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Preface 

This thesis was submitted to the Graduate School of Health and Medical Sciences at the University of 

Copenhagen, Denmark in order to obtain the PhD degree. The thesis is based on work carried out at 

the Center for Physical Activity Research (CFAS) located at Rigshospitalet, Copenhagen, Denmark, from 

2018-2021 under the supervision of DMSc Professor Bente Klarlund Pedersen, PhD Pernille Højman, 

PhD Jesper Frank Christensen, PhD Claus Brandt and PhD Søren Nielsen. Experimental work regarding 

flow cytometry was performed at the Flow Cytometry & Single Cell Core Facility at the University of 

Copenhagen. The thesis is based on the following three manuscripts: 

 

Manuscript I: 

Pre-treatment levels of systemic inflammation and chemotherapy completion rates in patients with 
early-stage breast cancer. T. Schauer, A. Henriksson, E. Strandberg, S. Berntsen, I. Demmelmaier, 
T. Raastad, K. Nordin, and J.F. Christensen; (under review in Journal of the National Comprehensive 
Cancer Network) 
 

Manuscript II: 

Exercise intensity and markers of inflammation during and after (neo-)adjuvant cancer treatment.  
T. Schauer, A.S. Mazzoni, A. Henriksson, I. Demmelmaier, S. Berntsen, T. Raastad, K. Nordin, 
B.K. Pedersen, and J.F. Christensen; (accepted for publication; Endocrine Related Cancer; 
http://dx.doi.org/10.1530/ERC-20-0507) 
 

Manuscript III: 

Immune function, acute exercise and inflammation in prostate cancer. T. Schauer, S.S. Djurhuus, 
K. Brasso, and J.F. Christensen; (in manuscript form) 

 

__________________________________________________________________________________ 

In addition to the manuscripts included in the thesis, the following publications were prepared or 
supported during the PhD period: 
 

Exercise training as prophylactic strategy in the management of neutropenia during chemotherapy. 
T. Schauer, P. Hojman, J. Gehl, J.F. Christensen; British Journal of Pharmacology. 2020;(May):1-13. 
doi:10.1111/bph.15141 
 

Voluntary wheel running can lead to modulation of immune checkpoint molecule expression. 
M.L.Bay*, N. Unterrainer*, R. Stagaard, K.S. Pedersen, T. Schauer, M.M. Von Staffeldt, J.F. Christensen, 
P. Hojman, B.K. Pedersen, and J. Gehl. Acta Oncologica 2020, DOI: 10.1080/0284186X.2020.1817550. 
 

Human immune cell mobilization during exercise – effect of IL-6 receptor blockade. M.L. Bay, S. 
Heywood, A.S. Wedell-Neergaard, T. Schauer, L.L. Lehrskov, R.H. Christensen, G.E. Legård, P.Ø. Jensen, 
R. Krogh-Madsen, H. Ellingsgaard. Experimental Physiology 2020, https://doi.org/10.1113/EP088864  
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Abbreviations 

ADRB2  Beta-2 adrenergic receptor  
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AF488  Alexa Fluor 488 
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Summary 

Introduction Chronic inflammation is known to facilitate both cancer initiation and progression. 

Furthermore, accumulation of inflammation during anti-cancer treatment has been linked to 

chemotherapy dose reductions and treatment delays, highlighting the need for interventions. In recent 

years, exercise has been proposed as a strategy to lower the inflammatory burden in patients with 

cancer due to its anti-inflammatory properties and pronounced effect on the immune system. To date, 

little is known about the association between pre-treatment inflammation and anti-cancer treatment 

efficacy and about which exercise modality may lower inflammation during ongoing treatment.  

Aims & methods We investigated the association between pre-treatment inflammation and 

chemotherapy completion (research aim I) and compared the potential of different exercise intensities 

to lower the inflammatory burden in patients with cancer (research aim II). To this end, we included 

data from the Swedish Phys-Can trial, in which 577 patients with breast, prostate or colorectal cancer 

were randomized to six months of exercise training at the start of primary anti-cancer treatment. We 

explored the association between the relative dose intensity (RDI) of chemotherapy and the 

inflammatory markers interleukin (IL)-1β, IL-6, IL-8, IL-10, tumor necrosis factor (TNF)-α and C-reactive 

protein (CRP). We further compared the impact of high intensity (HI) versus low-to-moderate intensity 

(LMI) exercise on these inflammatory markers, both during anti-cancer treatment and approximately 

three months after treatment completion. Lastly, in a small in-house trial, we explored the immune 

and inflammatory responses to acute exercise in 20 patients with prostate cancer (research aim III). 

Results We found an association between elevated pre-chemotherapy levels of both IL-8 and TNF-α 

and low RDI of chemotherapy in patients with breast cancer (manuscript I). We further showed that 

markers of inflammation increased with anti-cancer treatment and declined in the period after, but no 

difference was found between HI and LMI exercise when taking all available patients into account. 

Interestingly, when confined to patients with breast cancer undergoing chemotherapy, HI exercise 

resulted in a non-significant ‘lesser increase’ of TNF-α (-12%; p = 0.053) and CRP (-41%; p = 0.101) 

during treatment compared to LMI (manuscript II). Furthermore, we showed that acute exercise 

increased the anti-cancer immune function in patients with prostate cancer, but we also highlighted 

the inverse relationship between elevated levels of baseline inflammatory markers (IL-6, TNF-α and 

CRP) and the magnitude of these improvements (manuscript III). 

Conclusion We identified elevated pre-treatment IL-8 and TNF-α as potential new and modifiable risk 

factors for chemotherapy efficacy. We found that high-intensity exercise tended to decrease the 

accumulation of chemotherapy-related inflammation, along with indications that baseline 

inflammation negatively affects the ability of acute exercise to improve anti-cancer immune function.  
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Dansk resumé 

Introduktion: Kronisk inflammation er en medvirkende årsag, både når kræft opstår og når 

sygdommen udvikler sig. Derudover er kræftbehandling også forbundet med en 

inflammationsakkumulering, der kan medføre reducerede kemoterapi doser og deraf følgende 

behandlingsforsinkelser, hvilket understreger behovet for at finde en behandling, der kan reducere 

inflammationen. I de senere år er det blevet foreslået, at fysisk aktivitet kan benyttes som en strategi 

til at sænke den inflammatoriske byrde hos kræftpatienter, da motion har en udtalt effekt på 

immunsystemet, samt antiinflammatoriske egenskaber. Der er dog begrænset viden om 

sammenhængen mellem inflammationstilstanden før behandling og effekten af kræftbehandling, 

samt om hvilke træningstyper, der vil kunne hæmme den kræftbehandlingsinduceret inflammation.    

Formål & metoder: Vi undersøgte, om der hos kræftpatienter var en sammenhæng mellem 

tilstedeværelsen af inflammation før behandlingsstart og fuldførelsen af deres kemoterapi 

(forskningsmål I), og hvorvidt træningsinterventioner med forskellige intensiteter ville påvirke den 

inflammatoriske byrde hos kræftpatienter forskelligt (forskningsmål II). Til dette formål inkluderede vi 

data fra det svenske Phys-Can-forsøg, hvor 577 patienter med bryst-, prostata- eller kolorektal cancer 

ved starten af deres primære anti-cancerbehandling blev randomiseret til seks måneders træning. Vi 

undersøgte sammenhængen mellem den relative dosisintensitet (RDI) af kemoterapi og de 

inflammatoriske markører interleukin (IL)-1β, IL-6, IL-8, IL-10, tumornekrosefaktor (TNF)-α og 

C-reaktivt protein (CRP). Derudover sammenlignede vi, hvordan træning med høj intensitet (HI) versus 

træning med lav til moderat intensitet (LMI) påvirkede disse inflammatoriske markører under og ca. 

tre måneder efter afslutningen af patienternes kræftbehandling. Endelig undersøgte vi også i et lille, 

internt træningsforsøg, hvordan immunresponset og det inflammatoriske respons blev påvirket af akut 

træning hos 20 patienter med prostatacancer (forskningsmål III). 

Resultater: Hos brystkræftpatienter fandt vi en association mellem forhøjede niveauer af IL-8 og TNF-α 

før kemoterapibehandling (basalniveauer) og en lav RDI af kemoterapi. En analyse af data fra alle 

tilgængelige patienter viste derudover, at de inflammatoriske markører blev øget af kræftbehandling 

og efterfølgende faldt igen, men dette var tilfældet, uanset om patienterne havde udført HI eller LMI-

træning. I brystkræftpatienter havde HI-træning interessant nok en tendens til at reducere stigningen 

af TNF-α (-12%; p = 0,053) og CRP (41%; p = 0,101) under kræftbehandling sammenlignet med 

LMI-træning (manuskript II). Desuden kunne vi vise, at akut træning forbedrede anti-cancer 

immunfunktionen hos patienter med prostatacancer, men vi så samtidig, at jo højere patienternes 

inflammatoriske markørers (IL-6, TNF-a og CRP) basalniveauer var, jo mindre blev denne forbedring 

(manuskript III). 
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Konklusion: Vi identificerede forhøjede basalniveauer af IL-8 og TNF-α som værende nye potentielt 

modificerbare risikofaktorer for effekten af kemoterapi. Derudover observerede vi, at HI-træning 

havde en tendens til at mindske ophobningen af kemoterapi-induceret inflammation. Desuden fandt 

vi, at tilstedeværelsen af inflammation ved baseline synes at påvirke akut trænings evne til at forbedre 

anti-cancer immunfunktionen i en negativ retning. 
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Background 

Inflammation is a process initiated in response to tissue damage due to harmful physical, chemical or 

infectious stimuli. Subsequently, an inflammatory cascade involving the immune system and cytokines 

is set in motion, which ultimately leads to elimination of the threat and reversal of the tissue damage. 

Dysregulation of this vital process may lead to disease initiation and progression1–4. The following 

sections will introduce the role of inflammatory cytokines during health and disease such as cancer. 

Furthermore, the role of exercise in cancer treatment and exercise as a strategy to target inflammation 

will be highlighted. 

Cancer is often described as “Wounds that do not heal” (Dvorak 1988)5, which implies a large 

involvement of inflammatory dysregulation. Indeed, inflammation has been described as one of 

several hallmarks of cancer – more precisely: inflammation enables cancer to develop and progress6.  

The acute inflammatory response 

Inflammatory processes often integrate both 

the innate and adaptive immune response 

(Box 1). In addition, inflammation is often 

classified as acute or chronic, depending on 

the involvement of specialized immune cells4. 

Classically, acute inflammation represents an 

immune response driven by the innate 

system, whereas chronic inflammation often 

includes both the innate and adaptive 

response7. 

In classic acute inflammation (Figure 

1), tissue damage results in the release of 

pro-inflammatory cytokines by surrounding 

endothelial cells and tissue-residing macrophages. These cytokines act as a chemoattractant for 

polymorphonuclear cells, especially neutrophils. Neutrophils will then migrate to the inflammatory site 

and start clearing damaged tissue cells and/or pathogens4. Finally, anti-inflammatory mediators are 

produced to stop ongoing inflammatory processes. The remaining neutrophils will then either be 

recirculated or undergo apoptosis and be cleared by macrophages via phagocytosis. Subsequently, 

macrophages will facilitate wound healing and restoration of homeostasis8. 

Due to the powerful nature of inflammation, tight regulatory processes are in place to ensure 

its containment. Unregulated, inflammation may lead to serious tissue damage, auto-immunity or 

Box 1: The immune system 

Innate immune system 

The first line of defense; quick response with no 

prior activation necessary 

◦ Anatomical barriers (skin and membranes) 

◦ Immune cells (e.g.: macrophages, neutrophils, 

dendritic cells, natural killer cells) 

◦ Activation of the adaptive immune system 

Adaptive immune system 

Specific response after prior activation  

◦ Provide memory of infection for fast and 

specific secondary response 

◦ T and B Lymphocytes 

◦ Regulation of onset and severity of innate 

immune response 
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chronic persistence. For example, infiltrating polymorphonuclear cells will continue to digest and clear 

healthy cells if anti-inflammatory factors such as cytokines, protease inhibitors or antioxidant enzymes 

are not released by negative feedback signaling to stop the inflammatory cascade4.  

 

 

Figure 1: Acute and neutrophilic inflammation. A simplified view of the inflammatory cascade. Cytokine-
mediated immune cell infiltration and wound healing processes are often interconnected and happen 
simultaneously. (A) After an inflammatory event (e.g. pathogens, wounds), which often results in surrounding cell 
death, tissue residing macrophages and/or endothelial cells will release the inflammatory cytokines Tumor 
necrosis factor alpha (TNF-α) and interleukin (IL)-1β. These early cytokines of the inflammatory cascade will then 
attract more macrophages via the bloodstream. In continuation, macrophages and endothelial cells will also 
produce the neutrophil chemoattractant IL-8. (B) Infiltrating neutrophils will clear dead cells and, together with 
macrophages and endothelial cells, secrete the lymphocyte-attractant IL-6 while IL-8 production is halted. 
Lymphocytes will continue to clear dead cells and initiate, together with macrophages, the anti-inflammatory 
cascade by IL-10 secretion. Upon IL-10 signaling, pro-inflammatory cytokine production is halted and tissue 
residing cells are either redistributed or undergo apoptosis.4,7–12 

Inflammatory cytokines 

Cytokines are mediators that can control both the type and magnitude of the inflammatory cascade. 

Cytokines represent a group of small secreted molecules that interact via autocrine, paracrine and 

endocrine signaling13. They act context-specific but can be divided into pro- and anti-inflammatory 
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cytokines. The key inflammatory markers for this thesis are listed in Table 1 and introduced in detail 

below.  

 In research and medicine, cytokines are often used as biomarkers for disease status. However, 

biological and day-to-day variations highlight the need for repeated measures in patients. Especially 

inflammatory markers of the acute phase response (IL-1β, TNF-α, IL-6 and IL-8) may be prone to day-

to-day variation and possess a short half-life14,15. Therefore, a more robust marker, namely C-reactive 

protein (CRP), has wide clinical application as a marker of inflammation16. 

In summary, pro-inflammatory cytokines facilitate individual steps of inflammation. The early 

stage of inflammation is called the acute phase response and includes among others IL-1β, TNF-α, IL-6, 

and IL-8, followed by CRP. Anti-inflammatory cytokines such as IL-10 are produced to compensate and 

regulate the pro-inflammatory response7.  

 

Table 1: Key markers of the acute inflammatory response 

Marker Origin (selection) Main functions (selection) 

IL-1β Endothelial cells, 

macrophages 

Chemoattractant of leukocytes and lymphocytes4,9; 
inducer of acute-phase response and CRP17 

TNF-α Endothelial cells, 
macrophages, 

lymphocytes 

Chemoattractant of leukocytes and lymphocytes4; 
inducer of acute-phase response and CRP17 

IL-8 Macrophages, endothelial 
cells, lymphocytes 

Migration and activation of neutrophils7,11,12  

IL-6 Neutrophils, endothelial 
cells, macrophages 

Transition from innate to adaptive immune response; 

induction of CRP release from the liver8,17,18 

CRP Primarily in liver, 
macrophages, lymphocytes 

Activation of the complement system, apoptosis, 
phagocytosis, production of IL-1β and TNFa17 

IL-10 Macrophages, 

T lymphocytes 

Suppression of pro-inflammatory cytokine production4 

 

Interleukin-1β 

IL-1β is produced by e.g. macrophages and endothelial cells upon cell injury. IL-1β facilitates the 

migration of immune cells, such as neutrophils and macrophages to the inflammatory site by e.g., 

stimulating the expression of adhesion molecules4,9. While IL-1β acts as an early stage inducer of the 

acute phase response, it can also lead to a systemic fever9. Furthermore, IL-1β has been shown to play 

a role in damaging insulin-producing pancreatic beta cells, a contributing factor to type 2 diabetes9. 

IL-1β can be neutralized by IL-1 Receptor antagonist (IL-1ra), which is produced constitutively in the 

liver. IL-1ra treatment of type 2 diabetes has been shown to improve glycemic control and beta cell 

function9. 
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Tumor necrosis factor-alpha 

TNF-α can be produced by e.g. macrophages, T cells and endothelial cells. TNF-α is often produced 

upon bacterial lipopolysaccharide encounter but can also be stimulated by IL-1β or TNF-α itself. TNF-α 

is involved in vasodilation, leukocyte adhesion and infiltration, respiratory burst capacity of leukocytes 

and ultimately in the fever response during infections4,10.  

Interleukin-8 

The chemoattractant cytokine IL-8 is produced by e.g. endothelial cells, T cells and monocytes during 

acute inflammation upon bacterial lipopolysaccharide recognition, IL-1β or TNF-α signaling. IL-8 mainly 

acts as a chemoattractant for neutrophils, monocytes and T cells. In neutrophils, binding of IL-8 results 

in activation and elevation of reactive oxygen species7,11,12.  

Interleukin-6 

During inflammation, IL-6 is released by monocytes/macrophages, endothelial cells and neutrophils 

upon recognition of pathogens or stimulation of TNF-α and IL-1β9,17. Importantly, IL-6 can elicit a broad 

range of functions but has been found to play a major role in the induction of CRP expression in the 

liver during acute inflammation17,18. Initially, IL-6 is implicated in neutrophil recruitment to the 

inflammatory site. Neutrophils then secrete soluble IL-6 receptor (sIL-6R), which suppresses IL-8 

synthesis and, as a result, decreases the recruitment of further neutrophils. Additionally, IL-6 also 

promotes the activation and recruitment of T and B lymphocytes8,18 that initiate the transition from 

the innate to the adaptive immune response in the inflammatory cascade18. Contrasting its pro-

inflammatory profile, IL-6 has also been found to elicit anti-inflammatory effects18, i.e. during 

exercise19, which will be discussed later. Moreover, IL-6 is a key metabolic regulator and is involved in 

e.g., glucose homeostasis and lipid lipolysis20. 

C-reactive protein 

Biological baseline variance of CRP is well documented, but studies have shown a strong predictive 

effect for e.g., cardiovascular diseases17. As a downstream mediator of the acute phase response, CRP 

is primarily activated by IL-6, but can also be released upon TNF-α and IL-1β signaling. CRP is involved 

in activation of the complement system that induces apoptosis of pathogens or damaged cells and 

promotes the phagocytic capacity of macrophages17. 

Interleukin-10 

One anti-inflammatory cytokine is IL-10, which is released by macrophages upon phagocytosis of 

apoptotic polymorphonuclear cells in the inflammatory site. IL-10 decreases the production of pro-

inflammatory cytokines and thereby creates an anti-inflammatory environment. Upon clearance, anti-

inflammatory macrophages are critical in facilitating the wound healing process8.  
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Inflammatory dysregulation 

“The problem with inflammation is not how often it starts, but how often it fails to subside. Perhaps 

no single phenomenon contributes more to the medical burden in industrialized societies than 

nonresolving inflammation” (Nathan and Ding, 2010; p. 871)3. 

If the origin of inflammation cannot be resolved, an increasing severity or chronic inflammation 

may occur and persist for months to years. Chronic inflammation is, however, defined by the nature 

of the mediating inflammatory cells and not by the duration4. In chronic inflammation, neutrophils are 

often replaced by lymphocytes or macrophages, which produce pro-inflammatory mediators4. In 

contrast to the function during the resolution of acute inflammation, macrophages involved in chronic 

inflammation are phenotypically changed and promote inflammatory processes8. The resulting tissue 

damage is mainly driven by the host’s own immune system and not the origin of the inflammatory 

event. Underlying causes of chronic inflammation are often poorly understood3, but long-term and 

chronic inflammation is a major health risk that stands in clear contrast to the benefits of short-term 

and controlled inflammation. 

 Several risk factors, such as obesity21, increasing age22, and smoking23 are associated with 

chronic inflammation. A variety of diseases either originate from inflammation or inflammation 

contributes significantly to their pathogenesis3, with cancer being one of the most prominent cases. 

Inflammation and cancer 

The importance of inflammation in cancer development and progression has recently been shown by 

the association of the anti-inflammatory drug aspirin and a risk reduction of colorectal cancer24 and 

hepatocellular carcinoma25 incidence and mortality. In the clinical setting, systemic inflammation is 

often linked to cancer severity, thereby representing cancer progression. Levels of IL-6 and IL-8 are 

increased with metastasis in breast cancer26,27, and elevated levels of IL-6, IL-8 and CRP are associated 

with a reduction in survival of patients with breast cancer28–31.  

Inflammation in cancer development 

Cancer is characterized by a markedly enhanced proliferation and survival of cancer cells due to 

sustained proliferative signaling, evasion of growth-suppressors, resistance to cell death or replicative 

immortality6. Chronic inflammation is a potential key player behind the acquisition and maintenance 

of these characteristics6. At the “initiation” stage of tumorigenesis, neutrophils and other phagocytic 

cells produce reactive oxygen species, which results in DNA damage and consequently leads to an 

accumulation of mutations. These DNA alterations/mutations are mostly dormant. At the “promotion” 

stage of tumorigenesis, chronic inflammation may activate such dormant or silenced mutations. 
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Downstream, mutations may result in increased cell proliferation or reduced DNA repair, thereby 

promoting cancer development2,10,32.  

Inflammation in cancer progression 

The continued production of pro-inflammatory cytokines and chemokines by cancerous cells as well 

as surrounding cells drives several key aspects of cancer progression, e.g., the establishment of the 

tumor microenvironment, angiogenesis, and metastasis2,6,33. The tumor microenvironment describes 

a complex network of cancer cells and infiltrated host cells. Leukocyte infiltration is a common aspect 

in many tumors and can have both favorable and unfavorable outcomes. On the one hand, tumor-

associated macrophages, mast cells and T cells, recruited via tumor secreted chemokines, are involved 

in promoting angiogenesis and metastasis. On the other hand, cytotoxic T lymphocytes (CTLs) and 

natural killer (NK) cells infiltrate and eliminate cancer cells2,6,33.  

 Cancer cells have developed several key aspects to evade the recognition by the immune 

system. First, the recruitment of regulatory T cells and other suppressor cells by the tumor may 

deactivate both CTLs and NK cells. Secondly, downregulation or shedding of tumor-related antigens 

avoids the recognition of cancer cells by CTLs and NK cells. Thirdly, the production of anti-inflammatory 

mediators such as IL-10 and transforming growth factor beta (TGF-β), secreted by cells of the tumor 

microenvironment, suppresses CTL and NK cell function32,34.  

Inflammation and anti-cancer treatment 

Anti-cancer chemotherapy has markedly increased the survival of patients with cancer35,36. In principle, 

chemotherapeutic agents target proliferating cells, and thus affect cancer cells due to the often-

increased growth rates. Unfortunately, healthy cells are also targeted although to a lesser extent, 

which in patients with cancer may ultimately lead to chemotherapy-related toxicities.  

Chemotherapy is delivered via systemic administration and thus results in systemic cell death. 

Usually, affected cells undergo apoptosis, which does not elicit an inflammatory response, but if 

apoptotic cells cannot be cleared in time by macrophages, they will undergo a secondary necrotic cell 

death8. Necrosis of cells will then lead to tissue damage and consequently to an inflammatory reaction 

in the surrounding tissue8. Accordingly, elevated levels of inflammation occur in patients with cancer 

in response to chemotherapy. Chemotherapy-related inflammation has been linked to other side-

effects such as neuropathy or fatigue37–41, which may subsequently limit chemotherapy dose 

delivery42. Optimal dose delivery is a central goal of anti-cancer chemotherapy43 as studies have shown 

a clear association between the relative dose intensity (RDI) of chemotherapy and patient survival44–

46. RDI describes the ratio between the planned and the administered chemotherapy dose. 
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 On the other hand, the increase in inflammation might also be beneficial when originating 

from dying cancer cells. Some chemotherapeutic drugs induce an immunogenic cell death of cancer 

cells, which leads to activation of the immune system47–49. Immunogenic cell death describes a form of 

regulated cell death that, unlike apoptosis, allows the immune system to mount a specific response 

towards antigens from dead cancer cells49. This immunogenic cell death might break the previously 

introduced immunosuppressive barrier of the tumor microenvironment. As a consequence, following 

its activation, the anti-tumor response of the adaptive immune system is improved47,50. The new 

treatment avenue of chemotherapy-induced immunogenic cell death is currently being investigated in 

multiple clinical trials49.  

 

Summary: Inflammatory response and dysregulation 

Short-term and controlled inflammation constitutes a vital process for tissue regeneration. In contrast, 

dysregulation of inflammation is a common enabling characteristic of disease development and 

progression. Especially in cancer, being “wounds that do not heal” (Dvorak, 1988)5, inflammation plays 

a critical role. Tumors are able to hijack the inflammatory system to promote cell growth and evade or 

suppress the host immune system. Immunogenic cell death, which is driven by inflammatory markers 

and can occur during chemotherapy, might be one way to break the immunosuppressive environment 

of tumors. 

 Strategies to lower the chronic inflammatory burden throughout the cancer trajectory, i.e., 

before the development, during anti-cancer treatment and, in the period after, are vital in the combat 

against cancer. 
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Exercise in cancer treatment 

The principle of exercise as medicine dates back to the 1950s, where Jerry Morris unraveled the link 

between the sedentary behavior of London´s bus drivers and the incidence of coronary heart disease51. 

In cancer, the association between exercise and cancer prevention has been widely investigated52 and 

the largest cohort study to date in 1.44 million participants showed a decreased risk of 13 types of 

cancer with leisure-time physical activity53. Despite the well-established link, underlying mechanisms 

are often poorly understood. Proposed mechanisms range from direct effects on tumor-related 

signaling pathways, such as inflammatory signals, and amelioration of cancer-related side-effects, to 

an improved immune function54.  

Inflammation and exercise in cancer 

In general, exercise is considered anti-inflammatory. Plasma IL-6 rapidly increases during acute 

exercise, which plays a pivotal role in mediating the anti-inflammatory cascade including IL-1ra, IL-10, 

and soluble TNF-receptor (sTNF-R). Despite a signaling cascade similar to a sepsis response, exercise-

released IL-6 is rarely preceded by TNF-α and IL-119,55 and thereby differs from the pro-inflammatory 

properties during acute inflammation18. Mechanistic studies in humans have shown that exercise and 

IL-6 infusion inhibit an endotoxin-stimulated increase in plasma TNF‐α concentration56. Moreover, 

other studies have shown that IL‐6 inhibits lipopolysaccharide‐induced TNF‐α production from human 

monocytes57 and that levels of TNF-α increase when IL-6 signaling is blocked in rodent models58, 

supporting the anti-inflammatory role of IL-6. 

