer

Because prostate cancer progression relies on the androgen signalling pathway 20,
metastatic HSPC (mHSPC) is treated with systemic hormone ablation through treatments
that directly or indirectly target the androgen-receptor interaction 8. This therapeutic strategy
was pioneered by Huggins and Hodges in the 1940s, when they demonstrated that surgical
castration significantly reduced levels of prostatic acid phosphatase, a biomarker of prostate
cancer **. Advances in medical research have led to the approval of various therapeutic
agents that facilitate systemic hormone ablation, most prominently pharmacological ADT and

secondary hormone therapies 2-6°.

ADT encompasses several drugs that interfere with the androgen metabolism to inhibit the
anabolic effects of testosterone. The aim of ADT is to maintain serum testosterone
concentrations at castrate level, which has been defined as below 50 ng-dL* and requires
continuous application of the treatment 8. Only in cases with a low risk of progression and
asymptomatic disease, may the treating clinician decide to instead administer the treatment

as intermittent ADT instead 2. Intermittent ADT means that androgen deprivation is
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continued until the PSA level is very low, typically below the detection level of the laboratory
tests, before treatment is suspended and only restarted once a notable PSA rise occurs. A
meta-analysis of 12 clinical trials found that intermittent ADT was comparable to continuous
ADT in terms of prostate-cancer specific mortality 8°. The advantage of an intermittent
approach is temporary relief from testosterone withdrawal and its often debilitating adverse
effects of androgen deprivation, although careful consideration is required to avoid disease

progression during treatment-free intervals 7.

Men with a particularly aggressive form of prostate cancer or a high burden of metastasis,
indicated by either a large number of metastases in one organ or metastasis to visceral
organs, require additional treatment such as taxane-based chemotherapy or secondary
hormone therapy &7. Secondary hormone therapy includes androgen biosynthesis inhibitors
and ARIs, which are administered in addition to ADT to further inhibit AR signalling pathways.
The addition of either chemotherapy or secondary hormone therapy to ADT provides
significant survival benefits for men with mHSPC and a high burden of metastasis 2°-%4.
However, toxicity increases with the addition of either of these treatments and their benefit
should be carefully weighed against the involved risks, especially in older men with a poor

health status 487,

Metastatic castrate-resistant prostate cancer

Despite advances in the treatment landscape of mMHSPC, the majority of patients inevitably
progresses to metastatic CRPC (mMCRPC) as marked by disease progression during ADT,
mostly within the first year of treatment for metastatic disease °. At present, mCRPC is
considered to be non-curable, since there are no treatment options to meaningfully prevent
further tumour growth and avert cancer-related death. While estimates vary between studies,
the median overall survival of men with mCRPC is 25 to 36 months, with positive trends
noticeable as new treatments become available 699, Although the tumour has become
androgen-independent at this stage, activation of AR signalling is thought to still promote
tumour proliferation. Therefore, ADT is continued as the primary treatment in mCRPC but is
usually combined with additional treatments that target AR signalling or general cancer cell

growth mechanisms to improve disease control 19,

Similar to high-risk mHSPC, available treatments for mCRPC include chemotherapy and
secondary hormone therapy. The taxane-based chemotherapies docetaxel and cabazitaxel
have been shown to improve survival outcomes in mCRPC through their cytotoxic effects but
are associated with adverse events, such as decreased blood cell concentrations and
diarrhoea 101, Likewise, secondary hormone therapy has been associated with prolonged

overall survival in chemo-naive men, as well as in men who already received chemotherapy
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as first-line therapy 192105, The changing treatment landscape also presents new challenges
for clinical research as drugs that were formerly only approved for men with progressive
MCRPC are now routinely prescribed to men at earlier disease stages and their efficacy upon

second application remains to be investigated 4.

In men who no longer respond to any of the standard treatments for mCRPC, novel agents
such as poly(adenosine diphosphate-ribose) polymerase (PARP) inhibitor olaparib may slow
tumour growth and defer cancer-related death 106197  Qlaparib blocks the DNA repair
enzyme PARP and induces cell death in cells with DNA repair defects, resulting in a
preferential killing of malignant cells. Olaparib has been approved for use in selected patients
with confirmed DNA repair gene mutations, which are estimated to occur in roughly one third
of men with mCRPC, but requires genomic analysis of tumour tissue prior to treatment 4.
Additionally, patients may receive bone-targeted treatments like receptor activator of nuclear
factor kB ligand inhibitor denosumab to block bone-specific signalling pathways, which are
overactivated by prostate cancer and fuel the growth of bone metastases 8. Furthermore,
potential novel therapeutic agents like "’lutetium-PSMA, a radionuclide targeted at the

PSMA surface protein on prostate cancer cells, are undergoing clinical investigation 1°°.

2.2.3. Therapeutic agents targeted at androgen signalling

Antiandrogens

Antiandrogens, or first-generation ARIs, are pharmaceutically engineered AR ligands that
block androgen action by competing for their binding site at the AR 2 (Figure 7). Their
chemical properties allow antiandrogens to bind to the AR but not activate its effector
function, making the receptor unavailable for interaction with androgens. Available
antiandrogens for prostate cancer treatment include bicalutamide and flutamide.
Antiandrogens are typically administered to men with locally advanced prostate cancer,
either as a monotherapy or as adjuvant therapy after prostatectomy or radiotherapy, where
they have been shown to delay disease progression 10110 However, their efficacy is limited
by a substantially lower affinity to the AR compared to endogenous DHT; thus, other

therapeutic agents are necessary to achieve maximum androgen blockade 111,
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Figure 7. Therapeutic agents for prostate cancer targeted at the androgen receptor
(AR) signalling pathway. Multiple drugs have been approved for the treatment of prostate
cancer. These drugs block androgen action, either by inhibiting androgen synthesis via the
hypothalamic-pituitary-gonadal (HPG) axis and CYP17, or by directly targeting the AR to
prevent AR transcriptional activity. Modified and reproduced under a Creative Commons
licence (CC BY) from He et al. (2022) 112,

Androgen deprivation therapy

In contrast to antiandrogens, ADT refers to treatments that reduce testosterone production
through disruption of the HPG axis. While ADT was originally achieved via orchiectomy, i.e.
surgical removal of the testicles, most patients today receive pharmacological ADT in the

form of GnRH agonists or antagonists >4113,

GnRH agonists as a therapeutic agent for prostate cancer were first approved in the 1980s
and remain the standard of care for men with advanced disease today 4. Commonly used
GnRH agonists include leuprolide, goserelin and buserelin among others. Their mechanism
of androgen suppression appears contradictory at first, in that GnRH agonists activate GnRH
receptors in the hypothalamus, which stimulates the release of LH from the pituitary gland
and leads to subsequent activation of testosterone synthesis. The initial overstimulation of
the androgen synthesising pathway is, however, soon reverted into suppression of LH
production, which results in the long-term reduction of testosterone serum concentration to
castrate levels. Physiologically, the mechanism that leads to testosterone suppression is a
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desensitisation of the pituitary gland through overactivation 1°. The HPG axis reacts to the
overactivation of GnRH receptors with a negative feedback loop that downregulates the
pathway in the long term. Because the initial response to GnRH agonist administration is a
short-term flare of testosterone production that can have detrimental effects in men with
already metastatic disease, they are often combined with antiandrogens during the first

weeks of treatment until testosterone levels have subsided 114.

The same suppression of androgen synthesis can be achieved via the opposing mechanism
through GnRH antagonists, which exert a direct inhibitory effect on GnRH receptors by
competing with GnRH for the binding site but not activating its effector function 116. By using
GnRH antagonists instead of agonists, the initial flare of testosterone concentrations can be
avoided. However, comparative analyses have shown that GnRH antagonists can increase
the risk of certain adverse events, especially injection-site reactions 7. Thus, the only
regularly used GnRH antagonists was degarelix until very recently, when relugolix was also
approved for use in advanced prostate cancer, first in the United States in 2020 followed by
the European Union in 2022 118119 Relugolix appeals to patients because it is administered

orally in the form of daily tablets, as opposed to the monthly or three-monthly injections

required for all other forms of pharmacological ADT.

Inhibitors of androgen synthesis or receptor

In advanced prostate cancer, ADT is combined with secondary androgen signalling inhibitors
to amplify the testosterone blockade 87. Approved drugs for secondary hormone therapy
include second-generation ARIs, such as apalutamide, enzalutamide and darolutamide, and

androgen biosynthesis inhibitor abiraterone 8.

Second-generation ARIs are engineered to bind to the AR with a high affinity and inhibit its
translocation to the nucleus, as well as to impair the recruitment of transcription coactivators,
thereby reducing AR transcriptional activity 12°. This leads to selective apoptosis of prostate
cancer cells, whose metabolism relies heavily on AR activation, and causes the tumour
volume to decrease %C. Compared to first-generation ARIs such as bicalutamide, this new
drug generation impairs the binding of the AR to its target genes more effectively 121,
Therefore, second-generation ARIs are typically prescribed to patients with aggressive or
advanced disease 8’. Similar to mechanisms of ADT resistance, most men who initially
respond to ARI treatment eventually experience disease progression when the tumour
produces AR variants that lack the binding domain for ARIs 2, At this stage, treatment with

another ARI drug is often unsuccessful and treatment is switched to therapeutic agents with

a different mechanism of action, such as abiraterone.
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Contrary to ARIs, abiraterone blocks the synthesis of testosterone rather than its effector
function. Abiraterone targets cytochrome P450 17-alpha hydroxysteroid dehydrogenase
(CYP17), a pivotal enzyme involved in the conversion of cholesterol into the testosterone
precursor dehydroepiandrosterone 22, By irreversibly binding to CYP17 and inhibiting its

enzymatic function, abiraterone suppresses androgen biosynthesis in the testes.

2.2.4. Adverse effects of AR-targeted prostate cancer treatments

Prostate cancer patients of any stage face a variety of adverse effects related to the tumour
and its treatments. This is compounded among men with advanced prostate cancer
undergoing systemic treatments that are associated with severe toxicities 20123124
Androgens modulate a variety of different signalling pathways and, outside of the
reproductive organs, AR-expressing cells are found in muscles, bones, fat tissue, the
cardiovascular system and the immune system, amongst others 12°126_ Consequently,
systemic androgen deprivation is associated with a variety of adverse effects that can cause

significant morbidity and impair quality of life 2° (Figure 8).

Body composition

Changes in body composition are among the most prevalent adverse effects among men
undergoing any form of androgen deprivation 2°. Androgens are a strong activator of skeletal
muscle protein synthesis and skeletal muscle growth 127, In the absence of androgen
signalling, anabolic pathways in the skeletal muscle are impaired and muscle mass declines
128 In turn, ADT is associated with significant reductions in muscle mass and a subsequent
decline in muscle strength 16:129-131 Body composition analysis of 72 men at treatment
initiation and after 36 weeks of ADT showed a 2.4% reduction in whole-body lean mass, with
upper limb lean mass experiencing the largest reduction with 5.6% 12°. Similarly, Smith et al.
investigated the effects of GnRH agonist leuprolide and found that lean body mass
decreased by 2.7% and cross-sectional muscle area of the paraspinal area decreased by
3.2% within the first year of treatment 6. In another longitudinal study of the long-term effects
of ADT in 252 men with prostate cancer, lean mass reductions accumulated over time with
the overall loss greater at 36 months than at both six and twelve months 120, Interestingly,

the rate of lean mass loss in this study was highest in older men and in those who had already

received ADT for at least six months prior to the start of the study.

ADT-induced changes in muscle mass are often accompanied by an increase in fat mass,
which can result in the manifestation of sarcopenic obesity 132. Reports of increased fat mass
during ADT are highly consistent and appear to affect patients regardless of treatment

duration and disease stage 16133134 Body fat mass is estimated to increase by
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approximately 9 to 14% within the first year of ADT 16134, Even more pronounced body
composition changes were reported by Galvao et al., who observed a mean increase of
13.8% in whole-body fat mass and 20.7% in upper limb fat mass after just 36 weeks on ADT

129 |n addition to the changes in muscle and fat tissue, some patients experience

gynaecomastia as an adverse effect of ADT 13°. Gynaecomastia refers to the excessive
development of breast tissue and, while generally considered harmless, can be associated

with breast sensitivity, pain and adverse psychological effects.
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Figure 8. Adverse effects related to treatment with androgen deprivation therapy and
secondary inhibitors of the androgen signalling pathway. Androgen deprivation therapy
(ADT) is a key component of the treatment for advanced prostate cancer but it is associated
with numerous adverse effects on musculoskeletal, cardiovascular, metabolic, cognitive and
sexual health. Long-term androgen deprivation, either as monotherapy or in combination with
second-generation androgen receptor (AR) inhibitors, can lead to significant impairments of
physical fitness. Figure conceptualisation based on Edmunds et al. (2020) %°.
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Bone health

Bone health poses a serious concern for men undergoing long-term androgen deprivation 2°,
Bone mineral density (BMD) is known to decline with age as testosterone levels decrease
and ADT accelerates this development 136, Total BMD loss is estimated to amount to 5 and
10% after one and two years of ADT, respectively, which is considerably higher than the
normal age-related decline of 1% per year observed in healthy older men 18137  This puts
patients at risk of developing osteopenia or osteoporosis, which are very common side
effects of ADT 1120, Reduced BMD is also an established risk factor for bone fractures, which
in turn have been related to an increased risk of mortality in older and frail individuals 38139,
Beebe-Dimmer et al. analysed data from 80,844 men with prostate cancer and found that
ADT was associated with increased fracture risk, with the mortality risk doubling after a
fracture occurred 2. Interestingly, this study reported that fracture rates increased with a

higher cumulative ADT dose, which is equivalent to a longer treatment duration.

Cardiovascular health

Cells in cardiac tissues are known to express the AR and, while the exact mechanisms have
not been fully established, androgens are assumed to have a cardioprotective effect 140:141,
In this regard, there is a growing body of evidence supporting a link between androgen
deprivation and increased cardiovascular toxicity 1°. Several studies have identified that ADT
increases the risk of cardiovascular events, cardiovascular disease (CVD) and CVD-related
mortality 13142144 Some evidence suggests a particularly high risk of cardiovascular events
for GNRH agonists 143145 while others found no differences between mechanisms of
androgen deprivation 44, Not only are cardiac tissues affected by ADT-induced metabolic
changes, but vascular function is too, which can lead to peripheral artery disease or venous
thromboembolisms 146, FSH depletion through downregulation of the HPG axis by GnRH
agonists and antagonists has been suggested as a potential mechanism behind ADT-
induced cardiovascular toxicity 4. FSH stimulates proliferation of vascular endothelial cells
and is thought to be involved in plaque formation processes 1#8. The situation is aggravated

because ADT also affects the immune system and induces a pro-inflammatory state, which

may further contribute to the development of atherosclerosis 47.

Metabolic health

ADT has further been linked to decrements in metabolic health that can result in excess
morbidity 1°20. Several of the metabolic effects elicited by ADT overlap with the criteria for
metabolic syndrome. The diagnosis of metabolic syndrome is based on five criteria, of which
at least three must be present to confirm the disease: elevated serum triglycerides, elevated

fasting serum glucose, decreased high-density lipoprotein, increased waist circumference,
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and hypertension 14°. ADT has been consistently linked to increases in serum triglycerides,
fasting serum glucose and waist circumference °. Unsurprisingly, the incidence of metabolic
syndrome is significantly higher in men receiving long-term ADT than in prostate cancer
controls %0, While the link between ADT and blood pressure is inconsistent, several studies
showed that treatment with secondary hormone therapy like abiraterone and enzalutamide
significantly increases the risk of hypertension 151152 This further aggravates the risk of
metabolic syndrome and associated morbidity in men with advanced prostate cancer.
Moreover, the conditions clustered under the diagnosis of metabolic syndrome are
considered risk factors for other metabolic diseases, such as diabetes, whose incidence is
also expected to surge during ADT. In fact, two large population-based studies with a

combined total of 110,000 men with prostate cancer provided compelling evidence of a link

between treatment with GnRH agonists and an increased risk of incident diabetes 142145,

Quality of life

Considering the prolonged overall survival of men with prostate cancer nowadays, quality of
life during the years lived with the disease is of major importance. Several studies have found
that ADT significantly reduces quality of life outcomes compared to prostate cancer controls
153-155 One of the most prevalent and distressing cancer-related symptoms is fatigue, which
manifests as a general tiredness that is unrelated to prior physical activity and causes major
disruption to all aspects of quality of life 1°6. Nelson et al. showed that cancer-related fatigue
is exacerbated by ADT and that this effect may accumulate over time, as they found that
fatigue scores gradually worsened at 6 and 12 months of treatment 1. Supporting these
findings are results from Rodriguez Antolin et al., who observed that fatigue was present in
74% of participants with CRPC and that higher fatigue levels were associated with worse

quality of life 17

. In terms of second-generation ARIs additional to ADT, enzalutamide
seemed to increase fatigue levels more than abiraterone, while men treated with apalutamide

reported a similar fatigue level to those receiving a placebo 158159,

Other common side effects with implications for quality of life include hot flushes
characterised by sudden and repeated episodes of intense heat sensation, flushing and
excessive sweating, which are considered by affected patients to be very discomforting 16°.
While these are not directly harmful, men who experience multiple hot flushes per day report
a significant impairment of daily functioning and quality of life. Another important subdomain
of quality of life in the context of prostate cancer is sexual health. Given the vital role that
androgens play in the male reproductive system, it is unsurprising that ADT leads to sexual

dysfunction in most men 161, Symptoms of sexual dysfunction include erectile dysfunction,

loss of libido, and infertility, which are estimated to affect more than 90% of men on ADT 15,
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Several studies have also linked treatment with ADT to cognitive declines, such as

impairments of memory, attention and executive functions 162163,

Physical fitness

Reduced physical fitness is a common consequence of cancer and anti-cancer treatments
164 The conditions underlying physical fitness reductions, such as muscle wasting, are not
only a consequence of cancer-induced metabolic alterations but can also be linked to anti-
cancer treatments 16°. ADT, in particular, has been linked to impairments across a range of
physical fitness qualities, including reductions in muscle strength, walking speed and peak
aerobic performance 131166 |mportantly, a study by Gong et al. established that patients who
undergo prolonged treatment with ADT show reduced cardiorespiratory fitness and

increased cardiovascular mortality 166.

For men with particularly aggressive prostate cancer or disease progression despite ADT,
the addition of second-generation ARIs provides a survival advantage 67. The use of ARIs
is, however, associated with greater impairments of physical function and cognition, as well
as a higher risk of falls and fractures 168170, The various ways in which treatments such as
ADT and ARIs interfere with determinants of physical fithess present considerable barriers
for physical activity and exercise participation and promote inactivity, thus aggravating the

decline in physical fitness.

2.3. Role of the immune system in prostate cancer

2.3.1. Structure and function of the immune system

Basics of the immune system

The immune system is a complex and highly interactive network of various organs, cells and
molecules that protects the host from various external pathogens and responds to cellular
damage 171. Generally speaking, the immune system plays a central role in fending off and
clearing infection, repairing tissues and restoring tissue homeostasis, which are vital
functions that ensure the integrity and health of the host. The characteristicimmune response
to invading pathogens and tissue injury is inflammation, a multi-step process involving

numerous immune cells and signalling molecules that initiate and maintain a host response

172 |nflammation is

aimed at eliminating the pathogens and healing the afflicted tissue
mediated by pro-inflammatory and anti-inflammatory signals, predominantly in the form of
cytokines, whose actions antagonise each other. Consequently, the magnitude of the
inflammatory response depends on the balance of either type of cytokines. Acute
inflammatory responses are an effective mechanism to clear pathogens and destroy

defective cells; however, chronic activation of inflammatory responses creates an
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environment that promotes chronic inflammatory diseases and is conducive to
carcinogenesis and tumour growth 173, Therefore, it is essential that the immune system

strikes a balance that allows the activation of defence mechanisms when needed but avoids

overactivation and destruction through excessive inflammation.

A major challenge for the immune system is the need to correctly distinguish the structures
it encounters into self and non-self, as well as potentially harmful and harmless 174. The
immune system is equipped with a variety of cells and soluble factors that cooperate to
prevent harm by inactivating and destroying any pathogens recognised as foreign. It is of
critical importance for the host’s integrity to only direct destructive immune responses at
foreign antigens while at the same time tolerating its own, a mechanism referred to as self-
tolerance 17°. Discrimination between self and foreign structures relies on the presence of
surface molecules, which are recognised by immune cells via specific receptors 74. This
mechanism of recognition also extends to virus-infected host cells and tumour cells, which

allows the immune system to destroy aberrant cells to prevent further harm 176177,

Innate and adaptive immunity

The immune response is divided into two parts that differ in the speed and specificity of their
reaction: the fast-acting innate immune response, which presents the first line of defence
against invading pathogens; and the long-acting adaptive immune response, which employs
more specialised mechanisms to eliminate foreign antigens 1’*. Importantly, while innate and
adaptive immunity are often regarded as two separate defence mechanisms, an effective
immune response requires both systems to function synergistically as their mechanisms
complement and depend on each other 1’8, It is understood that innate immune cells
recognise patterns that provide information about the type of antigen and, in response,
activate appropriate defence mechanisms, including cells of the adaptive immunity. Adaptive

immune cells, in turn, support and enhance mechanisms of innate immunity 178,

The innate immune system includes all germ-line-encoded features of the human body that
provide protection from pathogens, including physical barriers like epithelial and mucus
layers, certain immune cells and soluble factors 17°. While innate immune responses act
quickly, they are not specific to the pathogen. Instead, innate immune recognition relies on a
limited number of receptors that recognise conserved microbial molecules 189, One major
family of receptors that enable innate immune recognition is the toll-like receptor family,
which is expressed by various innate immune cells. Interaction with a toll-like receptor ligand
triggers a downstream cascade of signalling molecules that stimulate the production of pro-
inflammatory cytokines and chemokines to activate other immune cells 81, Upon activation,

innate immune cells respond with phagocytosis of the pathogen, the production of toxic
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molecules, and the release of signalling molecules to alert and recruit further immune cells
to the site of infection or tissue damage 1’1. Altogether, the structure and mechanisms of the
innate immunity allows a small number of immune cells to detect and respond rapidly to a
variety of antigens, usually within a few hours of first contact 182, The innate immune
response is also a critical part of anti-tumour immunity, which is mediated by innate immune
cells recognising tumour-associated antigens and recruiting other actors to the tumour

microenvironment to eliminate neoplastic cells 8.

When innate immune mechanisms fail to eliminate infectious organisms or lack the receptors
to recognise certain antigens, the actors of the adaptive immunity are recruited 17°. In
contrast to the innate immune system, the actors of the adaptive immunity possess a high
specificity for their target antigens 8. Adaptive immune responses are mediated by
lymphocytes 182, Their main function lies in the initiation and execution of antigen-specific
effector mechanisms to eliminate extracellular and intracellular pathogens and defective
cells, such as tumour cells. Adaptive immune cells are activated by antigen-presenting cells,
which express a group of proteins referred to as major histocompatibility complex (MHC) on
their surfaces 182, There are two types of MHC molecules. MHC | is found on all nucleated
cells and can present intracellular peptides, such as virus fragments or tumour-specific
antigens, while MHC 11 is only expressed by professional antigen-presenting cells, such as
macrophages or dendritic cells 184, These specialised cells process extracellular antigens
and use MHC Il to display their fragments to adaptive immune cells. Encounter of
lymphocytes with a foreign antigen triggers rearrangement of gene elements and results in
the expression of distinct antigen receptors 183, Following this process of priming, the
lymphocytes differentiate and proliferate in order to generate an effective immune response.
Therefore, the maximal response of the adaptive immune system requires several days up
to weeks after first antigen contact 179. A key feature of adaptive immunity, however, is its
capacity for memory, which is mediated by specialised cells that store the relevant
information for each unique antigen and allow for a more rapid immune response upon

subsequent encounters 185186,

Actors of the immune system
Immune responses are mediated by leukocytes, which can be further categorised into
different cell types with distinct effector functions 87 (Figure 9). The different leukocyte

subsets are characterised by their unique expression of surface glycoproteins termed

clusters of differentiation (CD), which allows for phenotype identification through antibody
staining 18, While the morphological features and effector functions displayed by mature

leukocytes differ considerably, they all derive from hematopoietic stem cells in the bone
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marrow 189, Hematopoietic stem cells are pluripotent cells, and as such, they can differentiate

into most cell types of the human body 9. In the case of immune cells, these hematopoietic
stem cells produce two lineages of progenitor cells from which the different leukocyte subsets
derive: myeloid and lymphoid progenitors 8. Myeloid progenitor cells differentiate into most
innate immune cells 192, Lymphoid progenitor cells, on the other hand, give rise to T and B
cell populations, which are the main effector cells of the adaptive immunity, as well as natural
killer cells (NK cells), which belong to the innate immunity. Furthermore, the innate immunity
also includes the complement system consisting of serum glycoproteins, which can opsonise
antigens to mark them for phagocytosis and are activated in cascade sequence to amplify

the response 171,
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Figure 9. Actors of innate and adaptive immunity. The innate immune response is the
body’s fast-acting, first line of defence against pathogens. It includes immune cells like
granulocytes, macrophages, dendritic cells and natural killer cells, which can recognise
pathogens via common molecular surface structures, as well as soluble factors like
complement proteins. Innate immune cells eventually activate the adaptive immune
response, which consists of T cells, B cells and antibodies. The adaptive immune response
develops slower but possesses mechanisms that allow for specific antigen recognition and
formation of immunological memory, which leads to effective pathogen destruction and
quicker response upon subsequent encounters of the same pathogen. Reproduced with

permission from Dranoff (2004) 192,

The differentiation and activation of immune cells is regulated by soluble mediators and their
corresponding cellular receptors %3, Soluble mediators include a vast range of small
secreted proteins such as cytokines, growth factors, metabolites and cell adhesion

molecules, amongst others 1°4. They play a major role in the interaction and communication
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between cells, not only within the immune system but also as a crosstalk mechanism with

other organs, as they are secreted by most cell types in the human body 9.

2.3.2. Innate immune cells and their role in the anti-tumour response

Innate immunity also represents the first line of immune defence against neoplastic cell
growth, which occurs during tumour development and progression 1°2. The innate anti-
tumour immune response is mediated by multiple types of effector cells, including
monocytes, macrophages, dendritic cells, mast cells, NK cells and granulocytes, which are

further divided into neutrophils, eosinophils and basophils 82 (Figure 10).

Monocytes are a versatile cell type, whose maturation processes and functions are not yet
fully understood, but they are known for their ability to differentiate into macrophages and
monocyte-derived dendritic cells 1°. Macrophages and neutrophils share common features,
and are thus grouped together as phagocytes 182, Their main function is phagocytosis, a
process during which antigens are engulfed and subsequently destroyed by the immune cells
182 Macrophages are among the first cells present at the site of tissue damage, where they
identify and process tumour antigens before quickly releasing cytokines to recruit more
immune cells 174, Among these cytokines are granulocyte and granulocyte-macrophage
colony stimulating factors, which promote the differentiation of neutrophils in the bone
marrow 171, Neutrophils are then released into the blood, thus causing a substantial increase
in circulating leukocytes, also referred to as neutrophil leucocytosis, which is a characteristic
feature during the early stages of the innate immune response. A combination of signals,
involving pro-inflammatory cytokines, chemoattractants and cell adhesion molecules, then
stimulates neutrophils to home to the site of inflammation, where they execute their effector
function. In addition to their ability to phagocytose tumour antigens, macrophages also
occupy an important messenger function 182, They process phagocytosed tumour particles
and present the foreign antigens to lymphocytes to involve the adaptive immune response,

a role they share with dendritic cells 197,

Mast cells and basophils are instrumental during the initial phase of the immune response
because they store large quantities of soluble mediators, such as histamine, cytokines and
enzymes, that they release upon activation to initiate a pro-inflammatory response and
engage other cells %8, In a similar manner, eosinophils contain granules filled with enzymes
and cytokines, which they release upon encountering pathogens that are too large for
phagocytosis 19°. Evidence suggests that eosinophils perform targeted degranulation in

close proximity to the tumour to elicit cytotoxic effects 2%,
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A major role in the innate anti-tumour immunity is occupied by NK cells, which can destroy
malignant cells through the release of perforins and granzymes that cause the targeted cells

to enter into apoptosis 8291, In addition to their cytotoxic function, NK cells also produce and

release cytokines such as interferon-y (IFN-y) to modulate adaptive immune responses 292,
NK cells are mostly found circulating in the blood, where they account for approximately 5 to
10% of peripheral blood mononuclear cells (PBMCs) 2°1. As cells of the innate immune
system, NK cells do not express specific receptors for target antigen recognition; instead,
they rely on other actors such as dendritic cells for activation of the anti-tumour response.
NK cell activity is regulated by a balance of signals from activating and inhibitory receptors,
a safety mechanism that prevents the destruction of healthy cells. Once the activating
receptors dominate, NK cells exert their killing function, which in the context of cancer is
directed either against circulating tumour cells in the blood or primary tumour cells in the
tissue. Morphologically, human NK cells are characterised by the expression of the surface
marker CD56 and can be further divided based on the cell surface density of that marker into
CD56M9"t and CD569™ subsets, each with distinct phenotypic properties 203, CD56Pright NK
cells exhibit a high level of cytotoxicity, while CD569™ NK cells exert a predominantly
regulatory function. Recently, another NK cell subset has been identified that exhibits an
immunological memory function, a feature previously thought to be exclusive to adaptive

immune cells, thus underlining the diversity in NK cell function 201
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Figure 10. Defence mechanisms of innate immune cells and their interaction with
adaptive immunity in the anti-tumour immune response. Innate immune cells are
equipped with various effector mechanisms that can inhibit tumour cell growth. Natural killer
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(NK) cells induce tumour cell apoptosis through secretion of perforin and granzymes or the
stimulation of apoptosis-inducing ligands via specialised surface receptors. NK cells also
secrete interferon-y (IFN-y) to inhibit tumour angiogenesis and support antigen presentation
by dendritic cells (DC) to activate adaptive immune cells. Macrophages produce nitric oxide
(NOS) and reactive oxygen species (ROS) to induce tumour cell lysis. Reproduced with

permission from Dranoff (2004) 192,

2.3.3. Adaptive immune cells and their role in the anti-tumour response

The adaptive anti-tumour immune response is largely activated by innate immune cells, when
their effector mechanisms are ineffective in defence against neoplastic cells 2°4. The
hallmarks of adaptive immunity are antigen-specific defence mechanisms for effective
clearing and the development of an immunological memory that allows a quicker response
upon subsequent encounter with the same antigen 182, Adaptive immunity is mediated by
two types of lymphocytes, which are named T cells and B cells according to the tissue of
their maturation. The precursor of both cell types originates in the bone marrow from
hematopoietic stem cells and either migrates to the thymus to mature into T cells or remains

in the bone marrow to mature into B cells 191,

T cells

T cells play a key role in the cell-mediated immunity *82. T cells are equipped with a surface-
bound T-cell receptor (TCR), which can bind to antigenic peptides presented on MHC
molecules by various types of antigen-presenting cells 183. Each mature T cell expresses a
uniqgue TCR that binds to one specific foreign antigen. To ensure protection against the
variety of existing threats, the human immune system requires an equally large variety of T
cells with discrete TCRs 187, The wide range of TCRs is generated during T cell maturation
through somatic recombination of gene segments, from which the TCR is assembled 183,
This is the most remarkable feature of adaptive immunity, because the random
rearrangement of gene segments paired with purposeful gene alterations produces an
enormous repertoire of TCR that is large enough to cover the variability among antigens 172,
Before they are released from the thymus into circulation, T cell precursors must pass
negative selection, where their affinity to self-peptides, i.e. peptides that are commonly
expressed by the host, is tested 183, This selection process is critical, as it ensures self-
tolerance through the elimination of autoreactive T cell precursors. As part of the
development in the thymus, T cell precursors also differentiate into one of two main
subclasses: either CD8* cells known as cytotoxic T cells (Tc cells) or CD4* cells known as
T helper (Th cells) cells 29%. Although both T cell subclasses share the same progenitors,
once activated they develop into effector cells with highly specialised phenotypes. The

process of differentiation and phenotype development is strictly regulated by signalling
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involving various cytokines, chemokines, transcription factors and metabolic signals, and T

cell lineages are regarded to be fixed and mutually exclusive 2.