 In cancer, exercise has been proposed to, directly and indirectly, lower the inflammatory 

burden for patients59. Directly by creating an anti-inflammatory environment of released cytokines, 

myokines and catecholamines, and indirectly by reducing visceral fat, a major contributor to chronic 

low-grade inflammation59,60. Around 25% of cancer cases are attributed to excess weight and a 

sedentary lifestyle59. Furthermore, anti-cancer therapies such as chemotherapy, radiotherapy, and 

endocrine therapy have been found to promote weight gain in patients with cancer61, highlighting the 

need for interventions to lower visceral fat and consequently also chronic inflammation. Therefore, 

the effects of exercise on inflammation have been investigated during anti-cancer treatment and the 

rehabilitation period. 

The impact of exercise on inflammation during active anti-cancer treatment 

Few reports have addressed the impact of exercise on inflammatory markers during ongoing anti-

cancer treatment, with no clear pattern to date (Table 2). Large methodological differences in the 

patient populations and exercise regimens are a major contributor to inconsistent results. In cases 

where exercise elicited a change of IL-6 compared to the randomized control group, the effect was 
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mediated by a lesser or no increase of IL-6 with exercise compared to an increase in the control group 

during treatment62,63. 

 

Table 2: Exercise interventions during ongoing anti-cancer treatment involving inflammatory cytokines 

Reference Population Exercise Intervention Results 

van Vulpen 
et al., 201864 

n = 130 (pooled/ 
randomized) 

Breast cancer 

Adjuvant 
chemotherapy 

12-week resistance 

18-week combined aerobic + 
resistance 

Resistance: progressive 

Aerobic: intervals at ventilatory 
threshold 

↔ IL-6 and IL-6/IL-ra 

Kleckner et 
al., 201965 

n = 293 (randomized) 

Breast (80%), colon, 
lung cancer 

Chemotherapy 

6-week walking and resistance 

Resistance: resistance bands 

Walking: prescribed steps (5-20% 
increase per week) 

↔ IL-6, IL-8, IL-10, IL-
1β, sTNF-R 

↓ IFN-ƴ 

Schmidt et 
al., 201562 

n = 103 (randomized) 

Breast cancer 

Radiotherapy 

12-week resistance 

Resistance: progressive 

↔ IL-ra 

↓ IL-6 and IL-6/IL-ra 

 

Hiensch et 
al., 202063 

n = 90 out of 240 
(randomized) with 
>60% attendance 

Breast cancer 

Adjuvant 
chemotherapy 

16-week combined aerobic + 
resistance  

RT-HIIT: Resistance + high-intensity 
intervals 

AT-HIIT: Moderate-intensity aerobic 
+ high-intensity intervals 

↔ 90 different 
(TNF-α, IL-10, IL-8, 
IL-1β) 

↓ IL-6, CD8a (RT-HIIT) 

Other abbreviations: IL = Interleukin; sTNF-R = soluble TNF receptor; IFN = interferon; TNF = tumor necrosis factor 

 

The impact of exercise on inflammation after active anti-cancer treatment 

In contrast to the sparse reports during ongoing treatment, more research has been performed in 

cancer survivors after treatment cessation. A recent meta-analysis reported a reduction of CRP and 

TNF-α with combined aerobic and resistance training in breast and prostate cancer survivors66. 

Another meta-analysis reported tai chi and yoga, but not aerobic and resistance exercise, to reduce 

inflammatory markers in breast cancer survivors67, highlighting the need for further studies.  
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Exercise and chemotherapy-related neutropenia 

Exercise has also been proposed to improve cancer-

related outcomes via the amelioration of treatment-

related side-effects and improvements in immune 

function54.  

Chemotherapy-related neutropenia is one of 

the most common side-effects for patients with 

cancer69. Neutropenia, with the more severe form of 

febrile neutropenia (Box 2), is a major contributor to 

dose delays and reductions during chemotherapy, 

consequently increasing mortality43,69,70. Current 

clinical treatment of neutropenia is the administration of granulocyte-colony-stimulation factor 

(G-CSF), which has markedly decreased neutropenia incidence and increased survival for patients with 

cancer71. Recent studies in patients with early-stage breast cancer have estimated that around three-

quarters of the patients receive G-CSF during chemotherapy with around half of the patients receiving 

G-CSF prophylaxis72. G-CSF promotes the development of neutrophils and their progenitors in the bone 

marrow73, ultimately leading to more neutrophils in circulation. Unfortunately, G-CSF is frequently 

overused74 and associated with additional side-effects such as bone pain75.  

Recently we have highlighted exercise as a non-pharmacological strategy to manage 

neutropenia76. In short, exercise has a profound effect on both hematopoietic stem and progenitor 

cells as well as neutrophils. This leads to a mobilization of neutrophils to the circulation77,78 and 

functional improvements79,80 such as enhanced phagocytosis81, delayed apoptosis82, and elevated anti-

oxidant levels83,84 (summarized in Figure 2). Furthermore, exercise has been shown to elevate plasma 

G-CSF85–89, potentially driving the observed benefits.  

Box 2: Neutropenia 

Neutropenia: 

◦ Neutrophil count below 1.5 x 109 cell/L 

◦ Often termed myelosuppression 

◦ Increased risk for infections 

Febrile neutropenia: 

◦ Neutrophil count below 0.5 x 109 

cell/L, oral temperature above 38.5°C 

or two readings above 38°C for 2h 

◦ Estimated to occur in 1/3 of cancer 

patients68 
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Figure 2: Neutrophil maturation and the effects of exercise. (Reproduced from (Schauer et al., 2020)76, with permission 
 from the British Journal of Pharmacology and RightsLink®) 

 

The mechanistic evidence mainly derives from preclinical studies or exercise trials including 

healthy participants whereas the link between exercise and neutrophil or hematopoietic progenitor 

cell function is less clear and less studied in a clinical cancer setting. To date, only 10 studies with wide 

methodological differences have addressed the incidence of neutropenia during an exercise 

intervention study for patients with cancer undergoing chemotherapy76. Overall, five studies found an 

indication of amelioration of neutropenia related outcomes with exercise90–94, whereas five studies 

failed to find a difference95–99, albeit these studies comprised markedly less participants76. Importantly, 

none of the mentioned studies were designed to evaluate the incidence of neutropenia, highlighting 

the need for careful interpretation. Nonetheless, despite the scarcity and wide methodological 

difference of the reports, the current exploratory evidence suggests that exercise leads to a potential 

reduction in the incidence of chemotherapy-related neutropenia. Based on the available data, we 

outlined a proposed working model on how exercise mediates a reduction in chemotherapy-related 

neutropenia incidence (Figure 3)76. 
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Figure 3: Proposed mechanisms of exercise modulating chemotherapy-induced neutropenia. Chemotherapy 
treatment leads to damage of neutrophil progenitor cells, consequently leading to fewer neutrophils (left panel). 
On the opposite, exercise may increase antioxidant levels to protect from oxidative damage induced by 
chemotherapy. Further, exercise may increase proliferation of progenitor cells, e.g., by G-CSF secretion, and 
consequently lead to more neutrophils in the circulation. Finally, neutrophils elicit delayed apoptosis and 
improved function during exercise (right panel). (Reproduced from (Schauer et al., 2020)76, with permission from 
the British Journal of Pharmacology and RightsLink®) 

 

 

Summary: Exercise in cancer treatment 

Exercise constitutes an interesting supportive care strategy for patients with cancer, e.g., as exercise 

might lower the burden of cancer treatment-related side-effects such as neutropenia. Despite a sound 

cross-sectional inverse link between an active lifestyle and cancer incidence, direct mechanistic 

evidence for an exercise-dependent anti-cancer effect has yet to be established. Potential 

mechanisms include an exercise-mediated decrease in cancer-related inflammation, both during and 

after active anti-cancer treatment.  
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Exercise and the immune system 

In addition to anti-inflammatory effects, exercise has been shown to profoundly influence the immune 

system in both health and disease. Historically, the first report describing leukocytosis after a marathon 

was published in 1902100. Later, the field of exercise oncology developed and during the last 30 years 

has become a rapidly expanding research area. The reader is directed to excellent reviews79,101,102 for 

an in-depth discussion. 

 In general, exercise-mediated adaptations of the immune system can be classified as acute or 

long-term. Acute exercise induces adaptations during and shortly after one bout of exercise, whereas 

long-term exercise describes adaptations from structured exercise training. Differences in exercise 

modalities often result in a different response of the immune system both in regard to acute and long-

term adaptations.  

Acute exercise and the immune system 

Under normal circumstances, only 1-2% of leukocytes 

are present in the circulation103. Leukocytes and 

especially lymphocytes (Box 3) are affected by acute 

exercise with both numerical and functional 

adaptations79. Mobilized leukocytes likely originate 

from reservoir sites, such as the spleen, the bone 

marrow, and the marginal bed of the vascular system 

via catecholamine mediated signaling104 and changes in 

adhesion molecules103.  

The following paragraphs focus on exercise-

mediated adaptations of the lymphocyte population, 

namely NK and T cells. Both NK and T cells are crucial in 

the anti-cancer immunity and display a remarkable 

response to exercise. 

Natural killer cells 

Although originally defined as part of the innate immune system, NK cells have a strong interplay with 

the adaptive immune system105. The basic biological function of NK cells is to detect and kill foreign, 

stressed or malignant cells. Furthermore, NK cells are known to produce cytokines and direct the 

adaptive immune response105–107. Traditionally, NK cells can be divided into subsets based on their 

expression level of CD56 (Box 4), which is a marker for both function and maturity. NK cells detect 

target cells by the “missing self” hypothesis108. All normal cells present self-antigens via the major 

Box 3: Cells of the immune system 

Nucleated cells produced in the bone 

marrow from hematopoietic stem cells 

which can be further classified in 

Leukocytes (white blood cells): 

Myeloid cells  

◦ Neutrophils  

◦ Monocytes 

◦ Eosinophils 

◦ Basophils 

Lymphoid cells (lymphocytes) 

◦ B cells  

◦ T cells 

◦ Natural killer (NK) cells  
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histocompatibility complex (MHC)-I. The MHC-I presentation acts as a negative regulator on NK cells 

that are otherwise able to kill target cells108. Another strategy to identify target cells is the direct 

recognition of foreign proteins on the surface of e.g., cancer cells. Both principles make NK cells a 

promising target in anti-cancer therapy, as they spontaneously exhibit cytotoxicity against cancer cells, 

whereas T cells need prior activation106. Additionally, NK cell frequency and function in cancer tissue 

has been shown to associate with survival in patients with melanoma109, highlighting the importance 

of NK cells in cancer. 

With acute exercise, the NK cell number 

increases several fold in the circulation in a dose-

dependent manner and regresses within minutes 

after exercise cessation. In fact, intense exercise may 

lead to a dip below pre-exercise levels in the period 

after exercise cessation. Both epinephrine and 

norepinephrine drive the rapid response of NK cells 

to exercise via beta-adrenergic receptors110–114. Upon 

exercise cessation, redistribution of NK cells to 

metabolically active or challenged sites for 

immunosurveillance (e.g., existing wounds or 

inflammation but also organs in frequent contact 

with external threats such as the lung) is proposed to 

occur115. Besides the mobilization, NK cells also display functional improvements with acute 

exercise116. Primarily the cytotoxic CD56dim population is recruited during exercise, which displays a 

more differentiated phenotype116,117. Further, CD56dim cells also display a more mature phenotype, 

measured by CD57 expression, in the period shortly after exercise cessation117.  

The increase of cytokines and catecholamines not only drives the mobilization of NK cells from 

storage compartments but also their function. Reports have shown that exercise serum is a potent 

immune modulatory component by improving NK cell cytotoxic activity (NKCA)118. In general, the 

increase in NK cell concentration in the circulation with acute exercise is accompanied by an increase 

in NKCA against cancer cells in vitro119. Research has focused on healthy individuals with no reports to 

date investigating NKCA of cancer patients against matched cancer cell lines during acute exercise. The 

increase of killed or lysed cancer cells in vitro is mostly attributed to the increased proportion of NK 

cells in blood during acute exercise whereas a change in the NKCA per NK cell is so far unclear due to 

methodological differences119. To date, the intriguing link between mobilized and potentially enhanced 

NK cells following exercise and the redistribution to tumor tissue remains to be validated. 

Box 4: NK cell subsets 

CD56bright NK cells 

◦ Low level of cytotoxic granules 

◦ Potent cytokine producer 

◦ Characterized by CD3- CD16+ CD56++ 

◦ Immature 

◦ Stored in secondary lymphoid organs 

CD56dim NK cells 

◦ Majority of NK cells (90-95%) in 

circulation 

◦ Release of cytotoxic granules 

◦ Characterized by CD3- CD16++ CD56+/- 

◦ Mature 

◦ Stored in the spleen and vascular bed 
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T cells 

T cells describe a group of functionally distinct immune 

cells harboring the T cell receptor. Derived from 

hematopoietic stem cells in the bone marrow, T cells 

mature in the thymus and are one of the key 

components of the adaptive immune system. 

Circulating T cells can be distinguished from other 

immune cells based on their CD3 expression and 

further subdivided by the expression of either CD4 or 

CD8 (Box 5).  

In cancer, antigen-presenting cells, such as 

dendritic cells, present tumor-associated antigens to 

immature T cells in order to initiate a specific T cell 

response. After maturation of specific T cells towards a 

tumor antigen, cytotoxic T cells are able to kill target 

cells120. In contrast, tumors are capable of recruiting 

regulatory T cells to effectively shut down any T cell-

mediated response via secretion of immunosuppressive cytokines or inhibitory receptor signaling120. 

The ability of cytotoxic T cells to eliminate cancer cells makes them an interesting therapeutic target. 

In fact, boosting of the specific and strong response of cytotoxic T cells combined with the blockade of 

T cell inhibitors are key components of the rapidly expanding field of immunotherapy121. 

  Acute exercise elicits mobilization of both CD8+ and CD4+ T cells to the circulation. CD8+ T cells 

are preferentially mobilized122 in a dose-dependent manner123 and with no difference between young 

and old individuals124. Mobilized CD8+ T cells display a more senescent phenotype defined by advanced 

biological age with no possibility of further expansion122,124. In general, acute exercise preferentially 

mobilizes mature CD8+ T cells that have undergone antigen selection (effector memory T cells) and 

circulate between blood and peripheral tissues123. In addition, acute exercise also mobilizes naïve T 

cells that have not yet undergone antigen selection and circulate between blood and secondary 

lymphoid tissues123. Again, upon exercise cessation, T cells are redistributed for 

immunosurveillance115,125. Similar to NK cells, T cells are mobilized from marginal pools by mechanical 

stress and catecholamine-mediated beta-adrenergic receptor signaling101,103. Similar to the effect 

observed on NK cells, exercise-released factors are capable of regulating the function and phenotype 

of T cells, including prominent immunotherapy targets such as PD-1 and CTLA-4126. Potentially, the 

combination of immunotherapy and exercise further augments anti-cancer therapy127. 

Box 5: T cells 

CD8+ T cells 

◦ Cytotoxic T cells (Elimination of 

stressed/transformed cell) 

CD4+ T cells 

◦ T-helper cells (Maturation/activation 

of cytotoxic T cell, B cells, and 

macrophages) 

◦ Regulatory T cells (Suppression of T 

cell response) 

Memory T cells (CD4+/CD8+) 

◦ Provide memory function for 

secondary encounters.  

Naïve T cells (CD4+/CD8+) 

◦ Differentiated but immature; did not 

encounter antigens yet (not 

activated for specific response)  

◦ Expression of CD45RA 
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Natural killer T cells (NKT cells) 

NKT cells were discovered in the 1980s and are well characterized in rodent models. They share 

phenotypic and functional properties with both NK and T cells and express both NK cell lineage 

receptors and the T cell receptor. NKT cells are uniquely suited to bridge the innate and adaptive 

immune systems but also exhibit potent anti-cancer immunity via recognition of cancer-antigens. 

Several distinct subsets of NKT cells have been defined, e.g., invariant NKT and NKT-like cells. Due to 

their unique function, NKT cells have become a prominent target for immunotherapy treatments128–

131. The term, NKT-like cells, is used to describe a heterogeneous group of T cells with varying effector 

function, which expresses typical NK cell receptors. NKT-like cells are usually defined as CD3+CD56+ 

cells and have been shown to increase with age in humans131–133.  

 In comparison to NK and T cells, very few reports have investigated the effect of exercise on 

NKT-like cells. Similar to NK and T cells, acute exhaustive exercise has been shown to mobilize NKT-like 

cells to the circulation followed by a return to baseline one-hour post exercise134. 

Long-term adaptations 

Compared to available reports of acute exercise, fewer studies examined the impact of prolonged 

(long-term) training on the immune system. For NK cells, studies have shown increased NK cell 

numbers and activity in athletes versus untrained individuals in cross-sectional studies135,136. 

Longitudinal training studies have found an improved NK cell activity in young, healthy but not in 

healthy, elderly subjects119. In breast cancer survivors, NK cell cytotoxicity was either increased137,138 

or unchanged139 following a training intervention.  

For T cells, an active lifestyle has shown to increase naïve T cells that are crucial for mounting 

a specific immune response and become rarer with age140. In general, exercise seems to counteract 

some characteristics of immunosenescence of T cells101,140, which could describe one of the 

mechanisms linking exercise to cancer prevention141. Further, long-term physical activity seems to 

boost the response towards vaccinations and general immune competency of T cells in older adults101. 

In contrast, longitudinal exercise training studies did not find a markedly improved T cell function in 

former sedentary individuals142.  

Summary: Exercise and the immune system 

In summary, both acute exercise and long-term physical activity markedly affect NK and T cell 

populations. For T cells, a strong cross-sectional link between physical activity and immune function 

is present especially in older adults. Here, exercise potentially counteracts some characteristics of 

age-related immunosenescence. For NK cells, acute and long-term exercise increases the activity in 

both healthy individuals and patients with cancer.  
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Inflammation and the immune system 

So far, we have discussed inflammatory dysregulation, e.g., chronic elevation, in the context of cancer 

development and progression. In addition, chronically elevated inflammatory cytokines also have a 

profound impact on the immune system itself and may keep cells of the immune system on a constant 

alert level. This might be desirable for a short period of time but, if left unresolved, may have 

detrimental effects such as immune cell exhaustion. 

Immune cell exhaustion 

With continuous antigen stimulation during diseases such as chronic infections or cancer, both T and 

NK cells can become exhausted143,144. Exhausted T cells are characterized by a decrease in function and 

proliferation capacity and an increase in inhibitory receptors. Exhausted T cells still possess a residual 

function and early stages of exhaustion may be targeted and restored by therapeutic approaches such 

as immunotherapy143. Similarly, NK cells also exhibit impaired effector functions via downregulation of 

activating receptors and upregulation of inhibitory receptors144. Immune cell exhaustion is functionally 

different from senescence, which describes the replicative telomere shortening of ageing cells 

accompanied by phenotypic alterations145. 

 Inflammatory cytokines such as TNF-α, IL-10 and TGF-β have been shown to drive T cell 

exhaustion, whereas IL-6 might be reversing it143,146. Chronic low-grade inflammation, e.g., during 

obesity, has been linked to T cell exhaustion147 with murine models showing T cell exhaustion with 

high-fat diet148. In parallel, obesity has been linked to an impaired function of NK cells149. While the 

specific role of inflammatory cytokines in NK cell exhaustion remains elusive, IL-10 and TGF-β have 

been proposed as potential drivers144. In cancer, both IL-6 and IL-8 secreted by cancer cells have been 

linked to NK cell impairment in vitro150. 

Acute exercise regulation 

In addition to promoting immune cell exhaustion, inflammatory dysregulation in the form of obesity 

might also impair the acute exercise response. Despite fit individuals exhibiting a less pronounced 

immune cell mobilization during acute exercise compared to unfit individuals151, an improved function 

of NK cells was shown in trained individuals135,136. A sedentary lifestyle has been found to favor 

exhausted CD4 T cells152 e.g., obese individuals exhibit more CD4, but not CD8 T cells or NK cells153.  

 Following an exercise bout, obese individuals exhibit a larger relative change in plasma TNF-α 

and higher absolute values of plasma IL-6 compared to lean subjects. The more body fat, the higher 

the absolute changes in IL-6 with acute exercise154. IL-6 has been proven to play a central role in NK 

cell recruitment during acute exercise155, but so far, the relationship between inflammatory cytokines 

and immune cell recruitment or immune cell function during acute exercise is not well characterized.  
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Aims and Hypotheses 

Overall, this PhD thesis investigated the role of inflammation in anti-cancer treatment and in the acute 

exercise response in patients with cancer. The thesis includes three research aims that have been 

addressed in three separate manuscripts. 

 

Research aim I:  

To investigate the association between elevated pre-treatment inflammation and anti-cancer 

treatment completion in patients with breast cancer. 

 

Hypothesis: Elevated baseline inflammation (or chronic low-grade inflammation) is associated with 

a reduction in the relative dose intensity of chemotherapy in patients with breast 

cancer (manuscript I). 

 

Research aim II:  

To monitor the inflammatory response during anti-cancer treatment and to investigate whether high 

intensity or low-to-moderate intensity exercise training during and following anti-cancer treatment 

lowers the inflammatory burden in patients with cancer. 

 

Hypothesis:  A better inflammatory control is achieved with high intensity exercise training both 

during and following anti-cancer treatment (manuscript II). 

 

Research aim III:  

To monitor the impact of acute exercise on the immune function in patients with prostate cancer and 

to determine the relationship between inflammation and the acute exercise response.  

  

Hypothesis:  Acute exercise transiently improves the anti-cancer-related immune function 

compared to baseline while inflammation interferes with the exercise-mediated 

improvement (manuscript III). 
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Methods and methodological considerations 

In the following sections, methodological aspects of the PhD thesis will be discussed. A detailed 

summary and discussion of the applied methods and considerations are presented, while descriptions 

of included participants and trial design can be found within the individual manuscripts. 

Physical Training and Cancer (Phys-Can) – manuscript I & II 

Manuscript I and II are based on data from the Swedish “Physical Training and Cancer” (Phys-Can) 

randomized trial156,157. This multicentered trial was conducted in Sweden between March 2015 and 

April 2018 at the University Hospitals of Uppsala, Lund and Linköping. Ethical approval was obtained 

from the Swedish Ethical Review Board Authority (Dnr 2014/249) and the trial was preregistered 

(ClinicalTrials.gov NCT02473003).  

The study was designed to investigate the 

impact of exercise and behavioral support 

on cancer-related fatigue. Pre-registered 

secondary aims included the impact of 

exercise on inflammatory markers both 

during and after anti-cancer treatment156, 

which is the main focus of the 

‘research aim II’ of this thesis. As the work 

presented herein is not based on the study 

design, the introduction of the study itself 

will be kept to a minimum. 

Study design 

In total, 577 patients with a recent diagnosis 

of stage I-III curable breast cancer (79%), 

curable prostate cancer (17%) and curable 

colorectal (4%) cancer were included. Upon 

signing informed consent, participant 

characteristics were assessed prior to 

randomization. Randomization was performed in a 1:1:1:1 allocation scheme to one of four exercise 

groups: (1) High intensity (HI), (2) HI with additional behavioral support, (3) Low-to-moderate intensity 

(LMI) or (4) LMI with behavioral support (Figure 4). The study describes a ‘second-generation’ trial 

which did not include a control group in order to allow all included patients to benefit from the exercise 

 

Figure 4: Study design of Phys-Can (adapted from156). 2x2 
factorial design of randomization to either high or low-to-
moderate intensity exercise with or without BST. Time 
between T0 and T1 dependent on diagnosis and treatment but 
was approximately three months. Fixed six-month training 
period between T0 and T2. Abbreviations: BST (behavioral 
support techniques). 
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intervention. Instead of comparing the four randomized intervention groups with each other, the 

behavioral support component was neglected and only the difference in exercise intensity was 

evaluated in manuscript II. Due to the 2x2 factorial design (Figure 4), all participants could be included 

in the analyses. The decision was mainly based on results showing no effect of the behavioral support 

component on exercise adherence158 or on the main outcome, cancer-related fatigue157.  

 Treatment-related data (treatment-related side-effects, treatment duration, chemotherapy 

regimen, etc.) and medical background data were extracted from each participant´s medical record. 

The relative dose intensity of chemotherapy (chemotherapy completion rates) described in manuscript 

I was calculated as presented by Longo and colleagues159. Cancer-related information, such as receptor 

status of breast cancer (estrogen receptor, progesterone receptor, HER2 status) and tumor stage, was 

obtained from the Swedish national quality cancer register. Self-reported data such as age, education, 

smoking-habits and comorbid conditions were obtained by study-specific questionnaires.  

Exercise intervention and related outcomes 

Combined aerobic and resistance exercise was performed for six months concomitant to anti-cancer 

treatment and continued after treatment cessation. The exercise intervention consisted of home-

based endurance exercise and supervised resistance exercise on either high (HI) or low-to-moderate 

intensity (LMI). For HI, endurance training consisted of twice-weekly interval sessions with two minutes 

on 80-90% of heart rate reserve (HRR) (progression from 5 to 10 intervals), followed by two minutes 

of active rest. For LMI, 150 weekly minutes of endurance training in bouts of at least 10 minutes at 

40-50% of HRR were prescribed. All participants received heart rate monitors. Resistance training was 

performed twice weekly. For HI, 3 x 6 repetition maximum (RM) and 3 x 10 RM were performed with 

the last set until failure. For LMI, 3 x 12 repetitions at 50% of 6 RM and 3 x 20 repetitions at 50% of 

10 RM were each performed once a week. Re-testing for RM was performed every 4-6 weeks. Exercises 

for lower extremities included leg press (seated), leg extension and leg curl (seated). For upper 

extremities, bench press (chest), seated row and seated overhead press were performed. 

 Cardiorespiratory fitness was assessed as VO2-max using the Balke-protocol160. Tests were 

deemed successful if two of the following criteria were fulfilled: (1) personnel confirmed test as 

maximal, (2) Borg scale161 ≥17 or (3) respiratory exchange ratio ≥1.1. Exercise adherence to resistance 

training was monitored by coaches at the gym. For endurance exercise, data from heart rate monitors 

were used and if necessary, patient-reported exercise logbooks were assessed. 

Assessment of inflammatory markers 

Inflammatory cytokines were measured at baseline, immediately after the primary treatment (post-

treatment, approximately three month after baseline assessment) and after six months of exercise 
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(post-intervention) (Figure 4). Cytokines were chosen to represent both the pro- and anti-

inflammatory state as well as clinically relevant biomarkers and included IL-1β, IL-6, IL-8, IL-10, TNF-α, 

and CRP.  