After passing the developmental checkpoints, naive T cells are released from the thymus
into the bloodstream, where they circulate in search for their antigen. Naive T cells are
activated upon contact with antigen-presenting cells that display the unique antigen to which
their TCR binds specifically, provided that required co-stimulatory signals are present 182,
Their chance of encountering an antigen-presenting cell is increased by their high level of
mobility. Naive T cells constantly circulate in the blood and lymphatic system and accumulate
in lymph nodes, where large numbers of immune cells are present. Contact with tumour-
associated antigens is mediated by professional antigen-presenting cells that collect these
antigens in the primary tumour tissue and migrate to the lymph nodes or reside in lymphatic
organs and take up soluble antigens for presentation 2%7. Activated through antigen contact,
T cells enter a state of proliferation and clonal expansion that can produce up to one thousand
progeny of each cell 1’1, The activated T cells then are stimulated by chemotactic factors
released from tumour cells to home to the tumour microenvironment, where they fulfil their

effector function 208,

The main role of Tc cells is the elimination of infected or neoplastic cells, which they exert by
releasing soluble factors that induce apoptosis of their targets (Figure 11). Tc cells create
pores in the target cell membrane either through the use of mechanical force or the release
of granulysin and perforin 299210, Cytotoxic enzymes secreted by Tc cells can pass through

these pores into the cytoplasm of the target cells and induce cell death. Additionally, Tc cells
express the transmembrane protein Fas ligand, which binds to Fas receptors on target cells

and induces alternative cell death mechanisms, such as the enzymatic fragmentation of
target cell DNA 211, This process of killing target cells occurs in a matter of minutes and
individual Tc cells are capable of simultaneously killing multiple target cells 12, Because of
their cytotoxic abilities, Tc cells are powerful effectors in the anti-tumour immune response
213 Tc cell recognition of tumour cells occurs via neoantigens, which are newly formed
antigens generated by tumour cells as part of tumour-specific alterations to the cell genome
and metabolism 214, Neoantigens interact with the TCR and are recognised as non-self,

which triggers an anti-tumour immune response to eliminate the neoplastic cells.
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Figure 11. Interaction of CD4* and CD8* T cells in the anti-tumour immune response.
CD8* T cells recognise tumour neoantigens presented on major histocompatibility complex
(MHC) I molecules and respond with mechanical efforts and the release of perforins and
granzymes to induce target cell death. CD4* T cells recognise their target through cross-
presentation of tumour antigens by macrophages (M®) and respond with cytokine release
for additional activation of CD8* T cells. Cytokines released by both cell types also alter the
tumour microenvironment and surrounding tissue to facilitate tumour cell killing, for example
through destruction of blood vessels. Particles of apoptotic tumour cells are phagocytosed
by M® and tumour antigens are presented to CD4* T cells to amplify the response.

Reproduced under a Creative Commons licence (CC BY NC ND) from Poncette et al. (2022)
215

While Th cells do not display the same level of cytotoxicity as Tc cells, they further
differentiate into various subsets with specific effector functions that make them important
coordinators of the anti-tumour immune response 187, The differentiation into these effector
populations is largely controlled by cytokine signalling and depends on the type of antigen
exposure, which allows for tailored immune responses to different antigens 187, Several Th
cell subsets have been identified in the tumour microenvironment, including Thl, Th2, Th17
and regulatory T cells (Treg cells) 216 (Figure 12). Th cell subsets are characterised by the

specific cytokines that they release to mediate their effector functions.

The best described Th cell subsets are Thl and Th2, which are induced by innate immune
cells secreting interleukin-12 (IL-12) and IFN-y for Thl differentiation and IL-4 for Th2
differentiation 217. Th1 cells mainly produce IFN-y, which activates macrophages, NK cells
and Tc cells to enhance intracellular killing of microbes and cytotoxicity against infected or
neoplastic cells. Thl-derived cytokines also stimulate B cells to produce opsonising
antibodies that mark target cells for phagocytosis 182, Important for the anti-tumour response

is the ability of Thl-derived IFN-y to indirectly inhibit tumour growth by suppressing
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angiogenesis and promoting blood vessel regression that leads to starvation of the tumour
218 Th2 cells release a variety of cytokines, such as IL-4, IL-5 and IL-13, that activate
eosinophils and macrophages, but also self-induce Th2 cell differentiation in situ to provoke
a strong inflammatory response 182, Th2-mediated immune responses play a critical role in
wound healing and tissue regeneration, two processes that generally involve the stimulation
of cell proliferation, and are therefore thought to stimulate tumour cell growth rather than
inhibit it 1°. While Thl and Th2 cells work together in the coordination of an immune
response, the nature of their responses is diverging and therefore, one cell type will

eventually dominate 183,

Less is known about the roles of Th17 cells, which are characterised by the secretion of the
pro-inflammatory cytokine IL-17. Differentiation of Th1l7 cells occurs upon exposure to
combinations of IL-1, IL-6 and transforming growth factor B (TGF-B). Secretion of IL-17 is
essential for the defence against extracellular pathogens but is also involved in the
pathogenesis of several autoimmune and inflammatory diseases due to its pro-inflammatory

properties 220,

Once the identified threat in the form of invading pathogens or neoplastic cells is successfully
eliminated, it is important that the immune response is resolved to avoid tissue damage
caused by excessive inflammation 82, The resolution of immune responses is in part thought
to be mediated by Treg cells, which secrete the inhibitory cytokines IL-10 and TGF-§ to
suppress inflammatory processes 221, Most T cells die and are cleared by phagocytes once
the immune response has been resolved, with the exception of a few cells that are retained
as memory cells to allow a more rapid immune response upon subsequent contact with the
same antigen 82, While several Th cell subsets display effector functions that can destroy

tumour cells, Th-derived cytokines can also contribute to immunosuppression in the tumour
microenvironment and enhance immune tolerance and tumour growth, which makes their

role in cancer immunity controversial 21°.
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Figure 12. Characteristics of T helper cell (Th cell) subsets and their effects on tumour
cells. Upon activation through antigen presentation, naive Th cells differentiate into distinct
subsets in a process controlled by cytokine signalling. Each subset mediates specific effector
functions through the production and release of cytokines. Some of the mechanisms
stimulated by Th-derived cytokines promote anti-tumour immunity (favourable, +), while
others contribute to immune evasion and enhance tumour growth (unfavourable, -). DC:
dendritic cells, IFN-y: interferon-y, IL: interleukin, Tc cell: cytotoxic T cell, TGF-f: transforming
growth factor B, TNF-a: tumour necrosis factor a, Treg cell: regulatory T cell. Figure
conceptualisation based on Speiser et al. (2023) 216,

B cells

The B cell immune response relies on the release of antibodies and is therefore also referred
to as antibody-mediated or humoral immunity 82, Contrary to T cells, B cells remain in the
bone marrow for maturation, only migrating to other tissues as mature cells. B cells are
characterised by the expression of unique antigen-binding receptors on their surface, which
are assembled in a similar gene recombination process as the TCR in T cells 187, This
maturation process occurs under the direction of cytokines released by primed T cells, which
makes the B cell response partly dependent on T cells 183, Structurally, the B cell receptor is

a membrane-bound immunoglobulin with two identical antigen binding sites that allow the B
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cell to bind antigens directly, a process that does not require the involvement of antigen-

presenting cells 222223,

Naive B cells predominantly reside in lymphoid organs, with only a small percentage
circulating in the bloodstream %24, B cell activation is initiated upon antigen recognition via
the B cell receptor, which activates a signalling cascade that stimulates B cells to proliferate
and differentiate into either plasma cells or memory B cells 182, Plasma cells produce and
release large amounts of clonal antibodies that neutralise antigens by marking them for
destruction by other immune cells 186, While plasma cells are short-lived and undergo

apoptosis when the inflammation ceases, memory B cells have a longer lifespan and can be

activated much quicker upon subsequent encounters with the same antigen.

B cells produce five major antibody classes (IgA, IgD, IgE, IgG and IgM) that differ in their
ability to recognise and neutralise antigens, thus, each antigen provokes a unique antibody

response 225, B cells are also known to infiltrate tumours and produce tumour-specific

antibodies that recognise and react against tumour-associated antigens 226. The presence
of B cells in the tumour microenvironment supports the efforts of the T cell-mediated anti-
tumour immunity by marking tumour cells for cytotoxic effector cells or initiating complement-

dependent cytotoxicity %2’

2.3.4. The immune system in prostate cancer pathophysiology

Similar to tissue injury, tumours trigger an inflammatory response initiated by the innate
immune system and completed by tumour-antigen specific defence mechanisms of the
adaptive immunity 228. Various immune cells infiltrate the tumour microenvironment and
release molecular mediators, including cytokines, chemokines and transforming growth
factors, to amplify the immune response and induce tumour cell cytotoxicity. However, many
signalling molecules can have ambivalent effects, and whether the immune response
restricts or supports tumour survival depends on the balance of effector cells and mediators.
While the initial inflammatory immune response inhibits tumour growth, chronic inflammation
has been implicated as a driver of carcinogenesis and tumour progression 1’3. Moreover,
tumours manipulate their immediate environment through the release of immunosuppressive
signalling molecules and modulate immune responses to evade immune surveillance.
Prostate cancer in particular is understood to employ a complex network of cellular and
molecular mechanisms that induce extensive immunosuppression in the tumour
microenvironment, which leads to poor success rates of immunotherapy compared to other

solid tumours 229,
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Inflammation-induced prostate carcinogenesis

While inflammation serves as a physiological defence mechanism, increased inflammation
in prostate tissue has been associated with a higher risk for prostate cancer development
230,231 prostatic inflammation can be caused by multiple factors, including microbial
infections, urine reflux, chemical irritation or dietary factors 232236 Any of these factors can
trigger a pro-inflammatory immune response, during which infested or damaged cells are
cleared and proliferative signals are required to complete tissue repair ’. The remodelling of
prostate tissue in response to pro-inflammatory stimuli promotes structural and epigenetic
changes that can ultimately result in uncontrolled proliferation of prostate cells and initiate
tumour growth 237, The causative relationship between inflammation and malignant prostate
tissue changes was first shown in mice, where injection of Escherichia coli bacteria into the
prostate resulted in the development of reactive hyperplasia induced by chronic inflammation
238 |n line with these findings, human genome analyses discovered mutations in
inflammation-related genes, such as immune cell receptors and immune-modulating

enzymes, among families with an increased risk of hereditary prostate cancer 239240,

Inflammatory processes are not only involved in tumour initiation but are also vital to sustain
the transformation and promote tumour progression and treatment resistance 241242, A
chronically pro-inflammatory tumour microenvironment stimulates tumour growth via several
mechanisms. The inflammatory response enhances the release of free radicals, such as
reactive oxygen and nitrogen species, as well as cytokines that cause tissue injury, which
triggers compensatory epithelial proliferation . Mass release of these highly reactive
compounds also induces DNA damages through genome destabilisation and promotes gene

mutations, which are a hallmark of cancer.

Continued recruitment of certain immune cell types and alteration of their effector function by
the tumour sustains the pro-inflammatory tumour microenvironment that is conducive to
tumour growth 173, Immune cell migration during cancer and its implication for tumour
aggressiveness is complex. Some cell types have been identified as drivers of tumorigenesis,
and their presence in the tumour microenvironment is associated with poorer outcomes 243,
Tumour-associated macrophages release signalling molecules that suppress immune
responses targeted at killing tumour cells and stimulate tumour growth by promoting
angiogenesis 244, Tumour-associated macrophages also promote cell migration and secrete
proteases that destabilise the basement membrane of the prostate epithelium, which is
thought to facilitate metastasis formation 244245 Signalling by tumour cells also mobilises
large numbers of neutrophils that fulfii a similar role to macrophages in the tumour

microenvironment, by enhancing proliferation and supporting tumour cell invasion 246, The
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maintenance of an immunosuppressive tumour microenvironment is aided by cancer-
associated fibroblasts, which release a range of signals that stimulate the pro-tumour

polarisation of macrophages and recruit neutrophils, whilst suppressing NK cell activation

and Tc cell infiltration to avoid cytotoxicity 247

Because immune cell recruitment and activation are largely mediated by cytokines and
chemokines, the tumour microenvironment is characterised by distinct release patterns of
pro-inflammatory signalling molecules from tumour cells, surrounding stroma cells and
tumour-associated immune cells 172, Increased blood levels of IL-6 and its soluble receptor
have been associated with biochemical prostate cancer progression and bone metastases
248 -6 activates three major signalling pathways that promote angiogenesis and enhance
anti-apoptotic and proliferative processes 24°. Therefore, IL-6 is thought to act as an
important survival signal in prostate cancer cells and presents a target of interest for anti-
cancer therapies 2°. IL-6 and other pro-inflammatory cytokines, such as IL-1f and IL-8, are
produced by tumour cells, cancer-associated fibroblasts and various immune cells 173, By
contrast, expression of IFN-y, which is an important mediator of the T cell response and
promotes anti-tumour effects, is often reduced in cancer 251, Overall, tumours manipulate the
recruitment and functional differentiation of immune cells through continued release of pro-
inflammatory and immunosuppressive signals to create a tumour microenvironment that

fosters tumour survival and growth.

Immune escape strategies of prostate cancer

While prostate cancer derives from healthy epithelial prostate cells, the originating tumour
cells are not invisible to the immune system. Tumour cells carry antigens that are recognised
by innate immune cells such as NK cells that can Kill target cells, as well as macrophages
and dendritic cells that present the antigens to T lymphocytes and activate Tc cell-mediated

cytotoxicity 6. Apoptotic cancer cells release more tumour-associated antigens, which alert

and activate further immune cells and intensify the anti-tumour immune response 2°2. This
positive feedback loop would allow the immune system to rapidly and efficiently eliminate
cancer cells. However, prostate cancer employs multiple immune escape strategies that
inhibit the anti-tumour immune response and protect tumour cells from detection and

destruction by the immune system 253,

A large-scale analysis of the expression of immune-related genes in prostate cancer tissue
found that in 90% of samples expression levels of genes responsible for antigen processing
and presentation, immune cell recruitment and activation were low °. The failure to
upregulate these genes results in immunologic ignorance, where the foreign antigen is not

recognised by the immune system. Furthermore, half of the tumours in this study also
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expressed decoy molecules, such as programmed death-ligand 1 (PD-L1), that bind to
surface receptors of Tc cells and weaken their cytotoxic activity. Expression of PD-L1 on
tumour cells has been associated with reduced metastasis-free survival in men with locally

254

advanced prostate cancer at the time of prostatectomy <°*. One of the predominant cell types

implicated in the immune escape by prostate cancer are the anti-inflammatory Tregs 2°°.
Tregs inhibit Th and Tc cell activity to avoid excessive inflammation and enhanced Treg
activation is a major suppressor of anti-tumour immune responses. In fact, prospective
studies of prostate tissue samples have linked the presence of higher numbers of Tregs to

increased prostate cancer risk and aggressiveness 2°6:257,

Among the innate immune cells, NK cells are the main effector cells responsible for killing
tumour cells 2%1. Because NK cells are required to act fast and do not possess adaptive
receptors to recognise their target, they rely on the balance between activating and inhibitory
signals released from other innate immune cells to exert their killing function. Tumours have
been shown to express tumour-derived molecules like prostaglandin E2, adenosine and
programmed cell death ligand 1, which inhibit NK cell activation and function 258-260,
Moreover, tumours are known to further evade the immune response by remodelling their
actin cytoskeleton to protect themselves from cytotoxicity 2. These findings originate from
studies of various cancers and, while it remains uncertain which of these immune escape
mechanisms are characteristic for prostate cancer, as the first line of defence against

tumours NK cells are certainly a desired target of tumour-induced alterations.

2.3.5. Influence of prostate cancer treatments on the immune function

Cancer treatments interact with the immune system, either deliberately by enhancing anti-
tumour immune responses or inadvertently through cytotoxic effects that affect tumour cells
and host cells in equal measure. Chemotherapy is a widely used cancer treatment that has
proven effective in reducing tumour progression in many types of cancer 252, The
effectiveness of chemotherapy derives from its cytotoxic properties that primarily target
rapidly proliferating cells, such as tumour cells, but can also have deleterious effects on
healthy cells, such as immune cells. Immune suppression, most commonly in the form of
leukopenia or thrombocytopenia, is therefore a frequent adverse effect associated with
chemotherapy 2%3. Some chemotherapeutic agents can induce apoptosis of T cells or NK
cells or impair the maturation of dendritic cells, all of which are crucial for the recognition and
elimination of tumour cells 264, Furthermore, chemotherapy may not only suppress immune
cell populations but also disrupt communication pathways among immune cells, which
compromises the coordinated efforts within the complex network of immune actors and can

result in immune dysregulation 2%, Analysis of 421 men treated with first-line docetaxel for
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MCRPC found that 47% experienced a severe adverse event during the treatment, 11%
developed febrile neutropenia (i.e. fever during severe neutropenia), which indicates an
infection during a state of immunosuppression and is considered life-threatening, and 41%
required hospital admission during treatment 2%°. Similar cytotoxic effects can occur following
radiotherapy, which induces tumour cell apoptosis that leads to the release of tumour

antigens and a subsequent immune response but can also negatively affect immune cells in

the surrounding tissue 266,

While not inherently cytotoxic, androgen deprivation may also influence the immune
response, although the direction of that interaction is less clear. Many different immune cells
are known to express the AR, including neutrophils, monocytes, macrophages, mast cells
and T lymphocytes, as well as hematopoietic stem cells and both lineages of progenitor cells
267,268 Testosterone-mediated activation of the AR in immune cells is generally considered
to induce immunosuppressive effects by decreasing T cell numbers and activity, reducing
antibody production and stimulating anti-inflammatory signalling pathways 2°. Androgen
signalling supresses the production of pro-inflammatory cytokines like tumour necrosis factor
a (TNFa) and IL-1B and, instead, promotes the release of anti-inflammatory cytokines, such
as IL-10 279, Some of the androgen-dependent mechanisms benefit the tumour and promote
its progression, while others enhance tumour-specific immune responses 2’1 (Figure 13).
Evidence for the effects of androgen deprivation on circulating immune cells and their
corresponding soluble mediators is limited and often inconclusive 2%°. Some studies
observed an impaired Tc cell response to stimulation during ADT, whereas others
demonstrated that androgen-axis blockade may increase T cell infiltration within the prostate
and enhance Tc cell-driven anti-tumour immune responses 272274 Altogether, a better
understanding of immune function in men with prostate cancer undergoing androgen

deprivation is desirable.
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Figure 13. The effects of androgen signalling on immune and non-immune cells in the
tumour microenvironment (TME) of prostate cancer. The abundance of androgen
receptor (AR) expression by cells in the TME makes androgens important modulators of anti-
tumour immunity. Androgen signalling promotes tumour progression by inhibiting T helper
(Th) cell activation, decreasing antibody production by B cells and activating tumorigenic M2-
polarised macrophages. However, androgen signalling also suppresses pro-inflammatory
cytokine production and, in turn, stimulates the release of some anti-inflammatory mediators
by cells in the TME, which promotes anti-tumour immunity. Solid black arrows represent
stimulating actions, truncated dotted black lines represent inhibitory actions. Reproduced
with permission from Conteduca et al. (2023) 271,

2.3.6. Cellular markers of immune responses in prostate cancer

The role of the immune system in cancer is ambivalent because it holds effector mechanisms
that can exert anti-tumour immunity, though certain immune cells have also been implicated
as drivers of tumorigenesis 2°2. Therefore, the quantification and characterisation of immune
cells and their effector function has become a focus of cancer research. Tumour-induced
changes of the immune response not only affect the immediate tumour microenvironment
but also result in systemic changes, which is indicated by altered differentiation, mobilisation
and function of immune cells 1’3, The immune system comprises a complex network of
effector cells, whose function is highly dependent on their location and the presence of
signalling molecules 187. Nevertheless, characterisation of immune cell populations in

275

peripheral blood has been shown to reflect immunological changes in cancer In

individuals with breast cancer, lymphocyte and Treg concentrations in the peripheral blood

negatively correlated with tumour size 276.
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Ratios of certain cell types can provide additional information concerning the balance of the
immune response. Frequently used cell ratios include the Th1/Th2 ratio and Treg/Th17 ratio.
Both Thl and Th2 are activated upon antigen contact as part of adaptive immunity, yet
environmental and genetic factors decide which Th cell type will dominate the immune
response 277. Thl-dominated immune responses are generally considered pro-inflammatory
and Thl-derived cytokines activate Tc cells, NK cells and macrophages, which are important
effectors of the anti-tumour response. Conversely, Th2-specific cytokines are known to

antagonise inflammation by inhibiting Th1 immune responses 278. A reduced Th1/Th2 ratio

has been associated with poor prognosis in cervical, colorectal and breast cancer 279-281,

The Th17/Treg ratio represents a similar balance between pro and anti-inflammatory stimuli.
Th17 cells release cytokines that stimulate Tc cell cytotoxicity, whereas Tregs are known to
suppress anti-tumour immune responses. Despite evidence for Th17/Treg imbalance in other
chronic immune disorders, such as asthma, the role of this cell ratio as a potential marker for

the immune milieu in cancer remains to be investigated 282,

Chronic inflammation is considered a hallmark of cancer and several immune cell-based
markers have been proposed in the scientific literature to quantify systemic inflammation 173,
The most commonly used markers are the neutrophil-to-lymphocyte ratio (NLR), platelet-to-
lymphocyte ratio (PLR) and systemic immune-inflammation index (SlI), which is obtained by
multiplying the NLR with the number of platelets 283-285 (Figure 14). Platelets, also known as
thrombocytes, are small cells without a nucleus that originate from the same hematopoietic
lineage as other immune cells 288, Their most characteristic function is thrombus formation
through cell adhesion and clotting in response to vascular injury to prevent blood loss.
Additionally, they have lately gained recognition for their involvement in immunity as they
express the same class of receptors that recognise pathogen-associated patterns as other
innate immune cells. The advantage of these indices is that their calculation only requires
few blood values that are typically collected as part of routine care. Multiple studies have
suggested these indices as prognostic markers to predict survival, disease progression and
treatment outcomes across a variety of cancers, including prostate cancer 287-29_ A higher
SlI, which is indicative of a greater level of inflammation, has been associated with poorer
overall survival in mCRPC, as well as being linked to a higher Gleason score and poorer
recurrence-free survival in non-metastatic prostate cancer 2°°. Similarly, an elevated NLR
has been shown to predict poorer overall survival and recurrence-free survival in men with

advanced prostate cancer 2°1.

As the main effector cells of innate anti-tumour immunity, NK cells are of particular interest
in the context of cancer 8. NK cells levels in the peripheral blood, however, do not necessarily

reflect NK cell-mediated cytotoxicity because their effector function depends on a variety of
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factors, including cytokines, surface receptors and ligands. Similar to the already described
ratios of T lymphocytes, the balance between the NK subsets CD569™ and CD569 s
considered to reflect NK cell cytotoxicity due to the diverging effector functions of both
subsets 293, In fact, an increased CD56%M/CD569" ratio was associated with improved

disease-free survival and a lower relapse rate in children with haematological malignancies
292
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Figure 14. Cellular immune inflammation indices. Calculating the ratios of different
immune cell populations can provide insight on the overall immune balance. Established
inflammation indices that have been associated with clinical outcomes in cancer include the
neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR) and systemic
immune-inflammation index (Sll). Higher values for any of the three indices represent greater
levels of inflammation. Reproduced under a Creative Commons licence (CC BY) from Walzik
et al. (2021) 2°3.

2.4. Physical activity and exercise in prostate cancer

2.4.1. Recommendations for physical activity and exercise during cancer

Epidemiological studies provide accumulating evidence for modifiable lifestyle factors,
such as physical activity and exercise behaviour, as important mediators of health and
survival following a cancer diagnosis 2. Though often used interchangeably, physical
activity and exercise are two distinct concepts. The term physical activity refers to any
movements produced by the muscles that result in energy expenditure 2°4, Exercise is a
subset of physical activity and describes planned, structured and purposeful activities
that aim to maintain or enhance physical fithess 2%. Higher physical activity levels and
exercise participation post cancer diagnosis are thought to promote favourable
outcomes, including longer overall and disease-free survival, quality of life

improvements, better physical function and reduced side effects of anti-cancer
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treatments. Consequently, several organisations have issued public health
recommendations for the minimum levels of physical activity and exercise that offer
significant health benefits for different groups of individuals, including cancer survivors
25295 (Table 3).

Generally, these guidelines present strong evidence for the association between
physical activity and cancer risk and survival for a variety of cancer types, especially for
post-diagnosis physical activity, and conclude that health professionals should promote
physical activity as an integral component of cancer care 2. They also highlight the
understanding that more physical activity is generally considered favourable but that
benefits diminish at high levels of physical activity. The latter is also the rationale for
stating an upper limit of 300 minutes per week, although this number is considered
conditional as benefits may still occur above this level 29, Furthermore, they state that
the benefits of physical activity outweigh potential risks for people living with chronic

conditions, including cancer, provided that they have no contraindications to exercise.

Table 3. Physical activity and exercise recommendations issued by public health
organisations or clinical experts.

American Cancer Society (Rock et al., 2022) 5

¢ During and immediately after cancer treatment physical activity provides benefits for
quality of life and treatment-related side effects.

o After completion of cancer treatment being physically active improves survival and other
health outcomes.

e Cancer survivors should regularly engage in physical activity with consideration of
cancer type, overall health, treatments and symptoms to avoid obesity and maintain or
increase muscle mass.

e Aerobic physical activity: 150 to 300 min moderate intensity or 75 to 150 min vigorous
intensity physical activity per week.

¢ Resistance exercise: Participation in muscle-strengthening activities on two or more
days per week.

World Health Organization (Bull et al., 2020) 2%

o Across all populations, any amount of physical activity is favourable over inactivity. The
amount of time spent sedentary should be limited to avoid adverse health effects.

e Habitual physical activity is generally safe and can be adopted by inactive individuals
without seeking medical clearance, provided that intensity and duration are increased
gradually.

e Aerobic physical activity: 150 to 300 min moderate intensity or 75 to 150 min vigorous
intensity or an equivalent combination of moderate-to-vigorous physical activity (for
adults 18 to 64 years).

¢ Resistance exercise: Participation in muscle-strengthening activities at moderate or
greater intensity on two or more days per week (for adults 18 to 64 years).

e Engaging in a wide range of physical activities, including aerobic, strength and balance
exercise, can improve various aspects of physical function and prevent osteoporosis for
older adults (65 years and above).
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International Multidisciplinary Roundtable (Campbell et al., 2019) 2°7

o Effective exercise programmes should have a duration of 8 to 12 weeks at minimum.

e Cancer survivors are encouraged to engage in regular exercise throughout the cancer
care continuum.

o Aerobic exercise: Moderate intensity aerobic exercise at least three times per week,
with a minimum session duration of 30 min.

o Resistance exercise: Two or more sessions per week, including at least two sets with 8
to 15 repetitions per exercise. Exercises should be performed at loads of 60% of the
one-repetition maximum or above.

After initially approaching the topic of exercise with apprehension due to fear of adverse
events, oncologists are howadays encouraged to recommend cancer survivors to participate
in exercise if their physical condition allows 21298, Several clinical trials have established that
exercise is generally safe and acceptable before, during and after cancer treatment for
individuals of all cancer types or stages, including those with advanced disease receiving
palliative care 2%°-201 Most studies to date have shown benefits of exercise when the
exercise programme was professionally supervised and included at least three sessions per
week of moderate or high intensity, although the reported efficacy of interventions varies
302303 An overview of frequently used categories of physical activity intensity and
corresponding activities is presented in Table 4. Furthermore, studies have demonstrated
that patients benefit from structured exercise programmes that include resistance exercise

to counteract cancer-related muscle dysfunction and from prescriptions that are tailored to

their individual needs 393,

Table 4. Categories of physical activity intensity including objective and subjective
measures. Adapted from Norton et al. (2010) 3°4 and Bull et al. (2020) 2.

Intensity Objective measures Subjective Description
measures
Activities that involve
sitting, reclining or lying
< 1.6 METs with little additional
Sedentary | < 40% HRumax RPE: < 1 movement and a low
< 20% VO,max energy requirement.
E.g. desk-based office
work, driving a car
1610 <3 METs Activities that do not cause
) 40% 10 < 55% HRumax a substantial increase in
Light 2Ocy: to < 40%(: RPE:1-3 heart rate or breathing rate.
VOzmax E.g. slow walking, bathing
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Intensity Objective measures Sr:::ztr';’: Description
Activities that allow
maintaining a conversation

3to0 <6 METs uninterrupted but cause a
55% to < 70% HRumax noticeable increase in
Moderate 4002 to < 600/2 RPE:4 -6 heart rate and breathing
VOzmax rate.
E.g. brisk walking,
gardening
Activities that do not allow
maintaining a conversation
> 6 METs uninterrupted and cause a
> 70% HRumax RPE: > 6 substantial increase in
> 60% VO,max heart rate and breathing
rate.
E.g. running, swimming

Notes: RPE refers to ratings from 0 to 10 on a 10-point Likert scale.

Abbreviations: HRmax; maximal heart rate; MET: metabolic equivalent of task; RPE: rating of
perceived exertion; VOzmax: maximal oxygen consumption.