 Another important consideration is the methodological assessment of cytokines. Evidence has 

shown that cytokine concentrations can markedly differ between methods and vendors162. A clear 

limitation for measurement accuracy of the study is presented in the multicentered design. Even with 

identical protocols for plasma collection, differences between inclusion-sites due to personnel, 

equipment and structures are likely. This difference is especially apparent in measurements of CRP, as 

methods with different detection limits were used to assess CRP in the individual hospitals (Uppsala 

(0.2 mg/L), Lund (0.6 mg/L), Linköping (5 mg/L). An attempt to compensate for these limitations is 

described under the statistical analyses part. In contrast, inflammatory markers of IL-1β, TNF-α, IL-6, 

IL-8, and IL-10 were assessed centralized, blinded and with high sensitivity in our laboratories.  

Blood sampling 

Plasma samples were isolated at the individual University Hospitals. Blood was collected in EDTA tubes 

and centrifuged within four hours at 2400g for 7 minutes. Isolated plasma was stored at -80°C until 

shipment to our laboratory. 

 Plasma samples were analyzed using the electrochemiluminescence technology of 

MesoScaleDiscovery (MSD, USA). For high accuracy and sensitivity, the V-plex pro-inflammatory panel 

1 was used with the same kit lot for all samples. Kit based detection limits were as follows: IL-1β (0.05 

pg/mL), TNF-α (0.04 pg/mL), IL-6 (0.06 pg/mL), IL-8 (0.07 pg/mL) and IL-10 (0.05 pg/mL). To increase 

sensitivity, the kit was used according to the manufacturer's alternate protocol 1 guidelines. In brief, 

pre-coated antibody plates were washed using an automated washer (Wellwash Versa, Thermo Fisher, 

USA) and loaded with pre-diluted plasma sample, control or standard. Plates were sealed and 

incubated overnight at 4°C while shaking. After another washing step, detection antibodies were 

added, plates sealed and incubated for 2h at room temperature while shaking. After the last washing 

step, read buffer was added and the plates analyzed on a MESO QuickPlex SQ 120. Samples were 

measured in duplicates to improve data quality. 

Statistical analyses 

Due to the sheer amount of data generated from 577 participants, a viable data management plan was 

crucial to conduct the analyses. Important considerations for a data management tool included the 

possibility to track data transformation steps, the ability to perform both visualizations as well as 

statistical analyses and accessibility. Therefore, the open-source program R (v.3.6.0) in combination 

with R-Studio (v.1.2.1335) were used for all data management steps and statistical analyses. 
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 The sample size of the Phys-Can study was calculated based on the primary outcome of cancer-

related fatigue156. For a clear understanding of applied statistical considerations and methods, this 

section is further separated into individual paragraphs for manuscript I and II. For critical analyses, the 

applied R packages including their version number are listed. 

Manuscript I 

For manuscript I, patients with breast cancer undergoing (neo-)adjuvant chemotherapy were included. 

The main outcome in manuscript I, relative dose intensity (RDI), was transformed into a dichotomized 

variable (≥85% and <85%) to allow for comparison with the literature. This cut-off has wide clinical 

application, as an RDI of ≥85% is associated with chemotherapy and treatment efficacy and in turn 

survival of patients with cancer43,45,46. However, a limitation of this approach includes among others 

the artificial split between e.g., a patient receiving 84% and a patient receiving 86% of their planned 

dose, even though the real difference might be minimal. The analysis was separated into two different 

approaches to analyze (1) the association between RDI and patient- and treatment-related factors 

(n = 267) and (2) the association between RDI and markers of inflammation (n = 172) (Table 3). 

 

Table 3: Overview of statistical models used to evaluate the association with relative dose intensity 
(manuscript I) 

Variables tested Applied statistical test Covariates 

Univariable 

Patient- and treatment-related 
variables 

Chi-square test of independence  

Wilcoxon-rank sum test  

- 

Inflammatory data Logistic regression - 

Multivariable 

Patient- and treatment-related 
variables 

Logistic regression Age 

BMI 

Chemotherapy dose 

Chemotherapy duration 

Inflammatory data Logistic regression Age 

BMI 

Chemotherapy dose 

Outcome for all tests: relative dose intensity; patient-related factors (age, BMI, body surface area (BSA), inclusion site, 
number of comorbidities); treatment-related factors (cancer stage, receptor status, G-CSF treatment, chemotherapy duration 
and chemotherapy dose); inflammatory data (IL-6, IL-8, IL-10 and TNF-α). 

 

 For the evaluation of a univariable association between RDI and patient-related factors (age, 

BMI, body surface area (BSA), inclusion site, number of comorbidities) as well as treatment-related 

factors (cancer stage, receptor status, G-CSF treatment, chemotherapy duration and chemotherapy 

dose), the chi-square test of independence was used. For the continuous variable, aerobic fitness 

(VO2max), the Wilcoxon rank-sum test was used. For multivariable analysis of the association between 
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baseline and treatment-related factors with RDI, logistic regression was used (generalized linear model 

with a binomial fit; package: stats, v.3.60). Here, age, BMI, chemotherapy dose and chemotherapy 

duration were included as covariates. The selection of covariates was made in coordination with 

medical personal included in the study before the analyses was performed. Further, covariates were 

selected based on previous research highlighting the importance for these variables in RDI 

prediction163. To improve model compliance, missing BMI data (7.5%) was substituted with the median 

BMI. 

 For the analyses of inflammatory data, 172 (64%) patients with available blood samples were 

included. Reasons for not obtaining a blood sample included the loss to follow up as blood samples 

were only analyzed when the baseline samples and one additional blood sample were available. This 

decision was based on the main analysis regarding the effect of exercise intensity on markers of 

inflammation presented in manuscript II. Further, only IL-6, IL-8, IL-10 and TNF-α were used, as around 

40% of both the CRP and the IL-1β measurements were missing (below the detection limit) at baseline. 

IL-1β is often found to be below the detection limit in both healthy and cancer populations164, whereas 

CRP was measured with different detection limits in the University Hospitals (for a detailed discussion 

please see the next section). A high level of missing data would make the predictive effect of 

inflammatory cytokines on RDI unreliable. Both univariable and multivariable analyses were based on 

logistic regression. Cytokine concentration was base 2 log-transformed to reduce the influence of right-

skewed data points while allowing for easy interpretation as the odds ratio (OR) increases/decreases 

for every doubling of the cytokine concentration. Extreme outliers were excluded if they possessed a 

residual standard deviation of fitted models (std. residual) larger than three. Univariable analyses of 

cytokines included RDI as the outcome and the log-transformed pre-chemotherapy cytokine 

concentration as the predictor. Multivariable analyses included the log-transformed cytokine data as 

well as categorical predictor variables age (<65 vs. ≥65 years), BMI (<25 vs. ≥25 kg/m2) and 

chemotherapy dose (high vs. low dose vs. Capecitabine-based) as covariates. 

For the association of cytokines and the type of adjustment, univariable logistic regression was 

used with the dichotomized outcome (adjustment-type vs. no adjustments) and the log-transformed 

cytokine concentration as the predictor. In order to compare participants with and without an available 

blood sample, chi-square test for independence (categorical variables) and Wilcoxon rank-sum test 

(continuous variables) were used. Again, for all analyses, R (v. 3.6.0) and RStudio (v. 1.2.1335) were 

utilized. Data are presented as OR with 95% confidence intervals. 
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Manuscript II 

For manuscript II, statistical analyses were separated into a full-approach including all available 

patients (intention-to-treat; n = 394), and a subgroup approach that included only breast cancer 

patients undergoing chemotherapy (subgroup; n = 154). The separation was performed to reduce 

noise introduced by cancer types and treatment lengths. Subgroup participants were chosen, because 

they represented the largest homogenous group included and because chemotherapy is known to 

markedly impact markers of inflammation37,41. An overview of the statistical models used for 

manuscript II is presented in Table 4. 

 

Table 4: Overview of statistical models used to evaluate the impact of exercise intensity on markers of 
inflammation (manuscript II) 

Approach Applied statistical test Fixed effects Covariates 

Intention-to-treat Linear mixed models Exercise intensity 

Timepoint 

Diagnosis 

Age 

BMI 

Study site 

Type of primary treatment 

Baseline value of each cytokine 

Breast cancer 
undergoing 
chemotherapy 
(subgroup) 

Linear mixed models Exercise intensity 

Timepoint 

Age 

BMI 

Study site 

Baseline value of each cytokine  

Outcome for all tests: markers of inflammation (IL-1β, TNF-α, IL-6, IL-8, IL-10, and CRP). Intention-to-treat: all available 
patients; Subgroup: patients with breast cancer undergoing chemotherapy; all tests were multivariable and included a 
random effect for participant; exercise intensity (high or low-to-moderate intensity); timepoint (baseline, following primary 
treatment, post-intervention). 

 

In order to investigate the effect of exercise training on markers of inflammation (IL-1β, TNF-

α, IL-6, IL-8, IL-10, and CRP), repeated measures of individuals were compared within the HI and LMI 

exercise group. For this, linear mixed models (LMM) were used (package: lme4, v.1.1-21) to investigate 

both the impact of covariates as well as multiple timepoints with high flexibility across repeated 

measures. For LMM, cytokine concentration was included as the outcome with group-allocation (HI vs. 

LMI) and timepoint (baseline vs. post-treatment vs. post-intervention) and their interaction as fixed 

effects. Covariates for the intention-to-treat approach included diagnosis, age, BMI, study site, type of 

primary treatment, and baseline value of each cytokine. Covariates for the subgroup model included 

age, BMI, study site, type of chemotherapy and baseline value. To account for individual variation 

(repeated measures), a random effect of participant was included. The study site (inclusion site of 

study participants) covariate was included to account for potential individual differences in plasma 

collection. All other covariates are known to influence inflammatory cytokine concentration. Even 

though diagnosis and type of treatment covariates describe overlapping information in some cases, 
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marked differences in e.g., radiotherapy and chemotherapy for breast cancer in treatment length and 

impact on inflammatory cytokines were anticipated. 

To improve model compliance, cytokine concentration was log-transformed. In continuation, 

model compliance was assessed by the normal distribution of model residuals and a pattern-less 

variance of residuals. Due to the transformation, estimated mean differences (EMD) with 95% 

confidence intervals (CI) are reported (package: emmeans v.1.42). EMD describe the relative difference 

with the LMI exercise group as reference. Here, EMD of 0.5 should be interpreted as a 50% lower 

relative value for the HI exercise group compared to LMI. 

Special consideration was given to the detection limit issue of CRP. As described in the 

methods section of manuscript II, detection limits between the hospitals varied substantially for CRP. 

Multiple approaches were compared to handle values below the detection limit, including multiple 

imputations, substitution and deletion. For both IL-1β (22.5% of censored data) and CRP (20% of 

censored data), the interpretation of the data did not change with either approach. As most of the 

censored data occurred in Linköping, both imputation and substitution resulted in values above the 

median of measures from Lund and Uppsala. Therefore, in order to keep false positive signals to a 

minimum, measures below the detection limit were treated as missing data. As this choice generates 

a limitation to data interpretation, we highlighted the issue within the methods section of 

manuscript II.  

For descriptive correlation statistics, cytokine data were log-transformed and differences 

between timepoints calculated followed by correlations using spearman´s rank order. To determine 

whether exercise adherence or blood sampling time differed between HI and LMI, the Wilcoxon ranked 

sum test was used. In order to investigate a potential difference in chemotherapy regimen between 

HI and LMI, the chi-square test of independence was used. 
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SHOR-TEST study – manuscript III 

Manuscript III is based on data from the SHOR-TEST trial, a small, randomized study conducted at the 

Center for Physical Activity Research (CFAS) between October 2018 and November 2019. Ethical 

approval was obtained from the local scientific ethics committee (H-18020711) and the trial was 

preregistered (ClinicalTrials.gov NCT03675529). SHOR-TEST entails a pilot study that investigated the 

effect of one bout of acute exercise on tumor hypoxia. Secondary aims included the impact of exercise 

on immune cells, which is the main outcome of manuscript III.  

Study design 

The study included 30 recently diagnosed patients with localized prostate cancer scheduled to undergo 

prostatectomy. Informed consent was collected, followed by baseline assessment and randomization. 

Randomization to either intervention or no-training control took place via a computer program in a 

10-block 2:1 scheme favoring the intervention group. Only the 20 patients performing exercise were 

included to monitor the impact of acute exercise on anti-cancer immune function and the role of 

inflammation (research aim III). The remaining 10 patients served as a no-training control for the main 

outcome of tumor hypoxia staining, which is not part of this thesis. 

Study participants 

Patients with histologically verified, localized prostate adenocarcinoma undergoing curative intended 

radical prostatectomy were included. Exclusion criteria were as follows: age <18 years, ECOG/WHO 

performance status >1, any other malignancy that requires active treatment, allergy to pimonidazole, 

current medication with beta-blockers, physical disabilities contradicting physical testing or exercise, 

and the inability to read and understand Danish. 

 Patients were recruited at Rigshospitalet, Copenhagen, Denmark. After doctoral referral, 

interested patients were contacted via phone and underwent an initial screening. Upon eligibility, 

patients were invited for a single visit including a baseline assessment and exercise training the day 

before their scheduled prostatectomy. The timing was chosen to optimize the pimonidazole staining 

of hypoxic tumor areas. 

Exercise intervention 

The exercise intervention was optimized so that eligible patients would only need to take part in one 

visit on the day before the scheduled prostatectomy. This also enables patients from outside the 

Copenhagen area to take part in the study as they would usually arrive one day before their 

prostatectomy at Rigshospitalet.  

 In order to combine a demanding exercise bout with a reproducible protocol, the intervention 

included a watt-max test and high-intensity intervals (Figure 5). The watt-max test was used both to 
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have a maximal exercise stimulus and to obtain a reproducible threshold for the interval training. After 

a warm-up period of three minutes at 70 watts, an incremental increase of 20 watts per minute until 

exhaustion was performed on a bicycle ergometer (Monark Ergomedic 839E Bicycle, Sweden). The 

watt-max test was followed by 10 minutes of light pedaling at 30% of watt-max and four one-minute 

intervals at 100% of watt-max. Each interval was followed by three minutes of light recovery pedaling 

at 30% of watt-max. Finally, the patients rested for 60 minutes. Watt-max and estimated VO2 peak 

were calculated as follows: 

 

Watt-max:  𝐿𝑎𝑠𝑡 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒𝑑 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 [𝑤𝑎𝑡𝑡] +
20 ∗ 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑢𝑛𝑓𝑖𝑛𝑖𝑠ℎ𝑒𝑑 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 [𝑠]

60𝑠
  

Estimated VO2 peak:  
10.8 ∗  𝑊𝑎𝑡𝑡-𝑀𝑎𝑥

𝑊𝑒𝑖𝑔ℎ𝑡 [𝑘𝑔]
+ 7 

 

 

Figure 5: Acute exercise study design. Abbreviations: T0 (baseline blood sample); T1 (post-Watt-Max blood sample); T2 (Post-
interval exercise blood sample) and T4 (Post rest blood sample).  

 

Immune cell regulation 

Blood samples were used to assess immune cell regulation during and after acute exercise (Figure 5). 

Samples were taken at baseline (T0), immediately after the watt-max test (T1), immediately after the 

last interval (T2), and after 60 minutes of rest (T3). Blood samples from each patient were anonymized 

regarding sample order with a study-specific ID to allow a blinded preparation, acquisition and analyses 

of samples. 

For absolute immune cell counts, blood samples were sent to the Department of Clinical 

Biochemistry at Rigshospitalet. Here, flow-cytometric assessment of leucocyte, lymphocyte, 

neutrophil and monocyte concentrations took place (based on forward and side scatter). To obtain a 

detailed phenotypic quantification of immune cell function, surface marker expression was analyzed 

via flow cytometry. As both NK and cytotoxic T cells are important players in the fight against cancer, 

surface staining was optimized for these two cell types with NK cells as the primary targets. In total, 



39 

three antibody panels were designed to assess a wide battery of activation, deactivation and internal 

markers of cytotoxicity (Table 5).  

Staining protocol 

Optimal staining of surface markers is one key aspect of flow cytometry. Therefore, antibody titrations 

were performed for all markers to obtain an optimal antibody dilution (Table 5). In addition, fresh 

samples were used for staining, as it was unknown how cryopreservation would affect some of the 

surface markers. Finally, an internal control sample (cryopreserved PBMCs) was included for each 

patient to ensure a reproducible staining pattern across markers known to be unaffected by 

cryopreservation. For staining of samples, isolated PBMCs were incubated with FC-block and live-dead 

staining followed by pre-made antibody cocktails to stain extracellular and then intracellular targets. 

To account for the day-to-day variation of antibody staining and machine performance, compensation 

was performed for each study day using beads. 

Acquisition and analyses of samples 

Stained cell samples were analyzed on a 5-Laser (355nm, 405nm, 488nm, 561nm, 640nm) LSRFortessa 

with FACSDiva software v.801 (BD Biosciences, USA) no later than 24 hours after staining. Maintenance 

of machines is covered by the Flowcytometry and Single Cell Analysis Core facility at the University of 

Copenhagen to ensure reproducible analyses of samples. 

For cell samples, all available material was acquired, and for compensation bead samples at 

least 20.000 events were collected. Sample and compensation analyses were performed in FlowJo 

v.10.6.1 (BD Biosciences, USA). For each panel, a specific staining compensation matrix was created 

using inbuild tools. Sample analyses took place according to the gating strategy presented in Figure 6 

for all samples. Minor adjustments were made if biological variation deemed it necessary. Subjective 

gating was minimized by sample order blinding. 
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 Table 5: Antibody overview for flow cytometry  

Name Fluoro-
chrome 

Clone Vendor Dilution Identification 

Human BD Fc 
Block™ 

- - BD 1:200 Blockage of unspecific 
binding 

Live-dead staining 
(Zombie Aqua) 

- - BioLegend 1:800 Dead cell marker 

Core staining (all panels)  

CD3 APC-H7 SK7 BD 1:80 All T cells 

CD8 BUV737 

FITC  

SK1 

HIT8α 

BD 

BD 

1:160 
1:20 

Cytotoxic T cells 

CD14 PE-Cy7 MφP9 BD 1:640 Monocytes 

CD16 BV421 3G8 BD 1:640 NK cells 

CD56 BV605 NCAM16.2 BD 1:320 NK cells 

Panel 1 

CD314 (NKG2D) AF488 #149810 R&D systems 1:80 NK/T cell activation165 

CD335 (Nkp46) BV711 9E2/Nkp46 BD 1:80 NK cell activation166 

CD336 (Nkp44) APC P44-8 BioLegend 1:80 NK cell activation166 

CD337 (Nkp30) BV786 p30-15 BD 1:160 NK cell activation166 

Panel 2 

CD96 BV711 6F9 BD 1:20 NK cell inhibition167 

CD159a (NKG2A) AF647 #131411 R&D systems 1:160 MHC recognition - 
inhibition167 

CD159c (NKG2C) PE #134591 R&D systems 1:20 MHC recognition - 
activation168 

TIGIT (VSTM3) PE A15153G BioLegend 1:40 NK cell inhibition167 

ADRB2 AF488 polyclonal Bioss Inc 1:50 Stress induced 
recruitment169 

Panel 3 

Granzyme B PE GB11 BD 1:80 Cytotoxic granules170 

Perforin BV711 dG9 BioLegend 1:40 Cytotoxic granules170 

CD57 PE-Cy5 NK-1 Abeomics 1:80 Maturation171 

CD226 (DNAM-1) BUV395 DX11 BD 1:120 NK cell activation167 
Abbreviations: cluster of differentiation (CD), Alexa Fluor (AF), Becton Dickinson Biosciences (BD), Major histocompatibility complex 
(MHC), Beta-2 adrenergic receptor (ADRB2) 
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Figure 6: Gating strategy for flow cytometric analyses of surface marker expression presented in manuscript III. (A) Control 
for clear and stable flow by checking signal stability over time, (B) lymphocyte population, (C) single cells, (D) live cells, (E) 
selection based on CD3 marker, (F) CD3 negative cells were further selected on CD14, (G) CD3 and CD14 negative cells were 
selected for CD56dim and CD56bright NK cells, (H) exemplary analysis of CD8 on CD56dim NK cells (I) CD3 positive cells (T cells) 
are further subdivided into CD8 T cells and NKT like cells, (J) exemplary analysis of NKG2D marker on NKT like cells. 
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Cytotoxicity assay towards cancer 

Immune cell function can be assessed by surface marker 

expression as presented before, but functional assays, such 

as the measurement of cytotoxicity, may be more applicable 

to evaluate immune cell function in a special context. 

Functional assays often capture immune cells as a whole 

organism whereas the phenotypic determination of surface 

markers may only present parts of the cell. In order to 

evaluate NK cell cytotoxicity, a killing assay of cancer cells was 

used. To limit both radioactive waste and exposure time from 

classic chromium-release assays, a viable alternative using 

non-radioactive calcein-acetoxymethyl (calcein-AM) was 

implemented. Calcein-AM presents a cell-permeable 

compound that is cleaved to calcein upon cell entry (Figure 7). 

Calcein exhibits a strong green fluorescence and can be 

measured in the supernatant with high accuracy using a plate 

reader similar to the classic chromium-release assay172. 

Cancer target cell lines 

For manuscript III, we chose to use three different target cancer cell lines to test NK cell cytotoxic 

activity (NKCA) – K562, LNCaP and PC-3. The leukemia cell line K562 represents an NK cell sensitive 

target with no MHC I complex expression and is widely used in cytotoxicity assays119. LNCaP and PC-3 

are prostate cancer cell lines and were thus included to estimate the immune response towards 

prostate cancer. The LNCaP cell line represents the majority of clinical prostate cancers 

(adenocarcinoma). LNCaP cells grow relatively slow (indolent behavior), express both androgen-

receptors (AR) and prostate-specific antigen (PSA) and are classified as androgen-dependent. In 

contrast, PC-3 cells represent a minority of clinical prostate cancers, which exhibit aggressive behavior, 

do not express AR or PSA, are androgen-independent, and exhibit characteristics of prostatic small cell 

carcinoma173. LNCaP and PC-3 were chosen to represent the spectrum of prostate cancer ranging from 

indolent (LNCaP) to aggressive (PC-3) behavior. Additionally, the cell lines were chosen according to 

NK cell sensitivity, as LNCaP (underexpression of MHC I complex) are sensitive towards NK-mediated 

killing, whereas PC-3 (MHC I complex present) cells are not174. The cell lines were obtained from the 

European collection of authenticated cell cultures. 

 

Figure 7: Calcein-AM permeable cell dye.  
Upon cell entry, calcein-AM is cleaved and 

exhibits strong green fluorescence. 
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 All cell lines were maintained in RPMI1640-GlutaMAX including 10% FBS (ThermoFisher). For 

LNCaP cell maintenance, 1mM sodium pyruvate (Sigma Aldrich) was added. Cells were split every other 

day and passage number did not exceed 30 (K562 and PC-3) or 35 (LNCaP). 

Cytotoxicity assay: assessment of NK cell cytotoxic activity (NKCA) 

The assay was described in detail by Neri and colleagues172. Throughout the assay, RPMI1640 media 

was used without the addition of FBS as it interferes with the signal measurement. Briefly, cancer cells 

were stained with calcein-AM, incubated with isolated PBMCs and the calcein concentration measured 

in the supernatant relative to a negative control (spontaneous calcein release) and a positive control 

(maximal calcein release). Optimal target cell number per well was defined in previous experiments. 

Here, cancer cells ranging from 500 to 50.000 were incubated with calcein-AM. The maximal range 

between positive and negative control signal determined optimal cell numbers. For each experiment, 

5.000 K562, 7.500 LNCaP and 15.000 PC-3 cells were used as target cells. Based on signal reads, NKCA 

and NKCA per NK cell were calculated as follows: 

 

𝑁𝐾𝐶𝐴 [%]:  
𝑠𝑎𝑚𝑝𝑙𝑒𝑠𝑖𝑔𝑛𝑎𝑙  −  𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑠𝑖𝑔𝑛𝑎𝑙  

𝑚𝑎𝑥𝑖𝑚𝑎𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑠𝑖𝑔𝑛𝑎𝑙  −  𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑠𝑖𝑔𝑛𝑎𝑙

∗ 100  

 

𝑁𝐾𝐶𝐴 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙:  
𝑇𝑎𝑟𝑔𝑒𝑡 𝑐𝑒𝑙𝑙𝑠𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 ∗

𝑁𝐾𝐶𝐴 [%]
100

𝑇𝑎𝑟𝑔𝑒𝑡 𝑐𝑒𝑙𝑙𝑠𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 ∗ 𝑅𝑎𝑡𝑖𝑜 ∗
𝑁𝐾𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑖𝑛 𝑃𝐵𝑀𝐶𝑠

100
 

 

 

Cytokine analysis 

For both IL-6, TNF-α and CRP measurements, blood was collected in EDTA coated tubes followed by 

plasma isolation via centrifugation at 1500*g and 4 °C for 10 minutes. Plasma phase was stored at 4 °C 

until long-term storage at -80 °C within 2 hours of isolation. IL-6 and TNF-α were measured via the pro-

inflammatory panel 1 from MSD as described earlier. CRP was measured using the V-Plex Human CRP 

kit from MSD. Briefly, diluted plasma samples were incubated with pre-coated 96-well plates for two 

hours at room temperature. Next, plates were washed and incubated with detection antibody solution 

for one hour at room temperature while shaking. Finally, plates were washed and read buffer added. 

Plates were assessed as described before. 
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Statistical analyses 

Similar to manuscript II, the statistical analyses of manuscript III are mainly based on linear mixed 

models (LMM). Here, the immune cell concentration (or marker expression) were included as outcome 

and timepoint as a fixed effect. Covariates included the baseline concentration (or expression level) 

and a random effect of participants was included to account for individual variation. For immune cell 

concentration (and marker expression), data were log-transformed to improve model compliance.  

For correlation bases statistics, Spearman correlation was used. Fold change statistics were based 

on the relative change from baseline samples. 
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Results and Discussion 

In the following paragraphs, selected results from the three included manuscripts are summarized and 

discussed with a view to the three research aims of the PhD thesis.  

The Phys-Can study presented a unique setting to investigate inflammation-related outcomes 

in a cancer setting. First, to investigate whether pre-treatment inflammation interferes with the 

completion rates of anti-cancer treatment (research aim I). Second, to monitor the inflammatory 

response both during and after anti-cancer treatment and to evaluate if the intensity of exercise 

matters, when used as a strategy to target treatment-related inflammation (research aim II).  

 In a smaller and more mechanistic approach in twenty patients with prostate cancer, we 

investigated the impact of acute exercise on the immune system, a potential driving force in exercise-

mediated anti-cancer immunity. We further examined the role of pre-exercise inflammation in the 

acute exercise response (research aim III). 