Short-term  exercise restrictions may apply after major surgery or during
immunocompromising treatments but the general consensus is that most cancer survivors
are able to exercise 2°. This specifically includes individuals with bone metastasis, for whom
exercise is considered safe, provided a risk assessment is performed and the exercise
programme is prescribed by a professional to limit the risk of skeletal complications 3°°.
Recommendations from a recent expert consensus on exercise for people with bone
metastases included that greater emphasis should be placed on proper technique and
controlled movement and that the location and presentation of bone lesions warrants

consideration 3%°. While in the past, regions with bone metastasis were avoided completely

306 recent studies have concluded that exercises with load on affected bone regions are

tolerable and may even improve bone health 307308 Similar recommendations apply to
people with advanced, incurable cancer, who should undergo risk assessment prior to
exercise initiation to identify unmanaged medical conditions that could require adaptation of
the exercise prescription 3%°. All in all, the current expert consensus is that all cancer
survivors benefit from physical activity and exercise throughout the cancer care continuum
and are highly encouraged to perform such activities, albeit with some adaptations required

to ensure safety and increase tolerance 2.
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2.4.2. Physical activity and exercise participation among men with prostate cancer

Despite recommendations by public health organisations that cancer survivors should
engage in physical activity and exercise, studies have shown that many individuals with
various cancer entities are highly sedentary and fail to meet the recommended activity levels
309-312 Coletta et al. analysed the adherence of cancer survivors to the physical activity
guidelines from the American Cancer Society and found that 23% met the aerobic guidelines
(= 150 minutes moderate-to-vigorous physical activity (MVPA) per week), 15% met the
resistance guidelines (resistance exercise = 2 times per week) and only 10% met both 312,
Comparably low physical activity and exercise participation has been reported for men with

prostate cancer 26:313314,

Physical activity assessments in men undergoing prostatectomy for localised prostate cancer
by Smith et al. showed that 11% met the aerobic guidelines prior to prostatectomy 2°. Activity
levels were even lower post-surgery, with 9% and 6% attaining the required aerobic physical
activity volume at the 6 and 12-month follow-up, respectively. Santa Mina et al. also assessed
physical activity in men scheduled for prostatectomy, and in contrasting results found that
46% of participants met aerobic guidelines prior to surgery 3. Similar estimates were
reported for cancer survivors with bone metastases by Guinan et al., with 48% of participants
meeting aerobic guidelines; however, this sample included both prostate and breast cancer
survivors 3%, None of these studies reported adherence to resistance guidelines. One of the
few studies that evaluated habitual resistance exercise participation in men with prostate
cancer is an analysis of self-reported physical activity and exercise behaviour in a large
cohort of male health professionals in the United States 31°. The 2,705 men diagnosed with
prostate cancer in this cohort spent on average 4.5 metabolic equivalent of task (MET)-hours
per week performing weightlifting or exercises using weight machines, which corresponded
to 4.3% of their total active time. Previous intervention studies have also reported that the
adherence of men with prostate cancer to prescribed exercise programmes depends on the
delivery mode, intervention duration, as well as participants’ age and behavioural

characteristics 316-318,

In addition to the proportion of cancer survivors meeting the guidelines, physical activity
patterns including sedentary behaviour have gained interest among researchers because
they could provide more insight on the relationship between activity and health 31°. Trinh et
al. reported that men treated with ADT were highly sedentary, with 72% (equivalent to 9
hours per day) of their waking time spent in sedentary behaviour 27. Consequently, their
weekly physical activity fell below the recommended level, with participants accumulating on
average 17 minutes of MVPA per day. Even lower estimates of physical activity have been

reported by Lynch et al., who measured activity levels among a cohort of prostate cancer
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survivors with various disease stages and found that only 1% of waking time (equivalent to
6 minutes per day) was spent in MVPA 320, In contrast, results by Gaskin et al. showed that
participants engaged in 38 minutes MVPA per day, however, the sample consisted of men
who had already completed active treatment (i.e. surgery, radiotherapy or both, with or
without additional ADT) 321, Altogether, evidence suggests that the proportion of prostate
cancer survivors meeting the minimum recommended level of physical activity is
concerningly low, especially among men with advanced disease. Despite strong
recommendations by public health organisations, it remains unclear to which extent men with

prostate cancer engage in targeted exercise, specifically muscle-strengthening activities.

2.4.3. Methodological considerations for the assessment of physical activity and

exercise adherence

Assessment of physical activity

The assessment of guideline adherence requires quantification of individual physical activity
levels. Daily habitual physical activity includes the sum of all bodily movements that result in
energy expenditure performed within the 24 hours of one day 322. Physical activity levels can
be characterised by assessing the duration, intensity and frequency of physical activity bouts
throughout the day, as well as the type of activity 323. Any assessment method should ideally
provide as much information as possible on these four physical activity dimensions while also
considering day-to-day variations. There are multiple tools available for physical activity
estimation, though they vary in their level of precision and information provided. Hence, the

selection warrants careful consideration of the research question and study population 322,

Traditionally, physical activity has been estimated using self-reported measures, such as
questionnaires and activity diaries 322. While they are easy to use for most respondents and
involve minimal costs, the accuracy of self-reported measures is limited by subjective
reporting, social desirability and recall biases, which may lead to systematic over or
underestimation of physical activity. Importantly, self-reported measures have shown
particularly poor accuracy for measuring light intensity physical activity, which includes the
majority of walking and routine household tasks, and thus presents a large share of daily
activity 32*. Furthermore, self-reporting of physical activity requires a high level of cognitive

processing that can present a barrier for some respondents, such as individuals with

cognitive or memory deficits caused by older age or cancer treatments 32°.

Technological advancements have produced wearable motion sensors such as the

accelerometer, which provides detailed information on the movement direction, duration and

intensity of the user by measuring the changes in acceleration in up to three dimensions 323.

This technology captures bodily movement as amplitudes and frequencies of acceleration in
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one or several planes and is based on the assumption that all accelerations of a body are
produced by muscle force and, thus, relate to energy expenditure 326, Accelerometers allow
the collection of large quantities of detailed movement data, which then needs to be
processed into step counts or physical activity estimates at different intensities. Their use
has shown good reliability in free-living settings, which is of particular interest because it
provides information on habitual activity behaviour 322, Consequently, accelerometers are
considered the current standard of physical activity assessment 322, However, even
accelerometer-derived activity assessments can vary considerably between studies.
Accelerometers can be placed on various locations of the body, yet most studies to date had
used hip-worn devices until wrist-worn devices emerged in recent years 323, Advantages of
wrist-worn accelerometers include the capability to capture upper body movements, their
unobtrusive placement that allows devices to be worn during sleep, and an overall increased
user compliance. However, they also require adapted algorithms for data analysis and limit

comparability between studies 327,

Several studies have investigated the agreement between subjective and objective physical
activity in individuals with cancer and found vast discrepancies 26328329 gmith et al.
observed considerable differences between methods among men with localised prostate
cancer, with 73% and 11% meeting physical activity recommendations according to
questionnaire and accelerometer data, respectively 2. Supporting these findings, results
from a large analysis of 1,348 cancer survivors also demonstrated that the assessment
method significantly influenced the evaluation of meeting physical activity guidelines, as well

as the relationship between physical activity estimates and health outcomes 31,

Assessment of exercise adherence

The recognition of exercise benefits for cancer survivors has led to an increase in exercise
intervention research in oncology; however, reporting of the prescriptions remains
inadequate, thus limiting the reproducibility and interpretability of results 33°. Therefore,
researchers have called for universal reporting standards for exercise intervention trials that
provide detailed information on the planned exercise dose, as well as permit quantification
of the completed exercise dose to calculate adherence measures and gain insight on the
tolerability of exercise programmes 331. Because exercise programmes for cancer survivors
require frequent individualisation of exercise selection and dose to accommodate patients
who experience fatigue, pain, nausea or other adverse effects of cancer and anti-cancer
treatments, traditional metrics of adherence, such as loss to follow-up or session attendance,

have limited utility in this setting 331. Therefore, detailed descriptions of prescribed and
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completed training volume including number of sets and repetitions and, if available, load for

both aerobic and resistance training should be provided 331.332,

2.5. Benefits of physical activity and exercise for health outcomes in

prostate cancer

2.5.1. Benefits of physical activity and exercise for prostate cancer outcomes

Physical activity-mediated effects on prostate cancer outcomes

Physical activity has been linked to improved mortality in individuals diagnosed with cancer
333334 gpecific to prostate cancer, higher levels of physical activity have been associated
with reduced overall and cancer-specific mortality in men with localised or advanced disease,
with survival benefits evident for physical activity of both vigorous and non-vigorous intensity

28,315,335,336  Additionally, a lower risk of disease progression has been observed in

physically active men with prostate cancer compared to inactive peers 337338,

Furthermore, clinical evidence suggests that regular physical activity improves cancer-
related health outcomes and reduces morbidity. Among a sample of prostate cancer
survivors of various disease stages, an increase in MVPA of less than one hour per day was
associated with clinically important reductions of cancer-related fatigue 321. Similarly, cancer
survivors with bone metastases who spent more time in MVPA reported a higher quality of
life and physical functioning, as well as lower pain scores, though the sample was not

314

exclusive to men with prostate cancer °-*. Interestingly, an analysis of physical activity

patterns by Trinh et al. found that sedentary bouts of = 30 minutes were inversely associated
with health-related quality of life, whereas a higher number of breaks in sedentary activity

was related to improved physical well-being 27.

Exercise-mediated effects on prostate cancer outcomes

Because the nature of these studies is largely observational there is limited evidence
regarding the survival benefits of structured exercise. Preclinical data suggests that exercise
reduces tumour growth in rodents, including prostate cancer progression in a specific
transgenic mouse model 339340 Similarly, exercise-conditioned serum from healthy males
inhibited prostate cancer cell growth in vitro 3*1. Moreover, a randomised controlled trial
(RCT) by Kong et al. showed that a high-intensity interval training (HIIT) intervention for men
on active surveillance for prostate cancer inhibited prostate cancer cell growth in vitro 342, As
for clinical data, aerobic exercise interventions for cancer patients undergoing cytotoxic
chemotherapy were associated with reduced toxicity, which may result in higher
chemotherapy completion rates and improve treatment outcomes 2°°. Numerous studies

have investigated exercise as a non-pharmaceutical strategy to counteract the adverse
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effects of androgen deprivation and found largely positive effects, such as improvements in
metabolic markers, quality of life and fatigue 343. When it comes specifically to survival and
disease-related benefits of exercise for men with prostate cancer, data is scarce and exercise

oncologists call for intervention studies to investigate these outcomes 344,

2.5.2. Effects of physical activity and exercise on physical fitness in prostate cancer
Distinction of physical fitness from activity

Reduced physical fithess is a common consequence of cancer and anti-cancer treatments
164 Cancer survivors are often caught in a vicious cycle where low physical fitness
aggravates adverse symptoms, such as fatigue, and contributes to inactivity 34°. The lack of
regular physical activity and exercise, in turn, promotes muscular dysfunction and weight
gain that result in progressive physical deconditioning and functional decline. Reduced
physical fithess is associated with worse anti-cancer treatment tolerability, decreased

independence and higher all-cause mortality 346-3°0,

Physical fitness as a concept differs from physical activity, although the two are often
interlinked. Physical fitness comprises a set of attributes related to the individual’'s ability to
perform activities of daily living and engage in physical activity 3°1. Two core components of
physical fitness are neuromuscular and cardiorespiratory fithess. Neuromuscular fitness
describes the ability to generate muscle force, which is primarily determined by muscle
strength and flexibility 3%2. Cardiorespiratory fitness describes the ability of the circulatory
and respiratory systems to supply oxygen during sustained physical activity 3°3. There is also
considerable overlap between physical fithess and physical function (or functioning), with the
latter describing the ability to complete basic tasks required for independent living as well as

to perform more complex activities 3%4.

Physical activity-mediated effects on physical fithess

Regular physical activity and exercise can promote physical fithess by increasing muscle
mass, cardiovascular health and overall physical function in healthy adults, including elderly
populations, and cancer survivors 2°97:300.314:355-359 " Eyidence for a similar relationship in
prostate cancer is provided by Faithfull et al., who observed that lower levels of physical
activity were associated with poorer cardiopulmonary fitness in older men with prostate
cancer 360, Furthermore, Lynch et al. found that higher levels of MVPA were inversely
associated with waist circumference as a surrogate marker for body composition in a self-
identified sample of prostate cancer survivors 329, In support of a link between habitual
physical activity and body composition is a study by Philipps et al., who assessed self-

reported physical activity in a sample of 1,917 men with non-metastatic prostate cancer and
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found that men with the highest activity levels had a lower body mass index (BMI) than those

with the lowest activity levels 361

. Other than these few studies, investigations of the role of
habitual physical activity for physical fithess outcomes in men with prostate cancer are scarce
and analyses of physical activity benefits are often conflated with structured exercise

interventions 362,

Exercise-mediated effects on physical fitness

Numerous studies have investigated the potential of exercise interventions to improve
physical fitness, particularly outcomes like body composition and muscle strength that are
known to be severely affected by androgen deprivation 2324363 A meta-analysis by Ussing
et al. pooled results from 968 men on ADT and found that supervised exercise interventions
significantly increased muscle strength 2*. Most interventions combined aerobic and
resistance exercise, although some prescribed resistance exercise only, with durations
ranging from 3 to 12 months. A subgroup analysis for effects on muscle strength by training
intensity of only resistance exercise interventions showed a significantly larger increase in
muscle strength for high intensity compared to moderate intensity 2*. In support of the results
is a meta-analysis by Chen et al., who found that supervised exercise interventions of
combined aerobic and resistance training increased upper and lower body muscle strength

in men on ADT 363,

Chen at al. also analysed changes in lean mass and, interestingly, results across all seven
included RCTs showed consistently that exercise did not lead to lean mass gains 363. By
contrast, a review of isolated progressive resistance exercise interventions for men on ADT
found consistent increases in lean mass 23. Additional analysis of skeletal muscle biopsies
in one of the included studies showed a significant increase in total muscle fibre cross-
sectional area following four months of resistance training compared to the control group,
whose cross-sectional area decreased 3%, Altogether, it can be concluded that muscle
strength during ADT can be improved through structured exercise, with the largest effects to
be expected for isolated resistance exercise at high intensities, while lean mass appears to

remain unaltered unless a targeted resistance exercise stimulus is provided.

In addition to neuromuscular fitness, evidence also suggests favourable effects of structured
exercise on measures of cardiorespiratory fithess, such as performance in maximal and
submaximal fitness tests. A meta-analysis of supervised exercise interventions for men on
ADT reported significant improvements in peak oxygen consumption (VO2peak) and walking
speed in favour of the intervention group 2*. Similarly, another meta-analysis of exercise
interventions that combined direct measures (e.g. VOzpeak) and indirect fitness estimates

from submaximal tests (e.g. 400 metre walk test) in men with any prostate cancer stage
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found a positive effect in favour of the intervention group 3°. The study further stratified the
interventions into aerobic exercise, resistance exercise and combined interventions and
showed that the largest benefits for cardiovascular fitness were associated with aerobic
exercise. Even though supervision of exercise provides benefits, there are inherited barriers
to participation that can be reduced in a non-supervised setting. Van Blarigan et al.
investigated the effects of a 4-month walking intervention for men with early stage prostate

cancer that was conducted in a home-based setting and observed a significant VO,peak

improvement in the intervention group 36°.

Exercise is understood to further contribute to cardiorespiratory fitness improvements
through favourable effects on body fat mass 365367 A pooled analysis of exercise
intervention RCTs for men with prostate cancer reported a significant reduction of whole-
body fat mass in favour of the interventions, regardless of the exercise modality 3°. Other
studies found no significant reductions but rather observed a maintenance as opposed to fat
mass gains, which arguably still underline the importance of exercise during treatment with
ADT 367 In addition to improvements in cardiorespiratory fitness, exercise has also been
shown to prevent treatment-induced declines when administered simultaneously as
supportive therapy. Harrison et al. compared changes in physical fithess among 26 men
initiating ADT plus enzalutamide for non-metastatic prostate cancer either with or without a
supervised exercise intervention of combined aerobic and resistance exercise 368. After 16
weeks, VOzpeak values of the usual care group had decreased to a greater extent than in

the intervention group.

2.5.3. Effects of physical activity and exercise on immune responses in prostate cancer
Mechanisms of immune regulation by physical activity and exercise

The skeletal muscle possesses endocrine properties, which becomes evident during
exercise when it releases signalling molecules into the circulation 3°. Muscle-derived
signalling molecules include mainly proteins, such as cytokines, but also lipids, nucleic acids
and metabolites like lactate, and are collectively referred to as myokines 2°. Several
myokines can modulate the immune system, which explains the observation of characteristic
immune responses during and after exercise bouts. The initial immune response to exercise
is characterised by mobilisation of large numbers of lymphocytes, mainly NK cells and CD8*
T cells, which enhances immunosurveillance 2°369, Additionally, anti-inflammatory myokines
are released, resulting in an initial reduction in systemic inflammation. The extent of
lymphocyte mobilisation and myokine release is proportional to the intensity and duration of
the exercise stimulus 37°. During recovery shortly after exercise, blood levels of lymphocytes

decrease as cells migrate into tissues, such as skeletal muscles or lungs, to exert their roles
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in immune defence and tissue repair. This transient lymphopenia peaks approximately one
to two hours post exercise bout and usually resolves within 24 hours, with circulating

numbers of immune cells returning to baseline 2°.

The release of myokines through repeated bouts of exercise is an important stimulus for
maintaining healthy effector cell populations and an anti-inflammatory milieu 2°. Thus, a
physically active lifestyle is considered to have a protective effect against chronic
inflammation-induced diseases 3. The inhibition of inflammation through exercise is in part
mediated by the release of IL-6 from skeletal muscle in response to muscle contractions 371,
This increase in circulating levels of IL-6 during exercise is transient, with a return to resting
levels within one hour after exercise cessation. The magnitude of the IL-6 response depends
on exercise duration and intensity, with longer, more intense exercise stimuli eliciting a
greater IL-6 release. The rise in IL-6 concentrations during exercise promotes a subsequent
release of the anti-inflammatory cytokines IL-10 and IL-1 receptor antagonist (IL-1RA), which
downregulate T cell activation and production of pro-inflammatory cytokines 372. Additionally,
exercise-induced IL-6 has been shown to stimulate acute NK cell mobilisation to the
bloodstream, as well as instigate their migration to tumours 373374, Interestingly, chronic
effects of regular exercise include a decrease in peripheral IL-6 and C-reactive protein (CRP)
concentrations, which is associated with reduced systemic inflammation, and highlights that

the effects of immune responses are highly context-dependent 375,

Muscle activity also increases sympathoadrenal activity in an intensity-dependent manner
and stimulates the adrenal gland to release cortisol and adrenaline immediately after the
onset of exercise 31. Increased levels of circulating cortisol and adrenaline, in turn, are known
to suppress inflammation by downregulating the expression of pro-inflammatory cytokines,
such as TNFa, by immune cells. Moreover, regular exercise is associated with increased
Treg cell numbers in the peripheral blood, which may further suppress inflammatory
responses 3. Even though the specific modulations of the complex network of immune cells
and mediators by exercise are not fully understood, there is mounting evidence that exercise
can reduce inflammation and improve outcomes in highly inflammatory diseases, such as

cancer 375,

Physical activity and exercise-related effects on immune markers in prostate cancer

Anti-tumorigenic effects of physical activity may be the result of improved anti-cancer
immunity through increased immunosurveillance, preferential mobilisation and activation of
effector cells, and immune cell infiltration of the tumour microenvironment 22375, Following

an exercise stimulus, various tissues and organs release signalling molecules to restore

homeostasis and regulate physiological adaptation processes that increase activation and
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migration of immune cells and promote tumour perfusion 37° (Figure 15). In fact, several
studies have shown a significant increase in the proportion of the highly cytotoxic CD56%™
NK cell subset in the blood following an acute bout of aerobic exercise in men with prostate
cancer both with and without ADT 32:376:377 Fyrthermore, acute exercise also improved NK
cell cytotoxicity, as indicated by increased target cell lysis after co-incubation with PBMCs in

vitro 32376 Acute exercise also provoked a rise in circulating Th and Tc cell concentrations

in men on ADT 378,
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Figure 15. Systemic effects of exercise and exercise-dependent regulation of the
immune response in the tumour microenvironment. Sedentary behaviour is associated
with circulating markers that are characteristic for a pro-inflammatory environment and
promote tumour growth. Acute exercise stimulates the release of signalling molecules, such
as cytokines, that activate homeostatic control circuits and mediate systemic effects.
Repeated exposure to exercise promotes physiological adaptation and alters the systemic
milieu through changes in metabolite and cytokine levels, amongst others, which can
stimulate immune cell populations in the tumour microenvironment and improve the anti-
tumour immune response. Reproduced with permission from Koelwyn et al. (2017) 375.

Reports of chronic exercise-induced effects on the immune system in cancer vary. For
example, a 20-week resistance training intervention did not alter immune cell concentrations
or plasma levels of IL-6, IL-1RA, TNFa or CRP in men with prostate cancer 3%, By contrast,
a 6-month combined aerobic and resistance training intervention significantly altered
myokine serum levels in men on ADT for mCRPC 380, Interestingly, in this study treatment

of tumour cells with serum from the intervention group reduced cell growth compared to the

control group, indicating enhanced anti-tumour activity induced by exercise. Supporting this
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argument is a study that reported reduced numbers of Treg cells and myeloid-derived
suppressor cells in men with localised prostate cancer after a six-week yoga intervention 382,
Both of these cell populations act as suppressors of immune responses and are upregulated
by tumours as an immune escape mechanism, thus, exercise-induced reduction in cell
concentrations may promote anti-tumour effects. While the promotion of an anti-inflammatory
milieu is considered the key to exercise-induced benefits in cancer, studies of changes in
inflammatory indices, such as the Sll, in the context of exercise oncology are rare. The only
existing study to date analysed the effects of combined moderate intensity aerobic exercise
and strength exercise among childhood cancer survivors and observed a significant

decrease in the Sl following the intervention 382,

Most studies investigating the effects of physical activity on the immune system in cancer
include a structured exercise intervention. However, based on findings from healthy
populations, it is well understood that a high level of habitual physical activity also benefits
the immune system, especially in older adults 383, Regular participation in physical activity
among older adults is associated with improved NK cell and neutrophil function, increased T
cell proliferation, reduced systemic inflammation and fewer signs of immunosenescence (i.e.
increasing immune dysfunction with advancing age) 384386 Immunosenescence, which is
usually accompanied by a chronic inflammatory state, has in fact been implicated as a driver
of cancer 387, Therefore, there is a push for prospective studies to examine the relationship
between physical activity and immune responses in individuals with cancer 38, In summary,
current evidence suggests that the complex interplay between muscle activity and the
immune system shapes the positive association of a physically active lifestyle with beneficial

health outcomes in cancer.
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3. Aim of the thesis

Management of metastatic prostate cancer revolves around treatment with ADT, which
significantly improves survival but is associated with severe adverse effects that negatively
impact physical health and quality of life. The continuous testosterone withdrawal induced by
ADT evokes characteristic changes in body composition, including accelerated loss of
muscle mass and strength, reduced bone mineral density and increases in body fat mass.
These changes are often accompanied by reduced physical fitness and increased inactivity,
despite recommendations from leading public health organisations that cancer survivors
should engage in regular physical activity and structured exercise. Sedentary behaviour and
lack of exercise also affect the immune system, because signalling molecules released by
muscles in response to exercise are known to decrease systemic inflammation, as well as
increase immunosurveillance and immune cell infiltration in the tumour microenvironment.
Consequently, exercise is recognised by clinicians for its role in reducing cancer risk and
disease progression, which is presumably mediated by enhanced anti-tumorigenic immune
responses. Men with prostate cancer, in particular, can benefit from exercise as a means to
counteract the adverse effects of ADT and improve physical fithess, which in turn may
increase habitual physical activity to the recommended level. However, the link between
physical activity, exercise and physical fithess in the context of androgen deprivation for
prostate cancer and their association with immune function remains to be investigated. The
picture is further complicated by the use of ARIs, which are commonly administered as
secondary treatments in addition to ADT. While ARIs improve disease control in men with

advanced prostate cancer, they may also aggravate the decline in physical function.

Two cross-sectional studies and one longitudinal study using data from participants in the
INTERVAL-GAP4 trial were conducted for this thesis. INTERVAL-GAP4 is a multi-centre
RCT investigating the effects of a two-year structured exercise intervention consisting of
intense aerobic and resistance exercise on survival, disease progression, and various health
and exercise outcomes in men with advanced prostate cancer undergoing ADT. In addition
to the procedures detailed in the original study protocol that were performed across all sites,
a substudy including measurements of immune cell populations and accelerometer-derived
physical activity was added at the German study site. The studies in this thesis combined
data from both the INTERVAL-GAP4 study and the additional German substudy. Study 1
analysed levels of self-reported physical activity and their associations with physical fithess
at baseline in the multicentre study sample and investigated differences between ARI users
and non-users. Study 2 examined levels of objectively measured physical activity using
accelerometers and analysed differences between ARI users and non-users, as well as the
agreement between accelerometer-derived and self-reported physical activity. Furthermore,

Study 2 analysed the associations of accelerometer-derived physical activity with physical
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fitness, circulating immune cell concentrations and specific immune markers at baseline in

the German study sample. Lastly, Study 3 analysed the adherence to a 6-month structured

intense exercise intervention, as well as associated changes in physical fitness and immune

parameters compared to the control arm.

Based on these three studies, the specific aims of this thesis were defined as follows:

Aim 1:

Aim 2:

Aim 3:

Aim 4:

Aim 5;

To examine the self-reported physical activity and adherence to physical activity
guidelines of men with advanced prostate cancer, as well as to investigate

differences between ARI users and non-users (Study 1)

To analyse the association of self-reported physical activity with physical fitness in
men with advanced prostate cancer, as well as to investigate differences between

ARI users and non-users (Study 1)

To examine the accelerometer-derived physical activity, including differences
between ARI users and non-users, of men with advanced prostate cancer and to
investigate the agreement between accelerometer-derived and self-reported

physical activity estimates (Study 2)

To analyse the association of accelerometer-derived physical activity with physical
fitness, as well as immune cells and inflammation markers in the peripheral blood

of men with advanced prostate cancer (Study 2)

To analyse the adherence to a 6-month structured exercise intervention and
investigate its effects on physical fithess, as well as immune cells and inflammation

markers in the peripheral blood of men with advanced prostate cancer (Study 3)
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4. Methods

4.1. Participants

4.1.1. Recruitment

The data analysed in the studies conducted for this thesis was collected in participants of the
INTERVAL-GAP4 trial. INTERVAL-GAP4 is a multi-centre, randomised, controlled, phase 3
trial for men diagnosed with advanced metastatic prostate cancer in seven countries across
Europe, North America and Australia. Participants were recruited at 15 sites: German Sport
University, Cologne, Germany; Edith Cowan University, Perth, Australia; Queensland
University of Technology, Brisbane, Australia; Victoria University, Melbourne, Australia;
University of Alberta, Edmonton, Canada; Cedars Sinai, Los Angeles, CA, United States;
Oregon Health and Science University, Portland, OR, United States; University of Colorado,
Denver, CO, United States; Fred Hutchinson Cancer Centre, Seattle, WA, United States;
University of California San Francisco, San Francisco, CA, United States; Erasmus Medical
Centre, Rotterdam, Netherlands; University of Glasgow, Glasgow, United Kingdom; Queens
University, Belfast, Ireland; University of Surrey, Guildford, United Kingdom; and King’s
College, London, United Kingdom. Recruitment commenced in April 2016 and stopped in
February 2023 with various sites joining the INTERVAL-GAP4 trial later or terminating

recruitment earlier.

The INTERVAL-GAP4 study protocol has been published previously 38%. However, inclusion
criteria were later amended to accommodate changes in clinical practice that occurred during
the trial. A detailed summary of inclusion and exclusion criteria is presented in Table 5.
Briefly, men were considered eligible if they had histologically documented adenocarcinoma
of the prostate with systemic metastatic disease and confirmed castrate levels of
testosterone (< 50 ng-dL?) due to orchiectomy or treatment with a GnRH agonist or
antagonist. In regards to the prostate cancer stage at enrolment, men with mCRPC or
mHSPC, who matched the criteria for high-risk or high-volume disease, were eligible. Eligible
secondary treatments for prostate cancer included secondary hormone therapies
abiraterone, enzalutamide, apalutamide, or first-line chemotherapy with docetaxel or
cabacitaxel. Men were excluded if they showed signs indicating uncontrolled disease
progression, exacerbating pain, physical impairment or frailty, or met any other criteria that
would impede exercise performance or make participation in intense aerobic and resistance
exercise unsafe. Furthermore, participants were required to travel to the designated facilities
for exercise testing visits, be proficient in the local language of the study site and provide
written clearance by the treating oncologist to participate in exercise testing and training. Due

to the nature of the exercise intervention trial, men were also excluded if they regularly
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participated in vigorous aerobic exercise for more than one hour or structured resistance

exercise more than once per week. However, there were no restrictions on habitual physical

activity of any intensity level.

Table 5. Detailed inclusion and exclusion criteria of the INTERVAL-GAP4 trial.