Inflammation and anti-cancer treatment 

Chemotherapy has substantially improved the survival of patients with cancer35,36. The efficacy of 

chemotherapy has been shown to depend largely on the RDI, which describes the ratio between 

planned and administered chemotherapy dose44,45,175,176. Large clinical trials have shown that receiving 

≥85% RDI improves overall and disease-free survival45,46,163. Consequently, multiple risk factors 

associated with a reduction in RDI have been identified, e.g., advanced age, chemotherapy type, 

chemotherapy duration, and the occurrence of dose-limiting side-effects163. Whether pre-treatment 

inflammation is associated with a reduction in RDI is currently unknown (research aim I).  

A brief summary of the results 

An association between low RDI, a chemotherapy duration of more than 20 weeks (OR: 34.56; 95% CI 

[7.90; 190.73]; p < 0.001) and the chemotherapy regimen including capecitabine (OR: 4.13 [0.93; 

17.56]; p = 0.054) was found in multivariable analyses of 267 patients with breast cancer undergoing 

chemotherapy. No difference was found for age, BMI, body surface area, comorbid conditions, cancer 

stage, receptor status or G-CSF treatment. For 172 patients with available blood samples, both 

univariable and multivariable analyses showed an association of low RDI with elevated pre-treatment 

levels of IL-8 (OR: 1.79 [1.07; 3.02]; p = 0.022) and TNF-α (OR: 3.09 [1.45; 7.81]; p = 0.007).  

Comparison to similar studies 

Inflammation has been linked to both disease stage26,27,29 and poor survival28–30 in patients with cancer. 

Furthermore, inflammation during chemotherapy has been associated with dose-limiting side-

effects37–42. The association between pre-chemotherapy markers of inflammation and the RDI of 
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chemotherapy has been investigated in one other study. Yuan and colleagues showed that pre-

chemotherapy biomarkers of aging, e.g., IL-6 and D-Dimer, but not CRP, were associated with low RDI 

in 159 patients with early-stage breast cancer undergoing chemotherapy177. This stands in contrast to 

the findings in our study, where no association between IL-6 and RDI was found, while CRP was not 

included. Even though both studies included patients with stage I-III breast cancer scheduled to 

undergo chemotherapy, differences in the study population could be observed. The participants 

included in our study were younger, fitter and less overweight which might contribute to the different 

outcome regarding IL-6 and could be explained by the selection bias of patients participating in a 

demanding six months exercise intervention. In addition, Yuan and colleagues observed more patients 

receiving <85% RDI (36 vs. 18 observations) and a larger IL-6 range compared to our study177.  

Inflammation and the tolerability of chemotherapy 

Dose-intense chemotherapy, either by shortening cycle intervals or the sequential delivery of 

regimens, has been shown to reduce cancer recurrence44. These today frequently used dose-intense 

treatment regimens are possible due to advances in the management of dose-limiting toxicities, e.g., 

by prophylactic G-CSF administration to lower neutropenia incidence44. Thus, chemotherapy-related 

toxicities determine the tolerability of chemotherapy while underlying causes still need to be 

identified. The cumulative inflammatory load acquired during chemotherapy might drive or support 

certain side-effects that are dose-limiting, for example, it has been shown that TNF-α blockade during 

chemotherapy leads to an improved chemotherapy dose-delivery by lowering fatigue symptoms in 

patients with advanced malignancies178. The critical concentration of an individual inflammatory 

marker required to elicit dose-limiting side-effects during chemotherapy has not been investigated. In 

patients with head and neck cancer, inflammatory markers predicted chemotherapy-related side-

effect severity179, supporting the idea of inflammation as a driver or at least biomarker of 

chemotherapy tolerability. Although our trial did not link inflammatory markers to specific side-effects 

during chemotherapy, pre-treatment inflammation was associated with a reduction in RDI, a potential 

surrogate marker of treatment tolerability (research aim I). A potential link between treatment 

tolerability and specific side-effects has been introduced in studies showing that chronic stimulation 

of immune cells by TNF-α signaling can lead to T cell exhaustion146, which subsequently may limit the 

response towards infections for patients. Indeed, we showed that the incidence of infections was 

higher in patients with <85% RDI (17% vs. 9%) and that elevated levels of pre-chemotherapy TNF-α 

were associated with infections. However, the association between low RDI and infections was derived 

by one (out of 10) observation and the infection type or severity was not graded, highlighting the 

explorative character. 
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Taken together, we hypothesize that inflammation is closely linked to the tolerability of 

chemotherapy (Figure 8). Elevated levels of inflammatory markers pre-chemotherapy result in a faster 

or more pronounced accumulation of inflammation during chemotherapy. Consequently, side-effect 

incidence and severity are increased, and dose-adjustments occur more frequently leading to a lower 

RDI and lower treatment efficacy.  

  

 

 

 

 

 

 

 

 

 

 

 

 

The proposed working model in Figure 8 implies two different approaches to target inflammation in 

anti-cancer treatment. First, to lower pre-chemotherapy inflammation and second, to limit the 

accumulation of inflammation during chemotherapy to tolerable levels. A long-standing hypothesis 

describes exercise as a potent strategy to lower the inflammatory burden for patients with cancer. 

Exercise as strategy to target treatment-related inflammation 

To date, most studies investigating the effect of exercise on inflammation have focused on cancer 

survivors, i.e., after completion of primary treatment66,67. Only a few studies with large methodological 

differences have investigated the impact of exercise on markers of inflammation during treatment in 

patients with breast cancer (Table 2). The effect of exercise intensity on markers of inflammation has 

not been formally addressed in patients with cancer. To this end, we compared the effect of HI versus 

LMI exercise on markers of inflammation both during and after anti-cancer treatment (research aim II). 

A brief summary of the results 

In total, blood samples were available for 394 patients with breast, prostate or colorectal cancer. We 

compared levels of inflammatory markers (IL-1β, IL-6, IL-8, IL-10, TNF-α and CRP) between HI and LMI 

 
Figure 8: Proposed working model of inflammation and chemotherapy tolerability. The 
cumulative inflammatory load (left Y-axis) increases with chemotherapy. Line A and B 
represent individuals receiving the same treatment. Line A depicts an elevated level of 
inflammation already pre-treatment compared to line B subsequently leading to dose-
adjustments. Tolerability (right Y-axis) describes the amount of inflammation that 
patients with cancer can tolerate before toxicities occur. 
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exercise immediately after treatment cessation and at the end of the intervention. In the analysis of 

all 394 patients (intention-to-treat analysis), IL-6, IL-8, IL-10, and TNF-α increased around 20-40% with 

anti-cancer treatment and returned to baseline levels in the period following treatment with no 

difference between HI and LMI exercise. In 154 patients with breast cancer undergoing chemotherapy, 

larger increases of around 30-100% were detected for IL-6, IL-8, IL-10, TNF-α and CRP with 

chemotherapy. Interestingly, but not statistically significant, the participants exercising at HI displayed 

a ‘lesser increase’ (see Figure 9) of TNF-α (-12%; p = 0.053), IL-10 (-23%; p = 0.161) and CRP (-41%; 

p = 0.101) during chemotherapy compared to participants exercising at LMI. In contrast, no difference 

was found for inflammatory markers between HI and LMI in the period after treatment cessation until 

the end of the intervention, which was approximately three months. Still, participants who exercised 

at LMI exhibited elevated levels of IL-8 (30%) and TNF-α (21%) post-intervention compared to baseline 

values. In conclusion, HI exercise seems to protect against an accumulation of the inflammatory load 

during chemotherapy in patients with breast cancer (Figure 9). 

 

 

Figure 9: The inflammatory response in patients with breast cancer undergoing chemotherapy (manuscript II). In patients 
with early-stage cancer the pre-treatment inflammatory load is relatively low but rises prominently with anti-cancer 
treatment followed by normalization in the period post-treatment. The inflammatory load during treatment might be less 
severe (‘lesser increase’) with HI exercise compared to LMI exercise. In continuation, HI exercise potentially results in faster 
clearance of the inflammatory load in the period post-treatment. 

 

Comparison to similar studies 

To our knowledge, manuscript II is the first report highlighting exercise intensity as a critical 

component in the control of treatment-related inflammation. In a recent attempt to unravel the 

importance of different exercise modalities, the OptiTrain study compared resistance exercise in 
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combination with high-intensity intervals (RT-HIIT) to a combination of moderate-intensity aerobic 

exercise and high-intensity intervals (AT-HIIT) and to the usual care63. The study showed that RT-HITT 

resulted in a significant difference of IL-6 and CD8a post-treatment compared to the usual care, while 

no difference was reported between the two exercise intervention groups for IL-6 or CD8a63, indicating 

a stepwise regulation from usual care to AT-HIIT to RT-HIIT. In line with our results, this shows a better 

inflammatory control with a combination of resistance and aerobic training at high intensity with no 

difference between different exercise modalities. In contrast, the OptiTrain study did not include CRP 

in their analyses and did not find an exercise-mediated regulation of TNF-α63. This difference may be 

explained by the minor observed differences in TNF-α, a larger sample size and a larger relative 

increase of inflammatory markers during treatment presented in our study. The more pronounced 

increase of inflammatory markers can be explained by the more frequent use of taxane-based 

chemotherapy regimens reported in our study.  

Inflammation during anti-cancer treatment: the good and the evil 

Traditionally, inflammation during cancer is considered as “the evil”, because chronic inflammation is 

known to both initiate and progress cancer. Furthermore, research has indirectly linked inflammatory 

cytokines to treatment-related side-effects, e.g., cancer-related fatigue64, decreased cognitive 

function38, neuropathy39 and a variety of other40,41. Chemotherapy-related side-effects occur 

frequently and may result in postponements of treatment and the accumulation of inflammation may 

even lead to failure of treatment42, highlighting the need for therapeutic approaches. Our data, 

described in manuscript II, support exercise as a strategy to lower treatment-related inflammation and 

show the importance of exercise-intensity in this regard. Importantly, inflammation during treatment 

still occurs but might accumulate to a lesser extent, potentially improving treatment-tolerability 

(Figure 8).  

Other strategies, such as cytokine receptor blockade, have also been shown to decrease 

treatment-related inflammation and subsequently lead to fewer toxicities, e.g., TNF receptor blockade 

lowered fatigue symptoms178 and IL-8 receptor blockade ameliorated neuropathy symptoms in rodent 

models180. Unfortunately, these approaches can entail the suppression of the immune system as 

inflammatory cytokines are key players in the immune response181,182. In continuation, research has 

shown the importance of the immune system for chemotherapy efficacy47,183. Several 

chemotherapeutic regimens, including paclitaxel, docetaxel and 5-Fluorouracil, which were frequently 

used in the Phys-Can study, have immune-stimulatory properties183. These regimens were found to 

selectively deplete tumor suppressor cells in rodent models184,185, which describes one line of immune-

escape mechanisms, developed by cancers. Further, some chemotherapeutic regimens elicit an 
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immunogenic cancer cell death47–49, allowing a T cell-mediated immune response to develop, which 

supports the anti-cancer immunity186.  

In summary, local inflammation as a response to chemotherapy might be necessary to break 

the immunosuppressive barrier of tumors and activate the immune system, potentially leading to an 

improved chemotherapy efficacy. In contrast, high systemic levels of inflammation may lead to 

treatment postponement or failure and should be targeted without impairing the immune system. 

Inflammation and exercise 

The sum of acute exercise bouts is believed to be a driving force behind the observed long-term 

benefits of exercise training in patients with cancer, following the principle “Every exercise bout 

matters”187. One key element of the exercise-mediated anti-cancer effect is a pronounced regulation 

of the immune system during acute exercise116,188. To investigate the impact of acute exercise on the 

immune system, we initiated a small trial in patients with prostate cancer. We further used the study 

to explore the influence of inflammatory markers on the immune system during the acute exercise 

response (research aim III). 

A brief summary of the results 

In total, 20 patients with prostate cancer, scheduled to 

undergo radical prostatectomy, performed one acute 

bout of exercise consisting of an all-out watt-max test 

followed by four high-intensity intervals. Blood samples 

taken after the watt-max test showed a rapid and strong 

increase of circulating CD8 T, NKT-like and NK cells. Here, 

a selective mobilization of mature and cytotoxic but 

potentially exhausted cell subsets occurred for CD8 T 

cells (CD57+, TIGIT+, granzyme B+), NKT-like cells (CD57+, 

TIGIT+, NKG2D+) and NK cells (CD56dim, CD57+, NKG2A-). During exercise, NK cell cytotoxic activity 

(NKCA) improved against the leukemia cell line K562 and the prostate cancer cell line LNCaP but not 

against the prostate cancer cell line PC-3 compared to baseline. The NKCA per NK-cell against both 

prostate cancer cell lines decreased during exercise and increased during the recovery period one-hour 

post-exercise. We further showed that elevated baseline inflammation negatively impacted NKCA. 

Furthermore, inflammatory markers correlated with lymphocyte, monocyte and T cell concentrations 

at baseline and inversely correlated with the mobilization of lymphocytes and CD8 T cells during the 

watt-max test.  

Box 6: Surface markers 

CD57 (marker of maturation status171) 

TIGIT (immune checkpoint molecule; 

inhibitory function167; involved in 

exhaustion and senescence143) 

NKG2D (recognition of target cells; 

activating function165) 

NKG2A (recognition of MHC complex; 

inhibitory function167) 

Granzyme B (part of cytotoxic 

granules to lyse target cells170) 
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Comparison to similar studies 

Although investigated frequently in healthy individuals, immune-related parameters are scarce in 

exercise trials including patients with prostate cancer and reports are usually confined to complete 

blood cell counts189. Recently, Hanson and colleagues investigated the impact of acute moderate-

intensity exercise on NK cell mobilization and function in patients with and without androgen 

deprivation therapy (ADT) compared to controls190. No difference in NK cell mobilization was found 

between the groups, but independent of exercise, patients with ADT exhibited higher interferon-γ 

(IFN-γ) and patients without ADT lower perforin expression190. Importantly, the study did not find a 

significant increase of the NK cell concentration with acute exercise in the individual groups and the 

cytotoxic function was only assessed using phenotypic markers and not cytotoxicity assays190, which 

markedly limits the conclusion of the study. Thus, studies including healthy individuals are used for 

comparison, where acute exercise has been shown to mobilize both T and NK cells to the circulation123 

similar to our observations. In addition, mobilized immune cells in our study exhibit a similar 

phenotype as seen previously in healthy individuals for CD8 T cells (CD57+)122,123 and NK cells (CD57+ 

NKG2A-)117. We were also able to show, for the first time, that mobilized T and NKT-like cells exhibit 

elevated TIGIT expression, an immune-checkpoint molecule involved in T cell senescence and 

exhaustion143. Previous reports in healthy individuals showed a more senescent phenotype of T cells 

during acute exercise122, supporting out findings. Furthermore, and for the first time in patients with 

prostate cancer, we demonstrated an improved NKCA with acute exercise against the leukemia cell 

line K562 and the prostate cancer cell line LNCaP, but not PC-3. These results are in line with an 

improved NKCA against K562 in healthy individuals following acute exercise119.  

Inflammation and immune function during acute exercise 

The NKCA against cancer cell lines is mainly determined by the amount of NK cells, but can be modified 

by certain conditions and cytokines, for instance, we have recently pointed to the importance of IL-6 

in NK cell recruitment during acute exercise155. Studies have shown that stimulation of NK cells with 

cytokines improves NKCA191 and both TNF-α and IFN-γ, produced by NK cells, have been shown to play 

a key role in the cytotoxic process192. Interestingly, serum taken during the recovery period after acute 

exercise in healthy individuals has been shown to improve NKCA118. Thus, acute and short-term 

(inflammatory) cytokine exposure has the potential to facilitate both mobilization and cytotoxicity of 

immune cells during acute exercise. In contrast, chronic exposure of inflammatory cytokines has been 

observed to result in immune cell exhaustion143, but whether chronic inflammation influences the 

acute exercise response is currently unknown.  
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In manuscript III, we present data suggesting that chronic inflammation negatively affects both 

immune cell mobilization and NKCA during acute exercise in patients with prostate cancer 

(research aim III) (Figure 10). The patients included in our study exhibited localized prostate cancer, 

which has not been found to increase systemic inflammation193. However, patients were scheduled to 

undergo radical prostatectomy on the following day after the acute exercise bout, potentially inducing 

stress and consequently altering baseline inflammatory data. Baseline inflammation (IL-6, CRP and 

TNF-α) correlated with the pre-exercise concentration of lymphocytes, monocytes and T cells. IL-6 and 

TNF-α have been shown to promote proliferation and survival of both T cells182,194 and monocytes195, 

supporting the observed elevated cell concentrations in our study. Consequently, an increased lifespan 

of T cells might lead to a more pronounced senescent or exhausted phenotype. To date, the specific 

role of inflammatory cytokines in T cell exhaustion is still largely unknown, but TNF-α has been 

proposed to promote exhaustion146,196, whereas IL-6 might be involved in avoiding exhaustion143. We 

did not find a correlation between markers of inflammation and cell exhaustion (TIGIT) or cell inhibition 

(NKG2A, CD96) of immune cells in our study. Other prominent markers of T and NK cell exhaustion 

such as PD-1, Tim-3 or IFN-γ production197 as well as prominent cytokines linked to exhaustion such as 

IL-10 and IFN-γ143 were not included but should be investigated in future studies.  

Furthermore, baseline IL-6 seemed to negatively impact the mobilization capacity (Figure 10), 

which describes the fold change increase from baseline, of both overall lymphocytes and CD8 T cells 

during the watt-max test. As T cell exhaustion entails functional impairments143, this might also entail 

less responsiveness during acute exercise, but due to the lack of comparable studies, this remains 

speculative. In continuation, T cells from the marginal pool of the vascular bed or other storage organs 

might already be mobilized to the circulation before the acute exercise session due to the chronic 

elevation of inflammatory cytokines. 

Finally, inflammatory cytokines inversely correlated with NKCA during exercise, which is likely 

due to a lower frequency of NK cells (Figure 10). Although the absolute NK cell concentration did not 

correlate with inflammatory markers, NK cell frequency in patients with available NKCA measures 

tended to inversely correlate with IL-6, CRP and TNF-α. As the NKCA assay did not rely on exercise 

serum, a direct influence of inflammatory cytokines on the cancer cells can be excluded. Of note, NKCA 

measures were not available for all patients, highlighting the exploratory character of this finding.  
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Figure 10: Inflammation and the immune system during acute exercise (manuscript III). Proposed working model of how inflammation may 
impair the steady-state condition and the acute exercise response of immune cells (lymphocytes). The accumulation of immune cells in the 
circulation promotes immune cell exhaustion due to constant activation by inflammatory markers and an increased lifespan. Less immune 
cells can be mobilized during acute exercise. Inflammatory cytokines also decrease NK cell frequency due to elevated T cell levels and in turn 
NK cell cytotoxic activity (NKCA). 
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Conclusion 

Following along the research aims of this thesis, we investigated the role of inflammation in both anti-

cancer treatment and the acute exercise response in patients with cancer. 

 Chronic inflammation has long been known as the root of evil in many diseases. Utilizing the 

unique settings of the Phys-Can study, we were able to show an association between pre-

chemotherapy inflammation and reductions in chemotherapy dose intensity. This highlights pre-

treatment inflammation as a potential new modifiable risk factor for chemotherapy completion 

(research aim I). Inflammation has been found to accumulate during chemotherapy and has been 

linked to chemotherapy-related side effects, resulting in dose delays and adjustment. Therefore, we 

hypothesize that inflammation is linked to the tolerability of chemotherapy and that elevated pre-

treatment inflammation may lower the tolerability or lead to a quicker accumulation of inflammation. 

In recent years, exercise has been proposed to lower the inflammatory burden in patients with cancer, 

but the optimal type, duration and intensity of exercise still needs to be defined. When confined to 

patients with breast cancer undergoing chemotherapy, we were able to show that high-intensity 

exercise resulted in a ‘lesser increase’ of CRP and TNF-α during treatment compared to low-to-

moderate intensity exercise. Hence, exercise-mediated inflammatory control might be intensity-

dependent (research aim II). One of the proposed foundations of the anti-cancer effect in exercise 

trials for patients is the repetition of acute exercise stimuli on the immune system. To this end, we 

show that acute exercise improves the immune function in patients with prostate cancer, which has 

previously only been shown in healthy individuals. Additionally, we could show that elevated pre-

exercise inflammation negatively impacts the observed exercise-mediated improvement in immune 

function (research aim III).  

 Taken together, data generated in this thesis highlight the negative impact of inflammation on 

anti-cancer treatment. We show that high-intensity exercise seems to represent a potential strategy 

to target treatment-related inflammation. However, the efficacy of exercise might be limited by 

elevated pre-exercise inflammation, as the data suggest a negative impact on the acute exercise 

response, highlighting the vicious cycle of chronic inflammation. 

  



55 

Perspectives and future directions 

Clinical relevance 

The importance of inflammation in the initiation and progression of diseases such as cancer has been 

shown thoroughly2,3, whereas the influence of inflammation on anti-cancer treatment efficacy is less 

documented. Here, we highlight pre-chemotherapy inflammation as a potential new modifiable risk 

factor for treatment efficacy. Other modifiable risk factors such as the occurrence of febrile 

neutropenia163 have led to the clinical success of prophylactic G-CSF treatment to improve 

chemotherapy efficacy and patient survival198. Inflammatory cytokines can easily be measured and 

may provide additional information on patients at risk for chemotherapy dose reductions. Although 

advances have been made in implementing cytokine receptor blockade to improve chemotherapy 

efficacy, e.g., for IL-8180 and TNF-α178, many chemotherapeutic agents rely on a functional immune 

system to increase efficacy47, which might be limited following a receptor blockade182. Therefore, 

strategies to limit rather than block inflammation to a tolerable level might entail a more efficient 

solution.  

Exercise has been proposed to lower the inflammatory burden in patients with cancer, but 

evidence of the effect of exercise on inflammation during treatment is lacking. Exercise as supportive 

care has been implemented in a variety of cancer settings with clinical benefits in fitness, fatigue, 

quality of life, and body weight52. We show that HI exercise describes a strategy to lower the overall 

accumulated inflammatory burden during chemotherapy for breast cancer. With the results presented 

herein, we expand the existing knowledge on the significance of exercise intensity for inflammatory 

control. Importantly, we also highlight the vicious cycle of inflammation by presenting data suggesting 

a negative impact of elevated pre-exercise inflammation on the acute exercise response in patients 

with cancer. Albeit the exploratory nature, these results indicate that already inflamed patients benefit 

to a lesser extent from the improved immune function during individual acute exercise sessions, which 

is possibly due to immune cell exhaustion. 

There is reason to believe that inflammation and inflammatory control play an important role 

in anti-cancer treatment efficacy. Ultimately, long-term outcomes such as survival and cancer 

recurrence will provide more definitive answers on the clinical relevance. 

Future directions 

Due to the exploratory nature of some of the generated data presented herein, open questions remain 

and need to be addressed in studies designed to investigate the role of inflammation in anti-cancer 

therapy. In order to establish pre-chemotherapy inflammation as a predictor of reduced RDI of 

chemotherapy, larger cross-sectional or retrospective studies need to be conducted. One example for 

this was presented by Shayne and colleagues, who identified both unmodifiable, e.g., advanced age 
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and modifiable, e.g., febrile neutropenia incidence as predictors of reduced RDI of chemotherapy in 

patients with early-stage breast cancer in a retrospective design163. Our data along with the report by 

Yuan and colleagues177 provide the hypothesis-generating work, on which future studies can build to 

identify pre-treatment inflammation as a risk factor for chemotherapy dose reductions. To determine 

the independent predictive effect of pre-treatment inflammation for low RDI of chemotherapy, 

multiple variables need to be considered, as also disease progression26,29, age199, obesity and physical 

inactivity200 are known to increase inflammation. To establish the definitive clinical relevance, studies 

investigating the link between pre-treatment inflammation and long-term outcomes, including data 

on survival, will need to be performed. The Phys-Can trial will collect follow-up data for up to 

10 years156, which will give us the unique opportunity to explore a potential link between pre-

treatment inflammation and long-term outcomes. Even though these results will be exploratory, they 

will provide important insights and lay the foundation for future studies. 

 Our results presented in manuscript II highlight HI exercise as a strategy to lower the 

accumulated inflammatory burden during chemotherapy for breast cancer. Differences in exercise 

modality have been determined as one limiting factor in order to conclude the effects of exercise on 

e.g., chemotherapy completion rates201 and NK cell activity during acute exercise119. Thus, studies 

comparing exercise modalities are needed. Together with results from the OptiTrain study, which 

showed the importance of resistance training in inflammatory control during chemotherapy63, our 

results provide another step in the direction to determine the optimal exercise modality to control 

inflammation in patients with cancer. To date, no evident pattern has emerged to identify which 

inflammatory cytokines that are modifiable by exercise training during anti-cancer treatment for 

breast cancer (Table 2). More randomized, controlled trials are warranted to investigate the underlying 

mechanisms. Future studies will also need to put these findings into clinical context to determine the 

impact on treatment-related side-effects and long-term outcomes for patients with cancer. 

 Another avenue of exercise as a supportive anti-cancer strategy is presented by the recent 

advances in chemotherapy-related immunogenic cancer cell death, which allows the recognition of 

dying cells by the immune system49. To date, the link between the immune system and acute exercise 

in patients undergoing chemotherapy is not well understood, but exercise might support cancer cell 

clearance by immune cell activation, redistribution and surveillance. While we show that patients with 

prostate cancer benefit from an improved immune function during acute exercise, these results must 

be confirmed in patients undergoing chemotherapy. We further point towards a unique and 

potentially detrimental relationship between chronic inflammation and the ability of acute exercise to 

improve anti-cancer immunity. This work may contribute to understanding why some patients benefit 

to a larger extent from the anti-cancer effect of exercise than others.  
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The function of individual cytokines in the acute exercise response and immune function 

during exercise is not well understood. To this end, we have initiated a study (NCT04616235) using the 

IL-6 receptor inhibitor Tocilizumab to define the role of IL-6 in the acute exercise response and NK cell 

activity.   
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ABSTRACT 

Background 

Chemotherapy efficacy is largely dependent on treatment compliance, defined by the relative dose 

intensity (RDI). Identification of modifiable risk factors associated with low RDI is a key aspect to 

improve chemotherapy delivery. To this end, we evaluated the association between RDI and a range 

of pre-chemotherapy factors, including patient-related and treatment-related characteristics and 

systemic inflammation in patients with early stage breast cancer. 