Inclusion criteria

Exclusion criteria

¢ Histologically documented adenocarcinoma
of the prostate

¢ Distant metastasis (bones, visceral organs,
non-regional lymph nodes)

¢ Castrate levels of testosterone (< 50 ng-dL-
") due to orchiectomy or continuous
treatment with a GnRH agonist or
antagonist

e MCRPC or mHSPC high-risk/high-volume
disease

* mCRPC: disease progression despite
castrate levels of testosterone as marked
by metastatic disease progression (> 20%
diameter increase of measurable lesions
or appearance of new lesions attributable
to prostate cancer on bone scan, CT/MRI
or PSMA PET/CT) or PSA progression
(serial rise in PSA serum concentration
on at least two occasions measured at
minimum one week apart and only for
absolute PSA values = 2 ng-mL™")

e mHSPC: no disease progression during
ADT and meeting criteria for high-risk
disease (meeting at least two of the
following: Gleason score = 8; presence of
2 3 lesions on bone scan; visceral
metastasis) or high-volume disease
(visceral metastasis or = 4 bone
metastases with at least one located
outside of the pelvis and vertebral
column) or both

o Written medical clearance by the treating
oncologist for participation in exercise
testing and training

¢ Proficiency in local language of the study
site

o Willingness to travel to the designated
facilities for exercise testing visits

¢ Disease progression after first-line
chemotherapy and subsequent treatment
with either secondary hormone therapy or
second-line chemotherapy prior to/at the
time of enrolment

¢ Halabi prognostic risk score ‘high’
e ECOG performance status = 2

¢ Brain metastasis

e Small cell prostate carcinoma

e Spinal cord compromise or instrumentation
that would impede exercise performance

e Moderate or severe bone pain according to
the Common Terminology Criteria for
Adverse Events by the National Cancer
Institute

¢ Uncontrolled hypertension (BP = 160/90)

e Congestive heart failure, recent serious
cardiovascular events, uncontrolled cardiac
disease or symptoms of cardiac disease
including chest pain or palpitations

¢ Peripheral neuropathy grade 3 or higher
e Currently active secondary cancer

¢ Mental illness that would prevent informed
consent

¢ Regular participation in vigorous aerobic
exercise (> 60 min per week) or structured
resistance exercise (> 1 session per week)

Abbreviations: ADT: androgen deprivation therapy; BP: blood pressure; CT: computed
tomography; ECOG: Eastern Cooperative Oncology Group; GnRH: gonadotropin-releasing
hormone; MCRPC: metastatic castrate-resistant prostate cancer; mHSPC: metastatic hormone-
sensitive prostate cancer; min: minute; MRI: magnetic resonance imaging; PET: positron
emission tomography; PSA: prostate-specific antigen; PSMA: prostate-specific membrane
antigen.
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4.1.2. Ethics approval

The INTERVAL-GAP4 trial (ClinicalTrials.gov: NCT02730338) as well as the additional
substudy at the German study site (German Clinical Trials Register: DRKS00010310) were
prospectively registered and approved by the respective research ethics boards of all
participating institutions. While the research questions of the studies performed for this thesis
were formulated retrospectively, all data was collected as part of approved study procedures.
Each participant received a detailed participant information package and was offered a
personal meeting, during which the study procedures were explained and questions were
answered by trained study personnel. The participant information package at the German
site also included separate information about the substudy. Written informed consent was
obtained from all participants prior to inclusion. All study procedures were performed in

accordance with the Declaration of Helsinki.

4.1.3. Cross-sectional multi-centre study (Study 1)

Study 1 included pooled data collected at baseline from participants at all global sites. The
CONSORT diagram with detailed reasons for exclusion of participants is shown in Figure 16.
Some assessments of physical fithess were performed after randomisation but before
intervention delivery, thus, allocation was included in the CONSORT chart. Briefly, a total of
232 men with prostate cancer were screened for eligibility. Eighty-three men were excluded
with 113 exclusion reasons recorded since more than one exclusion reason may have been
identified in some cases. Consequently, 149 participants were determined as eligible. Four
participants did not did not complete baseline testing and five participants were excluded due

to missing outcome data, resulting in a total of 140 participants included in the analysis.

73



232 patients consented

23 excluded for patient-reported reason

6 time commitment

4 other medical reason

3 unable to contact

3 other non-medical reason (2 did not want
cardiac consult, 1 did not complete CPET)

2 travel commitment

2 no transportation

1 intervention perceived as too hard

1 prostate cancer treatment reason

1 not interested

rF 3

h 4

90 excluded for eligibility reason

35 metastatic disease and treatments

18 exercise criteria (12 did not pass CPET,
5 already did exercise above cut-off,
1 extent of bone metastasis)

17 comorbid conditions

8 other medical reason

3 Halabi prognostic risk score high

3 no medical clearance for exercise

3 did not complete baseline questionnaires

2 other non-medical reason (e.g., stopped
screening process due to COVID-19)

1 does not speak site language

149 patients eligible

9 excluded from analysis

4 did not complete baseline testing
5 missing outcome data

140 patients analysed

Figure 16. CONSORT diagram of participants in the cross-sectional, multi-centre study
(Study 1). Exclusion prior to randomisation may have been due to more than one reason.
Study 1 included data collected at baseline. CPET: cardiopulmonary exercise test.
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4.1.4. Cross-sectional single-centre study (Study 2)

Study 2 included data collected at baseline from participants at the German study site only.
The CONSORT diagram with detailed reasons for exclusion of participants is shown in Figure
17. Some assessments of physical fithess were performed after randomisation; thus,
allocation was included in the CONSORT chart of Study 2 but all procedures were completed
prior to the intervention start. Briefly, a total of 50 men with prostate cancer were screened
for eligibility at the German Sport University in Cologne, Germany. Sixteen men were
excluded, with 21 exclusion reasons recorded since more than one exclusion reason may
have been identified in some cases. Consequently, 34 participants were randomised with 16
allocated to the intervention arm and 18 allocated to the control arm. Three participants were
excluded from Study 2 due to missing accelerometer data, 2 participants due to missing
immune cell data and 2 participants due to abnormal blood counts related to medical
treatment for neutropenia at baseline, resulting in a total of 27 participants included in the

analysis.

4.1.5. Longitudinal single-centre study (Study 3)

Study 3 was a longitudinal study of data collected at baseline and at the 6-month testing visits
and included participants from the German study site only. The CONSORT diagram with
detailed reasons for exclusion or discontinuation of participants is shown in Figure 17. Of the
34 randomised participants, 16 were allocated to the intervention arm and 18 to the control
arm. A total of 4 participants (2 intervention, 2 control) were excluded from Study 3 due to
missing baseline data, of which 2 participants had missing immune cell data and 2
participants had abnormal blood counts related to medical treatment for neutropenia.
Additionally, 11 participants were excluded from Study 3 because of missing 6-month testing
data. Of these, 2 participants (1 intervention, 1 control) died during the study period, 6
participants (3 intervention, 3 control) did not complete the testing visit at 6 months and 3
participants (2 intervention, 1 control) had missing immune cell data, resulting in a total of 19

participants (8 intervention, 11 control) included in the analysis.
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50 patients consented

8 excluded for patient-reported reason 13 excluded for eligibility reason

4 time commitment < 7 metastatic disease and treatments

2 other medical reason 4 comorbid conditions

1 travel commitment » 1 did not complete baseline questionnaires
1 no transportation 1 does not speak site language

A\ 4

34 patients randomised

16 allocated to intervention arm 18 allocated to control arm
excluded from analysis at baseline excluded from analysis at baseline
2 missing accelerometer data 1 missing accelerometer data
(Study 2) (Study 2)
2 missing baseline immune cell data 2 abnormal baseline blood counts due
(Study 2 and 3) to medication (Study 2 and 3)

A

27 patients analysed (Study 2)

\4

excluded from analysis at 6 months excluded from analysis at 6 months
»| 1 patient death 1 patient death
3 did not complete 6-month testing 3 did not complete 6-month testing
2 missing 6-month immune cell data 1 missing 6-month immune cell data
A4 v
8 patients analysed (Study 3) 11 patients analysed (Study 3)

Figure 17. CONSORT diagram of participants at the German study site included in the
cross-sectional (Study 2) and longitudinal (Study 3) single-centre studies. Exclusion
prior to randomisation may have been due to more than one reason. Study 2 included data
collected at baseline. Of the 34 randomised participants, 3 participants were excluded from
Study 2 due to missing accelerometer data and 4 participants due to missing immune cell
data or abnormal blood counts at baseline. 15 participants were excluded from Study 3 due
to discontinuation before the 6-month visit, missing immune cell data or abnormal blood
counts at baseline or 6 months.
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4.2. Experimental design

The experimental design of both cross-sectional studies (Study 1 and 2) and the longitudinal
study (Study 3) is shown in Figure 18. Study 1 analysed baseline levels of self-reported
physical activity and their association with physical fithess outcomes using data from
participants across all sites of the multi-centre trial. For Study 2, baseline data from
participants at the German study site was analysed to assess levels of accelerometer-derived
physical activity and determine the agreement with self-reported physical activity, as well as
the association with physical fitness outcomes. Secondly, this study also analysed the
association of physical activity with circulating levels of immune cells and immune cell-
derived inflammation markers at baseline. Study 3 comprised of a longitudinal analysis to
investigate the effects of a 6-month structured exercise intervention on peripheral blood
levels of immune cells and immune cell-derived inflammation markers in participants at the

German study site.

Study 1 (all sites)
Study 2 (German site)

Study 3 (German site)

Randomisation

Baseline testing Study period (6 months*) 6-month testing
Intervention arm
Visit 1 Visit 2 ; : : : Visit 1 Visit 2
supervised aerobic and resistance exercise
programme with 3 weekly sessions
2 7 days + psychosocial support 2 7 days

QJ z‘ Control arm QI ﬁ
¢ @ ‘R‘ general activity and exercise ¢ @ ‘2‘

GER GER recommendations (self-directed exercise) GER GER

f + psychosocial support l'ﬁ

olo oo
l&j resting measurements & immune cell analysis o‘{o cardiopulmonary exercise test
physical activity survey Q accelerometer assessment ﬁ 400 metre walk test "R strength tests
GER German site only * cycles 0 to 5 (each cycle equals 4 weeks)

Figure 18. Experimental design of the two cross-sectional studies (Study 1 and 2) and
one longitudinal study (Study 3). Baseline measures were collected at two testing visits,
with resting measurements, blood sampling for immune cell analysis (German site only) and
the cardiopulmonary exercise test performed at visit 1 and 400 metre walk test and maximal
strength tests performed at visit 2. Visits were separated by at least 7 days, during which
physical activity assessments (self-reported survey, additionally accelerometer at the
German site only) were conducted. Eligible participants were randomly allocated to either the
intervention arm, which received a supervised aerobic and resistance exercise programme,
or the control arm. All baseline testing procedures were repeated at the 6-month testing.
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Data collection procedures at baseline and after 6 months were identical across all study
sites. These included two separate testing visits performed within seven days of each other,
with the exception of the University of California San Francisco that completed the testing
during a single day (1 participant). The first visit included resting measurements, blood
sampling and the cardiopulmonary exercise test (CPET), while 400 metre walk time and
maximal strength were assessed at the second visit. Participants were told to refrain from
intense exercise in the 48 hours prior to each visit. In addition to anthropometric
measurements, procedures conducted at rest included blood pressure measurement, lung
function test, resting echocardiogram (ECG) recording and blood draw for a complete blood
count to verify absolute neutrophil and platelet count eligibility criteria. These procedures
were required for participants to receive clearance by a medical professional to perform the
CPET. Participants were told to refrain from intense exercise in the 48 hours prior to each
visit. For the assessment of self-reported physical activity, participants were asked to
complete a digital version of the Godin-Shephard Leisure-Time Physical Activity
Questionnaire (GSLTPAQ) prior to visit 2. Accelerometer-derived physical activity was
assessed using a wrist-worn ActiGraph device during the seven days between visit one and
two. To assess immune parameters, blood sampling was performed on the morning of the
first exercise visit and samples were immediately processed and cryopreserved until immune

cell analysis.

After completion of baseline procedures, eligible participants were randomised in a 1:1 ratio
to intervention or control arm with stratification by treatment status at the time of enrolment.
Treatment status was determined based on participants’ medical history and converted into
a binary variable with participants considered either low risk (defined as one of these four
groups: 1) mCRPC and treatment naive; 2) mCRPC and stable on abiraterone, enzalutamide
or apalutamide; 3) mHSPC high-risk disease; 4) mHSPC high-volume disease) or high risk
(defined as one of these three groups: 1) mMCRPC with PSA progression while on abiraterone,
enzalutamide or apalutamide; 2) mCRPC treated with docetaxel, cabazitaxel, or other first
line chemotherapy; 3) mCRPC with progression following chemotherapy and now
responding or stable on abiraterone, enzalutamide or apalutamide with an estimated life

expectancy of at least one year). Randomisation was performed through the Research

Electronic Data Capture (REDCap) software platform 3°°

in random blocks of two, four or six.
Due to the nature of the intervention, participants, study staff and investigators could not be

blinded to the randomisation outcome.

Participants allocated to the intervention arm received a supervised exercise intervention
consisting of intense aerobic and resistance exercise. The periodised, progressive exercise
programme included three weekly exercise sessions: two combined HIIT and strength

training and one included moderate-intensity continuous training (MICT). The exercise
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intervention was paired with behavioural support in the form of regular text messages to
promote adherence. Participants allocated to the control arm were provided with print
information about physical activity recommendations and exercise benefits but did not
receive individualised exercise programmes. Both arms were also provided with
psychosocial support in the form of monthly newsletters about topics such as physical

activity, exercise and diet.

4.3. Measurements

4.3.1. Resting measurements

Prior to physical assessments, participants completed a standard medical check-up and
anthropometric measurements to record baseline clinical information and assess eligibility
for study participation. The standard medical check-up included blood pressure
measurement taken both in a seated and supine position, spirometry to assess lung function
(Geratherm Respiratory GmbH, Bad Kissingen, Germany) and a resting ECG recording
(Fukuda Denshi, Tokyo, Japan) that was performed in a supine position. Anthropometric
measurements included weight and height measured using a scale and a wall-mounted
stadiometer (seca, Hamburg, Germany).

4.3.2. Physical activity
Self-reported physical activity (Study 1 and 2)

Self-reported physical activity was assessed using a modified version of the GSLTPAQ 391,
which is considered a standard tool for cancer populations 3%2. The self-administered
guestionnaire consists of three items to assess the number of times the participant engaged
in light, moderate and strenuous physical activity bouts of at least 15 minutes duration in the
past seven days. The questionnaire provided examples of aerobic activities for each intensity
level. The GSLTPAQ was modified by adding one item to record the frequency and duration
of any resistance exercise. Participants at non-native English-speaking sites received a
translated version of the GSLTPAQ in the local language. Weekly MVPA in minutes was
calculated as [MVPA = 2 x (frequency of vigorous physical activity x duration of vigorous
physical activity) + (frequency of moderate physical activity x duration of moderate physical

activity)] 3. Participants who reported at least 150 minutes of weekly MVPA met the aerobic

MVPA guidelines 3%. The leisure score index (LSI) as a measure specific to the GSLTPAQ
was also reported. The LSl is calculated as [LSI = (9 x frequency of vigorous physical activity)
+ (5 x frequency of moderate physical activity) + (3 x frequency of light physical activity)] 3°*.
Previous studies have established cut-points to determine the physical activity status of
participants based on the LSI, with a LS| = 24 considered active and a LS| < 24 considered

insufficiently active 3%,
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Accelerometer-based physical activity analysis (Study 2)

To measure free-living physical activity objectively, participants were asked to wear the
ActiGraph GT9X Link triaxial accelerometer (ActiGraph, Pensacola, FL, United States) on
their non-dominant wrist for seven consecutive days except during showering or other water-
based activities. Accelerometers were given to participants in person, along with instructions
on how to wear the device properly. The device was programmed to not display any
information on the digital screen to ensure that participants did not receive feedback about
their physical activity. Accelerations were recorded at a frequency of 100 Hz. Only days with
a minimum of 16 hours wear time were included in the analysis and participants had to record
at least four complete days, including three weekdays and one weekend day, for the
measurement to be considered valid 396397, Raw accelerometer data were downloaded via
the ActiLife v.6.13.4 software (ActiGraph, Pensacola, FL, United States) as ‘.gt3x’ files and
subsequently processed using R version 4.2.2 3% RStudio 2°° and the GGIR package
version 2.8-2 3% Auto-calibration of raw acceleration to the local gravity was performed as
recommended by GGIR “°°. The Euclidean norm minus one (ENMO) of the raw acceleration
was calculated over five-second epochs. Non-wear time was determined by assessing the
standard deviation (SD) and value range within 60-minute windows centred at 15-minute
intervals, with an interval considered non-wear time for any SD below 13 mg or value range

below 50 mg for at least two of the three axes 4°1. Periods of non-wear time were then

imputed. Sleep periods were detected using an automated algorithm 492,

Two different sets of ENMO cut-points validated for the ActiGraph device worn at the non-
dominant wrist were applied to classify physical activity intensity, because specific cut-points
validated in older men with cancer are lacking. The cut-points by Hildebrand et al. 403404,
which were validated in a sample of the general adult population (21 to 61 years), classified
physical activity intensities as: sedentary behaviour (< 45 mg), light physical activity (45 to
99 mg), moderate physical activity (100 to 430 mg), vigorous physical activity (> 430 mg) and
MVPA (= 100 mg). To account for the older age and chronic disease status of the study
population, the second selected set of cut-points was that by Migueles et al. %%, which was
validated in older adults (= 70 years) and classified physical activity intensities as: sedentary
behaviour (< 18 mg), light physical activity (18 to 60 mg) and MVPA (> 60 mg). Physical
activity estimates were calculated using both total minutes at each intensity and after
applying requirements of minimal bout length for sedentary behaviour (= 30 minute bouts
with at least 90% of the bout above the cut-point), light physical activity and MVPA (= 10
minute bouts with at least 80% of the bout above the cut-point for both) as is commonly done

in physical activity research 496,
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4.3.3. Physical fitness

Cardiopulmonary exercise test (all studies)

A medically supervised, symptom-limited CPET with 12-lead ECG recording and respiratory
gas exchange analysis was performed on a stationary cycle ergometer to assess aerobic
fitness. After a 4-minute warm up without resistance, participants cycled for one minute at an
initial load of 20 Watts (W) and each minute thereafter the load increased by either 10 W or
15 W, depending on the estimated fithess of the participant as determined by the supervising
exercise physiologist. The CPET was stopped when the participant reached volitional
exhaustion, defined as a rating of perceived exhaustion (RPE) = 9 on the 10-point Borg scale,
or when the cadence dropped below 50 revolutions per minute. Maximal workload (Wmax)
during the incremental test was recorded as the last completed increment and divided by
bodyweight to obtain the relative Wmax. Maximal heart rate (HRmax) was measured using a
chest strap heart rate monitor to verify that participants performed the test to the maximum,
which was assumed when the measured HRmax Wwas no more than 10 beats per minute below
the age-predicted HRmax (i.e. 220 — age). Respiratory gas exchange was measured
continuously breath by breath during the CPET and averaged over 30-second intervals to
obtain the VOzpeak, which was defined as the highest VO, value for any given 30-second

interval.

400 metre walk test (all studies)

Functional performance was assessed in a 400 metre walk test, which was performed as ten
laps of 40 metres. After one warm-up round, participants were instructed to walk 400 metres
as fast as possible without running. Time to completion and RPE on the 10-point Borg scale

at the end of the test were recorded.

Maximal strength tests (all studies)

Maximal strength was determined as the one-repetition maximum (1RM) of leg press, chest
press, leg extension and seated row. Based on review of the most recent imaging results
regarding the location and presentation of bone metastases for each participant, an exercise
specialist determined whether these exercises were considered safe and those determined
to be unsafe were excluded. The warm-up for each exercise consisted of six repetitions at
60% of the estimated 1RM and three repetitions at 80% of the estimated 1RM with two
minutes rest between sets. The 1RM was then determined as the maximal weight that a
participant was able to complete the exercise with using correct technique. Participants had
a maximum of five attempts to reach the 1RM for each exercise with two minutes rest
between attempts. Maximal handgrip strength of the dominant hand was assessed in a
seated position using a handgrip dynamometer. Participants were instructed to set their

elbow at 90° flexion while keeping a neutral wrist position and rest the lower arm against their

81



upper thigh. Each participant performed three attempts with 30 seconds rest between

attempts and the highest value was recorded.

4.3.4. Blood sample collection and processing

Blood collection and PBMC isolation (all studies)

Blood collection was performed on the morning of the first exercise testing visit between 7
and 10 a.m. when participants were in a fasted state. Venous blood was collected from the
antecubital vein into two ethylenediaminetetraacetic acid (EDTA)-coated containers, one for
a complete blood count and one for PBMC isolation, and one heparin-coated container (both
BD, Franklin Lakes, NJ, United States) for analysis of serum concentrations of testosterone
and PSA in an external laboratory. A complete blood count was performed immediately after
blood collection using an automated cell counter (Sysmex XN-350, Kobe, Japan) as it was
required for medical clearance for exercise participation. Complete blood counts were also
used to calculate the inflammation markers NLR, PLR and SllI. To isolate PBMCs, the other
EDTA blood sample was diluted with phosphate-buffered saline (PBS) (gibco, Thermo Fisher
Scientific, Waltham, MA, United States) to a final volume of 25 mL and carefully layered on
top of 20 mL of lymphocyte separation medium (PromoCell, Heidelberg, Germany) in a 50
mL conical tube. After centrifugation at 300 g for 30 minutes without brake, the PBMC-
containing layer was collected and transferred to another 50 mL conical tube, diluted with
PBS to a final volume of 30 mL and centrifuged at 300 g for 10 minutes. The supernatant
was discarded and the pellet was resuspended in 2 mL Recovery™ Cell Culture Freezing
Medium (gibco, Thermo Fisher Scientific, Waltham, MA, United States). Four aliquots of 500
ML each were transferred to cryogenic vials and stored at —80°C using a cell camper for

controlled freezing, before transfer to —150°C the next day and storage until analysis.

Flow cytometry-based immune cell analysis (Study 2 and 3)

Immune cell analysis was performed by labelling PBMCs with monoclonal antibodies against
surface antigens and quantifying immune cell populations using flow cytometry. PBMC
samples were thawed by briefly transferring them into a 37°C water bath until only a small
amount of ice remained. The content of each vial was then transferred to a conical tube
containing 10 mL AutoMACS Running Buffer (Miltenyi Biotec, Bergisch Gladbach, Germany)
pre-warmed to 37°C for washing. After centrifugation at 300 g for 10 minutes the supernatant
was discarded and the pellet was resuspended in 10 mL warm AutoMACS Running Buffer
and centrifuged at 200 g for 10 minutes for a second washing step. Again, the supernatant
was discarded and the pellet was resuspended in 200 yL AutoMACS Running Buffer. 10 uL
of each sample were diluted at a 1:10 ratio with MACSQuant Running Buffer (Miltenyi Biotec,
Bergisch Gladbach, Germany) for automated cell counting using the MACSQuant10 (Miltenyi
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Biotec, Bergisch Gladbach, Germany). Based on the cell count two suspensions containing

5 x 10° cells with a total volume of 100 uL each was prepared for antibody labelling.

For labelling, two panels with the following antibodies were used: panel 1 included anti-CD3
VioBlue (REA613), anti-CD4 APC (REA623), anti-CD25 VioBright 515 (REA570), anti-
CD127 PE (REA614), anti-CD16 VioGreen (REA423) and anti-CD56 PE-Vio770 (REA196);
panel 2 included anti-CD3 VioBlue (REA613), anti-CD4 APC-Vio770 (REA623), anti-CD194
PE-Vio770 (REA279), anti-CCR6 APC (REA190), anti-CCR10 PE (REA326), anti-CD183
VioBrightFITC (REA232) and anti-CD19 VioGreen (REA675) (all Miltenyi Biotec, Bergisch
Gladbach, Germany). Propidium iodide (PI) for differentiation between live and dead cells
was added to each sample immediately prior to measuring. Both cell suspensions, one for
each panel, were incubated with 2 uL of each antibody for 30 minutes at room temperature
protected from light. 10 yL Tandem Signal Enhancer (Miltenyi Biotec, Bergisch Gladbach,
Germany) were added to each sample prior to staining. After incubation, cells were washed
by adding 1 mL AutoMACS Running Buffer followed by centrifugation at 300 g for 10 minutes.
The supernatant was discarded, cells were resuspended in 150 yL MACSQuant Running
Buffer and transferred onto a 96-well plate (VWR International, Radnor, PA, United States)

for analysis.

Cell analysis was performed using the MACSQuant10. Both a calibration (MACSQuant
calibration beads, Miltenyi Biotec, Bergisch Gladbach, Germany) and a compensation
(MACS Comp Bead Kit, anti-REA, Miltenyi Biotec, Bergisch Gladbach, Germany) procedure
were performed according to the manufacturer’s instructions prior to measuring samples.
Following measurements, cell populations were analysed using the MACSQuantify software
(Miltenyi Biotec, Bergisch Gladbach, Germany). First, live cells were identified as Pl-negative
cells, then single cells were gated on the forward scatter (FSC)-A and FSC-H plot and from
those lymphocytes were gated using FSC and side scatter (SSC). Then the following cell
populations were gated using panel 1: T cells (CD3*), Th cells (CD3*CD4"*), Tc cells
(CD3*CD4"), Treg cells (CD4*CD25*CD127°%), NK cells (CD3"CD56%) and NK
subpopulations CD56%™ (CD56*CD16*-) and CD56P"9" (CD56**CD16"~) (Figure 19). Panel 2
was used to identify Th cell subpopulations (Thl, Th2, Thl7) according to the strategy
proposed by Mahnke et al. 47, and also gate B cells (Figure 20). Control conditions included
isotype controls to detect unspecific binding and fluorescence minus one controls to

determine gates for positive populations.

Immune cell populations were analysed using both absolute counts and relative proportions.
Proportions of all cell populations were calculated relative to total lymphocytes and, in
addition, proportions of NK subpopulations (CD569™ and CD56""9") were calculated relative

to total NK cells, proportions of Th and Tc cells were calculated relative to total T cells and
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proportions of Th subpopulations (Thl, Th2, Th17 and Treg cells) were calculated relative to

total Th cells.
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Figure 19. Gating strategy for the identification of lymphocyte subpopulations. (a) Live
cells were identified via propidium iodide (PI) staining and (b) singlets were distinguished
from forward scatter area (FSC-A) and height (FSC-H). (c) Lymphocytes were gated by size
and granularity from FSC-A and side scatter area (SSC-A), from which T cells were identified
as CD3* (d). (e) Tc cells (CD3"CD4") and Th cells (CD3*CD4*) were gated from the CD3"*
subpopulation and the latter were used to identify Treg cells (CD25*CD127"°%) (f). (g) NK
cells (CD3CD56*) were gated from the CD3" subpopulation and further differentiated into NK
subpopulations CD56%9™ (CD56*CD167*) and CD56P"9" (CD56**CD167) (h). Percentages in
the graphs indicate the proportion of total cells in (a), proportion of live cells in (b), proportion
of singlets in (c), proportions of lymphocytes in (d) to (g) and proportions of NK cells in (h).
CD: cluster of differentiation; NK: natural killer cell; Tc: cytotoxic T cell; Th: T helper cell;
Treg: regulatory T cell.
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Figure 20. Gating strategy for the identification of T helper (Th) cell subpopulations.
(a) Live cells were identified via propidium iodide (PI) staining and (b) singlets were
distinguished from forward scatter area (FSC-A) and height (FSC-H). (c) Lymphocytes were
gated by size and granularity from FSC-A and side scatter area (SSC-A), from which a CD3"
CD4 subpopulation and Th cells (CD3*CD4*) were identified (d). (g) The CD3CD4"
subpopulation was used to gate B cells (CD3'CD19%), while Th cells were further
differentiated into CD183* and CD194* cells (e). (f) CD183* cells were used to gate Th1l cells
(CD183*CCR10CCR6). (h) CD194* cells were used to gate Th2 cells (CD194*CCR10
CCR6") and Thl7 cells (CD194*CCR10°CCR6"). Percentages in the graphs indicate the
proportion of total cells in (a), proportion of live cells in (b), proportion of singlets in (c),

proportions of lymphocytes in (d) to (h). CD: cluster of differentiation.
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4.4. Intervention design

4.4.1. Exercise prescription

Participants allocated to the intervention arm received a 6-month structured exercise
intervention, consisting of 6 cycles a 4 weeks each. The exercise prescription combined
aerobic and strength training in a periodised, progressive programme that was tailored to the
individual needs of each participant based on the physical fithess assessments performed at
baseline and subsequent testing visits. Additional to the exercise prescription, participants in
the intervention arm were provided with behavioural support in the form of regular text
messages to their mobile phones to encourage programme adherence. A detailed

description of the exercise prescription for all six cycles (cycle 0 to 5) is presented in Table 6.

Briefly, participants exercised three times per week with sessions 1 and 3 comprised of
aerobic exercise in the form of HIIT followed by resistance exercise, whereas session 2
comprised of MICT. During the first cycle (cycle 0) participants were familiarised with the
programme and the individual exercises and incrementally built towards the training load that
was then maintained throughout the subsequent five cycles (cycles 1 to 5) with a deload
week included every fourth week to improve recovery. Two types of HIIT, either 30 s interval
length followed by 90 s active recovery or 60 s interval length followed by 120 s active
recovery, were employed and alternated weekly with longer intervals prescribed for weeks 1
and 3 and shorter intervals prescribed for weeks 2 and 4 of each cycle. The MICT in session
2 was structured as two longer efforts of 5 to 15 minutes duration, with 2 minutes rest
between efforts if needed, during cycles 0 to 4 and increased to one continuous effort of 30
minutes duration by cycle 5. Participants could choose from available aerobic exercise

machines, including cycle ergometer, cross-trainer or treadmill.

The resistance exercise prescription included six exercises, three each for the lower and
upper body, that were selected individually by an exercise physiologist under consideration
of the participant’s fitness, physical capacities and metastatic sites. Because bone health is
a priority in this population, the latest scan results of each participant were reviewed by a
specialist prior to resistance exercise selection and exercises targeting skeletal regions with
increased fracture risk were prohibited. Potential resistance exercises included leg
extension, leg curl, leg press, calf raises and back squat or sit-to-stand exercise for the lower
body and chest press, seated row, lat pulldown, biceps curls and triceps extension for the
upper body. Exercises were performed using modern resistance machines except for back
squat and sit-to-stand exercise, which were performed using bodyweight only or dumbbells
for additional resistance. Participants who completed the intervention during the COVID-19
pandemic received home-based alternative exercises using dumbbells or resistance bands
during times when access to the exercise facilities was restricted. The prescribed resistance

training volume ranged from 1 to 4 sets of 6 to 12 repetitions per exercise, which were
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selected to promote neuromuscular adaptations but avoid maximal weight to minimise the

injury risk.

The exercise intervention employed an autoregulation approach that allowed participants to
lower the exercise intensity when feeling fatigued or unwell and increase the exercise
intensity when feeling motivated and energetic. Autoregulation was achieved through the use
of target RPE on a 10-point Borg scale to determine aerobic exercise intensity, while
resistance exercise intensity was regulated via repetition maximum, i.e. participants were
asked to choose the maximal weight that they could perform the required number of sets and
repetitions with. This approach also allowed adjustments of the exercise intensity as the
participants’ strength increased throughout the intervention, as well as reductions to

accommodate times of decreased exercise capacity.

The original study protocol intended most sessions during the first six cycles to be supervised
by exercise specialists with gradual transition to self-managed exercise during the later
stages of the trial. However, because regular travel to the exercise clinic presented a barrier
to participation, a remote training option was introduced. Participants who trained remotely
completed several sessions on site during cycle 0, where they were familiarised with the
training protocol and individual exercise selection, and then performed most subsequent
sessions independently at external exercise facilities. Moreover, participants were allowed to
complete MICT sessions outdoors using appropriate modes of exercise, e.g. jogging, brisk
walking or cycling. Remotely training participants were asked to come on site once per cycle

for a supervised session to review the exercises and adapt the exercise selection if needed.