Patients and methods 

This exploratory analysis assessed data from 267 patients with early-stage breast cancer scheduled to 

undergo (neo-)adjuvant chemotherapy included in the Phys-Can trial. The study investigated the 

association between low RDI, defined as <85%, and patient-related (age, body mass index, co-morbid 

condition, body surface area) as well as treatment-related factors (cancer stage, receptor status, 

chemotherapy duration, chemotherapy dose, granulocyte colony stimulating factor). The analysis 

further included the association between RDI and pre-chemotherapy levels of interleukin (IL)-6, IL-8, 

IL-10 and Tumor Necrosis Factor-alpha (TNF-α) in 172 patients with available blood samples.  

Results 

An RDI of <85% occurred in 31 patients (12%). Univariable analysis revealed a significant association 

with chemotherapy duration above 20 weeks (p < 0.001), chemotherapy dose (p = 0.006), pre-

chemotherapy IL-8 (OR: 1.61; 95% CI [1.01; 2.58]; p = 0.040) and TNF-α (OR: 2.20 [1.17; 4.53]; 

p = 0.019). Multivariable analyses of inflammatory cytokines demonstrated a significant association 

with an RDI of <85% for IL-8 (OR: 1.79 [1.07; 3.02]; p = 0.022) and TNF-α (OR: 3.09 [1.45; 7.81]; 

p = 0.007). 

Conclusions 

This exploratory analysis highlights the association of pre-chemotherapy inflammation (IL-8 and TNF-α) 

with low RDI (<85%) of chemotherapy for breast cancer. Strategies to target pre-chemotherapy 

inflammation might improve chemotherapy completion rates. 

 

Clinical trial number: NCT02473003 

Keywords: Chemotherapy, relative dose intensity, Breast cancer, Tumor Necrosis Factor-alpha, 

Interleukin-8 
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INTRODUCTION 

Chemotherapy improves survival of patients with cancer substantially1, with reports showing that 

cancer-related mortality is reduced by one-third in patients with early-stage breast cancer2. 

Chemotherapy efficacy is determined by the timing of treatment initiation, time intervals between 

treatment cycles and the dose intensity3–5. A relative dose intensity (RDI), which describes the ratio 

between planned and received dose6, of ≥85% is associated with improved disease-free and overall 

survival6–8. Thus, high RDI is critical for optimal chemotherapy administration in the curative setting9, 

yet up to a quarter of patients with early-stage breast cancer receive <85% RDI10,11. Reports 

demonstrate that age (>65 years), body surface area (>2m2), comorbidities, chemotherapy type, and 

duration may predict low RDI8, while administration of granulocyte colony-stimulation factor (G-CSF) 

is associated with increased RDI8. To date, few modifiable risk factors have been identified limiting the 

potential of clinical action and supportive therapies. 

Inflammation is well known to negatively affect the cancer diagnosis, e.g., by increased cellular 

proliferation, tumor survival and promotion of metastasis12. Further, markers of inflammation in 

patients with breast cancer have been linked to disease stage13–15 and poor survival15–17. The effects of 

inflammation on RDI in patients with breast cancer have previously only been addressed in one study. 

Yuan and colleagues showed an association between pre-chemotherapy IL-6 but not C-reactive protein 

(CRP) and <85% RDI18, while other common inflammatory markers, including TNF-α, IL-8 and IL-10 have 

not previously been investigated in patients with breast cancer. 

 The primary aim of the present study was to investigate pre-chemotherapy factors associated 

with <85% RDI with specific focus on the level of pre-treatment systemic concentrations of 

inflammatory markers (IL-6, IL-8, IL-10 and TNF-α) in patients with early-stage breast cancer 

undergoing (neo-) adjuvant chemotherapy. Other relevant factors possibly related to RDI included age, 

BMI, fitness level, co-morbid conditions, chemotherapy dose, G-CSF treatment, and chemotherapy 

type and duration. As a secondary explorative aim, we investigated the associations between 

inflammatory markers and chemotherapy-related side-effects leading to treatment adjustment.  
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METHODS 

Participants 

For this study, we included data from participants enrolled in the Physical training and Cancer (Phys-

Can) study, a Swedish multicenter randomized trial19. Briefly, participants were randomized to six 

months of high (HI) or low-to-moderate intensity (LMI) exercise, with or without additional behavioral 

support during and after anti-cancer treatment (ClinicalTrials.gov: NCT02473003). Phys-Can was 

approved by the Swedish Ethical Review Authority (Dnr 2014/249). For this study, only pre-

intervention and treatment-related parameters will be utilized.  

Participants were included from Uppsala, Lund and Linköping University hospitals from March 

2015 to April 2018. Eligible participants were >18 years, literate in Swedish and recently diagnosed 

with curable breast (women only), prostate or colorectal cancer. For this study, only data from women 

with breast cancer receiving (neo-)adjuvant chemotherapy will be presented. Exclusion criteria: stage 

IIIb-IV cancer, inability to perform basic activities of daily living, cognitive disorders, severe psychiatric 

disease or other conditions that contraindicate exercise, ongoing treatment for another cancer, BMI 

<18.5 kg/m2 or pregnancy19. Participants gave written informed consent.  

 

Data collection and outcomes 

Information on chemotherapy (type, dose, start and end date), Body Surface Area (BSA) as well as 

reasons for dose adjustment and treatment-related toxicities was gathered from medical records. 

Most chemotherapy treatments consisted of six cycles totaling <20 weeks. Information on tumor stage 

and immunohistochemistry (estrogen receptor, progesterone receptor, and HER2/neu) was gathered 

from the Swedish national quality register for breast cancer. Chemotherapy dose was grouped into 

high (Docetaxel100 or F/EC100) and low dose (Docetaxel75-80 and F/EC75-80) or capecitabine-added 

chemotherapy. For patients with bilateral cancer (n = 7), cancer stage was determined by the more 

advanced diagnosis (n = 1) while in other cases variables were identical. Background data (age, co-

morbid conditions) were self-reported. Chemotherapy completion rates were calculated as mean RDI 

for the planned treatment20. Cardiorespiratory fitness was measured as maximal oxygen uptake 

(VO2max [mL/kg/min]) and assessed using a modified Balke-protocol21. 

For analysis of inflammatory markers, pre-chemotherapy blood was collected in EDTA-tubes 

and centrifuged at 2400g for seven minutes within four hours of collection followed by plasma 

isolation. Plasma was stored at -80 °C until shipment for analysis. Patients were asked not to perform 

any physical activity on the assessment day. Cytokines were measured in duplicate, blinded and 

centralized with the pro-inflammatory panel 1 kit (MesoScaleDiscovery) according to manufacturers´ 

guidelines. 
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Statistical Analyses 

The outcome (RDI), was dichotomized to <85% and ≥85%. For univariable analyses, the chi-square test 

of independence was used to evaluate whether distribution of categorical variables differed between 

RDI groups. For continuous variables, the Wilcoxon rank sum test was used. For multivariable analyses 

of odds-ratio (OR), logistic regression was used. Categorical predictors included age, BMI, 

chemotherapy dose and duration.  

For analyses of inflammatory markers, both univariable and multivariable logistic regression 

was used. Univariable analyses included the outcome (RDI) and the log-transformed (base 2) predictor 

(cytokine concentration). Transformation was performed to limit the influence of right skewed data. 

Outliers were defined as >3 residual standard deviation of fitted models (note: analysis included one 

non-extreme outlier in <85% RDI group with TNF-α of 44 pg/mL). The OR reported for inflammatory 

markers describes the relative increase/decrease with doubling of the biomarker concentration. 

Multivariable models included the log-transformed cytokine concentration and the categorical 

variables age (<65 vs. ≥65 years), BMI (<25 vs. ≥25 kg/m2) and chemotherapy dose (high vs. low dose 

vs. Capecitabine) as predictors.  

For the association between inflammatory markers and chemotherapy related side-effects, 

univariable logistic regression included the dichotomized outcome (adjustment-type vs. no 

adjustments) and the log-transformed cytokine concentration. To evaluate if categorical variables 

differed between participants with and without a blood sample, chi-square test for independence was 

used. For continuous variables, the Wilcoxon rank sum test was used. Missing data were handled as 

missing at random. To improve model estimates, missing BMI data (7.5%) was substituted by the 

median. For analyses, R (v. 3.6.0) and RStudio (v. 1.2.1335) were used. Data is presented as OR with 

95% confidence intervals
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RESULTS 

Patient characteristics 

In total, 276 patients with breast cancer 

undergoing (neo-) adjuvant chemotherapy were 

included in the Phys-Can trial between March 

2015 and April 2018. For this secondary analysis, 

267 patients were selected. Reasons for not 

selecting patients: experimental treatment 

(n = 6), inclusion in another study (n = 1), 

stopped treatment without reason (n = 1), and 

diagnosis of metastatic breast cancer (n = 1). 

Baseline characteristics and treatment-related 

outcomes of included patients are presented in 

Table 1. Most prevalent co-morbid conditions 

included allergies (19%), high blood pressure 

(14%), sleep problems (13%), and anxiety (8%). 

 In total, 104 patients (39%) experienced 

dose adjustments (Supplementary Table 1) and 

if the cause could not be specified, multiple side-

effects were listed. Most patients received a 

combination of sequential taxane-based 

(docetaxel/paclitaxel) and anthracycline-based 

(epirubicin, cyclophosphamide) regimens with 

or without 5-fluorouracil. 13 patients (5%) 

received capecitabine in addition to standard 

regimens. 87 patients (32%) started 

chemotherapy with taxane-based and 167 (63%) 

patients with anthracycline-based regimens. 

Regardless of cycle order, most chemotherapy 

adjustments were performed in the taxane-

based regimen (Supplementary Table 1). For 

patients receiving capecitabine, 10 out of 13 

(77%) patients experienced at least one dose-

reduction.  

 

 

Table 1: Patient and treatment-related factors  
of included participants 

n 267 

Age [mean (SD)] 53 (11) 

BMI [mean (SD)] 25 (5) 

VO2max [mean (SD)] 31 (7) 

BSA [mean (SD)] 1.8 (0.2) 

Chemotherapy duration in weeks 
[median (range)] 

18 (9-27) 

Site [n (%)] 

Uppsala 89 (33) 

Lund 133 (50) 

Linköping 45 (17) 

Number of co-morbid conditions [n (%)]* 

0  122 (46) 

1  71 (27) 

2  49 (18) 

3+  17 (6) 

Cancer stage [n (%)]* 

Stage I 111 (42) 

Stage II 120 (45) 

Stage III 16 (6) 

Receptor status [n (%)]* 

ER+ and/or PR+, HER2- 142 (53) 

HER2+ 64 (24) 

ER-, PR-, HER2- (triple negative) 36 (13) 

(Neo-) adjuvant setting [n (%)] 

Adjuvant 227 (85) 

Neoadjuvant 40 (15) 

Chemotherapy regimen [n (%)] 

F/E100C; Docetaxcel100 126 (47) 

F/E75C; Docetaxcel75-80 82 (31) 

F/E100C; Docetaxcel75-80 25 (9) 

Capecitabine added 13 (4) 

F/E100C; Paclitaxel 8 (3) 

F/E75C; Docetaxcel100 5 (2) 

F/E75C; Paclitaxel 5 (2) 

Other 3 (1) 

Abbreviations: BMI (body mass index), BSA (Body surface area), C 
(Cyclophosphamide), E (Epirubicin), ER (estrogen receptor), F (5-
fluorouracil), HER2 (human epidermal growth factor receptor 2), 
PR (progesterone receptor), VO2max (maximal oxygen 
consumption in mL/kg/min); *Missing data not depicted 
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Measures of inflammatory markers 

were available for 172 patients (64%). Reasons 

for not obtaining a sample included the loss to 

follow-up as for analysis of the main effect of 

exercise on inflammation22, blood samples were 

only analyzed for participants with baseline and 

one additional measure. Patients without 

available measures had a lower VO2max 

(p < 0.010) and differed in inclusion site 

(p < 0.001) and cancer stage (p = 0.048) while all 

other characteristics were similar (p > 0.050) to 

the analyzed group (Supplementary table 3).  

 

Factors associated with low RDI 

In total, 31 patients (12%) received an RDI of 

<85% (Table 2). A chemotherapy duration 

≥20 weeks (p <0.001) and chemotherapy dose 

(p = 0.006) were significantly associated with 

<85% RDI in univariable analysis. Borderline 

effects were evident for the inclusion site 

(p = 0.069) (Table 2). In a multivariable analysis, 

a chemotherapy duration above 20 weeks (OR: 

34.56; 95% CI: [7.9; 190.73]; p < 0.001) and a 

capecitabine addition (OR: 4.13 [0.93; 17.56]; 

p = 0.054) were associated with an RDI <85% 

(Figure 1). A sensitivity analysis including 

inclusion site did not change the results. 

Interestingly, infections (9% vs. 17%) and 

cardiovascular events (3% vs. 8%) occurred 

more frequently, whereas elevated liver values 

(9% vs. 2%) occurred less frequently in the <85% 

RDI group (Supplementary Table 2). 

 

 

Table 2: Univariable analyses of patient and 
treatment-related factors associated with RDI  

RDI ≥85% RDI <85% p-value 

n 236 31 
 

VO2max [mean (SD)] 31 (7) 31 (7) 0.848 

Age in years [n (%)] 0.983 

<65 195 (83) 25 (81) 
 

≥65 41 (17) 6 (19) 
 

BMI in kg/m2 [n (%)]* 1.000 

<25 124 (53) 16 (52)  

≥25 95 (40) 12 (39) 
 

Body surface area in m2 [n (%)] 0.634 

<2 216 (92) 27 (87) 
 

≥2 20 (8) 4 (13) 
 

Inclusion site [n (%)] 0.069 

Uppsala 75 (32) 14 (45) 
 

Lund 117 (49) 16 (52) 
 

Linköping 44 (19) 1 (3) 
 

Co-morbid conditions [n (%)]* 0.474 

0 105 (44) 17 (55) 
 

1 65 (28) 6 (19) 
 

2 45 (19) 4 (13) 
 

3+  14 (6) 3 (10) 
 

Cancer stage [n (%)]* 0.911 

Stage I 100 (42) 11 (35) 
 

Stage II 109 (46) 11 (35) 
 

Stage III 14 (6) 2 (6) 
 

Receptor status [n (%)]* 0.694 

ER+ and/or PR+, 
HER2- 

129 (55) 13 (42) 
 

HER2+ 57 (24) 7 (23) 
 

ER-, PR-, HER2-  31 (13) 5 (16) 
 

G-CSF treatment [n (%)]* 0.345 

Yes 211 (89) 26 (84) 
 

No 15 (6) 4 (13) 
 

Chemotherapy duration [n (%)] <0.001 

<20 weeks 230 (97) 24 (77) 
 

≥20 weeks 6 (3) 7 (23) 
 

Chemotherapy dose [n (%)]*,** 0.006 

Low dose 78 (33) 11 (35) 
 

High dose 149 (63) 15 (48) 
 

Capecitabine added 8 (3) 5 (16) 
 

Abbreviations: BMI (body mass index), ER (estrogen receptor), G-
CSF (granulocyte colony stimulating factor), HER2 (human 
epidermal growth factor receptor 2), PR (progesterone receptor), 
RDI (relative dose intensity), VO2max (maximal oxygen consump-
tion in mL/kg/min); *Missing data not depicted; **High dose = if 
one or both regimens contain either F/EC100 or Doc/Pac100. 
Method: chi-square test of independence for categorical variables; 
Wilcoxon rank sum test for continuous variables. 
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Figure 1: Multivariable logistic 
regression of patient and 
treatment-related factors 
associated with RDI (n = 267). 
Reference: low dose chemo-
therapy; chemotherapy duration 
of less than 20 weeks. OR of 1.5 
should be interpreted as 50% 
higher odds of having <85% RDI. 
Abbreviations: BMI (body mass 
index), CI (confidence interval), OR 
(odds ratio), RDI (Relative dose 
intensity). 

In total, 18 patients (11%) with available inflammatory data received an RDI of <85% (Figure 

2A-E). IL-8 (OR: 1.61 [1.01; 2.58]; p = 0.040) and TNF-α (OR: 2.2 [1.17; 4.53]; p = 0.019), but not IL-6 or 

IL-10 were associated with a reduction in RDI in univariable analyses (Figure 2F). For multivariable 

analyses adjusted for age, BMI, and chemotherapy dose, IL-8 (OR: 1.79 [1.07; 3.02]; p = 0.022) and 

TNF-α (OR: 3.09 [1.45; 7.81]; p = 0.007) were significantly associated with <85% RDI (Figure 2G). 

Additionally, inflammatory measures also included CRP (mean ± SD [pg/mL], ≥85%: 7.5 ± 25.4; <85%: 

7.7 ± 13) and IL-1β (≥85%: 0.08 ± 0.12; <85%: 0.06 ± 0.05), but around 40% of measures were below 

the detection limit and were therefore not included in the analysis. 

 

 

Figure 2: Markers of inflammation and association with RDI (n = 172). Inflammatory markers (A) IL-6, (B) IL-8, (C) IL-10 and (D) TNF-α for 
≥85% RDI (dark boxes) and <85% RDI (light boxes). Data-points outside the axis are not shown but are included in boxplot statistics. (E) 
Concentration of measured inflammatory cytokines. Results of (F) univariable and (G) multivariable logistic regression. OR are based on 
doubling of the predictor cytokine. Multivariable models are adjusted for age, BMI, chemotherapy dose. Of note: data of RDI <85% includes 
one non-extreme outlier for TNF-α (see methods section). Abbreviations: CI (confidence interval), IL (Interleukin), OR (odds ratio), RDI 
(relative dose intensity), SD (standard deviation), TNF (Tumor necrosis factor). 



 

78 

 

Inflammation and chemotherapy-related dose adjustments 

Exploratory analyses included the association of pre-chemotherapy inflammation and chemotherapy 

related side-effects leading to adjustments (Supplementary Table 4). Here, similar side-effects were 

combined, i.e. neurological (neuropathy, pain, hand-foot-syndrome) and gastroenterological (nausea, 

vomiting, diarrhea) symptoms. In brief, a doubling of pre-chemotherapy TNF-α was associated with 

infections (OR: 2.62; [1.24; 6.82]; p = 0.022), cardiovascular (OR: 2.42 [0.98; 6.66]; p = 0.041) and 

neurological (OR: 2.27 [1.08; 5.51]; p = 0.036) events. Notably, these associations were driven by a 

single data-point (non-extreme outlier; see methods section). For IL-6, a borderline association (OR: 

1.51 [0.94; 2.41]; p = 0.071) was observed with infections (Supplementary Table 4). 

 

DISCUSSION 

In this analysis of 267 patients with breast cancer undergoing (neo-) adjuvant chemotherapy, we 

investigated factors associated with reduced RDI of chemotherapy. Both a chemotherapy duration ≥20 

weeks and the chemotherapy regimen including capecitabine were associated with an RDI <85%. 

Furthermore, pre-chemotherapy levels of IL-8 and TNF-α were significantly associated with an RDI 

<85% in univariable and multivariable analyses. 

To our knowledge, this is the first report highlighting the association between pre-

chemotherapy IL-8 and TNF-α and a reduction in RDI in women with early-stage breast cancer. This 

data expands previous knowledge on modifiable risk factors for chemotherapy completion rates in this 

population.  

An RDI of ≥85% has been found to improve disease-free and overall survival6–8 and the 

identification of risk factors for reductions in RDI plays an important role in treatment administration. 

We did not find an association with baseline characteristics of patients, i.e. age, BMI, BSA, number of 

co-morbid conditions, and aerobic fitness. Here, statistical power or selection bias of fitter patients 

due to the nature of the exercise intervention are likely. Furthermore, we did not find an association 

of receptor status and cancer stage with low RDI or an association between G-CSF and improved RDI. 

In contrast, a planned chemotherapy duration above 20 weeks was significantly associated with low 

RDI in our study which is in accordance with previous research8. Further, capecitabine treatment was 

associated with low RDI in our analysis which is supported by findings in metastatic breast cancer, 

where capecitabine monotherapy frequently causes toxicities resulting in dose reductions23. 

Exercise concomitant to chemotherapy has been hypothesized to improve RDI24,25, but a 

recent systematic review found insufficient evidence to support this hypothesis due to methodological 

differences26. No difference was found for exercise intensity on RDI in the main analyses of the 
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Phys-Can trial27 and sensitivity analyses including exercise intensity data in this study did not reveal an 

association with low RDI (data not shown). 

As a novel part of the present study, we analyzed the influence of pre-chemotherapy 

inflammation on RDI in patients with available blood sample (n = 172). To our knowledge, only one 

prior study has described the association between pre-treatment inflammatory markers and RDI in 

patients with breast cancer. Yuan and colleagues reported that biological age, measured by IL-6 and 

the coagulation factor D-Dimer but not CRP was associated with <85%RDI in 159 patients with early-

stage breast cancer18. In contrast, IL-6 was not associated with RDI in our study, which is likely due to 

the selection bias of younger and fitter patients included in this study. As plasma IL-6 increases with 

both age28 and BMI29, a higher IL-6 range was reported by Yuan and colleagues18. In addition, more 

<85% RDI observations (n = 36 vs. n = 18 in our study) occurred. Further, Yuan and colleagues found 

that increased age and decreased physical functioning were associated with a reduced RDI18 while we 

found no association with age or fitness. Taken together, differences in the study population in 

combination with more <85% RDI observations might explain the observed difference for IL-6 

compared to this study. As CRP was censored in 40% of measures taken, we did not include CRP in the 

analysis.  

 In contrast, high level of pre-chemotherapy IL-8 was associated with <85% RDI in both 

univariable (OR: 1.61; p = 0.040) and multivariable (OR: 1.79; p = 0.022) analyses. In patients with 

metastatic prostate cancer, IL-8 has been shown to be associated with tumor load and post-relapse 

survival14 and pre-chemotherapy level of IL-8 has been found to be negatively associated with overall 

survival30. Taken together, IL-8 seems to increase with cancer severity and lowers the treatment 

response, hypothetically mediated by lower tolerability of chemotherapy. Another hypothesis entails 

an IL-8 mediated severity of chemotherapy-related side effects. Recently, IL-8 receptor inhibition has 

shown to reduce chemotherapy-induced neuropathy in rodent models31. However, no connection 

between IL-8 and any type of adjustments was found in our study but as the study did not use side-

effect grading (common toxicity criteria scale), this remains speculative.  

We further found that high systemic concentration of TNF-α was associated with low RDI in 

both univariable (OR: 2.20; p = 0.019) and multivariable (OR: 3.09; p = 0.007) analyses. TNF-α blockade 

has been found to decrease chemotherapy-related fatigue symptoms and subsequently to improve 

chemotherapy dose delivery in 12 patients with advanced malignancies32. Here, we found pre-

chemotherapy TNF-α to be associated with infections, gastroenterological and cardiovascular events 

but these observations were driven by one single patient exhibiting high TNF-α levels. Although the 

association between pre-chemotherapy inflammation and treatment-related side-effects remains 

speculative, there may be a mechanistic link of relevance to explore in future studies. 
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Finally, elevated inflammation, e.g. during obesity, has been found to cause ´immune cell 

exhaustion´33,34 and it has been well described that e.g. exhausted T cells exhibit loss of effector 

functions35. To this end, elevated and chronic exposure to TNF has been linked to T cell dysfuntion36 

while tumor secreted IL-8 was found to impair natural killer cell function in vitro37. Although 

exploratory, patients with <85% RDI exhibited more infections leading to dose adjustments in this 

study (17% vs. 9%), potentially driven by immune cell exhaustion. 

The findings of the present study could have clinical implications in helping to understand why 

some patients experience chemotherapy dose reductions. Systemic levels of inflammatory markers 

are easy and fast to measure and may provide additional information to known risk factors for 

oncologists to identify patients at risk. If pre-treatment inflammation is linked to specific toxicities, 

early signs can be recognized and managed without the need of chemotherapy dose reductions. 

Although cytokine receptor blockade has the potential to lower the inflammatory burden, some 

chemotherapeutic agents rely on the immune system38 which might be impaired following a receptor 

blockade39. Alternatively, we have recently shown that high intensity exercise potentially decreases 

the accumulation of inflammatory markers during ongoing treatment22. Finally, if inflammation can be 

controlled to a tolerable extent for patients, dose-intense regimens could be used more frequently 

potentially leading to improved long-term outcomes for patients with cancer. 

In conclusion, the present study shows that elevated pre-chemotherapy levels of IL-8 and 

TNF-α were associated with low RDI implying that pre-treatment systemic inflammation may impair 

chemotherapy tolerability. Previous research has linked both IL-8 and TNF-α to chemotherapy-related 

side-effects. Future studies should investigate the intriguing link between pre-chemotherapy 

inflammation and side-effect severity or immune cell exhaustion during treatment. Further, strategies 

to target pre-chemotherapy inflammation may potentially increase chemotherapy completion rates. 
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Supplementary Table 1: Overview of chemotherapy dose adjustments 

Adjustments [n] 104 

Adjustment type [n (%)] 

Myelosuppression 44 (29) 

Infection 18 (12) 

Neuropathy 12 (8) 

Pain 11 (7) 

Liver related 10 (7) 

Hand-foot-syndrome 7 (5) 

Cardiovascular 7 (5) 

Nausea/vomiting 6 (4) 

Diarrhea 6 (4) 

Others* 20 (13) 

Missing 10 (7) 

Adjustments first regimen 

Capecitabine added 7 (32) 

Taxane based 9 (41) 

F/EC 6 (27) 

Adjustments second regimen 

Taxane based 57 (93) 

F/EC 4 (7) 

Adjustments both regimens 

Capecitabine added 3 (16) 

Taxane based + F/EC 5 (26) 

F/EC + Taxane based 11 (58) 

Abbreviations: F/EC (5-fluorouracil or Epirubicin and 
Cyclophosphamide); *Includes (n): Skin rash (6); Fatigue 
(4); Mucosal reaction (4); Allergic reaction (2); Stress (2); 
Thrombosis (1); Renal dysfunction (1) 

 

 

Supplementary Table 2: Adjustments in dichotomized RDI groups 
 

RDI ≥85% RDI <85% 

Adjustments 74 30 

Adjustment type [n (%)] 

Myelosuppression 30 (31) 14 (26) 

Infection 9 (9) 9 (17) 

Liver related 9 (9) 1 (2) 

Neuropathy 8 (8) 4 (8) 

Pain 7 (7) 4 (8) 

Hand-foot-syndrome 5 (5) 2 (4) 

Nausea/vomiting 4 (4) 2 (4) 

Diarrhea 4 (4) 2 (4) 

Cardiovascular 3 (3) 4 (8) 

Other* 12 (12) 8 (15) 

missing 7 (7) 3 (6) 

Abbreviations: RDI (relative dose intensity); *Observation 
n ≤ 4; Includes: Skin ash; Fatigue; Mucosal reaction; Allergic 
reaction; Stress; Thrombosis; Renal dysfunction  
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Supplementary Table 3: Patients with and without available blood sample 

Blood sample Yes No 

n 172 95 

Age [mean (SD)] 52 (10) 53 (12) 

BMI [mean (SD)] 25 (5) 25 (4) 

VO2max [mean (SD)] 32 (7) 29 (7) 

BSA [mean (SD)] 1.8 (0.2) 1.8 (0.2) 

Chemotherapy duration in 
weeks [median (range)] 

18 (9-27) 18 (9-24) 

Site [n (%)] 

Uppsala 72 (42) 17 (18) 

Lund 63 (37) 70 (74) 

Linköping 37 (22) 8 (8) 

Number pf co-morbid conditions [n (%)]* 

0  82 (48) 40 (42) 

1  44 (26) 27 (28) 

2  28 (16) 21 (22) 

3+  13 (8) 4 (4) 

Cancer stage [n (%)]* 

Stage I 74 (43) 37 (39) 

Stage II 82 (48) 38 (40) 

Stage III 6 (3) 10 (11) 

Receptor status [n (%)]* 

ER+ and/or PR+, HER2- 96 (56) 46 (48) 

HER2+ 43 (25) 21 (22) 

Triple negative 18 (10) 18 (19) 

(Neo-)adjuvant setting [n (%)] 

Adjuvant 151 (88) 76 (80) 

Neoadjuvant 21 (12) 19 (20) 

Chemotherapy regimen [n (%)] 

Capecitabine added 10 (6) 2 (2) 

E100C; Docetaxcel100 72 (42) 54 (57) 

E100C; Docetaxcel75-80 16 (9) 9 (9) 

E100C; Paclitaxel 3 (2) 5 (5) 

E75C; Docetaxcel100 3 (2) 2 (2) 

E75C; Docetaxcel75-80 62 (36) 20 (21) 

E75C; Paclitaxel 3 (2) 2 (2) 

Other 3 (2) 1 (1) 

RDI [n (%)]   

≥85% 154 (90) 82 (86) 

<85% 18 (10) 13 (14) 

Abbreviations: BMI (body mass index), BSA (Body surface area), 
C (Cyclophosphamide), E (Epirubicin), ER (estrogen receptor), 
F (5-fluorouracil), HER2 (human epidermal growth factor receptor 
2), PR (progesterone receptor), VO2max (maximal oxygen 
consumption in mL/kg/min); *Missing data not depicted 
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Supplementary table 4: Overview of inflammatory cytokines by specific reasons of adjustments 

 
mean (SD) IL-6 IL-8 IL-10 TNF-alpha  

n [%] IL-6 IL-8 IL-10 TNF-alpha OR (95% CI) 1 p-value OR (95% CI) 1 p-value OR (95% CI) 1 p-value OR (95% CI)1 p-value 

Ref. (no adjustments) 113 0.84 (2.76) 3.72 (7.62) 0.28 (0.22) 2.22 (1.09) ref ref ref ref ref ref ref ref 

Chemotherapy related side-effects leading to dose adjustments2 

Myelosuppression 27 (36) 0.63 (0.56) 3.98 (3.86) 0.38 (0.55) 3.62 (8.09) 1.1 (0.76-1.56) 0.599 1.22 (0.75-1.94) 0.400 1 (0.65-1.51) 0.994 1.33 (0.72-2.41) 0.338 

Neurological 19 (26) 0.49 (0.38) 3.43 (3.48) 0.4 (0.65) 2.56 (1.55) 0.87 (0.53-1.33) 0.555 0.94 (0.49-1.62) 0.837 0.88 (0.53-1.42) 0.621 1.63 (0.73-3.57) 0.224 

Infection 10 (14) 0.94 (0.73) 3.13 (1.49) 0.44 (0.36) 6.69 (13.13) 1.51 (0.94-2.41) 0.071 1.01 (0.43-2.02) 0.972 1.71 (0.88-3.36) 0.112 2.62 (1.24-6.82)* 0.022 

Gastroenterological 9 (12) 0.85 (0.81) 4.75 (4.7) 0.38 (0.28) 7.03 (13.9) 1.33 (0.78-2.12) 0.237 1.49 (0.73-2.85) 0.217 1.4 (0.68-2.87) 0.351 2.27 (1.08-5.51)* 0.036 

Liver related 5 (7) 0.53 (0.48) 5.32 (6.4) 0.25 (0.17) 2.04 (1.23) 0.91 (0.36-1.78) 0.819 1.45 (0.55-3.04) 0.353 0.84 (0.3-2.23) 0.739 0.63 (0.11-2.88) 0.581 

Cardiovascular 4 (5) 1.02 (1.21) 3.03 (1.01) 0.36 (0.42) 12.28 (21.15) 1.3 (0.58-2.33) 0.436 1.11 (0.29-2.7) 0.854 0.8 (0.28-2.26) 0.674 2.42 (0.98-6.66)* 0.041 
1OR are based on log2 transformed predictors. OR change for every doubling of the predictor cytokine. *includes one non-extreme outlier (std. residuals <3) driving the effect (see methods section). 2adjustments with 
n<4 not shown: missing (3); fatigue (3); allergic reaction (2); stress (2); skin rash (2); mucosal reaction (1); thrombosis (1). Neurological adjustments include pain, neuropathy and hand-foot-syndrome; Gastroenterological 
adjustments include Nausea, vomiting, diarrhea. Abbreviations: CI (confidence interval), IL (interleukin), OR (odds ratio), SD (standard deviation), TNF (tumor necrosis factor), Ref/ref (reference) 
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ABSTRACT 

Exercise training has been hypothesized to lower the inflammatory burden for patients with cancer, 

but the role of exercise intensity is unknown. To this end, we compared the effects of high-intensity 

(HI) and low-to-moderate intensity (LMI) exercise on markers of inflammation in patients with curable 

breast, prostate and colorectal cancer undergoing primary adjuvant cancer treatment in a secondary 

analysis of the Phys-Can randomized trial (NCT02473003). Sub-group analyses focused on patients with 

breast cancer undergoing chemotherapy. Patients performed six months of combined aerobic and 

resistance exercise on either HI or LMI during and after primary adjuvant cancer treatment. Plasma 

taken at baseline, immediately post-treatment and post-intervention was analyzed for levels of 

interleukin (IL)-1β, IL-6, IL-8, IL-10, Tumor-Necrosis factor (TNF)-α and C-reactive protein (CRP). 

Intention-to-treat analyses of 394 participants revealed no significant between-group differences. 

Regardless of exercise intensity, significant increases of IL-6, IL-8, IL-10 and TNF-α post-treatment 

followed by significant declines, except for IL-8, until post-intervention were observed with no 

difference for CRP or IL-1β. Subgroup analyses of 154 patients with breast cancer undergoing 

chemotherapy revealed that CRP (Estimated Mean Difference (95% CI): 0.59 (0.33; 1.06); p = 0.101) 

and TNF-α (EMD (95% CI): 0.88 (0.77; 1) ; p = 0.053) increased less with HI exercise post-treatment 

compared to LMI. Exploratory cytokine co-regulation analysis revealed no difference between the 

groups. In patients with breast cancer undergoing chemotherapy, HI exercise resulted in a lesser 

increase of CRP and TNF-α immediately post-treatment compared to LMI, potentially protecting 

against chemotherapy related inflammation.  
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INTRODUCTION 

Inflammation comprises a host-mediated defense against external or internal stimuli, which is vital to 

heal tissue injury and combat pathogenic influence during health and disease. Inflammatory processes 

are subject to tight autonomic regulation (Coussens and Werb, 2002; Wallach et al., 2014) where 

dysregulation can result in chronic low-grade inflammation, a known risk for the development and 

progression of cancer (Coussens and Werb, 2002). In the oncology setting, inflammatory 

dysregulation can present both a cause of cancer, as well as an outcome following cancer (Balkwill and 

Mantovani, 2001). Inflammation may further promote carcinogenesis (Coussens and Werb, 2002) 

leading to poor clinical outcomes, i.e. elevated circulating levels of CRP are associated with poor 

survival in breast cancer (Pierce et al., 2009). 

Physical exercise training has gained considerable attention as a strategy to combat especially 

low-grade inflammation, i.e. by reduction of visceral fat (Gleeson et al., 2011). In healthy individuals, 

acute exercise elicits anti-inflammatory effects with rapid and marked increases in systemic levels of 

IL-6 as well as an upregulation of anti-inflammatory cytokines such as IL-1ra and IL-10 (Petersen and 

Pedersen, 2005). Unlike in the setting of pro-inflammatory sepsis IL-6 is not preceded by IL-1 and TNF-α 

spikes (Petersen and Pedersen, 2005). Accordingly, it has been a long-standing hypothesis that exercise 

training is a non-pharmacological strategy to affect inflammation in patients with cancer 

(Hojman, 2017; Christensen et al., 2018). Interestingly, a delicate balance exists between pro- and anti-

inflammatory pathways in the combat of cancer. The importance of inflammation during anti-cancer 

treatment depends widely on the treatment itself, e.g. chemotherapy-induced inflammation has been 

found to potentially augment anti-tumor immunity (Grivennikov et al., 2010). In contrast, systemic or 

long-term inflammation may lead to toxicities (Roxburgh and McMillan, 2014) or disease recurrence 

(Pierce et al., 2009). 

Given this dual and complicated relationship, it is not surprising that the role for exercise 

training to modulate systemic inflammation is ambiguous in the oncology setting. A recent meta-

analysis showed a reduction of resting levels of CRP and TNF-α levels with exercise training in cancer 

survivors (Khosravi et al., 2019). In contrast, only a few reports, and with large methodological 

differences, have documented the impact of exercise during treatment, with either no effect(van 

Vulpen et al., 2018) or sporadic amelioration of single markers, e.g. INF-ƴ (Kleckner et al., 2019), IL-6 

(Schmidt et al., 2016) or IL-6 and CD8a (Hiensch et al., 2020). Additionally, improvement in ‘cytokine 

co-regulation’, i.e. the capacity to elicit an anti-inflammatory response to inflammatory stimuli 

(Schindler et al., 1990; Alexandrakis et al., 2013), was recently proposed in patients with breast cancer 

undergoing chemotherapy (Kleckner et al., 2019). 
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Thus, it remains equivocal if exercise training can effectively modulate the systemic 

inflammatory profile during and after cancer treatment, and if so, which exercise intensity is most 

effective, as few studies have made direct comparisons of different exercise regimens. To gain further 

insight into this complex exercise-dependent (co-)regulation of inflammatory markers, we here 

present data from the ‘Physical Training and Cancer’ (Phys-Can) trial (Berntsen et al., 2017), including 

577 patients with breast, prostate, or colorectal cancer randomized to six month of either high 

intensity (HI) or low-to-moderate (LMI) exercise.  

The primary objective was to compare the effect of exercise intensity (HI vs. LMI) on changes 

in single pro- and anti-inflammatory markers, both during and after primary (neo-)adjuvant cancer 

treatment. We investigated these in the full study cohort with available data of 394 patients with 

breast, prostate, or colorectal cancer. Secondary objectives comprised identical analyses in a selected, 

more homogenous, subgroup including 154 women undergoing (neo-)adjuvant chemotherapy for 

breast cancer as well as the possible co-regulation of cytokines. 
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METHODS 

Study design 

The presented study is a secondary analysis based on the Swedish ‘Physical Training and Cancer’ (Phys-

Can) randomized trial (ClinicalTrials.gov NCT02473003) with a 2x2 factorial design (Berntsen et al., 

2017). Ethical approval was obtained from the Swedish Ethical Review Authority (Dnr 2014/249). In 

brief, patients diagnosed with breast, colorectal or prostate cancer were randomized to one of four 

intervention groups: individually tailored HI or LMI exercise, with or without additional behavioral 

support. A web-based portal generated the random allocation sequence (1:1:1:1) with concealment 

from all research staff until baseline assessment was performed and randomly assigned participants 

to an intervention group using an 8-patient (per diagnosis and site) permuted block design. The present 

study investigated only the difference in intensity (HI vs. LMI), since no effect of the behavioral support 

on exercise adherence was observed (Mazzoni et al., 2020). 

 

Study participants 

Participants were recruited and enrolled at Uppsala, Lund/Malmö and Linköping University hospitals 

between March 2015 and April 2018 after signing informed consent. Inclusion criteria: ≥ 18 years old; 

understand and speak Swedish; recent diagnosis of curable breast, prostate or colorectal cancer with 

the following treatments: breast cancer ((neo-)adjuvant chemotherapy and/or radiotherapy and/or 

adjuvant endocrine therapy), prostate cancer (radiotherapy with curative intent with/without (neo-

)adjuvant endocrine therapy), colorectal cancer (adjuvant chemotherapy, neoadjuvant radiotherapy). 

Exclusion criteria: stage IIIb-IV breast cancer; unable to perform basic activities of daily living; cognitive 

disorders; psychiatric diseases; disabling conditions which contradict physical exercise; treatment for 

additional cancer; BMI ≤18.5 kg/m2 or pregnancy (Berntsen et al., 2017).  

 

Intervention arms 

The intervention consisted of combined endurance and resistance exercise. For endurance exercise 

(home-based), the HI group performed twice-weekly interval sessions with a progressive two-minute 

interval two-minute active rest scheme (start 5; maximal 10 intervals) at 80-90% of HRR (running, 

cycling, walking up-hill). In total, the HI group progressed from initially 40 weekly minutes to 80 weekly 

minutes of exercise. The LMI group performed 150 weekly minutes in bouts of at least 10 minutes at 

40-50% of HRR (walking, cycling). For resistance training (supervised), the HI group performed 

3 x 6 repetition maximum (RM) sets with two minutes rest between sets (first weekly session) and 

3 x 10 RM sets (one-minute rest, second weekly session). The LMI group performed 3 x 12 repetitions 
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at 50% of 6 RM (two-minute rest, first weekly session) and 3 x 20 repetitions at 50% of 10 RM (one-

minute rest, second weekly session). Exercises included seated leg press, chest press, leg extension, 

seated row, seated leg curl, and seated overhead press using dumbbells. Detailed description of 

exercise modalities and tailoring are published previously (Berntsen et al., 2017). 

 

Blood sampling and cytokine analysis 

Plasma samples were obtained at baseline (T0), after the end of primary treatment (post-treatment; 

T1) and post-intervention (T2) (Figure 1) by project staff. Participants were asked not to engage in 

physical activity on the sampling day. The original list of inflammatory markers (IL-1β, IL-6, IL-8, TNF-α, 

CRP)(Berntsen et al., 2017) did not include IL-10, which is stimulated by IL-6 (Petersen and Pedersen, 

2005) and was subsequently included as a marker of anti-inflammatory processes. For CRP, blood was 

collected in gel separating tubes, centrifuged at 2400g for 7 minutes within 4 hours of sampling, stored 

at 2-8 °C and analyzed within 24 hours at the individual hospital. For cytokines, blood was collected in 

EDTA-tubes, centrifuged at 2400g for 7 minutes within 4 hours of sampling and plasma was stored at 

-80 °C. Cytokines (IL-1β, IL-6, IL-8, IL-10 and TNF-α) were analyzed via the V-PLEX pro-inflammatory 

panel 1 (human) kit by MesoScaleDiscovery (MSD) according to the manufactures' guidelines. Analyses 

were performed centralized, blinded and with the same kit-lot on a MSD-reader platform (Discovery 

Workbench software v4.0.12) to obtain cytokine mean concentration for each duplicate measure. 

Inter-plate statistics of standard-dilutions revealed a CV <20% for all cytokines except TNF-α at the 

lowest dilution with a CV of 27%. 

 
Figure 1: Study design & statistical approach. (A) Overview of sampling timepoints and randomization process during the 
original Phys-Can intervention. (B) Overview of the two statistical approaches including sample allocation. Due to differences 
in data acquisition, cytokine and CRP measures are displayed separately. Abbreviations: HI: high intensity, LMI: low-to-
moderate intensity, BCS: behavioral support component 
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Statistical Analyses 

Figure 1B shows included participants in the two analyses. The trial sample size, n = 150 per group, 

was determined by the primary outcome cancer-related fatigue (Berntsen et al., 2017). Analyses were 

performed using a linear mixed model with outcomes (cytokine) as dependent variable, group 

allocation (HI, LMI) and timepoint with their interaction as fixed effects. Covariates included diagnosis, 

age, body mass index (BMI), study site, type of primary adjuvant treatment, and baseline value of each 

cytokine as fixed effects with a random effect of participant to account for individual variation. For 

subgroup analysis, covariates included age, BMI, study site, type of chemotherapy, and baseline value 

as fixed effects. Cytokine concentrations were log-transformed to improve model compliance and 

back-transformed estimated mean differences (EMD) are reported and should be interpreted as 

follows: an EMD of 0.9 corresponds to a relative change of -10%. For cytokine co-regulation, 

concentrations were log-transformed, differences (T0-T1 and T1-T2) calculated and correlated with 

IL-10 as reference using spearman’s rank order. Comparisons of exercise adherence and blood 

sampling time were performed using a Wilcoxon rank-sum test. 

  Measurements below the detection limit (DL) were handled by deletion (20% of CRP and 

22.5% of IL-1β measures for the intention-to-treat approach). This approach was chosen as the DL for 

CRP varied across study sites: Uppsala (0.2 mg/L), Lund (0.6 mg/L), Linköping (5 mg/L). Therefore, 

measures below DL were primarily located at Linköping (60% of the total 20%) with a DL above the 

median of CRP measures across all timepoints and groups. In addition, measures below the DL were 

primarily found at baseline and post-intervention. To minimize a false positive signal introduced by 

imputation the deletion approach was chosen, as any observed effects, by treatment or exercise 

intensity, might only be underreported. DL for the centralized measurement of IL-1β was 0.05 pg/mL. 

All analyses were carried out using R (v. 3.6.0) and RStudio (v. 1.2.1335). Data is presented as EMD 

with 95% confidence intervals and significance level set at 0.05. 

 

Role of the funding source 

Funding sources had no role in design, data handling, or writing of the report. 
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RESULTS 

In total, 577 patients were randomized between 

March 2015 and April 2018. Blood samples with 

at least baseline and one additional measure 

were available for 377 participants (65%) for 

measures of IL-1β, IL-6, IL-8, IL-10 and TNF-α 

and for 275 participants (48%) for CRP (Figure 

1B). Reasons for not obtaining measures were 

measures below the detection limit and 

incomplete data due to study withdrawal or loss 

to follow-up. Baseline characteristics for 

participants included in the present analysis 

(based on 394 participants) are presented in 

Table 1. No differences were observed between 

the HI and LMI group, except for exercise 

adherence which was higher in the LMI group 

(endurance exercise: HI (48%) vs. LMI (69%), 

p < 0.001; resistance exercise: HI (58%) vs. LMI 

(64%), p < 0.001). Sensitivity analyses including 

exercise adherence in statistical models yielded 

identical results.  

Changes in cytokine levels during primary 

adjuvant cancer treatment  

First, an intention-to-treat analyses was 

performed to include all available patients. 

Results are reported for both treatment 

periods, during and following primary adjuvant 

cancer treatment. The period from baseline to 

post-treatment (T0 to T1) comprised a median 

time of 90 (interquartile range (IQR): 56) days in 

the HI group and 91 (64) days in the LMI group. 

Blood sampling for post-treatment measures 

took place 11 ± 9 days (median, SD) after the 

end of primary treatment with no difference 

between the groups (p > 0.05). 

 

Table 1: Baseline characteristics of participants 
included in the intention-to-treat analysis 

Characteristic High 
intensity 

Low-to-
moderate 
intensity 

n 198 196 

Age [mean (SD)] 59 (12) 59 (12) 

BMI [mean (SD)] 26 (5) 26 (4) 

Site [n (%)] 

Uppsala 102 (52) 98 (50) 

Lund 66 (33) 65 (33) 

Linköping 30 (15) 33 (17) 

Current smoker [n (%)] 

Yes 2 (1) 9 (5) 

Unknown 13 (7) 11 (6) 

Education [n (%)] 

University 109 (55) 122 (62) 

High school 59 (30) 39 (20) 

Primary school 21 (11) 19 (10) 

Unknown/other 9 (4) 16 (8) 

Comorbidities [n (%)] 

0 79 (40) 74 (38) 

1 49 (25) 49 (25) 

2 27 (14) 34 (17) 

3+ 17 (9) 14 (7) 

Unknown 26 (13) 25 (13) 

Diagnosis [n (%)] 

Breast cancer 150 (76) 148 (76) 

Prostate cancer 39 (20) 40 (20) 

Colorectal cancer 9 (5) 8 (4) 

Primary adjuvant cancer treatment [n (%)] 

Chemotherapy*,*** 101 (51) 97 (49) 

Adjuvant radiotherapy* 53 (27) 54 (28) 

Curative radiotherapy**  23 (12) 22 (11) 

Endocrine treatment*,** 19 (10) 21 (11) 

Unknown 2 (1) 2 (1) 

Duration in days [median (IQR)] 

Start of training to post-
treatment 

90 (56) 91 (64) 

Post-treatment to post-
intervention 

92 (62) 88 (72) 

Adherence in % [mean (SD)] 

Endurance 48 (31) 69 (33) 

Resistance 58 (25) 64 (22) 

*Breast cancer, **Prostate cancer, ***Colorectal cancer 
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Single regulation of pro- and anti-inflammatory cytokines during treatment 

Traditionally, inflammatory cytokines are investigated independently of each other. The model-

estimates for changes during primary adjuvant treatment are presented in Table 2 and Table 3, and 

raw values of individual cytokines are depicted in Figure 2. All participants, regardless of exercise 

intensity allocation, significantly increased plasma levels of IL-6, IL-8, IL-10 and TNF-α. A non-significant 

increase of CRP was observed for LMI (LMI: EMD = 1.25 (95% CI: 0.94; 1.66); p = 0.183 vs. HI: 1.04 (0.79; 

1.36); p = 0.995) and no change occurred for IL-1β (Table 2). No significant between group differences 

were found post-treatment (Table 3). 

Co-regulation of pro- and anti-inflammatory cytokines during treatment 

Newer strategies include analyses of cytokine co-regulation, which describes the dependent change of 

related cytokines. A statistically significant correlation was found between log-changes in pro-

inflammatory (IL-6) vs anti-inflammatory (IL-10) markers from baseline until post-treatment for LMI 

(R = 0.26, p = 0.0018) but not HI (R = 0.083, p = 0.31) (supplementary figure 1A). Further, changes in 

IL-10 correlated with changes in TNF-α and CRP for both LMI and HI (supplementary table 1).  

 

Table 2: Within group changes of inflammatory cytokines for intention-to-treat analysis (n = 394) 

cytokine HI EMD (95% CI) p-value LMI EMD (95% CI) p-value 

Baseline to post-treatment  

IL-1β  0.94 (0.72; 1.21) 0.948  1.02 (0.76; 1.37) 1.000 

IL-6  1.39 (1.21; 1.61) <0.001  1.44 (1.25; 1.67) <0.001 

IL-8  1.13 (1; 1.27) 0.037  1.24 (1.1; 1.4) <0.001 

IL-10  1.17 (1.01; 1.35) 0.037  1.2 (1.03; 1.39) 0.010 

TNF-α  1.14 (1.07; 1.22) <0.001  1.21 (1.13; 1.29) <0.001 

CRP*  1.04 (0.79; 1.36) 0.995  1.25 (0.94; 1.66) 0.183 

Post-treatment to post-intervention  

IL-1β  0.92 (0.69; 1.21) 0.895  0.99 (0.73; 1.36) 1.000 

IL-6  0.73 (0.63; 0.84) <0.001  0.79 (0.68; 0.92) <0.001 

IL-8  0.96 (0.85; 1.08) 0.875  0.95 (0.84; 1.07) 0.772 

IL-10  0.8 (0.69; 0.93) <0.001  0.86 (0.73; 1) 0.043 

TNF-α  0.91 (0.85; 0.98) 0.002  0.9 (0.84; 0.97) <0.001 

CRP*  0.79 (0.59; 1.06) 0.170  0.73 (0.55; 0.98) 0.027 

Baseline to post-intervention  

IL-1β  0.86 (0.66; 1.11) 0.463  1.01 (0.76; 1.34) 1.000 

IL-6  1.01 (0.88; 1.16) 1.000  1.14 (0.99; 1.31) 0.079 

IL-8  1.09 (0.97; 1.22) 0.290  1.18 (1.05; 1.32) 0.001 

IL-10  0.94 (0.81; 1.08) 0.690  1.02 (0.89; 1.18) 0.989 

TNF-α  1.04 (0.97; 1.11) 0.447  1.09 (1.02; 1.16) 0.005 

CRP*  0.82 (0.62; 1.08) 0.263  0.91 (0.69; 1.2) 0.882 
Results from repeated measures mixed model analyses for estimated mean differences (EMD) should be interpreted 

as follows: 1.1 equals a relative increase of 10% for LMI/HI from i.e. baseline to post-treatment. *n = 275 Abbreviations: 

Estimated mean differences (EMD); Low-to-moderate intensity (LMI); high intensity (HI)  
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Table 3: Between group differences of inflammatory cytokines for  
intention-to-treat analysis (n = 394) 

cytokine EMD (95% CI) p-value EMD (95% CI) p-value 

Post-treatment Post-intervention 

IL-1β 1 (0.74; 1.35) 1.000 0.92 (0.69; 1.23) 0.922 

IL-6 0.99 (0.85; 1.16) 1.000 0.91 (0.79; 1.06) 0.420 

IL-8 0.96 (0.85; 1.09) 0.891 0.97 (0.86; 1.09) 0.944 

IL-10 1 (0.85; 1.18) 1.000 0.94 (0.8; 1.09) 0.764 

TNF-α 0.96 (0.89; 1.03) 0.550 0.97 (0.91; 1.04) 0.710 

CRP* 0.85 (0.63; 1.13) 0.506 0.91 (0.68; 1.22) 0.903 

Results from repeated measures mixed model analyses for estimated mean differences (EMD)  
should be interpreted as follows: 1.1 equals a relative increase of 10% for HI compared to LMI.  
*n = 275 

 

 

 

 

Figure 2: Inflammatory cytokine concentration throughout the intervention. Overview of raw data for inflammatory cytokines 
within the intention-to-treat approach. Baseline values (T0, first box), values after primary adjuvant cancer treatment (T1, 
second box) and values after 6 months of exercise intervention (T2, third box) are depicted for cytokines IL-1β (A), IL-6 (B), IL-8 
(C), IL-10 (D), TNF-α (E), and CRP (F) for each exercise intensity. Significance values obtained from linear mixed model estimates 
(Table 3); Abbreviations: HI (High intensity), LMI (Low-to-moderate intensity); *** p > 0.001; ** p > 0.01; * p > 0.05 
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Changes in cytokine levels from post-treatment to post-intervention  

The period from post-treatment to post-intervention (T1 to T2) comprised a median time of 92 (IQR: 

62) days in the HI group and 88 (72) days in the LMI group. 