All participants were provided with Polar Unite fitness trackers (Polar, Kempele, Finland) for
HR monitoring during aerobic exercise and were asked to record HRmax and HRayvg for aerobic
exercise only. Records also included the completed number of repetitions and achieved RPE
for aerobic exercise and completed number of sets and repetitions, as well as weight used
for each resistance exercise. Overall training intensity was recorded as session RPE at the
end of each training session. Training sessions that were missed for reasons unrelated to
health, e.g. vacation or conflicting appointments, were rescheduled or combined with other

training sessions if possible.
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Table 6. Aerobic and resistance exercise prescription for cycles 0 to 5 of the
supervised, periodised, progressive exercise intervention.

Period

Aerobic exercise

Resistance exercise

Cycle 0

Week 1

Session 1 3 x 30 s at RPE 5, 90 s active recovery 1setx8rep

Session 2 10 min at RPE 4

Session 3 3 x 30 s at RPE 5, 90 s active recovery 1set x 12 rep
Week 2

Session 1 4 x 30 s at RPE 6, 90 s active recovery 1 sets x 8 rep

Session 2 10 min at RPE 4

Session 3 4 x 30 s at RPE 6, 90 s active recovery 1sets x 12 rep
Week 3

Session 1 3 x 30 s at RPE 5, 90 s active recovery 1setx8rep

Session 2 10 min at RPE 4

Session 3 3 x 30 s at RPE 5, 90 s active recovery 1set x 12 rep
Week 4

Session 1 3 x 30 s at RPE 5, 90 s active recovery 1 set x 8 rep

Session 2 10 min at RPE 4

Session 3 3 x 30 s at RPE 5, 90 s active recovery 1setx12rep

Cycles 1to 5

Week 1

Session 1 6 x 60 s at RPE 8, 120 s active recovery 4 sets x 8 rep

Session 2 10 to 30 min* at RPE 5

Session 3 6 x 60 s at RPE 8, 120 s active recovery 4 sets x 12 rep
Week 2

Session 1 6 x 30 s at RPE 9, 90 s active recovery 4 sets x 6 rep

Session 2 10 to 30 min* at RPE 6

Session 3 6 x 30 s at RPE 9, 90 s active recovery 4 sets x 10 rep
Week 3

Session 1 6 x 60 s at RPE 8, 120 s active recovery 3 sets x 8 rep

Session 2 10 to 30 min* at RPE 5

Session 3 6 x 60 s at RPE 8, 120 s active recovery 3 sets x 12 rep
Week 4 (deload)

Session 1 4 x 30 s at RPE 6, 90 s active recovery 2 sets x 6 rep

Session 2 10 to 30 min* at RPE 4

Session 3 4 x 30 s at RPE 6, 90 s active recovery 2 sets x 10 rep

Notes: The resistance exercise prescription included six exercises per session, three each for
upper and lower body. Exercise intensity was determined via an autoregulation approach using
RPE on a 10-point Borg scale for aerobic exercise and repetition maximum for resistance
exercise. * Aerobic exercise duration of session 2: 10 min in cycle 1 weeks 1-2, 20 min in cycle
1 weeks 3—-4, 30 min in cycles 2-5.

Abbreviations: min: minutes; rep: repetitions; RPE: rating of perceived exertion; s: seconds.
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4.4.2. Adherence and intensity outcomes

Exercise adherence was analysed according to the approaches proposed by Nilsen et al.
and Fairman et al. for aerobic and resistance exercise, respectively 331:332, MICT dose was
calculated as cumulative MICT duration and HIIT dose was calculated as cumulative time
exercising at high intensity by multiplying the number of work intervals with the work interval
duration. For the statistical analysis, MICT and HIIT dose were combined into total aerobic
exercise dose by summing up both values with HIIT dose multiplied by a factor of two. This
approach was chosen based on the American Cancer Society guidelines, which equate 75
minutes of vigorous intensity physical activity with 150 minutes at a moderate intensity 2°.
Resistance exercise dose was calculated as the cumulative number of repetitions by
multiplying the numbers of exercises, sets and repetitions. MICT, HIIT and resistance
exercise adherence were determined separately as the completed dose relative to the
prescribed dose for each exercise modality. The prescribed number of resistance exercises
was six, with additional exercises considered if they were adequately recorded and
participants adhered to the prescribed training mode of sets and repetitions. Additionally,
mean values of RPE, HRmax and HRayg Were reported as measures of aerobic exercise
intensity. Furthermore, total completed sessions as a traditional exercise dose metric were
reported for each exercise modality to facilitate comparison with previous studies. All
descriptive variables of exercise intervention adherence, dose and intensity were calculated
for the same 24-week period (cycle 0 to 5) for all participants. By contrast, the total aerobic
and resistance exercise doses for each participant that were used as confounders in the
statistical analysis included all exercise sessions recorded between the intervention start and

the individual 6-month testing visit, which occurred during cycles 6 or 7.

4.4.3. Psychosocial support

All participants received psychosocial support in the form of digital newsletters that provided
educational content on topics identified as relevant to men with advanced prostate cancer.
Newsletter topics included physical activity, nutrition, general health-promoting behaviours,
management of side effects related to cancer or its treatments, mental health, and sexual

intimacy, amongst others.

4.4.4. Control arm

The control arm in the INTERVAL-GAP4 trial was also referred to as the self-directed
exercise arm. Participants allocated to this arm were provided with print information about
physical activity recommendations for cancer survivors and suggestions on how to pursue a
self-directed exercise programme, as well as the identical psychosocial support newsletters.

Importantly, the control arm was not instructed to refrain from exercise as this would be
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unethical considering the evidence for exercise-induced benefits during cancer. Unlike the
intervention arm, however, they did not receive a structured, individualised exercise

programme and were not offered supervised training at the study site.

4.5. Statistical analyses

Statistical analyses were performed using R Version 4.3.0 (R Core Team, Vienna,
Austria) 3% unless specified otherwise. Descriptive statistics included demographic and
clinical participant characteristics and were calculated as mean with SD for continuous
variables and n with relative proportion for categorical variables. Statistical significance

was defined as p < 0.05.

Study 1

Quantile regression analysis was used to examine the associations of physical fithess
outcomes, i.e. relative VOzpeak, relative Wmax, 400 metre walk time, relative 1RM of leg
extension, leg press, chest press and seated row, and handgrip strength (dependent
variables), with MVPA (independent variable) at the 25", 50" and 75™ percentiles of the
dependent variables. Quantile regression allows the distinction of associations between the
independent and dependent variables at different parts of the distribution of the dependent
variables while analysing the entire sample, which results in improved statistical power 48,
In contrast to linear regression, the quantile regression coefficient B represents the change
in the value at each modelled percentile, as opposed to the mean, of the dependent variable.
For the subgroup analysis of ARI use, separate quantile regression models were calculated
for ARI users and non-users with the exception of all strength outcomes but leg extension,
because the number of participants with complete data was insufficient for a subgroup
analysis. All models were adjusted for the same selection of covariates considered to be
potential confounders based on previous studies of physical activity among individuals with
cancer 27409 Covariates used for model adjustment included age, BMI, time since diagnosis,
time on ADT and prostate cancer stage at enrolment (MHSPC or mCRPC). Time on ADT
was defined as the time since the current ADT was started and does not include previous
treatments with ADT if interrupted before starting the current treatment. Additionally, a
between-group analysis of ARI users and non-users was performed in IBM SPSS Statistics
for Windows (Version 29.0, IBM Corp., Armonk, NY, United States) using a Mann-Whitney-
U test for continuous variables after non-normal distribution was detected using the Shapiro-
Wilk test and visually by inspecting Q-Q plots. Distribution of each variable was assessed
per group and results were presented as median for similarly distributed variables and mean
rank (Mrank) for dissimilarly distributed variables. The Pearson’s chi-square test was used to
determine differences between ARI users and non-users for dichotomous variables.

Participants with missing data for physical activity or fitness variables were excluded from
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the analyses with the exception of the strength assessments, which were only completed by
a subsample of participants. Missing data for any of the covariates was replaced using a

random forest model as is commonly used in epidemiological research due to its superiority

to other imputation methods #10.

Study 2

Raw ActiGraph data was processed into four distinct time-use behaviours (sedentary
behaviour, light physical activity, MVPA and sleep) and summarised as cumulative time spent
in each of these across the 24-hour activity cycle of one day. Two distinct sets of time-use
behaviour variables were generated using ENMO cut-points by Hildebrand et al. (ActiGraphy)
and Migueles et al. (ActiGraphy). For physical activity and fitness outcomes, a between-
group analysis of ARI users and non-users was performed using the Mann-Whitney-U test
after non-normal distribution was detected using the Shapiro-Wilk test and visually by
inspecting Q-Q plots. Agreement between either ActiGraphy or ActiGraphw with self-reported
physical activity estimates obtained by the GSLTPAQ was analysed using Bland-Altman
analysis and linear regression. Bland-Altman analysis was performed by calculating the bias
(mean difference of both methods) and the 95% limits of agreement (bias + 1.96 x SD).
Linear regression analyses were performed to determine the association of light physical
activity and MVPA measured by the GSLTPAQ (dependent variable) with those derived from
ActiGraphy or ActiGraphwm (independent variable).

By definition, time-use behaviour variables are co-dependent as the sum of all variables
always equals 24 hours. To account for the inherent multicollinearity between explanatory
variables, analysis of the association between time at different physical activity intensities
and physical fitness was conducted using a partial least squares (PLS) regression approach
as recommended 4%, First, time-use behaviour variables were standardised to a sum of 1.
Covariates used for model adjustment included age, BMI, time since diagnosis, time on ADT
and prostate cancer stage at enrolment (MHSPC or mCRPC). Then, leave-one-out
crossvalidation was performed to select the optimal number of components using the first
local minimum of the root mean square error of crossvalidation as selection criterion. Variable
selection was based on variable importance for projection (VIP) scores and only variables
with a VIP = 1 were included as predictors in the final model to improve model performance.
Alpha levels, t-values and 95% confidence intervals (Cls) of regression coefficients for
predictors in the final model were inferred using the Jack-Knifing method. For interpretation
of the coefficient of determination (R?), cut-off values by Chin were applied as follows: < 0.19
very weak association, 0.19 to < 0.33 weak association, 0.33 to < 0.67 moderate association,

> 0.67 substantial association #11. PLS analysis was performed using the mdatools package

version 0.14.1 412,
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Study 3

Firstly, data was checked for outliers using quartiles (Q) and the interquartile range (IQR)
and extreme outliers were defined as data points above Q3 + 3 x IQR or below Q1 - 3 x
IQR. All analyses were computed with and without including extreme outliers and as there
were no differences in the levels of statistical significance, extreme outliers were included in
the reported results. Normal distribution was assessed using the Shapiro-Wilk test and
visually by inspecting Q-Q plots. The Levene test was used to assess homogeneity of
variance and Box’s M test to assess homogeneity of covariance. Baseline differences in
continuous variables were analysed using the independent t-test and, alternatively, Welch’s
t-test for variables with unequal variances, while Pearson’s chi-square test was used to
determine differences in dichotomous variables. A two-way mixed analysis of variance
(ANOVA) and pairwise t-tests with Bonferroni correction for post hoc comparisons were
performed to analyse the intervention effect on changes in immune cells and inflammation
markers (time x arm). Effect sizes for main effects were reported as partial eta squared (n?)
and interpreted as follows: n? = 0.01 indicates a small effect, n?> = 0.06 indicates a medium
effect and n2 = 0.14 indicates a large effect 413. Effect sizes for post hoc comparisons were
reported as Cohen’s d and interpreted as follows: d = 0.2 indicates a small effect, d = 0.5

indicates a medium effect and d = 0.8 indicates a large effect 4. ANOVA was performed

using the rstatix package version 0.7.2 415,

For participants in the intervention arm, multiple linear regression was performed to analyse
the association of changes in physical fithess and immune parameters with completed
exercise dose and sessions. Absolute deltas (A = 6-month — baseline values) of physical
fitness variables, immune cells and inflammation markers (dependent variables) were
modelled with total aerobic exercise dose, total resistance exercise dose and baseline values
(independent variables) for associations with completed exercise dose and number of total
exercise sessions and baseline values (independent variables) for associations with

completed exercise sessions.
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5. Results

5.1. Cross-sectional multi-centre study (Study 1)

5.1.1. Participant characteristics

Demographic and clinical characteristics of the participants are presented in Table 7.
Briefly, participants were on average 69 * 8 years of age, had a BMI of 29.2 + 4.7 m-kg
2 and had been diagnosed with prostate cancer for 69 + 66 months. Thirty-eight (27%)
and 102 (73%) participants had mHSPC and mCRPC at the time of enrolment,
respectively. The mean treatment time with ADT was 37 * 42 months and 59 (42%)

participants received second-generation ARIs in addition to ADT.

Table 7. Demographic and clinical characteristics of participants included in Study 1.

All participants (n = 140)
Mean £ SD or n (%)

Demographic characteristics

Age, years 69 +8
Height, m 1.75+£0.08
Weight, kg 89.2+16.3
BMI, m-kg2 29.2+47
Employment status, n

Retired 96 (69)
Full-time 19 (14)
Part-time 16 (11)
Volunteer work 1(1)
Unemployed 3(2)
Unable to work 4 (3)
Unknown 1(1)
Smoking status, n

Non-smoker 60 (43)
Active smoker 11 (8)
Previous smoker 68 (49)
Unknown 1(1)
Clinical characteristics

Time since diagnosis, months 69 + 66
Time on ADT, months 37+42
Testosterone, ng-dL"’ 114 +£9.6
PSA, ng'mL"’ 6.6 £ 13.9
Disease stage, n

mHSPC 38 (27)
mCRPC 102 (73)
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All participants (n = 140)
Mean £ SD or n (%)

Metastases, n

Bones 113 (81)
Lymph nodes 83 (59)
Lung 6 (4)
Liver 4 (3)
Other 5(4)
ARl use, n
Yes 59 (42)
Apalutamide 12 (8)
Enzalutamide 47 (33)
No 81 (58)
ECOG performance status, n
0 101 (72)
1 39 (28)
Bone pain, n
No pain 110 (79)
Mild pain 30 (21)

Abbreviations: ADT: androgen deprivation therapy; ARI: androgen receptor inhibitor; BMI: body
mass index; ECOG: Eastern Cooperative Oncology Group; mMCRPC: metastatic castrate-resistant
prostate cancer; mHSPC: metastatic hormone-sensitive prostate cancer; PSA: prostate-specific
antigen; SD: standard deviation.

5.1.2. Self-reported physical activity and guideline adherence

Participants self-reported engaging in light physical activity and MVPA for an average of
111 £ 216 and 128 + 181 minutes per week, respectively, as well as performing
resistance exercise on 0.7 = 1.4 days per week (Table 8). Sixty-two (44%) participants
self-reported engaging in no MVPA. Forty-one (29%) participants met the aerobic
physical activity guidelines for cancer survivors by achieving at least 150 minutes of
MVPA per week. Only twenty-eight (20%) participants self-reported engaging in

resistance exercise.

Table 8. Baseline physical activity and physical fitness estimates of participants
included in Study 1.

All participants (n = 140)
Mean £ SD or n (%)

Physical activity (modified GSLTPAQ)

Light physical activity, min-week 111 £ 216
Moderate physical activity, min-week 84 + 135
Vigorous physical activity, min-week" 22 + 49

Moderate-to-vigorous physical activity (MVPA), min-week 128 + 181
Resistance exercise, days-week 0.7+14
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All participants (n = 140)
Mean £ SD or n (%)

Leisure score index (LSI), a.u. 21+£19
Meeting aerobic physical activity guidelines

Meeting MVPA guidelines (= 150 min-week"), n (%) 41 (29)

Not meeting MVPA guidelines (< 150 min-week™), n (%) 99 (71)
Meeting LSI guidelines (= 24), n (%) 46 (33)

Not meeting LSI guidelines (< 24), n (%) 94 (67)
Physical fitness

Relative VOzpeak, ml'min--kg’ 20.3 +6.1
Maximal workload Wmax, W 131.4 £+ 43.7
Relative Wmax, W-kg™ 15205
400 metre walk time, s 285.3 + 82.8
Relative leg extension 1RM, kg-kg™2 0.7+£0.3
Relative leg press 1RM, kg-kg™'® 1.2+0.3
Relative chest press 1RM, kg-kg™'¢ 05+£0.2
Relative seated row 1RM, kg-kg¢ 0.7+0.2
Handgrip strength, kg © 39.6+£9.5

Abbreviations: 1RM: one-repetition maximum; a.u.: arbitrary unit; GSLTPAQ: Godin-Shephard
Leisure-Time Physical Activity Questionnaire; SD: standard deviation; VOzpeak: peak oxygen
consumption; Wmax: maximal workload.

a Participants with relative leg extension 1RM data: n = 115.
b Participants with relative leg press 1RM data: n = 49.

¢ Participants with relative chest press 1RM data: n = 51.

d Participants with relative seated row 1RM data: n = 48.

¢ Participants with handgrip strength data: n = 57.

5.1.3. Associations of self-reported MVPA with physical fithess

Adjusted quantile regression estimates of MVPA at the 25", 50" and 75™ percentiles of
the physical fitness outcomes are presented in Table 9. MVPA was positively associated
with relative VO,peak at the 25™ percentile (B = 0.009, p = .020) and 75" percentile (p =
0.011, p = .001), as well as relative Wmax at the 25" percentile (B = 0.001, p = .003), 50"
percentile (B = 0.001, p = .009) and 75" percentile (B = 0.001, p = .004). MVPA was
inversely associated with 400 metre walk time at the 75™ percentile (8 =—0.071, p = .023)
but not at the 25™ or 50" percentiles (p > .05). There were no statistically significant
associations between MVPA and any of the strength outcomes at the 25", 50" or 75"

percentiles (p > .05).
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Table 9. Adjusted quantile regression estimates of moderate-to-vigorous physical activity at the 25", 501" and 75" percentiles of physical
fitness outcomes of all participants included in Study 1 (n = 140), as well as separated into ARI users (n = 59) and non-users (n = 81).

Physical activity p25 p50 p75

(min*week™) B (95% CI) B (95% CI) B (95% ClI)

MVPA Relative VOzpeak

All participants 0.009 (0.003, 0.014) * 0.007 (0.004, 0.016) 0.011 (0.005, 0.018) ***
ARl users 0.008 (—0.004, 0.010) 0.006 (0.003, 0.021) 0.011 (0.003, 0.029)
Non-users 0.014 (0.003, 0.018) ** 0.013 (0.002, 0.017) * 0.008 (0.007, 0.027)

MVPA Relative Wmax

All participants 0.001 (0.000, 0.001) ** 0.001 (0.001, 0.002) ** 0.001 (0.000, 0.002) **
ARl users 0.001 (—0.000, 0.002) * 0.001 (0.000, 0.001) 0.001 (0.000, 0.002)
Non-users 0.001 (0.000, 0.001) 0.001 (0.000, 0.002) 0.001 (0.000, 0.002) *

MVPA 400 metre walk time

All participants —0.043 (-0.163, —0.024) —0.060 (—0.089, —0.017) -0.071 (-0.120, —-0.022) *
ARI users —0.047 (-0.180, 0.002) —0.048 (-0.110, 0.003) —-0.068 (-0.111, 0.007)
Non-users —-0.142 (-0.177,-0.010) ** —0.080 (—0.190, 0.036) —0.073 (-0.180, 0.044)

MVPA Relative leg extension 1RM @

All participants 0.000 (—0.000, 0.000) 0.000 (—0.000, 0.000) 0.000 (—0.000, 0.000)
ARl users 0.000 (—0.000, 0.001) 0.000 (—0.000, 0.001) 0.000 (0.000, 0.001)
Non-users —0.000 (-0.001, 0.000) 0.000 (—0.000, 0.001) 0.000 (—0.000, 0.001)

MVPA Relative leg press 1RM ©

All participants 0.000 (—0.003, 0.001) 0.000 (—0.001, 0.001) —0.000 (-0.001, 0.001)
ARl users NA NA NA
Non-users NA NA NA
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Physical activity p25 p50 p75

(min*week™) B (95% CI) B (95% CI) B (95% ClI)

MVPA Relative chest press 1RM °©

All participants 0.000 (—0.001, 0.000) 0.000 (—0.000, 0.001) 0.001 (—0.000, 0.002)
ARl users NA NA NA
Non-users NA NA NA

MVPA Relative seated row 1RM ¢

All participants —0.000 (-0.002, 0.000) —0.000 (—0.000, 0.000) 0.000 (—0.000, 0.001)
ARl users NA NA NA
Non-users NA NA NA

MVPA Handgrip strength ©

All participants 0.010 (-0.011, 0.030) 0.012 (-0.003, 0.023) 0.015 (—0.007, 0.036)
ARl users NA NA NA
Non-users NA NA NA

All models were adjusted for age, body mass index, prostate cancer stage, time since diagnosis, and time on androgen deprivation therapy.

Abbreviations: B: unstandardised regression coefficient; ARI: androgen receptor inhibitor; Cl: confidence interval; MVPA: moderate-to-vigorous physical
activity; NA: not available; VOzpeak: peak oxygen consumption; Wmax: maximal workload.

a Participants with relative leg extension 1RM data: all participants, n = 115; ARI users, n = 44; non-users, h = 71.
b Participants with relative leg press 1RM data: all participants, n = 49; ARI users, n = 18; non-users, n = 31.
¢ Participants with relative chest press 1RM data: all participants, n = 51; ARI users, n = 21; non-users, n = 30.

d participants with relative seated row 1RM data: all participants, n = 48; ARI users, n = 21; non-users, n = 27.

€ Participants with handgrip strength data: all participants, n = 57; ARI users, n = 24, non-users, n = 33.

*p<.05,* p<.01,** p<.001.
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5.1.4. Analysis of self-reported MVPA and physical fitness according to ARI use

MVPA was significantly higher in ARI users (Mrank: 80.2) than non-users (Myank: 63.5), U
=1819.5, Z = -2.518, p = .012. There was no significant difference between ARI users
and non-users for any of the physical fithess outcomes (p > .05) (Table 10). In ARI users,
MVPA was positively associated with relative Wmax at the 25" percentile (8 = 0.001, p =
.046) but not at the 50" or 75" percentiles (p > .05) (Table 6). ARI users showed no
statistically significant associations between MVPA and relative VO;peak or 400 metre
walk time (p > .05). In non-users, MVPA was positively associated with relative VO.peak
at the 25™ percentile (B = 0.014, p = .008) and 50" percentile (B = 0.013, p = .014) but
not at the 75" percentile (p > .05). Non-users also showed a significant association of
MVPA with relative Wnax at the 75" percentile (8 = 0.001, p = .041) and 400 metre walk
time at the 25" percentile (B = -0.142, p = .010). Neither group showed a significant
association of MVPA with relative leg extension 1RM at the 25", 50" or 75" percentiles
(p > .05).

Table 10. Participant characteristics, physical activity and physical fitness of ARI
users and non-users included in Study 1.

ARl users (n =59) Non-users (n = 81)
Mean£SDorn (%) MeanxSDorn (%) p-value

Participant characteristics

Age, years 708 699 .710
BMI, m-kg2 28.7 £ 4.1 29.7£5.0 272
Time since diagnosis, months 69 + 59 68 +72 .386
Time on ADT, months 36 £43 37 £ 41 .884

Physical activity
Moderate physical activity,

min-week- 116 £ 154 61+ 116 .012
\r:]i%‘_’\:fe“:'kﬁhysma' activity, 30 + 61 17 +37 558
E':"C‘t’sl‘i;aszp‘gfor;‘l’:iv Prysical 176 + 207 94 £ 151 012
Meeting MVPA guidelines .011
Yes (MVPA = 150 min-week™") 24 (41) 17 (21)
No (MVPA < 150 min-week™) 35 (59) 64 (79)
Physical fithess
Relative VO:zpeak, ml-min--kg™! 20.5+6.0 20.1+6.2 .841
Relative Wmax, W-kg™' 1.6+0.6 1.5+0.5 469
400 metre walk time, s 277.6 £ 55.9 290.8 + 97.9 .854
Relative leg extension 1RM, kg-kg'? 0.7 £0.2 0.7+£0.3 .950
Relative leg press 1RM, kg-kg™'® 1.2+0.3 1.2+03 494
Relative chest press 1RM, kg-kg° 0.6+0.2 0.5+0.2 151
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ARl users (n =59) Non-users (n = 81)

Mean£SDorn (%) MeanxSDorn (%) p-value
Relative seated row 1RM, kg-kg¢ 0.7+0.2 0.8+0.2 194
Handgrip strength, kg © 39.9+9.7 39.3+9.5 .728

Abbreviations: 1RM: one-repetition maximum; ADT: androgen deprivation therapy; ARI:
androgen receptor inhibitor; BMI: body mass index; MVPA: moderate-to-vigorous physical
activity; SD: standard deviation; VOzpeak: peak oxygen consumption; Wmax: maximal workload.

a participants with relative leg extension 1RM data: all, n = 115; ARI users, n = 44; non-users,
n=71.

b Participants with relative leg press 1RM data: all, n = 49; ARI users, n = 18; non-users, n = 31.
¢ Participants with relative chest press 1RM data: all, n = 51; ARl users, n = 21; non-users, n = 30.
d participants with relative seated row 1RM data: all, n = 48; ARI users, n = 21; non-users, n = 27.

€ Participants with handgrip strength data: all, n = 57; ARI users, n = 24, non-users, n = 33.

5.2. Cross-sectional single-centre study (Study 2)

5.2.1. Participant characteristics

Demographic and clinical characteristics and baseline physical fithess of the participants
are presented in Table 11. Participants of the cross-sectional single-centre study were
on average 65 * 9 years of age and had a BMI of 26.0 + 2.8 m-kg?. Furthermore, 59%
of participants had mHSPC, 96% had confirmed bone metastases and the majority

received secondary hormone therapy in addition to ADT.

Table 11. Demographic and clinical characteristics and baseline physical fithess of
participants included in Study 2.

All participants (n = 27)
Mean + SD or n (%)

Demographic characteristics

Age, years 659
Height, m 1.78 £ 0.07
Weight, kg 83.1+104
BMI, m-kg2 26.0+2.8
Employment status, n

Retired 13 (48)
Full-time 7 (26)
Part-time 5(19)
Unemployed 1(4)
Unable to work 1(4)
Smoking status, n

Non-smoker 13 (48)
Active smoker 4 (15)
Previous smoker 10 (37)
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All participants (n = 27)
Mean £ SD or n (%)

Clinical characteristics

Time since diagnosis, months 38 + 46

Time on ADT, months 11+9

Testosterone, ng-dL" 14.8 + 8.0

PSA, ng-mL"* 94 +19.3

Disease stage, n

mHSPC 16 (59)

mCRPC 11 (41)

Metastases, n

Bones 26 (96)

Lymph nodes 18 (67)

Visceral organs (e.g. lung) 4 (15)

Secondary prostate cancer treatment, n

Hormone therapy 20 (74)
ARI (apalutamide or enzalutamide) 13 (48)
Other (abiraterone) 7 (26)

None 7 (26)

ECOG performance status, n

0 22 (81)

1 5(19)

Bone pain, n

No pain 21 (78)

Mild pain 6 (22)

Physical fithess

Relative VO2peak, mlI'min”kg™ 26.1+5.7

400 metre walk time, s 250.2 +44.0

Relative leg extension 1RM, kg-kg™ 09+0.2

Handgrip strength, kg @ 449+ 7.6

Abbreviations: 1RM: one-repetition maximum; ADT: androgen deprivation therapy; ARI:
androgen receptor inhibitor; BMI: body mass index; ECOG: Eastern Cooperative Oncology
Group; mCRPC: metastatic castrate-resistant prostate cancer; mHSPC: metastatic hormone-
sensitive prostate cancer; PSA: prostate-specific antigen; SD: standard deviation; VO2zpeak: peak
oxygen consumption.

a Participants with handgrip strength data: n = 24.

5.2.2. Accelerometer-derived and self-reported physical activity

The mean number of valid days included in accelerometer-derived data analysis was 6.5
days (range: 6 to 8), which was divided into 4.5 weekdays (range: 4 to 6) and two weekend
days consistently for all participants. Mean daily physical activity estimated from
accelerometer-derived and self-reported data is presented in Table 12. Figure 21 shows
mean and participant-level proportions of different physical activity intensities across the 24-

hour activity cycle separately for each set of cut-points applied to accelerometer-derived
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data. Of these 24 hours, participants spent on average 33% sleeping and 47% in sedentary
behaviour, 15% in light physical activity and 6% in MVPA according to ActiGraphy, compared
to 31% in sedentary behaviour, 22% in light physical activity and 14% in MVPA according to
ActiGraphw.

Table 12. Mean daily physical activity estimated from accelerometer-derived and self-
reported data of participants included in Study 2.

All participants (n = 27)

Mean + SD
Accelerometer-derived physical activity (ActiGraph)
Raw acceleration, mg 26.6 £9.4
Sleep, h-day™ 79+09
Cut-points by Hildebrand et al. (ActiGraphn)
Sedentary behaviour, h-day™ 11.2+1.7
Sedentary behaviour (30 min bouts), h-day’ 6.2 £ 3.6
Light physical activity, h-day’ 36116
Light physical activity (10 min bouts), h-day™’ 0.5+0.8
MVPA, min-day’ 80 +44
MVPA (10 min bouts), min-day’' 17 £ 16
Cut-points by Migueles et al. (ActiGraphw)
Sedentary behaviour, h-day™ 75+1.9
Sedentary behaviour (30 min bouts), h-day’' 1.3+1.3
Light physical activity, h-day™’ 52+1.0
Light physical activity (10 min bouts), h-day™’ 0.8+0.6
MVPA, min-day’' 204 £ 93
MVPA (10 min bouts), min-day"! 56 £ 44
Self-reported physical activity (modified GSLTPAQ) @
Light physical activity, h-day' 0.3+0.3
MVPA, min-day’ 32 +28

Abbreviations: a.u.: arbitrary unit; GSLTPAQ: Godin-Shephard Leisure-Time Physical Activity
Questionnaire; h: hours; mg: milligravity; min: minutes; MVPA: moderate-to-vigorous physical
activity; SD: standard deviation.

a Participants with self-reported physical activity data: n = 25.
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Figure 21. Individual participant data on accelerometer-derived physical activity
proportions across the 24-hour activity cycle, including sedentary behaviour (SED),
light (LPA) and moderate-to-vigorous physical activity (MVPA) and sleep (SLEEP).
Translation of activity counts into physical activity intensity was performed using cut-points
by (a) Hildebrand et al. 493494 (adults aged 21 to 61 years) and (b) Migueles et al. 4% (older
adults = 70 years). Physical activity proportions were calculated using total time spent at
each intensity.
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5.2.3. Analysis of physical activity and physical fithess according to ARI use

There were no significant differences between ARI users and non-users for any of the

participant characteristics, physical activity or physical fithess (p > .05) (Table 13).