Single regulation of pro- and anti-inflammatory cytokines after treatment 

In the period post-treatment until post-intervention, regardless of intensity, values of IL-6, IL-10 and 

TNF-α decreased while no change occurred for IL-1β and IL-8 (Table 2). CRP decreased significantly 

within the LMI (0.73 (0.55; 0.98); p = 0.027) but not HI group (0.79 (0.59; 1.06); p = 0.170). Compared 

to baseline, IL-6 (1.14 (0.99; 1.31); p = 0.079), IL-8 (1.18 (1.05; 1.32); p = 0.001) and TNF-α (1.09 (1.02; 

1.16); p = 0.005) were increased only in the LMI group (Table 3), but no significant between-group 

differences were observed post-intervention (Table 2). 

Co-regulation of pro- and anti-inflammatory cytokines after treatment 

Changes of IL-10 correlated with changes in TNF-α for both groups. Further, IL-10 correlated with 

changes of CRP in HI in the period from post-treatment until post-intervention, while no correlation 

was found with IL-6 (supplementary figure 1C, supplementary table 1).  

 

Subgroup analysis in women with breast cancer undergoing chemotherapy  

Secondly, a subgroup analysis was chosen to minimize diagnosis and treatment related fluctuations in 

inflammatory markers. For subgroup analyses, 154 women with breast cancer undergoing 

chemotherapy as primary treatment were selected (Figure 1B). Similar to the full trial sample, only 

exercise adherence differed significantly (endurance: HI (47%) vs. LMI (72%), p < 0.001; resistance: HI 

(57%) vs. LMI (65%), p < 0.05) between the groups (supplementary table 2). No statistical difference 

was found for chemotherapy regimens between the groups (p > 0.05, Pearson’s Chi-squared test). 

Blood sampling took place 13 ± 9 days (median, SD) in the LMI group and 17 ± 8 days in the HI 

(p = 0.005) after the end of chemotherapy.  

With chemotherapy, participants in the LMI group experienced increases in IL-6, IL-8, IL-10, 

TNF-α and CRP whereas only IL-6, IL-8 and TNF-α increased in the HI-group. No change was observed 

for IL-1β. In the period post-treatment until post-intervention, IL-6, TNF-α and CRP decreased for both 

intensity groups. Post-intervention, the LMI group showed elevated levels of IL-8 and TNF-α compared 

to baseline measurements. In contrast, CRP was decreased in the HI-group post-intervention 

compared to baseline levels (Table 4). Between-group differences post-treatment for CRP (0.59 (0.33; 

1.06); p = 0.101) and TNF-α (0.88 (0.77; 1); p = 0.053) favored the HI-group. Post intervention, TNF-α 

tended to be lower (0.89 (0.79; 1.01); p = 0.105) for HI compared to LMI. No other between-group 

differences were found (Table 5).  
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For the pro- and anti-inflammatory cytokine co-regulation, only LMI showed a significant 

correlation between IL-10 and IL-6 (R = 0.29, p = 0.0194) post-treatment but not post-intervention 

(supplementary figure 1B, D). In addition, IL-10 correlated with TNF-α and CRP for the HI group 

throughout the whole intervention and with TNF-α post-intervention for the LMI group 

(supplementary table 1).  

 

Table 4: Within group changes of inflammatory cytokines for subgroup analysis (n = 154) 

cytokine HI EMD (95% CI) p-value LMI EMD (95% CI) p-value 

Baseline to post-treatment 

IL-1β  0.84 (0.53; 1.35) 0.842  1.29 (0.75; 2.22) 0.667 

IL-6  1.78 (1.38; 2.29) <0.001  1.88 (1.46; 2.43) <0.001 

IL-8  1.22 (0.99; 1.5) 0.060  1.32 (1.08; 1.62) 0.002 

IL-10  1 (0.74; 1.34) 1.000  1.32 (0.99; 1.77) 0.071 

TNF-α  1.22 (1.08; 1.38) <0.001  1.45 (1.28; 1.64) <0.001 

CRP*  1.11 (0.64; 1.93) 0.981  1.99 (1.13; 3.49) 0.009 

Post-treatment to post-intervention 

IL-1β  0.91 (0.55; 1.52) 0.985  0.76 (0.43; 1.36) 0.683 

IL-6  0.54 (0.42; 0.7) <0.001  0.63 (0.49; 0.81) <0.001 

IL-8  0.9 (0.73; 1.12) 0.672  0.99 (0.8; 1.22) 1.000 

IL-10  0.87 (0.64; 1.18) 0.710  0.86 (0.64; 1.15) 0.595 

TNF-α  0.85 (0.75; 0.97) 0.005  0.84 (0.74; 0.95) 0.001 

CRP*  0.54 (0.29; 0.99) 0.044  0.47 (0.26; 0.83) 0.003 

Baseline to post-intervention 

IL-1β  0.77 (0.48; 1.25) 0.567  0.99 (0.57; 1.72) 1.000 

IL-6  0.96 (0.75; 1.24) 0.991  1.18 (0.92; 1.52) 0.335 

IL-8  1.1 (0.9; 1.36) 0.668  1.3 (1.06; 1.6) 0.004 

IL-10  0.87 (0.65; 1.17) 0.675  1.13 (0.85; 1.51) 0.752 

TNF-α  1.04 (0.92; 1.18) 0.884  1.21 (1.07; 1.37) <0.001 

CRP*  0.6 (0.33; 1.08) 0.115  0.93 (0.53; 1.62) 0.994 
Results from repeated measures mixed model analyses for estimated mean differences (EMD) should be interpreted as 

follows: 1.1 equals a relative increase of 10% for LMI/HI from i.e. baseline to post-treatment. *n = 97 Abbreviations: Estimated 

mean differences (EMD); Low-to-moderate intensity (LMI); high intensity (HI)  

 

Table 5: Between group differences of inflammatory cytokines for the 
subgroup analysis (n = 154) 

cytokine EMD (95% CI) p-value EMD (95% CI) p-value 

Post-treatment Post-intervention 

IL-1β 0.75 (0.44; 1.3) 0.594 0.9 (0.51; 1.59) 0.984 

IL-6 0.99 (0.76; 1.3) 1.000 0.85 (0.66; 1.11) 0.459 

IL-8 1 (0.81; 1.24) 1.000 0.91 (0.74; 1.13) 0.757 

IL-10 0.77 (0.56; 1.06) 0.161 0.79 (0.58; 1.08) 0.215 

TNF-α 0.88 (0.77; 1) 0.053 0.89 (0.79; 1.01) 0.105 

CRP* 0.59 (0.33; 1.06) 0.101 0.68 (0.37; 1.26) 0.414 

Results from repeated measures mixed model analyses for estimated mean differences (EMD) should be 
interpreted as follows: 1.1 equals a relative increase of 10% for HI compared to LMI. *n = 97  
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DISCUSSION 

In this secondary analysis of the Phys-Can trial we found that regardless of exercise intensity, patients 

had significant increases in plasma levels of IL-6, IL-8, IL-10 and TNF-α during primary adjuvant 

treatment, followed by a significant reduction of IL-6, IL-10 and TNF-α after treatment cessation until 

post-intervention. IL-6, IL-8 and TNF-α were still elevated post-intervention compared to baseline 

values for LMI but not for HI. Exploratory analyses revealed that both CRP and TNF-α increased less 

with HI exercise post-treatment compared to LMI in patients with breast cancer receiving 

chemotherapy. Exploratory cytokine co-regulation analyses revealed correlations between changes of 

IL-10 and IL-6 post-treatment for LMI in the intention-to-treat approach and for HI in patients with 

breast cancer undergoing chemotherapy. Taken together, HI exercise might protect against increases 

in overall ‘accumulated’ inflammatory load during chemotherapy.  

The current work expands previous knowledge on which exercise intensity may regulate 

markers of inflammation. To the best of our knowledge, this is the first report evaluating the 

importance of exercise intensity on the inflammatory profile during and after primary adjuvant cancer 

treatment. 

In general, markers of inflammation increase during cancer treatment (Milroy et al., 1989; 

Cengiz et al., 2001; Wang et al., 2012; Lyon et al., 2016), but vary greatly with disease stage and 

treatment type. Confirming this, we observed increases (13-24%) for IL-8, IL-10 or TNF-α and large 

increases (39-44%) for IL-6 during treatment with no difference between HI and LMI exercise. A recent 

study observed a decrease in INF-ƴ in response to combined endurance and resistance exercise during 

chemotherapy (Kleckner et al., 2019), while others found no difference for IL-6, IL6/IL-1ra (van Vulpen 

et al., 2018) or IL-6, sTNF-R1, IL-10, IL-8 and IL-1 (Kleckner et al., 2019) when compared to a control 

group in a randomized setup. In contrast, resistance training alone during radiotherapy was shown to 

reduce IL-6 and IL-6/IL-1ra ratio compared to a control group (Schmidt et al., 2016). Recently, the 

OptiTrain study showed that patients with breast cancer performing combined resistance and HI 

interval training during chemotherapy did not increase plasma levels of IL-6 and decreased levels of 

CD8a (Hiensch et al., 2020). No effect was found for a combination of aerobic exercise on moderate 

intensity in combination with HI intervals (Hiensch et al., 2020), indicating an important role of 

resistance training in inflammatory cytokine regulation as seen previously (Schmidt et al., 2016). These 

findings are in-line with our results as the general state of inflammation increases during anti-cancer 

treatment and no differences for markers of inflammation were found between the two exercise 

intervention arms. The observed larger increases of IL-6, IL-8 and IL-10 during treatment in our study 

can be explained by differences in sampling time or treatment regimen. As the inflammatory state 
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normalizes in the period after treatment cessation, with so far unknown effects of exercise on the 

time-course, sampling time might be crucial for the measurement of cytokines. Here, a relatively short 

interval of 11 days in our study might explain observed differences. In addition, most breast cancer 

patients included in this study received taxane-based chemotherapy and additional treatments such 

as radiotherapy and/or endocrine treatment. This indicates a higher inflammatory burden for 

participants included in this study.  

So far, neither an optimal type, dose or intensity of exercise has been identified to elicit 

universal regulation of inflammatory cytokines during active cancer treatment, but evidence 

accumulates supporting a combination of HI resistance and aerobic exercise. Short-term elevation of 

inflammatory cytokines, occurring during active treatment, might be important for cancer clearance 

(Zitvogel et al., 2008; Grivennikov et al., 2010). The role of CRP in this regard remains unclear. In 

contrast to this, chemotherapy-induced pro-inflammatory cytokines are linked to side effects such as 

fatigue, depression or pain (Wood et al., 2006) highlighting the complicated and so far unclear 

relationship of individual cytokines during active treatment. Post-treatment, prolonged inflammation 

has been shown to increase toxicities and recurrence (Pierce et al., 2009; Roxburgh and McMillan, 

2014). The inflammatory profile normalized within both exercise intensity groups from post-treatment 

to post-intervention (approximately three month). Notably, IL-6, IL-8 and TNF-α remain elevated 

compared to baseline values for participants randomized to LMI but not HI, which might indicate a 

better or faster normalization with HI exercise. As no between-group differences were found post-

intervention this remains speculative.   

CRP has been found to predict overall survival in breast cancer survivors (Pierce et al., 2009) 

and might be able to monitor treatment response (Shrotriya et al., 2015) highlighting the need of 

successful interventions in this regard. In cancer survivors, exercise training leads to a reduction of CRP 

(Khosravi et al., 2019) with no data available on the exercise intensity during treatment or shortly after. 

A subgroup analysis in 154 patients with breast cancer undergoing chemotherapy as primary 

treatment was selected to reduce heterogeneity, i.e. treatment type and length. Only patients with at 

least one month of training during primary adjuvant treatment and at least one month of training after 

treatment cessation, regardless of exercise adherence, were included. In general, chemotherapy led 

to a significant increase in inflammation followed by a decline in the period until post-intervention. 

Interestingly, CRP increased with LMI but not HI exercise during chemotherapy. In turn, a non-

significant 41% lesser CRP-burden post-treatment for the HI compared to LMI group could be 

observed. A potential overestimation of the difference might be based on a later blood sampling of 

inflammatory markers post-chemotherapy in the HI group (LMI: 13 days vs HI: 17 days). However, a 
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selective and strong effect on solely CRP is unlikely. In continuation, no correlation between blood 

sampling time and change of CRP from baseline to post-treatment was found in either group (data not 

shown) indicating an unlikely influence on the observed effect. Furthermore, fat mass describes an 

underlying mechanism influencing CRP regulation. Fat mass is independently associated with CRP and 

might therefore be a more sensitive marker than BMI (Pannacciulli et al., 2001). Data on fat mass was 

only available for one study site, but no difference was found between the groups at the end of 

intervention compared to baseline values (personal communication, Emelie Strandberg) with no data 

post-treatment.  

In continuation, HI exercise might also lead to a lower TNF-α burden post-treatment (-12%; 

p = 0.051) and post-intervention (-11%; p = 0.109) compared to LMI, but differences remained small. 

Again, differences in sampling time might overestimate the results slightly. However, TNF-α is still 

elevated post-intervention compared to baseline levels in the LMI but not HI group indicating a slow 

normalization in the period following chemotherapy cessation. Hence, samples taken on average four 

days later in HI compared to LMI are unlikely to influence the observed results. To the best of our 

knowledge, this is the first exploratory report showing an exercise intensity dependent modulating of 

CRP and TNF-α during chemotherapy but discussed limitations need to be kept in mind. Future 

research is needed to confirm the observed impact of exercise intensity on inflammatory markers. 

As an explorative outcome, the cytokine co-regulation between pro-inflammatory cytokines and 

IL-10 was investigated. Significant correlations of IL-10 with IL-6 post-treatment were found for LMI in 

the intention-to-treat approach and in patients with breast cancer undergoing chemotherapy. In 

contrast, significant correlation of IL-10 and CRP were found for HI in both approaches. Both intensities 

showed a correlation of IL-10 with TNF-α. This is in agreement with a previous report in LMI walking 

and resistance exercise (Kleckner et al., 2019). Our results might indicate that both HI and LMI result 

in a favorable response of IL-10 towards inflammatory cytokines. However, lacking a non-exercise 

control group these results remain explorative. 

 This secondary analysis of the randomized Phys-Can trial has several strength and limitations. 

Foremost, the second-generation and multi-centered design offered exercise to all study participants 

while including a variety of diagnoses and treatments in a well-controlled framework. Furthermore, 

cytokine measurements were performed centralized with a large sample size, while the risk of bias was 

comparably low. For both the main outcome of the trial as well as the secondary outcome presented 

herein, no clear evidence exists if either of the two interventions (HI vs. LMI exercise) is superior to the 

other. Because the study did not include a non-exercise control group, the impact of exercise per se 

on inflammatory markers, which is still an area of ongoing research, will have to be interpreted with 
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caution. While most measures were performed centralized, CRP was analyzed at the individual 

hospitals limiting data interpretation. Included inflammatory markers are only part of the 

inflammatory chain, other targets such as IFN-ƴ or IL-1ra could help to improve the conclusions. Finally, 

the cytokine co-regulation analysis was exploratory and should hence be interpreted as such.  

 

Conclusion 

In summary, regardless of exercise intensity increases in markers of inflammation during primary 

adjuvant cancer treatment and declines in the three-month period after treatment cessation could be 

observed. Nevertheless, subgroup analysis showed that patients with breast cancer undergoing 

chemotherapy may benefit from HI exercise by a lesser increase in CRP and TNF-α during treatment 

compared to LMI. In conclusion, a combination of aerobic and resistance exercise seems to elicit 

isolated decreases in systemic pro-inflammatory cytokines with no evident pattern across the 

literature. In accordance, our findings highlight that exercise intensity, favoring HI, plays an important 

but not yet fully understood role. Especially the clinical importance of short-term elevated CRP and 

TNF-α during (neo-)adjuvant cancer treatment with HI exercise as potential intervention has to be 

further investigated. Additionally, the relationship of HI exercise and inflammation should be extended 

to treatment related side-effects and long-term survival.  
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Supplement 

 

Supplementary figure 1: Correlation of IL-6 vs IL-10 during and after anti-cancer 
treatment. Changes of log-transformed (IL-6) vs log-transformed (IL-10) values from 
baseline until post-treatment in (A) intention-to-treat analysis; (B) Sub-group 
analysis. Values for post-treatment to post-intervention in (C) intention-to-treat 
analysis; (D) Sub-group analysis. Each figure panel is divided into high and low-to-
moderate intensity. Method: spearman correlation 
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Supplementary table 1: Cytokine co-regulation with IL-10 throughout the intervention 
 Intention-to-treat Subgroup-analysis 
 High Low-to-moderate High Low-to-moderate 

cytokine Spearman's R p-value Spearman's R p-value Spearman's R p-value Spearman's R p-value 

T0 – T1 

IL-10 1.00 REF 1.00 REF 1.00 REF 1.00 REF 

IL-1β 0.10 0.299 0.13 0.252 0.12 0.441 0.24 0.193 

IL-6 0.08 0.306 0.26 0.002 0.22 0.071 0.29 0.019 

IL-8 0.06 0.480 0.01 0.915 0.14 0.248 -0.07 0.554 

TNF-α 0.21 0.010 0.29 <0.001 0.33 0.006 0.21 0.081 

CRP 0.23 0.018 0.30 0.003 0.42 0.005 0.28 0.081 

T1 – T2 

IL-10 1.00 REF 1.00 REF 1.00 REF 1.00 REF 

IL-1β -0.03 0.809 -0.02 0.855 0.04 0.799 -0.06 0.761 

IL-6 0.04 0.667 -0.01 0.896 0.16 0.216 0.09 0.492 

IL-8 -0.01 0.875 0.13 0.139 0.05 0.684 0.14 0.289 

TNF-α 0.28 <0.001 0.31 <0.001 0.30 0.019 0.27 0.031 

CRP 0.25 0.018 0.14 0.183 0.42 0.016 0.07 0.682 

Depicted are R and p-values from Spearman rank correlation of changes in log-transformed pro-inflammatory cytokines versus log-
transformed anti-inflammatory cytokine IL-10 as reference cytokine; T0: baseline; T1: post-treatment; T2: post-intervention. 
Subgroup-analysis: 154 breast cancer patients undergoing chemotherapy 

 

 

Supplementary table 2: Baseline characteristics for subgroup analysis in breast cancer patients undergoing 
chemotherapy 

Characteristic High intensity Low-to-moderate intensity 

n 78 76 

Age [mean (SD)] 54 (10) 52 (11) 

BMI [mean (SD)] 26 (5) 25 (4) 

Site [n (%)] 

Uppsala 36 (46) 32 (42) 

Lund 25 (32) 28 (37) 

Linköping 17 (22) 16 (21) 

Current smoker [n (%)] 

Yes 1 (1) 4 (5) 

Unknown 5 (6) 6 (8) 

Education [n (%)] 

University 42 (54) 52 (68) 

High school 29 (37) 16 (21) 

Primary school 4 (5) 3 (4) 

Unknown/other 3 (4) 5 (7) 

Comorbidities [n (%)] 

0 36 (46) 35 (46) 

1 17 (22) 15 (20) 

2 10 (13) 15 (20) 

3+ 6 (8) 5 (7) 

Unknown 9 (12) 6 (8) 
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Treatment regimen [n (%)] 

Chemotherapy 5 (7) 6 (8) 

Chemotherapy + Endocrine 5 (7) 9 (12) 

Chemotherapy + Radiation therapy 11 (14) 10 (13) 

Chemotherapy + Radiation therapy + Endocrine 55 (72) 51 (67) 

Unknown 2 (3) 0 

Chemotherapy type [n (%)] 

Adjuvant chemotherapy 74 (97) 74 (97) 

Neo-adjuvant chemotherapy 2 (3) 2 (3) 

Unknown 2 (3) 0 

Chemotherapy regimen [n (%)] 

CEX + Doc-Cape 6 (8) 1 (1) 

F/EC100 + Doc100 25 (32) 34 (45) 

F/EC100 + Doc75-80 6 (8) 8 (11) 

F/EC100 + Doc-Cape 1 (1) 0 

F/EC100 + Pac 2 (3) 0 

F/EC75 + Doc100 1 (1) 0 

F/EC75 + Doc75-80 30 (38) 31 (41) 

F/EC75 + Pac 2 (3) 2 (3) 

other 5 (6) 0 

Duration in days [median (IQR)] 

Start of training to post-treatment 98 (15) 100 (11) 

From post-treatment to post-intervention 84 (17) 82 (20) 

Adherence in % [mean (SD)] 

Endurance 47 (32) 72 (30) 

Resistance 57 (24) 65 (16) 

Abbreviations: T0 (Baseline); T1 (After treatment cessation); T2 (After intervention); F/EC: Fluorouracil 500-600mg/m2 and/or 
only Epirubicin 75-100mg/m2 –Cyclophosphamide 500-600mg/m2; CEX: Epirubicin-Cyclophosphamide-Capecitabine; Doc: 
Docetaxel 75-100mg/m2; Pac: Paclitaxel; Cape: Capecitabine 
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Abstract 

Background 

Acute exercise mobilizes both T and natural killer (NK) cells to the circulation and improves the NK cell 

cytotoxic activity (NKCA) against cancer cell lines in healthy individuals. If prostate cancer patients 

benefit from the exercise-mediated change in immune function and the role of inflammation is 

currently not well understood. 

Patients and methods 

Twenty patients with early-stage prostate cancer scheduled to undergo prostatectomy performed one 

bout of acute exercise consisting of a watt-max test and high-intensity intervals. The immune response 

was monitored by T, NKT-like and NK cell phenotype using flow cytometry. We further assessed the 

NKCA (eliminated cancer cells [%]) and NKCA per cell (eliminated cancer cells per NK cell) against cell 

lines of leukemia (K562) and prostate cancer (LNCaP and PC-3) origin. Inflammatory markers (TNF-α, 

IL-6, and CRP) were measured in plasma. 

Results 

Exercise increased CD8 T, NKT-like and NK cell concentration in the circulation and preferentially 

mobilized mature and cytotoxic T cells (CD57+, TIGIT+, Granzyme-B+) and NK cells (CD56dim, CD57+, 

NKG2A-). Exercise significantly improved NKCA against K562 (+16% [5%; 27%]; p = 0.002) and LNCaP 

(+24% [14%; 34%]; p <0.001) but not PC-3. NKCA per cell decreased with exercise (LNCaP: -0.03 [-0.06; 

-0.01]; p = 0.004) (PC-3: -0.05 [-0.1; -0.01]; p = 0.016) and increased one-hour post exercise (LNCaP: 

0.03 [0; 0.05]; p = 0.015) (PC-3: 0.05 [0; 0.09]; p = 0.034) compared to baseline. Baseline IL-6 correlated 

with lymphocyte, monocyte and T cell concentration and inversely correlated with the fold-change of 

lymphocytes and CD8 T cells during exercise. Furthermore, baseline IL-6 and TNF-α inversely correlated 

with NKCA against PC-3 cells during exercise. 

Conclusions 

In response to acute exercise, NKCA increased in patients with prostate cancer but elevated levels of 

baseline IL-6 might impair the response. Whether the observed improvements impact long-term 

outcomes warrant further investigation. 

 

 

Clinical trial number: NCT03675529 

Keywords: T-Lymphocytes, Natural Killer Cells, Exercise, Prostate Cancer, Inflammation 
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Introduction 

Acute exercise has been widely shown to modulate the immune system e.g. by transient mobilization 

of lymphocytes into circulation [1]. Especially cytotoxic lymphocytes, namely CD8+ T cells and natural 

killer (NK) cells are mobilized during acute exercise in a dose-dependent manner [2]. Mobilized cells 

often display unique phenotypes. For T cells, a more mature (senescent) and cytotoxic phenotype has 

been shown after acute exercise [2–4] and for NK cells, the mature and cytotoxic CD56dim compartment 

is primarily mobilized [2].  

Besides selective mobilization, acute exercise also improves anti-cancer immunity. 

Lymphocytes isolated during acute exercise display increased cytotoxicity against cancer cell lines [5]. 

With NK cells as most responsive to acute exercise, an increased frequency of NK cells in mobilized 

lymphocytes likely drives the observed improvement. To date, this has been studied largely in healthy 

individuals and very few studies have addressed the response of acute exercise in patients with for 

example prostate cancer. Despite that exercise training interventions in patients with prostate cancer 

have been shown to improve fitness, quality of life or bone mineral density [6,7], immune-related 

parameters of exercise trials in prostate cancer are lacking. In a recent report, Hanson and colleagues 

reported a similar NK cell mobilization during acute moderate-intensity exercise in patients with 

prostate cancer with and without ongoing androgen-deprivation therapy (ADT) compared to healthy 

controls [8]. Whether patients with prostate cancer also benefit from an exercise mediated 

improvement of NK cell cytotoxic activity (NKCA) against cancer cell lines is currently unknown. In 

addition, the characterization of mobilized immune cells beyond classical subset markers of T and NK 

cells in patients with prostate cancer has not been investigated in detail. 

The immune system plays an important role in the combat of prostate cancer [9] where acute 

exercise might be used as a supportive strategy. In contrast, conditions leading to chronic low-grade 

inflammation such as obesity [10], have been linked to prostate cancer risk [11] and may impair both 

T and NK cell function [12,13]. In continuation, cancer-derived inflammatory cytokines are linked to 

NK cell impairment [14]. Hence, chronic stimulation of immune cells with inflammatory signals might 

limit their function. Whether inflammatory signals also impair the exercise mediated anti-cancer 

immunity has not yet been formally addressed.  

This study reports a secondary analysis of a clinical exercise trial in newly diagnosed patients 

with early-stage prostate cancer (NCT03675529). The primary objective of this study was to evaluate 

the immune response after one bout of acute exercise in 20 patients. A detailed phenotype of both T 

and NK cells, as well as NKCA against prostate cancer cell lines, were characterized. The secondary 
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objective was to evaluate the effect of inflammatory markers on the observed exercise-mediated 

immune response. 