Table 13. Participant characteristics, physical activity and physical fithess of ARI
users and non-users included in Study 2.

ARl users (n=13)

Non-users (n =

14)

Mean + SD Mean + SD p-value
Participant characteristics
Age, years 668 65+ 10 .961
BMI, m-kg2 26.0+2.7 26.1+3.0 .846
Time since diagnosis, months 46 + 57 29+ 34 .680
Time on ADT, months 917 13+£10 .188
Accelerometer-derived physical
activity (ActiGraph)
Raw acceleration, mg 25.0+94 28.0+9.6 .583
Sleep, h-day™ 8.2+0.8 7.7+£09 .220
Cut-points by Hildebrand et al.
(ActiGraphs)
Sedentary behaviour, h-day™ 11.1+£15 11.2+£20 943
ﬁzdaintary behaviour (30 min bouts), 58 +36 6.6 + 3.7 583
Light physical activity, h-day’ 3617 3.6+1.6 .905
rI;i‘?jgtyﬁ)hysical activity (10 min bouts), 05+1.0 04 +0.7 729
MVPA, min-day 65+ 30 93 + 52 141
MVPA (10 min bouts), min-day’' 18+ 19 16+ 13 .981
Cut-points by Migueles et al.
(ActiGraphw)
Sedentary behaviour, h-day 7517 7421 .830
ﬁzclintary behaviour (30 min bouts), 14+14 13+12 733
Light physical activity, h-day’' 52+1.1 5.3+£0.9 .943
rI;|-g32’§/_p1)hyslcal activity (10 min bouts), 07 +07 08+05 790
MVPA, min-day™ 186 + 92 220 + 95 402
MVPA (10 min bouts), min-day"' 56 + 52 57 + 38 .550
Self-reported physical activity
(modified GSLTPAQ) ®
Light physical activity, h-day’ 0.3+0.3 0.2+0.3 486
MVPA, min-day™ 38 £ 31 26 +24 310
Physical fitness
Relative VOzpeak, ml'min--kg* 26.1+6.5 26.1+5.1 .903
400 metre walk time, s 259.5 £ 471 241.6 £ 40.7 .280
Relative leg extension 1RM, kg-kg"" 0.9+01 1.0+£0.2 452
Handgrip strength, kg ° 466+ 7.4 428+ 7.7 257
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Abbreviations: 1RM: one-repetition maximum; ADT: androgen deprivation therapy; ARI:
androgen receptor inhibitor; BMI: body mass index; GSLTPAQ: Godin-Shephard Leisure-Time
Physical Activity Questionnaire; h: hours; kg: kilograms; m: metres; mg: milligravity; min: minutes;
MVPA: moderate-to-vigorous physical activity; s: seconds; SD: standard deviation; VOzpeak:
peak oxygen consumption.

a Participants with self-reported physical activity data: all, n = 25; ARI users, n = 13; non-users,
n=12.

b Participants with handgrip strength data: all, n = 24; ARI users, n = 13; non-users, n = 11.

5.2.4. Agreement between accelerometer-derived and self-reported physical activity

For the Bland-Altman analysis, accelerometer-derived physical activity estimates by
ActiGraphy and ActiGraphm were compared against self-reported physical activity measured
by the GSLTPAQ. For daily light physical activity, the mean bias was —202.9 min (upper limit:
0.8 min, lower limit: —406.5 min) for ActiGraphy and -297.4 min (upper limit: —=156.1 min,
lower limit: —438.8 min) for ActiGraphw (Figure 22 a and c). When using minimal requirements
of 10 min bouts for light physical activity, the mean bias was reduced to —14.2 min (SD: 58.7
min, upper limit: 100.9 min, lower limit: =129.2 min) for ActiGraphy and -32.7 min (SD: 47.6
min, upper limit: 60.7 min, lower limit: =126.1 min) for ActiGraphm (Supplemental Figure 1 a
and c). For MVPA, the mean bias was —46.1 min (upper limit: 54.2 min, lower limit: -146.5
min) for ActiGraphy and —171.0 min (upper limit: 29.0 min, lower limit: =370.9 min) for
ActiGraphw (Figure 22 b and d). When using minimal requirements of 10 min bouts for MVPA,
the mean bias was reduced to 15.3 min (SD: 28.0 min, upper limit: 70.2 min, lower limit:
-39.5 min) for ActiGraphy and —22.3 min (SD: 52.3 min, upper limit: 80.2 min, lower limit:
—-124.8 min) for ActiGraphm (Supplemental Figure 1 b and d).

Linear regression analysis showed no significant association between light physical activity
measured by the GSLTPAQ and either ActiGraphy (F(1, 23) = 0.24, p = .63, adjusted R? =
0) or ActiGraphw (F(1, 23) = 2.61, p = .12, adjusted R? = .06). Similarly, MVPA measured by
the GSLTPAQ was not significantly associated with MVPA by ActiGraphy (F(1, 23) = 0.03, p
= .87, adjusted R? = 0) or ActiGraphw (F(1, 23) = 0.23, p = .64, adjusted R? = 0). Likewise,
no significant association was found when using minimal requirements of 10 minute-bouts
for light physical activity (ActiGraphy: F(1, 23) = 0.93, p = .35, adjusted R? = 0; ActiGraphw:
F(1, 23) = 3.59, p = .07, adjusted R? = .10) or MVPA (ActiGraphy: F(1, 23) = 2.05, p = .17,
adjusted R? = 0.04; ActiGraphu: F(1, 23) = 0.04, p = .85, adjusted R? = 0).
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Figure 22. Bland-Altman plots showing the agreement between daily accelerometer-
derived and self-reported physical activity. Agreement of (a) light physical activity (LPA)

estimates from the Godin-Shephard Leisure-Time Physical

Activity Questionnaire

(GSLTPAQ) and ActiGraphy, (b) moderate-to-vigorous physical activity (MVPA) estimates
from the GSLTPAQ and ActiGraphy, (c) LPA estimates from the GSLTPAQ and ActiGraphm
and (d) LPA estimates from the GSLTPAQ and ActiGraphu. The unit of measurement for
physical activity depicted in all plots is minutes (min). Dashed lines in black represent the
upper and lower limits of agreement. Dotted lines in blue represent regression lines and blue
boxes include regression line equations.
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5.2.5. Associations of accelerometer-derived physical activity with physical fitness

PLS regression models were calculated to analyse the association between physical fithess
outcomes and daily physical activity estimates by ActiGraphy and ActiGraphm. A detailed
description of the PLS regression results is presented in Table 14. For VO2peak, significant
predictors were time spent in sleep (B = —0.18, p =.004) and time since diagnosis (§ = —-0.14,
p = .046) in the ActiGraphy model and time spent in sedentary behaviour (3 = -0.11, p =
.044), light physical activity (8 = 0.15, p = .026) and sleep (B = -0.14, p = .010) in the
ActiGraphm model. Significant predictors of 400 m walk time were identical in both models
and included time spent in MVPA (ActiGraphy: = —0.28, p <.001; ActiGraphwm: B =-0.23, p
< .001) and sleep (ActiGraphu: B = 0.26, p < .001; ActiGraphm: B = 0.28, p < .001), age
(ActiGraphy: B = 0.19, p < .001; ActiGraphm: B = 0.20, p < .001) and time since diagnosis
(ActiGraphy: B = 0.18, p = .034; ActiGraphm: B = 0.19, p = .035). Significant predictors of leg
extension 1RM were time spent in sedentary behaviour (B = -0.24, p = .006) and light
physical activity (B = 0.22, p = .010) in the ActiGraphy model and time spent in sedentary
behaviour ( = -0.22, p =.017) and MVPA (B = 0.19, p =.009) in the ActiGraphm model. For
handgrip strength, none of the physical activity variables were identified as important
predictors and were thus excluded from the models. Among the confounders, handgrip

strength showed a significant association with age (B = -0.41, p =.010).

Table 14. Partial least squares regression results on the association between
accelerometer-derived physical activity and physical fitness.

Model statistics

Model information

R? Ssggrfazsmn 95% ClI t-value p-value
VOzpeak ~ ActiGraphu
Model .21
Light physical activity 0.13 -0.01, 0.28 1.93 .065
MVPA 0.18 -0.01, 0.37 1.99 .057
Sleep -0.18 -0.30, -0.06 -3.14 .004
Time since diagnosis -0.14 -0.28, -0.00 -2.10 .046
VOzpeak ~ ActiGraphwm
Model 18
Sedentary behaviour -0.11 -0.22, -0.00 -2.11 .044
Light physical activity 0.15 0.02, 0.29 2.37 .026
MVPA 0.11 -0.00, 0.22 2.03 .053
Sleep -0.14 -0.24, -0.04 -2.80 .010
400 metre walk time ~
ActiGraphu
Model 46
MVPA -0.28 -0.39, -0.18 -5.60 <.001
Sleep 0.26 0.14, 0.38 4.49 <.001
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Model information

Model statistics

R2 (Ffjgfrf_ezs'o” 95% Cl tvalue  p-value

Age 0.19 0.10, 0.28 4.37 <.001
Time since diagnosis 0.18 0.02, 0.35 2.24 .034

400 metre walk time ~

ActiGraphw

Model 41
MVPA -0.23 -0.34, -0.12 -4.40 <.001
Sleep 0.28 0.13,0.42 4.00 <.001
Age 0.20 0.10, 0.31 3.98 <.001
Time since diagnosis 0.19 0.01, 0.37 2.22 .035

Leg extension 1RM ~

ActiGraphu

Model .26
Sedentary behaviour -0.24 -0.41, -0.08 -2.96 .006
Light physical activity 0.22 0.06, 0.39 2.79 .010
Prostate cancer stage -0.14 -0.32,0.04 -1.62 116

Leg extension 1RM ~

ActiGraphw

Model .21
Sedentary behaviour -0.22 -0.40, -0.04 -2.55 017
MVPA 0.19 0.05, 0.33 2.81 .009
Prostate cancer stage -0.15 -0.35, 0.05 -1.56 132

Handgrip strength @ ~

ActiGraphum®

Model .31
Age -0.41 -0.71,-0.10 -2.79 .010
BMI 0.17 -0.02, 0.36 1.85 .077
Prostate cancer stage 0.19 -0.03, 0.40 1.77 .090

Notes: Variables used for prediction models included physical activity estimates (sedentary
behaviour, light physical activity, MVPA, sleep) and covariates (age, BMI, prostate cancer stage,
time on ADT, time since diagnosis). Final models only included variables identified as important
predictors by a variable importance for projection (VIP) score = 1.

Abbreviations: [B: regression coefficient; 1RM: one-repetition maximum; ADT: androgen
deprivation therapy; BMI: body mass index; Cl: confidence interval; MVPA: moderate-to-vigorous
physical activity; VOzpeak: peak oxygen consumption.

a Participants with handgrip strength data: n = 24.

b None of the physical activity variables were considered important predictors (VIP score < 1) and

consequently excluded, resulting in identical models for ActiGraphn and ActiGraphw.
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5.2.6. Analysis of immune cells and inflammation markers

Mean values of immune cells and inflammation markers of participants at baseline are

presented in Table 15.

Table 15. Immune cells and inflammation markers of participants at baseline.

All participants (n = 27)
Mean + SD

Immune cells

Platelets, 103-uL™ 220.2 + 44.9
Leukocytes, 10%-uL" 5.98 + 1.81
Neutrophils, 103-uL™" 343+1.25
Monocytes, 103-uL" 0.60 + 0.31
Lymphocytes, 103-uL"’ 1.73 £ 0.75
NK cells, % lymphocytes 18.6 £ 9.8
NKdm cells, % NK 959+238
NKP1e cells, % NK 3.0+2.1
B cells, % lymphocytes 10775
T cells, % lymphocytes 63.7 £ 11.2
Tc cells, % lymphocytes 249+99
Th cells, % lymphocytes 38.3+9.8
Th1 cells, % lymphocytes 41120
Th2 cells, % lymphocytes 2.32+1.35
Th17 cells, % lymphocytes 1.47 £0.70
Treg cells, % lymphocytes 3.36 + 1.33
Inflammation markers
Neutrophil-to-lymphocyte ratio (NLR) 2.19 £ 0.95
Platelet-to-lymphocyte ratio (PLR) 1471 £ 61.9
Systemic immune-inflammation index (SlI) 471.2 £ 194.0
NK®m/NKP19" ratio 60.5 £ 56.2
Th1/Th2 ratio 2.50 £ 242
Th17/Treg ratio 0.47 £ 0.22

Abbreviations: NK cell: natural killer cell; NLR: neutrophil-to-lymphocyte ratio; PLR: platelet-to-
lymphocyte ratio; SD: standard deviation; SllI: systemic immune-inflammation index; Tc cell:
cytotoxic T cell; Th cell: T helper cell; Treg cell: regulatory T cell.

5.2.7. Associations of physical activity with immune parameters

PLS regression models were calculated to analyse the association of immune cells and cell-
derived inflammation markers with daily physical activity estimates by ActiGraphy and
ActiGraphw. For brevity, only model results with a R? 2 0.33 indicating a moderate association
are reported here for single immune cell analyses, whereas model results of inflammation
markers are reported regardless of the model fit. A detailed description of the PLS regression

results is presented in Supplemental Table 1.
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Absolute proportions of monocytes were predicted by time spent in light physical activity from
ActiGraphy (B = -0.19, p =.024) and age ( = 0.25, p =.039), with the model explaining 38%
in the variance of the dependent variable. For physical activity estimates by ActiGraphwm,
absolute proportions of monocytes were predicted by time spent in sedentary behaviour ( =
0.18, p = .020), with the model explaining 38% in the variance of the dependent variable.
Treg cell proportions of total lymphocytes were predicted by time spent in light physical
activity (B = 0.23, p < .001) and sedentary behaviour from ActiGraphy (8 = —0.21, p = .006)
and age (B =-0.27, p =.014), with the model explaining 34% in the variance of the dependent
variable. For either method of physical activity estimation, relative proportions of neutrophils
were predicted by time spent in sleep (ActiGraphu: B = —0.19, p = .005; ActiGraphm: B =
-0.23, p =.007), age (ActiGraphu: B = —-0.26, p = .008; ActiGraphm: p = -0.31, p =.008) and
prostate cancer stage (ActiGraphy: B = 0.22, p = .002; ActiGraphwm: B = 0.26, p = .004), but
none of the physical activity variables, with the ActiGraphy and ActiGraphy models explaining
41% and 43% of the variance of the dependent variable, respectively.

Significant predictors of NLR were age (ActiGraphy: B = —0.23, p = .028; ActiGraphm: B =
—-0.25, p =.024) and prostate cancer stage (ActiGraphu: f = 0.20, p = .038; ActiGraphwm: B =
0.22, p = .045), but none of the physical activity variables, with R? indicating a weak
association (ActiGraphu: R? = 0.32; ActiGraphm: R? = 0.21). Similarly, age (ActiGraphy: B =
—-0.23, p = .011; ActiGraphm: B = -0.24, p = .019) and prostate cancer stage (ActiGraphn:
= 0.19, p = .041), but none of the physical activity variables, were identified as significant
predictors of SlI, with R? indicating a weak association (ActiGraphu: R? = 0.32; ActiGraphw:
R? = 0.25). ActiGraphy and ActiGraphm models for Th1/Th2 ratio and NKY™/NKPri9ht ratio were
identical and did not include any physical activity variables. Significant predictors of Th1/Th2
ratio were time spent in sleep (B = 0.17, p = .008) and prostate cancer stage (8 = -0.19, p =
.009), with R? = 0.23 indicating a weak association. Significant predictors of NKYm/NKPright
ratio were age (B = 0.45, p < .001) and prostate cancer stage (B = —0.25, p = .008), with R?
= 0.34 indicating a moderate association. None of the variables were significant predictors
of PLR or Th17/Treg ratio (p > .05).

5.3. Longitudinal single-centre study (Study 3)

5.3.1. Participant characteristics and immune parameters at baseline

Demographic and clinical participant characteristics, as well as physical fitness
outcomes are presented in Table 16. There were no differences in participant
characteristics or physical fitness outcomes between participants in the intervention and
control arm (p > .05). Baseline levels of immune cells and inflammation markers are
presented in Table 17. Levels of individual immune cells and inflammation markers were
comparable between both arms at baseline (p > .05).
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Table 16. Demographic and clinical characteristics and physical fitness of participants
in the intervention and control arm at baseline.

All participants

Intervention arm

Control arm

(n=19) (n=38) (n=11)
Mean+SDorn MeanzSDorn Mean + SD orn s;ﬂue

Demographic
characteristics
Age, years 66 £ 8 66 +£5 65+ 10 .837
Height, m 1.78 £ 0.07 1.80 £ 0.09 1.78 £ 0.05 .621
Weight, kg 83.2+10.6 84.7+7.9 8211124 .612
BMI, m-kg2 26.1+2.8 26.3+2.3 259+3.3 .754
Clinical characteristics
E?net;;”‘;e diagnosis, 45 4 47 60 + 53 36 + 42 287
Time on ADT, months 12+9 14 + 11 10+6 312
Testosterone, ng-dL" 13.8+ 104 12.0+10.9 15.2+10.4 527
PSA, ng'mL"’ 5.3+10.8 0411 8.9+13.3 .091
Disease stage, n .352

mHSPC 11 6 5

mCRPC 8 2 6
Physical fithess
i?_'riti';’f_\kgzpeak’ 26.8+5.2 262+ 3.9 27.2+6.1 671
400 metre walk time, s 2431 £40.2 2423+ 414 2437+ 41.3 .940
Tgﬁf“{:;_'fg_ﬁ"tens'on 1.0+0.2 10+0.3 09+02 411
Handgrip strength, kg 2 454 + 6.8 441 +5.6 463+ 7.8 .539

Abbreviations: 1RM: one-repetition maximum; ADT: androgen deprivation therapy; BMI: body
mass index; SD: standard deviation; VOzpeak: peak oxygen consumption.

a Participants with handgrip strength data: all, n = 17; intervention arm, n = 7; control arm,

n=10.

Table 17. Immune cells and inflammation markers of participants in the intervention
and control arm at baseline.

All participants

Intervention arm

Control arm

(n=19) (n=8) (n=11)
Mean + SD Mean + SD Mean + SD \F/)e_alue
Immune cells
Platelets, 103-uL" 217.0 £ 36.9 2228 £42.7 212.8 £ 33.6 .578
Leukocytes, 10%-uL" 5.94 + 1.98 5.71 £1.67 6.11+224 677
Neutrophils, 103-uL" 3.47 £1.37 312+ 0.96 3.73+1.60 .356
Monocytes, 103-uL" 0.53+0.17 0.54 £ 0.20 0.52+0.16 .843
Lymphocytes, 103-uL'  1.68 £ 0.73 1.72 £ 0.80 1.65+0.72 .836
sﬁ;ﬁfcyﬁs 17.3+8.9 18.1£9.0 16.7£9.3 733
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All participants

Intervention arm

Control arm

(n=19) (n=8) (n=11)
Mean + SD Mean * SD Mean * SD P-
value
NKIm cells, % NK 957+ 2.6 96.0 £ 3.2 956 +2.2 751
NKePright cells, % NK 3.1+1.9 2.7 21 35+1.8 416
B cells, % lymphocytes 13.1 £ 7.6 125+ 8.8 13.5+£6.9 776
T cells, % lymphocytes 63.9 + 10.4 63.2+11.0 64.4£10.5 817
[o)
Tc cells, % 243 +10.2 23.7+9.8 24.8 +10.9 825
lymphocytes
[o)
Th cells, % 39.1+8.0 39.0+ 6.8 39.1+ 9.1 980
lymphocytes
Th1 cells,
% lymphocytes 42+21 5121 35+1.8 .097
Th2 cells,
% lymphocytes 28+14 2.6 +0.9 29+17 .657
Th17 cells,
% lymphocytes 1.7+ 0.7 1.7 £ 0.6 1.6 +£0.8 795
Treg cells,
% lymphocytes 36+1.2 39+14 35+1.1 499
Inflammation
markers
Neutrophil-to- 2.29 + 1.02 2.03 +0.73 248 +1.18 363
lymphocyte ratio (NLR) —~ ~ R T )
Platelet-to-lymphocyte 4555 , 576 154.2 + 68.8 152.6 + 70.1 962
ratio (PLR)
Systemic immune-
inflammation index 486.0 + 201.6 446.6 + 166.5 514.6 + 227.2 484
(sl
NKdm/NKPright ratio 53.7 £53.9 63.8 £+ 58.4 46.3+51.9 502
Th1/Th2 ratio 1.88 £ 1.39 2.33+1.59 1.56 £ 1.19 .240
Th17/Treg ratio 0.49 £ 0.26 0.45 £ 0.09 0.52 £ 0.33 .569

Abbreviations: NK: natural killer cell; NLR: neutrophil-to-lymphocyte ratio; PLR: platelet-to-
lymphocyte ratio; SD: standard deviation; SlI: systemic immune-inflammation index; T: T cell; Tc:
cytotoxic T cell; Th: T helper cell; Treg: regulatory T cell.

5.3.2. Exercise intervention dose and adherence

The mean completed exercise intervention dose, adherence and intensity during cycles
0 to 5 of participants in the intervention arm are displayed in Table 17. On average,
participants in the intervention arm completed 54% of the MICT aerobic exercise, 66%
of the HIIT aerobic exercise and 85% of the resistance exercise prescription. This
adherence rate corresponded to an average of 312 minutes of MICT aerobic exercise,
112 minutes of HIIT aerobic exercise and 6,297 total repetitions of resistance exercise
completed during the 6-month intervention. The average completed exercise dose per

week amounted to 13 minutes of MICT aerobic exercise, 5 minutes of HIIT aerobic
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exercise and 262 total repetitions of resistance exercise. Weekly prescribed and

completed aerobic and resistance exercise dose are shown in Figure 23.

Table 18. Completed exercise intervention adherence, dose and intensity during

intervention cycles 0 to 5.

Intervention arm (n = 8)
Mean (range)

Aerobic exercise

MICT adherence, %
MICT dose, min

MICT total sessions, n
MICT RPE, a.u.

MICT HRmax, bpm

MICT HRavg, bpm

HIIT adherence, %

HIIT dose (number of work intervals x duration), min
HIIT total work intervals, n
HIIT total sessions, n

HIIT RPE, a.u.

HIT HRmax, bpm

HIIT HRavg, bpm

54 (0 - 114)
312 (0 - 660)
12 (0 - 21)

5.7 (4.7 - 7.0)
140 (130 - 152)
119 (114 - 133)
66 (43 - 98)
112 (73 - 165)
158 (127 - 213)
33 (28 - 39)
6.3 (2.0 - 10.0)
132 (123 - 138)
112 (102 - 117)

Resistance exercise

Resistance exercise adherence, %

Resistance exercise dose (exercises x sets x repetitions), n

Resistance exercise total sessions, n

85 (51 — 138)
6,297 (3,754 - 10,203)
35 (28 - 39)

Note: All dose variables were calculated as the mean cumulative dose for cycles 0 to 5.
Adherence was calculated as the mean completed dose compared to the prescribed dose for
cycles 0 to 5. Intensity variables were calculated as the mean value per session for each

participant.

Abbreviations: a.u.: arbitrary unit; bpm: beats per minute; HIIT: high-intensity interval training;
HRavg: average heart rate; MICT: moderate-intensity continuous training; min: minute; RPE:

rating of perceived exertion.
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Figure 23. Weekly prescribed and completed aerobic and resistance exercise dose
during cycles 0 to 5. (a) Total minutes of moderate-intensity continuous training (MICT)
aerobic exercise, (b) total dose of high-intensity interval training (HIIT) aerobic exercise
(number of repetitions x work interval duration), (c) total resistance exercise dose (number
of exercises x sets x repetitions). Prescribed training data (blue bars) are presented as
absolute values and completed training data (light green bars) as mean and standard
deviation. §: only n = 2 participants completed training that week. min: minutes.

Intervention week
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5.3.3. Changes in physical fitness

Differences between intervention and control arm

There was a significant interaction (time x arm) for relative leg extension 1RM, F(1, 14) =
6.45, p = .024, partial n? = .32 (Figure 24). Post hoc comparisons with Bonferroni correction
showed no significant main effect for time in either arm (p > .05). Handgrip strength showed
no significant interaction (p > .05) but a significant main effect for time, F(1, 12) = 9.15, p =
.011, partial n? = .43. Handgrip strength increased from baseline (mean: 45.4 kg, SD: 6.8 kg)
to the 6-month testing (mean: 47.2 kg, SD: 6.6 kg) across all participants. Post hoc
comparisons showed no statistically significant time effect for handgrip strength in either arm
but effect sizes indicated a large effect in the intervention arm (d = 0.86, p = .127) and a
negligible effect in the control arm (d = 0.05, p =.920). Relative VO.peak and 400 metre walk
time remained statistically unaltered at the 6-month testing (p > .05). Absolute pre and post

values of physical fitness are presented in Supplemental Table 2.

Associations of changes in physical fithess with completed exercise volume

Multiple linear regression analysis of participants in the intervention arm showed no
significant associations between physical fitness changes and completed exercise dose,
which was included as separate variables for total aerobic and resistance exercise, or

number of completed exercise sessions (p > .05).
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Figure 24. Percent change of physical fithess among participants in the intervention
and control arm from baseline to the 6-month exercise testing visit. (a) Relative peak
oxygen consumption (VOzpeak), (b) 400 metre walk time, (c) relative leg extension one-
repetition maximum (1RM) and (d) handgrip strength. Data are presented as mean and
standard deviation of the intervention (blue bars) and control arm (light green bars), as well
as individual participant data (black dots). Horizontal lines with p-values indicate significant
between-group differences in the change from baseline to 6-month exercise testing visit. For
reasons of simplicity, significant main effects are not shown in the figure.
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5.3.4. Changes in immune cells and inflammation markers

Differences between intervention and control arm

A two-way mixed ANOVA showed no statistically significant interaction (time x arm) for
any of the immune cells or inflammation markers (p > .05). There was a significant main
effect for time for the lymphocyte proportion of total cells, F(1, 17) = 8.46, p = .010, partial
n? = .33. The lymphocyte proportion increased from baseline (mean: 28.0%, SD: 7.1%)
to the 6-month testing (mean: 31.3%, SD: 7.5%) across all participants. There were no
significant changes in absolute counts or relative proportions of any other immune cells
from baseline to the 6-month testing (p > .05). Percent changes of immune cells and
inflammation markers for participants in the intervention and control arm are displayed
in Figures 25 and 26. Absolute pre and post values of immune cells and inflammation
markers are presented in Supplemental Table 2.

Associations of immune parameter changes with completed exercise volume

For completed exercise dose, a statistically significant model was observed for absolute
counts of NK cells, with the model explaining 80% of the variance in absolute change of NK
cell counts post intervention, F(3, 4) = 10.55, p = .023, adjusted R? = .80. Total completed
aerobic exercise was a significant predictor of absolute change of NK cell counts (B =
—-0.0003, p =.034), whereas resistance exercise was not (p > .05). Completed exercise dose
did not explain changes in any of the other immune parameters (p > .05). Similarly, number
of completed exercise sessions was not associated with changes in immune parameters (p
> .05).
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Figure 25. Percent change of immune cells and inflammation markers among
participants in the intervention and control arm from baseline to 6-month exercise
testing visit. Absolute counts of (a) leukocytes, (b) neutrophils, (c) monocytes, (d)
lymphocytes, (e) B cells, (f) T cells, (g) cytotoxic T (Tc) cells, (h) T helper (Th) cells, (i) natural
killer (NK) cells, (j) NK9™ cells, (k) NKP9ht cells and (I) NK9™/NKP19ht ratio, (m) neutrophil-to-
lymphocyte ratio (NLR), (n) platelet-to-lymphocyte ratio (PLR) and (0) systemic immune-
inflammation index (Sll). Data are presented as mean and standard deviation of the
intervention (blue bars) and control arm (light green bars), as well as individual participant
data (black dots).
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Figure 26. Percent change of Th subpopulations among participants in the
intervention and control arm from baseline to 6-month exercise testing visit. Absolute
counts of (a) Thl cells, (b) Th2 cells, (c) Thl/Th2 ratio, (d) Th17 cells, (e) regulatory T cells
(Treg) and (f) Th17/Treg ratio. Th: T helper cell. Data are presented as mean and standard
deviation of the intervention (blue bars) and control arm (light green bars), as well as
individual participant data (black dots).
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6. Discussion

The objective of this thesis was to analyse the relationship of habitual physical activity with
physical fitness and immune function in men treated with ADT for prostate cancer, as well as
to investigate changes in physical fitness and immune function following a chronic, structured
exercise intervention. For this purpose, data from participants of a multi-centre, randomised,
controlled trial for men with advanced metastatic prostate cancer collected at baseline and
at the 6-month testing visit were analysed. Firstly, a cross-sectional analysis was conducted
of baseline self-reported physical activity, including the evaluation of physical activity
guideline adherence, and its association with physical fitness in participants at all global sites
of the multicentre trial. Participants were then grouped by secondary prostate cancer
treatment into ARI users and non-users to investigate potential reductions in physical activity
and fitness related to maximal androgen blockade. Secondly, levels of accelerometer-
derived physical activity were examined in the German subsample for an analysis of their
agreement with self-reported physical activity, as well as the association with physical fithess
and immune parameters. Additionally, differences in physical activity and physical fithess
between ARI users and non-users were analysed in the German subsample. Lastly, the
adherence to a 6-month structured exercise intervention of combined aerobic and resistance
exercise was evaluated and associated changes in physical fithess and immune parameters

were analysed.

6.1. Habitual physical activity

6.1.1. Baseline physical activity and guideline adherence

In advanced prostate cancer, the ability to engage in physical activity is complicated by the
use of treatments such as ADT and ARIs that inhibit testosterone signalling 16417, Study 1
assessed the weekly habitual physical activity at baseline to determine if participants
achieved the level of physical activity recommended by current guidelines for cancer
survivors. It should be noted that while the eligibility criteria required participants’ physical
activity to be both below a cut-off of 60 minutes vigorous aerobic exercise and performing no
more than one structured resistance exercise session per week, no limits were placed on

habitual physical activity.

MVPA is a widely used measure of physical activity and as such, it facilitates comparison
with studies that assessed physical activity using varying methods. Calculating MVPA based
on the GSLTPAQ estimates of moderate and vigorous physical activity also allowed
guantification of the proportion of participants that met the physical activity guidelines set out

by the American Cancer Society. As per these guidelines, cancer survivors should each week
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aim to accumulate 150 to 300 minutes moderate intensity or 75 to 150 minutes vigorous
intensity physical activity and, additionally, perform muscle-strengthening activities on at

least two days 2°

. In this study, self-reported levels of MVPA were lower than the
recommended level, with participants reporting an average of 128 minutes MVPA per week.
Other studies that used the GSLTPAQ for physical activity assessment observed higher
physical activity levels when there was no pre-set exclusion criterion for maximal weekly
activity. In a mixed sample of breast, prostate and colorectal cancer survivors, participants
reported an average of 202 minutes MVPA per week 311, Their average age of the sample
was, however, five years younger compared to the present study and most of the participants
were female. In support of the argument of lower physical activity levels when limits are
enforced is a study by Papadopoulos et al., which showed that men on ADT patrticipating in
an RCT with similar eligibility criteria accumulated only 68 minutes of self-reported weekly
MVPA 418 However, it is worth highlighting that levels of MVPA among participants in the
present study were driven mostly by moderate intensity physical activity and, with an average

of only 22 minutes per week, vigorous physical activity was well below the cut-off.

The results of Study 1 showed that only 29% of participants achieved the minimum
recommended level of 150 minutes MVPA per week according to self-reported physical
activity. The finding that only a minority of cancer survivors meets the physical activity target

is consistent with results from other studies in individuals with lymphoma 3%°, breast cancer

419 420

and localised prostate cancer <, which did not specify excluding participants above a
certain physical activity threshold. A markedly higher level of physical activity was reported
by Santa Mina et al. in men with prostate cancer prior to prostatectomy, who found that 46%
met the guidelines, although their participants were at an early disease stage and on average
9 years younger 313. By contrast, Ozdemir et al. found that only 21% of newly diagnosed

prostate cancer patients were sufficiently active 421,

A subgroup analysis by secondary prostate cancer treatment revealed higher self-reported
MVPA and a larger proportion of participants meeting the aerobic activity guidelines among
participants receiving ARIs in addition to ADT. This result is contrary to previous studies that
found that men treated with ARIs for mCRPC have lower functional performance in tasks
against gravity, such as the timed-up-and-go test, than men with mHSPC on ADT

monotherapy 169

. Interestingly, these differences persist despite a similar duration of
androgen withdrawal 16°. However, this comparison may be conflated by the more advanced
disease stage among ARI users, as cancer progression is often accompanied by functional
decline 422423 |n the present study, the proportion of men with mCRPC was equal between
ARI users and non-users. ARI use was, however, defined by the treatments that were
administered at the time of enrolment and did not consider previous treatment cycles, despite
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potentially long-lasting effects. Furthermore, other common cancer treatments like
chemotherapy are also known to influence physical activity 333. Nonetheless, it can be

concluded from the present study that ARI use does not hinder physical activity in men with

advanced prostate cancer.

Caution should be applied when interpreting these results because self-reported physical
activity may provide a biased estimate of guideline compliance. A study of men with localised
prostate cancer found that an astounding 73% of participants met the physical activity
guidelines according to self-reported MVPA compared to only 11% according to
accelerometer-derived MVPA 26, The present study performed additional accelerometer
measurements for participants in the German subsample to examine the agreement between
both methods. Because consensus regarding the analysis of accelerometer-derived data is
lacking, two distinct sets of cut-points were used to obtain time shares spent at each physical
activity intensity. The accelerometer-derived estimates from both sets of cut-points showed
substantially higher levels of light physical activity and MVPA than the self-reported levels.
Likewise, other studies that compared both measurement methods found considerable
underreporting of MVPA levels, as shown in results from a mixed sample of prostate and

328 as well as men on ADT “#!8. Reporting bias and false

breast cancer survivors
classification of physical activity intensities are recognised issues that limit the interpretability
of self-reported data, especially in older populations that experience a decline in cognitive
function 424, This may be aggravated in the present sample, as cancer-related adverse
effects are usually more pronounced at advanced disease stages and systemic treatments
like ADT and chemotherapy are associated with cognitive impairments 162425 For example,
older individuals with cancer are expected to spend a large share of their time in light physical
activity; however, 42% of participants in the multi-centre study reported not engaging in any
activity of this intensity. This suggests that capturing activities at lower intensities, which
comprise a large proportion of the daily activity cycle, may require objective measurement
methods; yet in the absence of cognitive assessments, it is difficult to draw further

conclusions.

Despite a marked discrepancy of absolute physical activity estimates from accelerometer
versus physical activity recall, Sloane et al. observed a significant positive correlation
between both methods 328. This is in contrast to the present study, where a comprehensive
analysis using both Bland-Altman and regression analysis showed virtually no agreement
between self-reported and accelerometer-derived physical light physical activity and MVPA,

regardless of the cut-points implemented.

Furthermore, while statistical analysis of the agreement between ActiGraphy and ActiGraphw

lay outside the main scope, it became apparent that both methods produced vastly different
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physical activity estimates. This can be attributed to the fact that ActiGraph devices placed
at the wrist were used in this study, as opposed to the traditional placement at the hip, to
capture upper body movements and improve compliance. The dilemma with switching to
wrist-worn devices is that previously established cut points for categorisation of physical
activity intensities were developed for hip-worn devices and thus are not suited for processing
wrist acceleration data #25. Due to the relatively recent uptake of wrist-worn accelerometers,
fewer studies of cut-point investigation or validation exist. The two sets of cut-points used in
this study were selected to reflect the age range of the study sample 4%3405 As expected,
ActiGraphy, which was validated in adults < 61 years, produced considerably lower estimates
of light physical activity and MVPA and, in turn, higher estimates of sedentary behaviour than

ActiGraphy, which was validated in older adults = 70 years.

Further controversy exists regarding the use of minimal bout lengths to filter activities of a

short duration 427

, as the effectiveness of shorter bouts to improve physical health outcomes
has been questioned. Despite this, the latest guidelines by the World Health Organization
urge the removal of such requirements and argue that the total time in each activity should
count towards the weekly volume 2%°. In fact, a recent analysis by Jakicic et al. supports this
argument by demonstrating that physical activity of any bout duration is associated with
improved health outcomes, including lower mortality 4?8, In general, this highlights the fact
that there is little consensus regarding best practices for data collection and processing of
accelerometer data, which leads to inconsistent estimates of physical activity between

429

studies Experts call for standardised data processing methods and improved

transparency to increase the clinical applicability of accelerometers 430,

The large discrepancy between absolute values of self-reported and accelerometer-derived
physical activity, as well as the lack of consensus for the data analysis of what are
presumably objective physical activity measurements, puts the reliability of estimated
proportions of individuals meeting physical activity targets in question. Nonetheless, this
study showed that at least some men with advanced prostate cancer seem to be insufficiently
active. Even though evidence clearly demonstrates the benefits of regular physical activity
for survival, overall health and well-being during and immediately after cancer treatment,

inactivity remains an issue during prostate cancer survivorship that needs addressing.

6.1.2. Association of physical activity with physical fithess

Physical activity is regarded as an important modifiable risk factor in the context of overall
health 431, with higher physical activity over the life course associated with well-documented
benefits, including reduced risk for cancer, cardiovascular disease, depression and overall

350,432-434

mortality . Similarly, increased physical fitness has also been linked to a better
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overall health status in various populations 43°#36 including individuals living with cancer 437,

and has consequently been recognised as a powerful marker of health 346:351 Tg investigate
a potential link between self-reported physical activity and fitness, their association was

analysed in Study 1 in a large multi-centre sample of men with advanced prostate cancer.

Based on results from quantile regression analysis, higher self-reported weekly MVPA
demonstrated a significant association with improved VO,peak at the lowest and highest
percentile. Unstandardised beta coefficients from the adjusted models translated to a
VOzpeak improvement of 0.5 ml-min-t-kg? at the 25" percentile and 0.7 ml-min-*-kg? at the
75" percentile for every additional hour of MVPA per week. A minimal clinically important
difference for VOzpeak improvements of 2.5 ml-mint-kg?' has been suggested previously
438 which would require 33 to 40 minutes of additional MVPA per day according to this model.
These results are consistent with previous studies that observed a lower VOzpeak among
less active prostate cancer survivors, as well as higher post-treatment cardiorespiratory

fitness among women who accumulated more MVPA during breast cancer treatment 360439,

To further elucidate the relationship between physical activity patterns and fithess in men on
ADT, Study 2 included accelerometer measurements of seven-day habitual physical activity
in a smaller subsample that were processed into time shares at different intensities across
the 24-hour activity cycle. In contrast to self-reported MVPA in Study 1, accelerometer-
derived MVPA was not associated with VO,peak. Instead, significant predictors of increased
VOgzpeak included reduced sleep time and shorter time since diagnosis for ActiGraphy, and
reduced sleep and sedentary time, as well as greater time spent in light physical activity for
ActiGraphm. While physical activity at moderate to vigorous intensities is generally
considered to provide the greatest health benefits, and is thus the focus of physical activity
recommendations, increasing the daily time spent in light intensity activities has also been
associated with improved physical function #4°. This may be a viable alternative for
individuals who are unable to maintain sufficient levels of MVPA, particularly those of older

age with chronic conditions.

The negative association between VOzpeak and sleep time seems contradictory at first,
because adequate sleep duration is generally considered to be a key component of overall
good health 44, However, in the context of advanced cancer increased sleep duration may
be an indicator of underlying adverse health conditions. In fact, sleep disturbances affect up
to 80% of cancer patients and can include insomnia, difficulty initiating sleep, and excessive
daytime sleepiness caused by severe cancer-related fatigue #*2. Cancer-related fatigue
refers to persistent physical or mental tiredness combined with a general lack of energy that
is provoked by cancer or its treatments and is disproportionate to exertion and sleep #43. ADT

and other prostate cancer treatments are associated with substantial increases in fatigue
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levels and a higher prevalence of sleep disorders 444446 Patients who experience higher
fatigue and poorer sleep quality may attempt to counterbalance the tiredness through longer
sleep durations or periods of daytime sleep. This is consistent with activity patterns observed
by Mondal et al., who found that men on ADT slept significantly longer and reported a poorer
sleep quality than ADT-naive men, as well as reports of lower sleep quality associated with
higher-risk prostate cancer 447448, Increased cancer-related fatigue, in turn, has been linked
to reduced cardiorespiratory fitness, which may provide some context for the association

between sleep time and VO,peak observed in this study 44245,

An association between habitual MVPA and walking performance has previously been
reported in ovarian cancer survivors 1. Moreover, Demark-Wahnefried et al. > observed
that older cancer survivors that exercised regularly at moderate or vigorous intensities,
exhibited significantly higher physical function scores. Increased physical function may
translate into improved walk test performance, which can be considered as a viable
assessment tool for physical function 4°3. These studies support the inverse association
between self-reported MVPA and 400 metre walk time in Study 1, meaning that men with
higher levels of MVPA recorded a faster walk time. Interestingly, this association was only
present for men in the highest percentile of walk time, i.e. the slowest walking speed, which
suggests a potential plateau of the benefit of habitual physical activity for improvements in
walking performance. Higher accelerometer-derived MVPA was also linked to a faster walk

time in Study 2, underlining the results of self-reported data.

In contrast to the observed benefits of physical activity for aerobic performance, higher self-
reported MVPA did not relate to improved handgrip strength in Study 1, which was further
confirmed by the analysis of accelerometer data. These results are in line with a study in
head and neck cancer survivors, which found that active participants did not differ from

inactive participants in their handgrip strength 31°. Kenkhuis et al., on the other hand, showed

that higher MVPA was linked to better handgrip strength in colorectal cancer survivors 4%4,

Interestingly, regression analysis of accelerometer-derived physical activity levels in Study 2
identified age as the best predictor of handgrip strength, strongly indicating a decrease in
strength with older age. Declines in handgrip strength with age are well documented and
considered to be indicative of the loss of overall muscle strength and increasing frailty that
occurs during ageing *°°. While age as a predictor of handgrip strength may be unsurprising,

it is interesting that time on ADT was not significantly associated with strength, despite a

previously reported link between treatment time and the rate of muscle mass loss 130,
However, this study by Smith et al. also showed that the rate of muscle mass loss was
greatest for men with the shortest time on ADT, whereas the average treatment time with

ADT at the time of enrolment was 37 and 11 months in Study 1 and Study 2, respectively.
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Therefore, it can be concluded that in a fairly homogenous population of men with advanced
prostate cancer, who have been treated with ADT and additional therapies for extended

periods, treatment time does not serve as an indicator of fithess outcomes.

Similar to handgrip strength, self-reported MVPA also showed no association with maximal
lower body strength, as measured by leg extension 1RM. The analysis of accelerometer-
derived data provided a contradicting result, with improved lower body strength linked to
reduced sedentary time and higher light physical activity or MVPA, depending on the cut-
points. These findings highlight the importance of not only increasing activity, but also limiting

sedentary behaviour to avoid adverse health effects, as is strongly recommended in the latest

physical activity guidelines 2%°

. In fact, decreasing sedentary behaviour among prostate
cancer survivors has previously been associated with positive effects on physical functioning
and quality of life 27-321, These results also reinforce that accelerometer-based assessment,
which includes the entire spectrum of movement, provides inherent benefits for
understanding the relationship of physical activity with fitness and health. In a population that
engages in very little targeted resistance exercise, as demonstrated by only 20% of
participants reporting regularly performing resistance exercise, the risk of ADT-related
muscle wasting is tremendous. Therefore, decreasing sedentary behaviour may provide

benefits.

Additionally, a subgroup analysis was performed to determine whether the relationship
between self-reported MVPA and fitness differed between participants receiving second-
generation ARIs in addition to ADT and those receiving ADT as a monotherapy or with other
secondary treatments. The results showed that the positive association between MVPA and
VOgzpeak only persisted in non-users but not in ARI users. Similarly, higher MVPA was only
linked to a faster walk time in non-users. Despite this, significantly higher levels of self-
reported MVPA among ARI users did not translate into improved physical fitness. Between-
group analysis of accelerometer-derived physical activity in the German subsample did not
confirm the observation of higher MVPA among ARI users and also found no differences in
self-reported physical activity and fitness, suggesting no aggravated decline in physical
function with ARI use. It is important to note that the German subsample differed from the
multi-centre sample in several participant characteristics, showing a lower age and BMI, as

well as a shorter time since diagnosis and treatment start with ADT.

ARIs were originally approved for advanced prostate cancer but are more and more
frequently utilised at earlier disease stages to enhance disease control and improve survival
416 Despite the increasing use of ARIs, conclusive results on their toxicities for
neuromuscular and cardiorespiratory health are lacking. A large meta-analysis demonstrated

that ARI use may impair lower limb muscle function, which resulted in a significantly
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increased risk of falls and fractures 168, While this cannot be concluded from the present
study, the observation of differing relationships between self-reported physical activity and
fitness in the large sample suggests that ARIs, which directly interfere with the androgen
receptor and elicit an even stronger androgen blockade than ADT alone, may blunt physical
activity benefits for cardiorespiratory and walking fitness. In light of the inconclusive results
between the two samples of men at potentially different points in the prostate cancer care
continuum, further studies are needed to understand the effects of ARIs on physical activity

and function.

6.1.3. Association of physical activity with immune function

Physical activity is associated with beneficial modulations of various signalling pathways,

including inflammatory immune responses 4°6

, as demonstrated by a shift towards more anti-
inflammatory leukocyte subsets through physical activity and a lower risk of developing
chronic inflammatory diseases in physically active individuals 31#%7. To expand on the current
knowledge regarding inflammation in the context of ADT, a comprehensive analysis of
immune cells and inflammation markers in the peripheral blood of men with advanced
prostate cancer was performed and the results were combined with those of the
accelerometer-derived physical activity data analysis. Results from the cross-sectional
analysis in Study 2 suggest a moderate association between daily physical activity and
circulating levels of monocytes, neutrophils and Treg cells, but not with any of the other

immune parameters.

Monocytes are vital for the maintenance of tissue homeostasis by both initiating and resolving
host immune responses, and have also been identified as important regulators of tumour
development and progression #°8. Primary tumours and distant metastasis appear to recruit
monocytes and their presence in the tumour microenvironment is associated with amplified
pro-inflammatory signalling and immunosuppression 459460 Conversely, monocyte subsets
have also been shown to prevent metastatic spread and promote tumour cytotoxicity,
indicating a dual role of these cells in cancer. Importantly, Hayashi et al. have shown that the
absolute monocyte count in the peripheral blood reflects tumour infiltration of tumour-
supporting monocyte subsets and serves as a predictive marker of cancer outcomes 61, In
prostate cancer, increased peripheral blood monocyte counts are predictive of reduced

overall and cancer-specific survival, as well as worse progression-free survival after ADT 462
464

As demonstrated in Study 2, higher absolute monocyte counts were also linked to decreased
levels of light physical activity and increased sedentary time. Little is known about the effects

of physical activity on this immune cell population in healthy individuals, let alone in chronic
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inflammatory diseases like cancer. Wadley et al. reported that higher levels of MVPA reduced
migration of a pro-inflammatory monocyte subset from the blood into the tissue of healthy
and obese men, which underlines the anti-inflammatory properties of physical activity 46°.
Furthermore, Timmerman et al. reported higher levels of a pro-inflammatory monocyte
subtype in physically inactive individuals and, importantly, observed a marked reduction in
monocyte concentrations through structured exercise 466, While the specific actions of
monocytes are still unclear, increased blood counts appear to mostly support tumour growth,
which would suggest that the association observed in Study 2 underpins the anti-tumour
effects of physical activity. Most anti-tumour effects of monocytes, on the other hand, have
so far only been shown in vitro and their translation into the in vivo immune defence against
prostate cancer warrants further investigation *°8. Given the divergent roles of various
monocyte subsets in cancer, further studies that characterise these subsets are needed to
gain insight into peripheral blood counts of pro and anti-tumoral monocytes and their effects

on tumour progression following physical activity.

As key regulators of immune responses, monocytes in the tumour microenvironment release
signalling molecules to recruit other immune cells, including Treg cells #67. Through
chemokine ligands they stimulate the migration of Treg cells into the tumour, leading to the
secretion of Treg-derived cytokines that subsequently direct the differentiation of tumour-
supporting macrophages, which results in a positive feedback loop perpetuated by both cell
types 468469 |n contrast to the negative association between physical activity and monocyte
counts, Study 2 highlighted that higher levels of light physical activity and less sedentary time

were related to increased lymphocyte proportions of Treg cells.

Preclinical and clinical evidence has consistently shown that Treg cells highly infiltrate
tumours and direct the formation of an immunosuppressive environment to promote tumour
immune escape in many cancers 479473, Despite widely accepted benefits of physical activity
for cancer outcomes, findings on the response of circulating proportions of Treg cells to
increased habitual physical activity are inconclusive #’4. Cross-sectional studies in humans
have observed reduced blood levels of Treg cells in participants with higher self-reported
physical activity %88, but no differences among participants with higher objectively measured
physical activity compared to inactive individuals 4”°. Without further investigation of tumour-
infiltrating cell populations, it is therefore difficult to interpret the observed increase in
circulating Treg cell proportions as being either beneficial, due to reductions in systemic

inflammation, or disadvantageous, due to downregulation of anti-tumour immunity.

Similarly, there is conflicting evidence regarding the role of neutrophils as mediators of
immune responses in cancer, although most findings point to tumour-supporting rather than

inhibitory effects of neutrophils 246476 |n Study 2, an increased NLR was associated with a
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lower age and a higher prostate cancer stage (ActiGraphy: R? = 0.32, ActiGraphy: R? =0.21,
both weak associations) but was unrelated to any physical activity variables. Interestingly,
the negative relationship between NLR and age contradicts the dynamic observed in
previous studies, which reported a steady increase with age in healthy individuals 2°3.
However, this association might be influenced by prostate cancer aggressiveness as an
underlying factor. Prostate cancer prevalence is highest among older men, and a younger
age at diagnosis of advanced stage disease is associated with more aggressive disease 4.
Because all men included in the present thesis had advanced, metastatic prostate cancer,
younger participants likely presented with a more aggressive tumour and a higher risk for

disease progression, which in turn has been linked to increased NLR values 478,

Generally, mean values of NLR, PLR and SllI at baseline were higher than previously
reported reference values 23, although these markers are known to vary considerably
between patients. Furthermore, observing individual long-term trends may be more
informative than using cut-off points 246. While fluctuations in blood levels of immune cells
are characteristic for the immune response to acute exercise, their relationship to habitual
physical activity behaviour remains largely unclear. This is supported by the absence of
associations of NLR, PLR, SlI, NK9M/NKP1ight ratio and Th17/Treg ratio with time-use variables
in Study 2, although several markers, including neutrophils, Treg cells and Th1/Th2 ratio,
were associated with sleep time. Increased levels of inflammatory markers, such as total
leukocytes, neutrophils, NLR and SlI, have previously been linked to a higher prevalence of
sleep disturbances #7°. Though without the assessment of sleep quality, it is difficult to draw

conclusions from these findings.

6.2. Chronic, structured exercise

6.2.1. Exercise intervention adherence

Structured exercise has gained increased recognition by oncologists due to its potential to
inhibit disease progression and counterbalance cancer-induced and treatment-related
toxicities, such as muscle wasting, systemic inflammation and fatigue 343480481 \Whjle
positive health effects are known to increase with a longer duration of the exercise
intervention, thereby highlighting the importance of long-term adherence, previous exercise

studies have reported varying levels of adherence among prostate cancer survivors 316,

Exercise intervention adherence in the longitudinal Study 3 amounted to 54% completed
MICT dose, 66% completed HIIT dose and 85% completed resistance exercise dose. These
differences between exercise modalities may be explained by the fact that participants were
more likely to perform MICT sessions unsupervised to reduce travel time. Other studies that

included both supervised and unsupervised exercise sessions also found that supervision
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was associated with increased adherence “82. Furthermore, most intervention studies in
exercise oncology employ traditional metrics to quantify intervention adherence, such as
session completion or attrition rates, which provide limited insight into the actual exercise
tolerability. This has been demonstrated by Nilsen et al., who analysed the tolerability of a
six-month aerobic exercise intervention for men with prostate cancer and found that 96% of
participants required a dose reduction in at least one exercise session 331, To account for
this consideration, exercise adherence in this thesis was quantified by calculating the

proportion of completed versus prescribed dose.

An analysis of exercise adherence split by week provided further novel insight into adherence
patterns across a 6-month periodised exercise intervention for men with advanced prostate
cancer. Adherence rates of HIIT and resistance exercise were highest in deload weeks,
showing that participants at times did not reduce their exercise load as prescribed, and lowest
in weeks with a high prescribed load. Periodisation, where the training programme is
structured to attain a sufficient stimulus to elicit adaptive responses while avoiding
overtraining and fatigue through unloading phases, is a commonly applied approach in
strength training across athletic and non-athletic populations 483484, pPeriodisation increases
the effectiveness of resistance training programmes as indicated by improved muscle
strength compared to non-periodised training 8°. On the other hand, it can be argued that a
reduction of the exercise load may not be required in cases where the prescribed exercise
dose during high load weeks is not achieved.

In general, the tolerability of the exercise intervention was good because of dose
modifications and the use of autoregulation, which allowed participants to adapt exercise
intensities individually to their daily form. The ability to exercise was, however, drastically
impaired in cases of disease progression, thus highlighting the necessity of exercise
specialist supervision for intense training programmes in individuals with advanced cancer.
In a population that engaged in very few muscle-strengthening activities at baseline, the
overall uptake of the exercise intervention, particularly resistance exercise, is encouraging

and emphasises an unmet need for specialised exercise oncology programmes.

6.2.2. Exercise-induced changes in physical fitness

Although the ability of exercise to stimulate muscle hypertrophy during androgen deprivation
remains unclear, studies have consistently shown that exercise interventions can improve
muscle strength in men on ADT 24363, |n this regard, there was a significant interaction effect
for maximal lower body strength in Study 3, with a large effect size indicating a greater
increase of the leg extension 1RM in the intervention arm from baseline to the 6-month testing

visit. Analysis of handgrip strength also revealed a large effect size for improvements from

131



baseline in the intervention arm, while the control arm showed a smaller increase. These
findings are consistent with a previous meta-analysis that demonstrated the effectiveness of
combined interventions that include both aerobic and resistance exercise in increasing
muscle strength 2*. Such observations of improved strength outcomes as a result of
structured exercise are of clinical relevance for men on ADT, who commonly experience
impairments in muscle function that put them at a higher risk of falls and fractures 18,
Furthermore, performance decrements induced by ADT may be difficult to recover even if
androgen deprivation is stopped 1°°. Particularly for men with advanced disease, who usually
undergo long-term androgen withdrawal, timely interventions to prevent excess morbidity are

needed.

Cardiorespiratory fithess improvements in prostate cancer survivors have been reported for
several exercise modalities 24486487 Ussing et al. investigated the effects of supervised
exercise interventions on aerobic fithess and walking performance, in the form of either
aerobic or resistance exercise as a monotherapy or in combination 24. Based on pooled data
from 406 men on ADT, they concluded that supervised exercise resulted in a mean
improvement in VOzpeak of 1.76 ml-kgt-min-t, which corresponded to a clinically relevant
improvement of 8% across the intervention periods that ranged from 3 to 12 months. They
also reported improvements in favour of the intervention group for walking performance, as
indicated by a mean reduction of 23 seconds in a 400 metre walk test 2. Importantly,
grouping the interventions by exercise type demonstrated that aerobic exercise provided the
largest benefits for cardiovascular fitness 2. This may serve as the basis for an explanation

of why there was no significant improvement in VOzpeak or walk time in Study 3.

The present study demonstrated large variations in exercise adherence, particularly for
MICT, with the total completed exercise dose ranging from 0 to 660 minutes of aerobic
exercise at moderate intensity throughout the 6-month trial. Even though HIIT is considered
the superior exercise modality for improving cardiorespiratory fitness, mainly due to greater
adaptations of the cardiovascular system despite a shorter total training time, both MICT and
HIIT are known to provide benefits 488489 |n fact, multiple studies have found both exercise
modalities to be comparable in their ability to improve VOzpeak and other health outcomes
among individuals with chronic conditions, such as diabetes or cancer *89-491 Regardless,
performing an additional weekly exercise session of MICT would certainly increase the
cumulative effect on aerobic performance. Although analysis of changes in physical fithess
by exercise dose did not show significant associations, which was likely affected by
insufficient statistical power due to a small sample size, large differences in the adherence
to the aerobic exercise programme may have attenuated the intervention effect on

cardiorespiratory fitness.
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Overall, the 6-month exercise intervention showed the greatest benefits for strength
improvements, while adaptations in aerobic performance were limited by the heterogeneous
uptake of the prescribed programme. Importantly, the results demonstrate that a structured
programme of intense exercise is a safe form of supportive therapy and may improve
physical fithess outcomes in men with advanced prostate cancer. There is a particularly
strong rationale for the inclusion of resistance exercise, which provides not only an important
physiological stimulus for the preservation of muscle mass, but has also shown promising
feasibility as indicated by high overall adherence of participants to the resistance training

programme.

6.2.3. Exercise-induced changes in immune function

The 6-month structured exercise intervention did not provoke chronic changes in circulating
levels of immune cells and immune cell-derived inflammation markers compared to the
control arm. It has been demonstrated repeatedly that moderate-to-intense exercise can
enhance immunosurveillance and reduce systemic inflammation, which is of particular
relevance for individuals with chronic conditions characterised by inflammation, including
cancer 22369 The mechanical and metabolic stimulus provided by an acute exercise bout
releases a network of cytokines and elicits a systemic response that influences the
maturation, migration and effector function of immune cells 37°376, Nonetheless, it remains
unclear whether exercise chronically increases absolute numbers of immune cells or alters

the balance of immune cell populations with opposing functions in the bloodstream.

Similar studies in cancer populations have yielded varying results regarding the immune
response to chronic bouts of exercise. In line with the observation of unchanged immune cell
levels is a study by Djurhuus et al., who reported that preoperative HIIT training did not alter
proportions of tumour-infiltrating NK cells compared to the control arm in prostatectomy
samples from men with localised prostate cancer, although the transferability to circulating
NK cell concentrations remains unclear #92. Interestingly, a 16-week exercise intervention for
breast cancer survivors did not change absolute neutrophil counts but improved their effector
function as seen by increased phagocytosis 493. Analysis of an Australian subsample of the
INTERVAL-GAPA4 trial found an increase in serum myokine levels in the intervention arm at
6 months paired with reduced cell growth in target cells treated with exercise-conditioned
serum 389, Furthermore, eight weeks of progressive resistance training significantly reduced
serum concentrations of IL-6 and TNFa, two cytokines with pro-inflammatory properties,
thereby potentially mediating a shift of the immune response towards a less inflammatory
state 494, However, changes in soluble mediators do not necessarily result in altered immune

cell concentrations; instead they may only affect cell function rather than maturation or
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migration. Because immune cells were not assessed in these two studies, it is difficult to

draw conclusions in this regard.

Immune cell analysis revealed a significant time effect for lymphocyte proportions, which
increased from baseline to the 6-month testing in both arms, but no significant changes were
observed in the lymphocyte-derived markers NLR, PLR and SlI. Lower levels of NLR, either
resulting from neutrophil reductions or lymphocyte increases, have repeatedly been linked to
an improved prognosis in men with advanced prostate cancer °. The increase in
lymphocyte proportions would therefore suggest a beneficial development; however, the
immune response comprises a complex network of multiple actors, and further investigations
are needed to understand how these changes affect the immune function in men with
prostate cancer. The changes in lymphocyte proportions also appear to be independent of
the structured exercise intervention, which may be explained by the fact that participants in
the control arm received information that extends beyond the classical usual care condition,
including self-directed exercise recommendations and psychosocial support. Furthermore, it
can be assumed that men volunteering to participate in this two-year exercise intervention
trial were greatly motivated to exercise and may have independently increased their physical

activity throughout the study period.

Among participants in the intervention arm, higher levels of total aerobic exercise were
associated with lower absolute NK cell counts in the blood. NK cells are a vital part of the
anti-tumour immune defence and have therefore been proposed as one of the dominant cell
types to mediate exercise-induced benefits in cancer 20249, However, their response to
chronic exercise stimuli is controversial, with previous findings showing increase, reduction
or no change in peripheral NK cell counts #%7. This is further elucidated by a meta-analysis
by Rumpf et al. reporting increased NK cell cytotoxic activity after acute exercise, which
returned to baseline within two hours of recovery and, importantly, occurred independently
from changes in the NK cell count 4%, Overall, further investigations beyond the analysis of
peripheral blood counts are necessary to better understand the role of NK cells in the

exercise-induced regulation of the anti-tumour immune response.

Exercise intensity may mediate the relationship between training and immune responses,
with higher intensities generally assumed to provoke stronger immune responses. Clifford et
al. compared the effects of high-intensity (60 to 70% HR reserve) and low-intensity (30 to
40% HR reserve) cycling exercise after two weeks and found that only high-intensity exercise

was associated with a decrease in CXCL12, a chemoattractant involved in neutrophil

recruitment and subsequent activation of immune responses 4%°

. In the present study,
aerobic exercise intensity was prescribed as a subjective measure using the RPE scale with

the aim that all participants would achieve the same relative intensity under consideration of
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their respective health status. While this allowed participants to adjust their exercise
programme independently, given that most participants had limited experience with intense
exercise, the approach may have resulted in a lower absolute exercise intensity than
originally intended. Quantification of the cumulative exercise load through HR measurements
or resistance for aerobic exercise may provide further insight into the effects of structured

exercise on immune responses.

6.3. Methodological strengths and limitations

The results presented in this thesis should be interpreted within the context of important
strengths and limitations. Due to the specific physiological changes and resulting side effects
associated with ADT, homogeneity of the study sample in terms of androgen blockade is
critical for studies of prostate cancer. While other studies often included patients at various
prostate cancer stages and treatments or combined different cancer entities for a larger
sample size, the INTERVAL-GAP4 trial exclusively recruited men with advanced prostate
cancer undergoing continuous treatment with ADT. The additional consideration of ARI use
in the analysis of physical activity and fitness data in Study 1 provides valuable and novel
information that is highly relevant in the context of current treatment guidelines for advanced
prostate cancer. On the other hand, the strict eligibility criteria that were enforced to ensure
a homogenous sample limited the number of eligible men and contributed to a modest
sample size. Older men with advanced, incurable cancer can be a challenging population to
enrol in exercise intervention trials. Nevertheless, it is worth noting that low attrition paired
with a high uptake of the intervention, in particular at the German study site, are promising

signs for future exercise trials.

Self-reported surveys and accelerometers as objective measuring devices are commonly
used to assess habitual physical activity and both are characterised by inherent benefits and
limitations, which can result in biased estimates. The comparison of both measurement
methods in the German subsample in Study 2 expands on the analysis in Study 1 by
providing further insight into the relationship between physical activity and fithess in men with
prostate cancer. Furthermore, the comprehensive analysis of accelerometer-derived data
also highlights the dilemma of using wrist-worn accelerometers in the absence of appropriate,
validated data processing standards. Both the processing of accelerometer data into time-
use behaviours and the subsequent statistical analysis, which applied PLS regression
models to account for collinearity in the data, were performed in line with the latest scientific
literature #%. While this certainly is a strength of the present study, it limits the comparability
with previous studies that have applied different analytical approaches to obtain physical

activity estimates and to analyse their association with health outcomes in cancer.
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Physical fithess as a central outcome of the exercise intervention trial was assessed using
gold standard methods, such as respiratory gas exchange for VOzpeak and 1RM tests for
maximal strength. However, due to the multicentre nature of Study 1, different devices or
weight machines were used at different sites, which may have introduced a systematic
measurement bias. Due to the small number of participants at some sites, controlling for this
variable in the statistical analysis was not feasible. No minimal physical fitness requirements
were set in the eligibility criteria; however, participants had to be able to complete the study
procedures, which required a moderate level of physical function. Therefore, the sample
included individuals who were both motivated and able to participate in a long-term exercise
intervention trial, which may not be representative of all men with advanced prostate cancer.
Finally, the use of quantile regression analysis in Study 1 provided the advantage of allowing
an examination of the association between MVPA as a physical activity estimate and different

levels of physical fitness, without compromising the statistical power.

The challenge of exercise programmes for individuals with bone metastases is the selection
of appropriate, safe exercises, particularly when including resistance training. To maximise
adaptations, ensure programme variation and increase motivation and adherence, exercises
were selected individually for each participant under careful consideration of their limitations
and needs. This was founded in the understanding that prescribing an identical,
predetermined, long-term exercise programme to all participants, regardless of their
capacities, is unrealistic in a population with advanced cancer. Furthermore, exercise
intensity was determined via autoregulation, which allowed participants each session to
choose the additional load for strength and aerobic exercises, in relation to their maximal
exercise capacity. This approach was selected to ensure a comparable relative exercise
intensity for all participants, even in periods of decreased exercise capacity due to high levels
of fatigue or other adverse effects. The variations in completed exercises and exercise
intensity among participants could have limited the intervention efficacy and may explain the
variance in physical fitness and immune changes seen in Study 3. For example, some
participants used additional weights for strength exercises and high resistance for aerobic

cycling, while others completed exercises with bodyweight only and low resistance.

The comparability is further limited by the two delivery modes, either fully supervised or
partially supervised, whereby the majority of sessions were performed at a remote gym or at
home. Although the remote training option increased the feasibility of the exercise
intervention during the COVID-19 pandemic, it may have negatively impacted the study
results because supervised interventions are generally associated with greater adherence
and superior effects %00-592 Additionally, restricted access to study facilities during the
COVID-19 pandemic also forced some testing windows for the 6-month visit to be extended,

which resulted in some participants completing the measurements up to two months after the
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scheduled date. It is worth noting that participants in the intervention arm continued their
exercise programme during that time and all sessions were recorded. The small number of
participants in the intervention arm of Study 3 did not allow for these variations to be
accounted for in the statistical analysis. Instead, a detailed analysis of the completed exercise
dose was performed, which included all sessions up until the testing visit. This analysis
expanded beyond traditional adherence metrics, and is thus considered a strength of this

study.

The analysis of immune parameters in Study 2 and Study 3 was comprehensive and included
several Th cell subpopulations, as well as two subtypes of NK cells with distinct phenotypes.
Nevertheless, it should be acknowledged that the immune cell analysis was performed using
venous blood samples and did not include assays of cellular function. Only a small proportion
of immune cells is found in the bloodstream and, even though immune cell dynamics in the
peripheral blood have been shown to reflect changes in the tumour microenvironment, the
two are not necessarily synonymous °03-595 Moreover, the ability of immune cells to fulfil
their effector function is not only characterised by absolute numbers or proportions, but also
signalling molecules and other regulating factors °06:597 Therefore, further analyses of the
cytotoxic capacity of immune cells against a target cell line are required to establish whether
structured exercise improves the anti-tumour immune response. Lastly, it is important to
consider that the interpretation of changes in immune function in men with advanced cancer

is often complicated by multiple comorbidities and additional treatments.

6.4. Outlook

This thesis highlights methodological challenges associated with assessing physical activity
in a free-living setting, which is a crucial component of investigations of baseline physical
activity levels and changes following interventions. Although leading health organisations
have established clear physical activity targets based on evidence for associated health
benefits, the physical activity estimates, even those derived from objective measurement
methods, include substantial variations. While technological advancements enable the
collection, storage and processing of large quantities of movement data, the utilisation of
these technologies in medical research could be expanded further. For example, validation
studies of physical activity cut-points across a range of different populations and universal
data analysis standards present two important steps towards improving physical activity

assessments.

Exercise oncology research has provided sufficient evidence for exercise as a safe and
effective form of adjuvant therapy for individuals with cancer, thus, research focus has shifted
to understanding the mechanisms behind this association. Exercise-induced physiological

adaptations are thought to counteract the immunological disturbances caused by the tumour,
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thereby strengthening the ability of the host defence to initiate an effective anti-tumour
immune response. Consequently, several clinical trials that investigate the influence of
exercise programmes on the immune function in various cancer types have been registered
in recent years, including survivors of lung cancer °%8, breast cancer °%°, melanoma
(NCT06298734), colorectal cancer (NCT05579340), as well as lymphoma and leukaemia
(NCT05876923).

While surveys among oncologists have shown a generally positive attitude towards
recommending exercise for individuals with cancer, there is still a lack of adequate and
accessible exercise programmes 210511 As highlighted by the studies presented in this
thesis, uptake of an intense, individualised exercise intervention of combined aerobic and
resistance exercise was satisfactory among prostate cancer survivors with low physical
activity and exercise participation at baseline. Together with further analyses of the feasibility
and cost-effectiveness of the INTERVAL-GAP4 exercise intervention, as well as its potential
long-term benefits for disease progression, overall health and fithess outcomes, these results

can be used to improve the delivery of exercise programmes for this population.
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7. Conclusion

The aim of the present thesis was to analyse associations of habitual physical activity with
physical fitness and immune function in men with advanced prostate cancer, as well as
investigate changes in physical fithess and immune function following a 6-month structured
exercise intervention. Additionally, the adherence to physical activity guidelines and the
prescribed exercise programme was assessed, and a subgroup analysis of ARI use was
performed to investigate its effects on physical activity and fitness. For this purpose, two
cross-sectional studies and one longitudinal study of men treated with ADT for metastatic
prostate cancer were conducted. The specific aims and results can be summarised as

follows:

Aim 1. Cross-sectional analysis of self-reported physical activity and adherence
to activity guidelines, including differences between ARI users and non-

users.

Self-reported physical activity in Study 1 was below the recommended level,
with participants accumulating an average of 128 minutes MVPA per week,
which was mostly driven by moderate intensity activity. Only 29% reported an
adequate physical activity level that was in line with the current guidelines. The
results may be limited by selection bias because men with high levels of
vigorous aerobic exercise or structured resistance exercise were excluded. Self-
reported MVPA was higher in ARI users than non-users, which contradicts

previous findings of ARI-induced physical impairments.

Aim 2: Cross-sectional analysis of associations between self-reported MVPA and

physical fitness, including differences between ARI users and non-users

Higher levels of self-reported MVPA were significantly associated with a higher
VOzpeak and a faster walk time in non-users but not ARI users, while no
associations with strength outcomes were observed in either group in Study 1.
This suggests that engaging in habitual physical activity of aerobic nature may
benefit aerobic fithess outcomes in men on ADT, whereas treatment with ARI
may attenuate the benefits of physical activity. However, self-reporting of
physical activity may have resulted in biased estimates that limit the

interpretability of the results.

Aim 3. Cross-sectional analysis of accelerometer-derived physical activity,
including differences between ARI users and non-users, and the
agreement with self-reported physical activity
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Aim 4:

Aim 5:

Accelerometer-derived data indicated substantially higher physical activity
levels than participants had self-reported. There were no differences in
accelerometer-derived physical activity levels of ARI users and non-users.
Comparison of accelerometer-derived and self-reported data revealed virtually
no agreement for estimates of light physical activity and MVPA. Because older
cancer survivors spend a large share of their time performing habitual, low
intensity activities that are disproportionately affected by recall bias, objective

methods may be more suited to capture their activity.

Cross-sectional analysis of associations of accelerometer-derived

physical activity with physical fitness and circulating immune parameters

Accelerometer-derived data confirmed that higher MVPA was related to a faster
walk time. There was a positive association of light activity but not MVPA with
VOgzpeak, as well as of higher light activity or MVPA with maximal lower body
strength. Among the immune parameters, only monocytes and Treg cells
showed moderate associations with physical activity in Study 2, while most
others appeared to be unrelated to physical activity levels. The observed link
between higher light physical activity and decreased monocyte proportions
supports the anti-tumour effects of habitual physical activity, whereas the
association with increased Treg cells proportions remains inconclusive given
the diverging roles of Treg cells in cancer. Furthermore, decreased sleep time
was associated with higher proportions of inflammatory neutrophils. Whether
this supports previous findings of a link between sleep disturbances and

systemic inflammation remains to be investigated.

Longitudinal analysis of the adherence to a 6-month exercise intervention
and associated effects on physical fitness and circulating immune

parameters

Large variations in the uptake of the exercise intervention were observed in
Study 3, with the highest adherence for resistance exercise. Consequently,
aerobic fitness outcomes remained unaltered, whereas maximal lower body
strength increased in the intervention arm and handgrip strength increased in
both arms, with a larger effect in the intervention arm. There were no differences
between the intervention and control arm in chronic changes of circulating
immune parameters. Levels ofimmune cell and inflammation markers remained
mostly unaltered except for lymphocyte proportions, which showed an increase

at 6 months. Higher levels of aerobic exercise were associated with lower NK
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cell counts; however, the significance of this finding for the anti-tumour immune

response remains unclear.

In conclusion, the results of this thesis show that both habitual physical activity and structured
exercise provide some measurable benefits for the physical fithess and immune function of
men treated with ADT for prostate cancer. Interestingly, ARIs may alter the physiological
response to physical activity, and should be further investigated given their frequent
application. While structured exercise did not lead to the hypothesised reduction in systemic
inflammation markers, potentially due to a suboptimal exercise stimulus, the results show
that regular, intense exercise is possible for men with advanced prostate cancer and does
not adversely affect immune parameters in the blood. Further investigations of the immune
function, particularly functional assessments of immune cell populations like Tc cells and NK
cells with known tumour-killing effects, are required to explore the immune-modulating

properties of physical activity and exercise in the context of prostate cancer.
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Supplemental Figure 1. Bland-Altman plots showing the agreement between daily
accelerometer-derived and self-reported physical activity. Accelerometer-derived
physical activity estimates were calculated using minimal requirements of 10 min bouts.
Agreement of (a) light physical activity (LPA) estimates from the Godin-Shephard Leisure-
Time Physical Activity Questionnaire (GSLTPAQ) and ActiGraphy, (b) moderate-to-vigorous
physical activity (MVPA) estimates from the GSLTPAQ and ActiGraphy, (c) LPA estimates
from the GSLTPAQ and ActiGraphy and (d) LPA estimates from the GSLTPAQ and
ActiGraphm. The unit of measurement for physical activity depicted in all plots is minutes
(min). Dashed lines in black represent the upper and lower limits of agreement. Dotted lines
in blue represent regression lines and blue boxes include regression line equations.
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Supplemental Table 1. Partial least squares regression results on the association of immune cells and inflammation markers with
accelerometer-derived physical activity estimates from ActiGraphy and ActiGraphw.

Model information

Model statistics (ActiGraphs)

Model information

Model statistics (ActiGraphm)

R? 533;523'0” 95% ClI t-value  p-value R? Ssggzsmn 95% ClI t-value p-value
Platelets 2 0.32 Platelets 2 0.32
BMI -0.32 -0.53,-0.11 -3.15 .004 BMI -0.32 -0.53,-0.11 -3.15 .004
Time since diagnosis -0.42 -0.72,-0.11 -2.83 .009 Time since diagnosis -0.42 -0.72,-0.11 -2.83 .009
Leukocytes @ 0.22 Leukocytes ? 0.22
Sedentary behaviour 0.19 -0.08, 0.47 1.46 157 Sedentary behaviour 0.19 -0.08, 0.47 1.46 157
ADT 0.28 -0.03, 0.60 1.86 .074 ADT 0.28 -0.03, 0.60 1.86 .074
Prostate cancer stage 0.23 -0.05, 0.51 1.69 .104 Prostate cancer stage 0.23 -0.05, 0.51 1.69 .104
Neutrophils @ 0.26 Neutrophils @ 0.26
Sleep -0.18 -0.47,0.11 -1.29 .209 Sleep -0.18 -0.47,0.11 -1.29 .209
ADT 0.25 0, 0.50 2.09 .047 ADT 0.25 0, 0.50 2.09 .047
Prostate cancer stage 0.32 0.05, 0.59 2.43 .022 Prostate cancer stage 0.32 0.05, 0.59 2.43 .022
Neutrophils (relative)  0.41 Neutrophils (relative) 0.43
Sleep -0.19 -0.32,-0.06 -3.05 .005 Sleep -0.23 -0.39, -0.07 -2.92 .007
MVPA 0.21 -0.03, 0.46 1.82 .081 Age -0.31 -0.53,-0.09 -2.87 .008
Age -0.26 -0.45,-0.08 -2.89 .008 Prostate cancer stage 0.26 0.09, 0.43 3.15 .004
Prostate cancer stage 0.22 0.09, 0.35 3.52 .002 Time since diagnosis -0.19 -0.41, 0.03 -1.74 .095
Monocytes 0.38 Monocytes 0.38
Sleep 0.19 -0.16, 0.54 1.08 .290 Sedentary behaviour 0.18 0.03, 0.33 247 .020
Light physical activity -0.19 -0.36, -0.03 -2.40 .024 Light physical activity -0.22 -0.48, 0.04 -1.73 .095
Age 0.25 0.02, 0.48 2.18 .039 Age 0.22 0, 0.44 2.02 .054
Time since diagnosis 0.29 -0.51, 1.08 0.71 482 Time since diagnosis 0.25 -0.43, 0.93 0.73 473
Monocytes (relative) 0.42 Monocytes (relative)  0.43
Sleep 0.24 -0.04, 0.52 1.72 .098 Light physical activity -0.22 -0.46, 0.02 -1.91 .068
Age 0.29 0.09, 0.49 2.93 .007 Sleep 0.19 -0.03, 0.41 1.74 .095
Time since diagnosis 0.36 -0.20, 0.93 1.30 .205 Age 0.23 0.07,0.38 2.98 .006
Time since diagnosis 0.29 -0.16, 0.73 1.31 .203
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Model information

Model statistics (ActiGraphn)

Model information

Model statistics (ActiGraphm)

R Regression g0 ¢ tvalue  p-value R? Regression g0 tvalue  p-value
coeff. B coeff. B

Lymphocytes 0.18 Lymphocytes 0.17
Sedentary behaviour 0.15 -0.05, 0.35 1.50 146 Sedentary behaviour 0.15 -0.02, 0.31 1.86 .074
MVPA -0.15 -0.35, 0.06 -1.47 .155 MVPA -0.13 -0.28, 0.02 -1.73 .096
Age 0.14 -0.07,0.34 1.37 .182 Age 0.13 -0.08, 0.35 1.27 214
ADT 0.26 -0.20, 0.72 1.16 .256 ADT 0.25 -0.23,0.73 1.10 .282
Lymp_hocytes 011 Lymp_hocytes 0.09
(relative) (relative)
MVPA -0.15 -0.50, 0.20 -0.87 .392 Age 0.20 -0.17,0.57 1.14 .267
Age 0.16 -0.10, 0.42 1.27 .216 Prostate cancer stage -0.16 -0.43, 0.10 -1.27 .216
Prostate cancer stage -0.13 -0.33, 0.08 -1.31 .202
NK cells ? 0.27 NK cells 2 0.27
Age 0.32 0.08, 0.56 2.75 .011 Age 0.32 0.08, 0.56 2.75 .011
Prostate cancer stage -0.31 -0.50, -0.12 -3.35 .002 Prostate cancer stage -0.31 -0.50,-0.12 -3.35 .002
NKdm cells 2 0.28 NKdm cells 2 0.28
Age 0.33 0.09, 0.57 2.80 .009 Age 0.33 0.09, 0.57 2.80 .009
Prostate cancer stage -0.31 -0.50, -0.12 -3.34 .003 Prostate cancer stage -0.31 -0.50,-0.12 -3.34 .003
NKbVrisht cells 0.07 NKetright cells 0.09
Sedentary behaviour -0.07 -0.49, 0.35 -0.33 747 Sedentary behaviour -0.11 -0.61, 0.39 -0.42 .681
Light physical activity 0.09 -0.44, 0.62 0.32 751 Light physical activity 0.17 -0.32, 0.67 0.71 487
Age -0.08 -0.23, 0.07 -1.17 252 ADT 0.13 -0.17,0.42 0.93 .363
ADT 0.12 -0.14, 0.37 0.97 .343
Time since diagnosis -0.08 -0.36, 0.20 -0.59 .561
B cells 2 0.14 B cells ? 0.14
Sleep -0.14 -0.53,0.25 -0.73 AT72 Sleep -0.14 -0.53, 0.25 -0.73 472
ADT 0.24 0.03, 0.46 2.33 .028 ADT 0.24 0.03, 0.46 2.33 .028
Prostate cancer stage 0.17 -0.13, 0.47 1.18 .250 Prostate cancer stage 0.17 -0.13, 047 1.18 .250
T cells ® 0.22 T cells @ 0.22
Sedentary behaviour 0.20 -0.14, 0.55 1.22 234 Sedentary behaviour 0.20 -0.14, 0.55 1.22 234
ADT 0.41 0.02, 0.80 2.15 .041 ADT 0.41 0.02, 0.80 2.15 .041
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Model information

Model statistics (ActiGraphn)

Model information

Model statistics (ActiGraphm)

R Regression g0 ¢ tvalue  p-value R? Regression g0 tvalue  p-value
coeff. B coeff. B

Tc cells 0.20 Tc cells 0.21
Sedentary behaviour 0.15 0.01, 0.29 2.14 .042 Sedentary behaviour 0.17 0.01, 0.33 2.23 .035
Light physical activity -0.13 -0.22,-0.04 -2.91 .007 MVPA -0.17 -0.27,-0.07 -3.51 .002
MVPA -0.10 -0.23, 0.03 -1.62 .118 Age 0.17 -0.05, 0.38 1.58 27
Age 0.14 -0.04, 0.31 1.60 122 Prostate cancer stage 0.16 -0.07, 0.39 143 .164
Prostate cancer stage 0.13 -0.06, 0.32 1.39 176
Th cells @ 0.27 Thcells? 0.27
ADT 0.52 0.19, 0.85 3.24 .003 ADT 0.52 0.19, 0.85 3.24 .003
Th1 cells @ 0.19 Th1 cells @ 0.19
Age 0.39 -0.03, 0.81 1.89 .070 Age 0.39 -0.03, 0.81 1.89 .070
ADT 0.25 -0.33, 0.82 0.88 .387 ADT 0.25 -0.33, 0.82 0.88 .387
Th2 cells 0.30 Th2 cells 0.25
MVPA -0.27 -0.57,0.04 -1.76 .090 Light physical activity 0.20 0.01,0.40 2.14 .042
ADT 0.24 0.02, 0.47 2.20 .037 ADT 0.22 0.05, 0.38 2.73 .011
BMI 0.30 -0.48, 1.09 0.77 448 BMI 0.27 -0.45, 0.98 0.75 460
Prostate cancer stage 0.25 -0.10, 0.61 1.45 .160 Prostate cancer stage 0.23 -0.10, 0.55 1.40 175
Th17 cells 0.40 Th17 cells 0.35
MVPA -0.31 -0.64, 0.02 -1.89 .070 ADT 0.43 0.04, 0.82 2.25 .033
ADT 0.40 0, 0.80 2.04 .051 BMI 0.53 -0.34,1.40 1.23 .230
BMI 0.49 -0.29, 1.27 1.28 213
Treg cells ® 0.29 Treg cells ® 0.29
Sleep -0.24 -0.47,-0.01 -2.15 .041 Sleep -0.24 -0.47,-0.01 -2.15 .041
Age -0.17 -0.40, 0.07 -1.48 152 Age -0.17 -0.40, 0.07 -1.48 152
ADT 0.26 0.03, 0.49 2.37 .026 ADT 0.26 0.03, 0.49 237 .026
Prostate cancer stage 0.15 -0.07, 0.38 1.38 179 Prostate cancer stage 0.15 -0.07, 0.38 1.38 79
Treg cells Treg cells
(% lymphocytes) 0.34 (% lymphocytes) 0.31
Sedentary behaviour -0.21 -0.35,-0.07 -2.99 .006 Sedentary behaviour -0.19 -0.31,-0.07 -3.23 .003
Light physical activity 0.23 0.13,0.33 4.73 <.001 MVPA 0.21 0.14,0.28 5.95 <.001
Age -0.27 -0.48,-0.06 -2.64 .014 Age -0.26 -0.46,-0.06 -2.66 .013
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Model information

Model statistics (ActiGraphn)

Model information

Model statistics (ActiGraphm)

R Regression g0 ¢ tvalue  p-value R? Regression g0 tvalue  p-value
coeff. B coeff. B

NLR 0.32 NLR 0.21
MVPA 0.31 -0.10,0.73 1.54 135 MVPA 0.17 -0.34,0.68 0.68 .505
Age -0.23 -0.44,-0.03 -2.32 .028 Age -0.25 -0.47,-0.04 -2.41 .024
Prostate cancer stage 0.20 0.01, 0.39 2.18 .038 Prostate cancer stage 0.22 0.01,0.43 2.11 .045
PLR 0.18 PLR 0.20
MVPA 0.22 -0.10, 0.54 1.41 .169 Age -0.32 -0.93,0.30 -1.04 .307
Age -0.20 -0.55,0.14 -1.21 .236 ADT -0.38 -0.90, 0.14 -1.49 .148
ADT -0.25 -0.74,0.24 -1.05 .306 BMI -0.25 -0.87,0.38 -0.81 428
BMI -0.16 -0.54, 0.23 -0.85 402
Sll 0.32 Sll 0.25
MVPA 0.25 -0.11, 0.61 1.41 170 Sleep -0.15 -0.40, 0.09 -1.28 213
Age -0.23 -0.40,-0.06 -2.73 .011 Age -0.24 -0.44,-0.04 -2.51 .019
Time since diagnosis -0.15 -0.32, 0.02 -1.85 .076 Time since diagnosis -0.16 -0.33, 0.01 -1.94 .063
Prostate cancer stage 0.19 0.01, 0.37 2.15 .041 Prostate cancer stage 0.20 0, 0.41 2.03 .053
NKdm/NK®bright ratijo 2 0.34 NKdm/NKPright ratio 2 0.34
Age 0.45 0.23, 0.66 4.22 <.001 Age 0.45 0.23, 0.66 4,22 <.001
Prostate cancer stage -0.25 -0.43,-0.07 -2.89 .008 Prostate cancer stage -0.25 -0.43,-0.07 -2.89 .008
Th1/Th2 ratio 2 0.23 Th1/Th2 ratio 2 0.23
Sleep 0.17 0.05, 0.28 2.86 .008 Sleep 0.17 0.05, 0.28 2.86 .008
Age 0.30 -0.01, 0.61 2.00 .056 Age 0.30 -0.01, 0.61 2.00 .056
Prostate cancer stage -0.19 -0.33,-0.05 -2.80 .009 Prostate cancer stage -0.19 -0.33,-0.05 -2.80 .009
Th17/Treg ratio 0.17 Th17/Treg ratio 0.18
MVPA -0.14 -0.29, 0.01 -1.87 .072 Sleep 0.20 -0.15, 0.55 1.19 244
Sleep 0.15 -0.09, 0.40 1.27 216 Age 0.19 -0.09, 0.48 1.39 175
Age 0.15 -0.13,0.42 1.10 .281 BMI 0.18 -0.47,0.83 0.56 .580
BMI 0.14 -0.39, 0.67 0.52 .607 Prostate cancer stage -0.16 -0.67, 0.36 -0.64 528
Prostate cancer stage -0.12 -0.61, 0.37 -0.52 .610
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Notes: Variables used for prediction models included physical activity estimates (sedentary behaviour, light physical activity, MVPA, sleep) and covariates (age,
BMI, prostate cancer stage, time on ADT, time since diagnosis). Final models only included variables identified as important predictors by a variable importance

for projection (VIP) score = 1.

Abbreviations: B: regression coefficient; ADT: androgen deprivation therapy; BMI: body mass index; Cl: confidence interval; MVPA: moderate-to-vigorous
physical activity; NK cell: natural killer cell; NLR: neutrophil-to-lymphocyte ratio; PLR: platelet-to-lymphocyte ratio; SlI: systemic immune-inflammation index; Tc:
cytotoxic T cell; Th cell: T helper cell; Treg: regulatory T cell.

@ None of the physical activity variables were considered important predictors (VIP score < 1) and consequently excluded, resulting in identical models for
ActiGraphn and ActiGraphm.
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Supplemental Table 2. Physical fitness, immune cells and inflammation markers of

participants in the intervention and control arm at baseline and the 6-month visit.

Intervention arm (n = 8)

Control arm (n =11)

Baseline 6 months Baseline 6 months
Mean + SD Mean + SD Mean + SD Mean + SD
Physical fitness
Relative VOzpeak, 26.2 3.9 29133 27.2 +6.1 26.8 6.7
ml-min-'-kg
400 metre walk time, s  242.3+41.4 248.0 £+ 37.9 243.7 £ 41.3 2349+ 32.0
Relative leg extension
1RM, kg-kg" 1.0+0.3 1.2+0.2 09+0.2 1.0+0.2
Handgrip strength, kg? 44.1 +5.6 49.0+4.9 46.3+7.8 475+ 6.2
Immune cells
Platelets, 10%-uL"" 2228 +42.7 207.0+ 227 212.8 £ 33.6 2242 + 46.7
Leukocytes, 10%-uL" 5.71+1.67 5.39 + 1.63 6.11+2.24 6.05 +2.28
Neutrophils, 103-uL" 3.12 £+ 0.96 2.84 +0.73 3.73+1.60 344 +1.74
Monocytes, 103-uL’ 0.54 £ 0.20 0.51 £0.15 0.52 £ 0.16 0.57 £ 0.20
Lymphocytes, 103-uL’ 1.72 £ 0.80 1.79 £ 0.82 1.65+0.72 1.81 £ 0.62
o)
NK cells, % 18.1 9.0 17.0 £ 8.1 16.7 £+ 9.3 16.4 £ 7.0
lymphocytes
NKIm cells, % NK 96.0 £ 3.2 955+ 3.3 95.6+2.2 95.7+1.8
NKPight cells, % NK 27+21 29+20 3.5+1.8 32+14
B cells, % lymphocytes  12.5 + 8.8 12.6 £ 8.7 13.5+£6.9 129 + 6.1
T cells, % lymphocytes  63.2 £ 11.0 63.4 +£10.7 64.4 £+ 10.5 65.0+10.9
Tc cells, % lymphocytes 23.7 £ 9.8 247 +9.9 248 +10.9 254 +11.3
[o)
Th cells, % 39.0+6.8 38.3:6.9 39.1+ 9.1 3902472
lymphocytes
Th1 cells,
% lymphocytes 51+21 50+1.8 35+1.8 42+19
Th2 cells,
% lymphocytes 26+09 24+05 29+17 3.0+17
Th17 cells,
% lymphocytes 1.7+0.6 1.5+ 04 1.6+0.8 1.8+0.8
Treg cells,
% lymphocytes 39+14 37114 3.5+1.1 3.5+0.9
Inflammation markers
Neutrophil-to-
lymphocyte ratio (NLR) 2.03+0.73 1.85+0.87 248 £+ 1.18 1.96 £ 0.77
Platelet-to-lymphocyte 45,5 . g8 148.0+921  1526+701 1394 % 66.7
ratio (PLR)
Systemic immune- 446.6 + 166.5 389.6 + 2150 514.6+227.2 438.6 + 204.4
inflammation index (SlI)
NKdm/NKPright ratio 63.8 £+ 584 52.2+46.4 46.3 +51.9 36.5+17.7
Th1/Th2 ratio 2.33+1.59 2.18 + 1.11 1.56 + 1.19 1.84 +1.42
Th17/Treg ratio 0.45 + 0.09 0.44 £ 0.13 0.52 £ 0.33 0.55+0.32

Abbreviations: 1RM: one-repetition maximum; NK: natural killer; NLR: neutrophil-to-lymphocyte ratio;
PLR: platelet-to-lymphocyte ratio; SD: standard deviation; SllI: systemic immune-inflammation index;
Tc: cytotoxic T; Th: T helper; Treg: regulatory T; VOzpeak: peak oxygen consumption.
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