 

Methods 

Participants & Intervention 

In total, 30 patients with localized prostate cancer scheduled to undergo radical prostatectomy were 

included after signing informed consent (NCT03675529). After an initial telephone screening followed 

by the baseline assessment, randomization took place via a computer program in a 10-block 

2:1 scheme (intervention vs. no training control). Exclusion criteria: age <18 years, other malignancy 

requiring active treatment, ECOG/WHO performance status >1, current treatment with beta-blockers, 

physical disabilities contradicting exercise, allergy to pimonidazole and the inability to read and 

understand Danish. For the following analyses, only participants performing the acute exercise bout 

(n = 20) were included. 

Participants performed one acute exercise session the day before the scheduled 

prostatectomy. The session consisted of a watt-max test immediately followed by four high-intensity 

intervals. The watt max test was performed on a bicycle ergometer (Monark Ergomedic839E Bicycle; 

Monark, Varberg, Sweden) with 3 min of warm-up at 70 watts followed by an incremental increase of 

20 watts every minute until exhaustion. Next, following 10 minutes of light pedaling (30% of watt-

max), participants performed four one-minute high-intensity intervals at 100% of watt-max, followed 

by three minutes of recovery at 30% of watt-max. Watt-max: last completed workload (watt) + 

20/60 * seconds in the last interval. Estimated VO2max [ml O2/min]: 10.8 * watt-max / weight [kg] + 7 

[15].  

 

Blood samples 

Blood samples were obtained at (T0) baseline assessment, (T1) immediately after the watt-max test, 

(T2) immediately after the last high-intensity interval and (T3) after one hour of rest. For plasma 

isolation, blood was collected in EDTA tubes, centrifuged at 2000*g and 4 °C for 10 minutes, aliquoted 

and stored at 4 °C until long term storage at -80 °C within 2 hours of isolation. CRP, IL-6 and TNF-α 

were assessed with Human CRP kit and pro-inflammatory panel 1 from MesoScaleDiscovery.  

Flow cytometry 

Absolute cell counts of lymphocytes, neutrophils and monocytes were obtained from the Department 

of biochemistry at Rigshospitalet, Denmark based on flow cytometric assessment of forward and side 
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scatter. For assessment of T and NK cell subsets, blood was collected in EDTA tubes. Peripheral blood 

mononuclear cells (PBMCs) were isolated via centrifugation (15 minutes, 800g, at room temperature 

(RT) and no break) and washed once in FACS buffer (PBS + 2% FBS). For staining of surface markers, 

400.000 PBMCs were incubated with FC-block and live-dead staining for 15 minutes at RT, washed 

once and followed by antibody cocktail staining (Supplementary Table 4) for 30 minutes at 4 °C. Cells 

were washed, fixated in 2% paraformaldehyde for 10 minutes at RT, washed and finally resuspended 

in FACS buffer for acquisition within the next 24 hours. For intracellular antibody staining (perforin and 

granzyme B), cells were resuspended in permeabilization buffer containing antibody cocktails and 

incubated for 30 minutes at 4 °C followed by a washing step and storage in FACS buffer until 

acquisition. Internal controls (frozen PBMCs) to monitor day-to-day variations, fluorescence-minus-

one controls and single-color stains for compensation were included in every experiment. 

Cells were acquired using an LSRFortessa equipped with 5 lasers (488nm, 640nm, 405nm, 561nm, 

355nm) maintained by the flow cytometry core facility at Copenhagen University using FACSDiva 

software v.8.01 (BD Biosciences, USA). Analyses of samples (gating strategy in Supplementary Figure 

2) and the calculation of compensation for each participant were performed in FlowJo v.10.6.1 (BD 

Biosciences, USA). Researchers were blinded to sample order. 

 

NK cell cytotoxic activity (NKCA) assay 

Cancer cell lines K562, LNCaP (clone FGC) and PC-3 were obtained from the European collection of 

authenticated cell cultures and kept below 30 (K562, PC3) or below 35 (LNCaP) passages. K562 and PC-

3 cells were maintained in RPMI1640-GlutaMAX + 10% FBS (ThermoFisher, USA), while LNCaP were 

supplied with additional 1mM sodium pyruvate (Sigma Aldrich, USA). NKCA was assessed using a 

calcein based killing assay [16]. Briefly, cancer cells were washed in FBS free media and incubated in 

15 µM calcein-AM (AAT Bioquest, USA) for 30 minutes at 37 °C followed by two additional washes. 

Meanwhile, PBMCs were washed once in FBS free media. PBMCs and cancer cells were combined in 

ratios ranging from 50:1 to 1:1 and incubated for 4 hours at 37 °C and 5% CO2. Spontaneous calcein 

release (negative control) and maximal release (positive control; 2% Triton X-100) were monitored. 

Calcein signal in the supernatant was measured in triplicate wells using a FLUOstar Optima (BMG 

Labtech, Germany). NKCA [%] was calculated as follows: (sample signal – spontaneous release) / 

(maximal – spontaneous release) * 100 [16]. For each experiment, 5000 K562, 7500 LNCaP and 15000 

PC-3 cells were used as target cells. Cell numbers were determined by the maximal signal difference 

between positive and negative control in initial experiments. NKCA per NK-cell was determined as 
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follows: The absolute amount of killed cancer cells was divided by the estimated amount of NK cells 

(calculated as target cells * ratio * NK cell frequency in PBMCs). 

Statistical analysis 

To monitor the immune cell and inflammatory marker response during exercise, linear mixed models 

were used. Here, the concentration (or cell marker expression) was included as the outcome with 

timepoint as a fixed effect. Covariates included the baseline concentration (or expression level) and a 

random effect of participants was included to account for individual variation. Outcome data were log-

transformed to improve model compliance. Marker expression was available as frequency and mean 

fluorescence intensity (MFI) values. For MFI values, only statistically significant changes with more than 

10% difference were interpreted as biological significance. For correlation-based statistics, Spearman 

correlation was used. 

 

Results 

In total, 20 out of 30 patients with recently diagnosed 

early-stage prostate cancer performed one acute bout of 

exercise the day before the scheduled prostatectomy 

(Table 1). The remaining 10 patients served as a no-training 

control group for the main outcome of the trial (tumor 

hypoxia staining) and were therefore not included in the 

analysis. Blood samples for immune cell phenotype were 

available for 19 patients (n = 1: logistical reason). 

 

 

Table 1: Baseline characteristics  
of included patients 

n 20 

Patient-related [mean (range)] 

Age 64 (53-77) 

BMI 26 (20-32) 

PSA 7.8 (2.4-54) 

Exercise adaptations [mean (SD)] 

resting HR 67 (10) 

max HR 158 (16) 

Workload (watt) 220 (52) 

estimated VO2 peak 
[mlO2/kg/min] 

37 (9) 

Abbreviations: BMI (body mass index), PSA 
(prostate specific antigen), HR (heart rate) 

Acute exercise response 

Acute exercise led to a significant increase of monocyte, neutrophil and lymphocyte concentration. 

One-hour post-exercise, monocytes returned to baseline values while neutrophils remained elevated 

and lymphocytes dropped below baseline values. Small increases in plasma TNF-α and larger increases 

in plasma IL-6 were observed in response to exercise. While TNF-α returned to baseline one-hour post-

exercise, IL-6 remained elevated (Table 2). 

 Plasma IL-6 and CRP correlated with lymphocyte and monocyte concentration at baseline. IL-6 

inversely correlate with the fold-change of lymphocytes during the watt-max test (Table 3). Baseline 

inflammation was inversely correlated with estimated VO2-max data (data not shown).  



 

116 

 

Table 2: Immune cell and cytokine response to acute exercise 

 Raw data [Mean ± SD] Relative change from baseline to 

 
baseline 

watt-
max 

interval rest 
Post Watt-max test Post intervals Post 1 hour of rest  
EMD (95% CI) p EMD (95% CI) p EMD (95% CI) p 

Immune cells [cells/ul] 

lymphocytes 1.6 ± 
0.4 

3.7 ±  
1.0 

3.4 ± 
1.1 

1.3 ± 
0.3 

2.26 (2.02; 2.52) *** 2.00 (1.79; 2.24) *** 0.80 (0.72; 0.90) *** 

monocytes 0.5 ± 
0.2 

0.8 ±  
0.3 

0.9 ± 
0.3 

0.6 ± 
0.2 

1.41 (1.21; 1.64) *** 1.55 (1.32; 1.81) *** 1.03 (0.88; 1.20) ns 

neutrophils 3.7 ± 
0.9 

4.9 ±  
1.3 

5.0 ±  
1.2 

4.7 ± 
1.2 

1.33 (1.20; 1.46) *** 1.36 (1.23; 1.50) *** 1.26 (1.14; 1.39) *** 

T cells 1.02 ± 
0.34 

1.72 ± 
0.81 

1.71 ± 
0.81 

0.93 ± 
0.31 

1.64 (1.37; 1.97) *** 1.62 (1.35; 1.94) *** 0.90 (0.75; 1.08) ns 

NKT-like cells 0.12 ± 
0.09 

0.42 ± 
0.41 

0.36 ± 
0.35 

0.07 ± 
0.05 

3.18 (2.63; 3.85) *** 2.82 (2.33; 3.41) *** 0.63 (0.52; 0.76) *** 

CD8 T cells 0.20 ± 
0.13 

0.48 ± 
0.40 

0.45 ± 
0.38 

0.16 ± 
0.09 

2.32 (1.89; 2.85) *** 2.12 (1.72; 2.61) *** 0.82 (0.66; 1.01) ns 

CD56dim  
NK cells 

0.21 ± 
0.09 

1.43 ± 
0.65 

1.06 ± 
0.56 

0.09 ± 
0.06 

6.57 (5.28; 8.19) *** 4.68 (3.76; 5.83) *** 0.40 (0.32; 0.50) *** 

CD56bright  
NK cells 

0.01 ± 
0.01 

0.03 ± 
0.01 

0.03 ± 
0.02 

0.01 ± 
0.01 

1.81 (1.50; 2.19) *** 2.33 (1.93; 2.81) *** 0.82 (0.68; 0.99) * 

Inflammatory markers 

CRP  
[mg/L] 

3.4 ± 
4.7 

- - - - - - - - - 

IL-6  
[pg/mL] 

0.8 ± 
0.5 

1.1 ±  
0.6 

1.5 ± 
0.7 

1.7 ± 
1.0 

1.42 (1.18; 1.70) *** 1.86 (1.55; 2.23) *** 2.00 (1.66; 2.40) *** 

TNF-α 
[pg/mL] 

3.0 ± 
1.2 

3.2 ±  
1.3 

3.3 ± 
1.2 

3.0 ± 
1.2 

1.09 (1.05; 1.14) *** 1.10 (1.06; 1.15) *** 1.00 (0.96; 1.05) ns 

Linear mixed model of log transformed value; data is presented as estimated mean difference and should be interpreted as follows: an EMD 
of 1.3 is equivalent to a relative increase of 30% from i.e. T0 to T1. Abbreviations: CI (95% Confidence interval), EMD (estimated mean 
difference), p (p-value); NK (natural killer), ns (not significant); p > 0.05); *** p < 0.001; ** p < 0.01; * p < 0.05 

 

Table 3: Correlations of baseline inflammation and cell populations  

 Baseline concentration Fold change increase from T0 to T1 

 T0 IL-6 T0 CRP T0 TNF-α  T0 IL-6 T0 CRP T0 TNF-α  
R P-value R P-value R P-value R P-value R P-value R P-value 

Lymphocytes 0.53 0.020 0.45 0.051 0.34 0.156 -0.50 0.029 -0.19 0.430 -0.43 0.063 

Neutrophils 0.24 0.300 0.33 0.155 0.21 0.379 -0.18 0.458 -0.03 0.900 -0.31 0.182 

Monocytes 0.48 0.032 0.59 0.006 0.43 0.059 -0.11 0.632 0.09 0.711 -0.07 0.776 

T cells 0.63 0.004 0.45 0.053 0.38 0.104 -0.38 0.104 -0.25 0.300 -0.15 0.542 

CD8 T cells 0.39 0.094 0.28 0.241 0.32 0.185 -0.46 0.050 -0.23 0.340 -0.14 0.567 

NKT cells 0.12 0.611 -0.18 0.459 -0.03 0.915 -0.08 0.737 -0.25 0.293 -0.27 0.270 

CD56dim NK cells -0.05 0.842 0.26 0.290 -0.02 0.949 -0.10 0.673 -0.40 0.093 -0.31 0.204 

CD56bright NK cells 0.11 0.658 -0.15 0.552 0.06 0.803 0.44 0.059 0.36 0.126 0.18 0.450 
Baseline levels of IL-6, CRP and TNF-α are correlated to baseline cell concentration and fold change of cell concentrations during from baseline 
to Watt-Max test; n = 19; method = Spearman correlation; Abbreviations: T0 (Baseline); T1 (Watt-max) 
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T cell response 

T cell subsets were defined as CD8 positive T cells (CD3+ CD56- CD8+) and natural killer T (NKT)-like cells 

(CD3+ CD56+). A significant increase in overall T cell, CD8 T and NKT-like cell concentration was 

observed with exercise. Overall T cell concentration returned to baseline one-hour post-exercise, while 

CD8 T cell tended to decrease. NKT-like cells responded more prominently to exercise and decreased 

below baseline values one-hour post-exercise. (Figure 1A; Table 2).  

 Surface marker expression of CD8 T cells exhibited elevated levels of CD57, TIGIT, granzyme-

B, NKG2C, CD16, and Perforin while CD96, NKG2D and CD226 were decreased during acute exercise 

and no change occurred for ADRB2 and NKG2A. Compared to baseline levels CD57, NKG2C and Perforin 

were decreased one-hour post-exercise (Figure 1B and Supplementary Table 1). Similarly, NKT-like cells 

revealed an increase of CD57, TIGIT, NKG2C, NKG2D, CD8, granzyme-B, and Perforin while CD96 

decreased with exercise and no change occurred for ADRB2, CD16, CD226, and NKG2A. One-hour post-

exercise, only CD57 decreased below baseline levels (Figure 1C and Supplementary Table 1).  

 Baseline IL-6 was associated with an increased concentration of overall T cells and inversely 

correlated with the fold-change of CD8 T cells during the watt-max test (Table 3). Inflammatory 

markers at baseline did not correlate with inhibitory marker frequency of NKG2A, TIGIT or CD96 (data 

not shown). 

 

NK cell response 

NK cell subsets were defined as CD3- CD14- CD56bright or CD56dim expressing lymphocytes. NK cells 

rapidly mobilized to the circulation with exercise (Figure 1D; Table 2) while both mobilization during 

acute exercise and as well as egress one-hour post-exercise favored CD56dim NK cells (Figure 1E).  

 Surface marker expression of CD56dim NK cells revealed a slight increase of CD57 and CD226, 

while NKG2A and NKG2C decreased with exercise. One-hour post-exercise, lower levels of CD57 and 

CD8 were found compared to baseline. No change was observed for granzyme-B, Perforin, NKG2D, 

Nkp30, NKp44, Nkp46, ADRB2, TIGIT, CD96 (Figure 1F and Supplementary Table 2). For CD56bright NK 

cells, minor increases of granzyme-B, Perforin and TIGIT were observed with acute exercise. ADRB2, 

granzyme-B and TIGIT decreased below baseline values one-hour post-exercise. No change was 

observed for all other markers (Supplementary Table 2).  

No correlation was found for markers of inflammation and NK cell concentration, mobilization 

during the watt-max test (Table 3) or inhibitory marker frequency of NKG2A, TIGIT or CD96 (data not 

shown). 
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Figure 1: T and NK cell response during acute exercise. T cell response divided into all T cells (CD3+), CD8 T cells (CD3+CD56-
CD8+) and NKT like cells (CD3+CD56+) (A). Selected surface marker expression of CD8 T cells (B) and NKT like cells during 
acute exercise (C). NK cell response divided into CD56dim and CD56bright NK cells (D). Distribution of NK cell subsets (E). Selected 
surface marker expression of CD56dim NK cells (F). Statistics obtained from linear mixed model presented in Table 2.  
*** p < 0.001; ** p < 0.01; * p < 0.05 

 

Anti-cancer immunity  

To investigate the effect of acute exercise on anti-cancer immunity, an NK cell cytotoxicity assay was 

performed. Here, isolated PBMCs were incubated with cancer cells in ratios ranging from 50:1 to 1:1 

(K562: n = 12; LNCaP: n = 10; PC-3: n = 9). For both K562 and LNCaP cell lines, PBMCs taken post-Watt-

Max (T1) and post interval exercise (T2) but not one-hour post rest (T3) displayed an increased NKCA 
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compared to baseline (T0) samples, while no difference was found for PC-3 (Figure 2; Supplementary 

Table 3). Individual changes, exemplarily shown at the highest ratio, displayed a uniform significant 

increase of NKCA with exercise followed by a decline thereafter for K562 and LNCaP but not PC3 cell 

lines across participants (Figure 2B; Supplementary Table 3).  

The NKCA per-cell based on absolute NK cells present in the experiment showed a significant 

decrease with acute exercise followed by a significant increase after one-hour of rest compared to 

baseline for both LNCaP and PC-3 cell lines at the highest ratio. Similar but not statistically significant 

results were found against the K562 cell line (Figure 2C; Supplementary Table 3). For lower ratios, non-

significant trends were found for a lower NKCA per-cell during exercise and a higher NKCA per-cell 

after one-hour of rest (Supplementary Table 3).  

Interestingly, baseline inflammation seemed to negatively impact the NKCA against prostate 

cancer cell lines (Table 4). Especially high levels of plasma IL-6 and TNF-α were inversely correlated 

with the ability to eliminate PC-3 cells. Furthermore, baseline TNF-α inversely correlated with CD56dim 

NK cell frequencies post-Watt-Max for patients with available cytotoxicity data (Table 4).  

 

 

Figure 2: NK cell cytotoxic 
activity (NKCA) during 
exercise. NKCA presented as 
% of dead cancer cells across 
all ratios (50:1 to 1:1) (A). 
NKCA at 50:1 or 25:1 ratio 
(B). NKCA per cell at 50:1 or 
25:1 ratio (C). Replicates: 
K562 (n = 12); LNCap (n = 10); 
PC-3 (n = 9). Abbreviations: 
T0 (Baseline), T1 (Watt-
Max), T2 (Intervals), T3 
(Rest). *** p < 0.001; ** p < 
0.01; * p <0.05 
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Table 4: Correlations of baseline inflammation and killing capacity after Watt-Max test 

  IL-6 CRP TNF-α 

 n R p-value R p-value R p-value 

LNCap [50:1] 10 -0.16 0.651 -0.49 0.150 -0.48 0.162 

K562 [50:1] 12 -0.08 0.795 -0.20 0.542 -0.44 0.152 

P-C3 [25:1] 9 -0.83 0.005 -0.53 0.139 -0.83 0.005 

CD56dim NK cell  
frequency at T1 

12 -0.46 0.131 -0.46 0.131 -0.70 0.011 

Baseline levels of IL-6, CRP and TNF-α are correlated to baseline NK cell cytotoxic activity (NKCA) 

after watt-max test at 50:1 ratio (PBMCs vs. cancer cells); method = Spearman correlation; NK 

cell frequency and K562 (n = 12); LNCap (n = 10); PC-3 (n = 9); Abbreviations: T1 (watt-max test) 

 

Discussion 

In this exploratory analysis of twenty patients with early-stage prostate cancer, we found that acute 

exercise improved immune function. Exercise led to an increase in CD8 T, NKT-like and NK cells in the 

circulation. Especially mobilized CD8 T cells displayed a pronounced mature and cytotoxic phenotype 

which was accompanied by cell exhaustion. Exercise further led to an increased NK cytotoxic activity 

(NKCA) against the cell lines K562 and LNCaP but not PC-3. In contrast, NKCA per-cell decreased during 

exercise but improved one-hour post-exercise for LNCaP and PC-3 compared to baseline. Elevated 

markers of inflammation at baseline correlated with pre-exercise immune cell concentrations, lower 

relative mobilization and NKCA during exercise.  

 In healthy individuals, acute exercise has been shown to mobilize cytotoxic T and NK cells to 

the circulation in a dose-dependent manner [2]. Recently, Hanson and colleagues found an increase in 

lymphocyte and NK cell frequency during acute moderate-intensity exercise in patients with prostate 

cancer with and without ADT [8]. We confirm these findings by showing a pronounced mobilization of 

both CD56dim and CD56bright NK cells during an all-out Watt-max test. We further expand on these 

findings by showing a similar albeit lesser response of both CD8 T cells and NKT-like cells, which have 

been shown to play an important role in anti-cancer immunity [17]. NKT-like cells combine features of 

NK and T cells and facilitate the innate and adaptive immune response against cancer [17]. In addition 

to classical subset markers, the impact of acute exercise on a wide array of surface markers was 

investigated. Similar to report in healthy individuals [18], mobilized CD56dim NK cells in our study 

displayed a highly differentiated state (CD57+ NKG2A- NKG2C-). For NKT-like cells, a more mature and 

cytotoxic phenotype was observed (CD57+ NKG2C+ NKG2D+ Perforinbright TIGIT+) with acute exercise and 

similar but more pronounced effects were visible for CD8 T cells (CD57+ NKG2C+ Granzyme-B+ 

Perforinbright TIGIT+). Interestingly, NKT-like and CD8 T cells harboring the inhibitory receptor TIGIT were 

preferentially mobilized. TIGIT is associated with T cell exhaustion [19] and could support the 
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previously seen selective mobilization of senescent T cells during acute exercise [4]. Targeting the 

immune checkpoint molecule TIGIT has shown promising results in restoring T cell function in rodent 

and in vitro cancer models [19]. Exercise in combination with immunotherapy targeting TIGIT may 

result in therapeutic benefits by improving both concentration and function of the T cell mediated 

immune response. To our knowledge, this is the first report showing the impact of acute exercise on 

TIGIT expression frequencies on T cells in circulation.  

 Acute exercise in healthy individuals has been shown to improve NKCA against the K562 

leukemia cell line [5], potentially driven by major histocompatibility complex (MHC) recognition on NK 

cells [18]. Whether acute exercise improves NKCA in patients with prostate cancer and whether 

prostate-specific target cell lines are affected has not yet been investigated. Here we show that acute 

exercise in patients with prostate cancer improved NKCA against K562, while NKCA per NK-cell did not 

change supporting previous reports in healthy individuals [18]. We also investigated NKCA against the 

two prostate-specific cell lines LNCaP and PC-3. LNCaP cells possess a prostate cell-like phenotype, 

represent the majority of clinical cases [20] and are partly MHC deficient [21]. In contrast, PC-3 express 

MHC molecules [21] and represent a more aggressive clinical behavior [20]. PC-3 cells represent NK 

cell resistant target cells and NKCA has been shown to improve upon priming or stimulation of NK cells 

in patients with prostate cancer [22]. With acute exercise, NKCA against LNCaP but not PC-3 improved, 

while NKCA per-cell decreased with exercise and improved during recovery one-hour post-exercise. 

These results are in line with previous reports proposing a selective effect of exercise on NKCA per-cell 

in target cell lines expressing the MHC complex [18]. Taken together, acute exercise might improve 

immune surveillance in patients with prostate cancer as previously seen only in healthy individuals.  

 NKCA is predominantly driven by the increase in NK cell concentration during exercise [5] but 

might be modifiable by signaling pathways. To date, the involvement of stress-hormones and cytokines 

in NKCA is not well understood, which is in part due to methodological discrepancies between in-vitro 

and in-vivo approaches [23]. Still, TNF-α secreted by NK cells plays an important role in NKCA [24] and 

exercise-serum obtained one-hour post-exercise from healthy individuals has been shown to increase 

NKCA [25]. Hence, short-term exposure of cytokines can improve NKCA. In contrast, chronic 

stimulation of immune cells by e.g. inflammatory signals might lead to immune-cell exhaustion [26] 

subsequently decreasing NKCA. In an exploratory attempt, we evaluated the impact of inflammatory 

markers at baseline on immune cell concentrations and NKCA during acute exercise. Here, monocyte, 

overall lymphocyte and T cell concentration correlated with plasma IL-6 at baseline. IL-6 has been 

shown to promote survival of both T cells and monocytes [27,28] and therefore may lead to 

accumulation or recruitment of immune cell to the circulation. In addition, baseline plasma IL-6 

inversely correlated with the fold-change increase of overall lymphocytes and CD8 T cells, potentially 
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driven by the increased number of immune cells present in circulation already pre-exercise. Further, 

both plasma IL-6 and TNF-α at baseline inversely correlated with NKCA after an all-out watt-max test, 

likely driven by a lower NK cell frequency. However, we did not find a correlation between markers of 

inflammation and inhibitory cell surface markers, e.g. TIGIT, in an attempt to quantify cell exhaustion. 

Future studies should investigate the relationship between inflammation and other markers of T and 

NK cell exhaustion such as PD-1, Tim-3 and IFN-γ production [29] or plasma IL-10 and IFN-γ [26]. Taken 

together, although speculative these results indicate an interference of baseline inflammation in the 

exercise-mediated improvement of NKCA in patients with prostate cancer. 

 

Conclusion 

In an exploratory study, acute exercise resulted in a selective mobilization of cytotoxic immune cells 

and increased NKCA against target cell lines K562 and LNCaP in twenty patients with prostate cancer. 

In contrast, increased inflammation might impair the exercise mediated mobilization and increased 

NKCA. Therapies to lower the inflammatory burden might improve the anti-cancer effect of acute 

exercise. This hypothesis-generating work highlights the need for well-designed exercise trials which 

include immune cell parameters and clinically relevant long-term outcomes such as biochemical 

progression in patients with prostate cancer. 
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Supplement 

 

 

Supplementary Figure 1: Gating strategy. (A) Clear flow, (B) lymphocyte population, (C) single cells, (D) live cells, 
(E) CD3 selection, (F) CD3- CD14 selection, (G) CD3- CD14- selection of CD56dim and CD56bright NK cells, (H) 
exemplary analysis of CD8 on CD56dim NK cells (I) CD3+ selection of CD8 T cells and NKT like cells, (J) exemplary 
analysis of NKG2D marker on NKT like cells. 
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Supplementary table 1: T cell and surface marker response during acute exercise 

  Raw data statistics 

  Mean ± SD T0 - T1 T0 - T2 T0 - T3  
n baseline post watt-max post-EX post rest EMD (CI) p-value EMD (CI) p-value EMD (CI) p-value 

     Surface markers NKT cells 

ADRB2_MFI 14 187.43 ± 81.68 163.14 ± 46.32 174.86 ± 57.62 191.86 ± 83.56 0.9 (0.78; 1.03) 0.174 0.95 (0.83; 1.09) 0.744 1.02 (0.89; 1.17) 0.985 

CD16_MFI 19 187.07 ± 114.37 320.67 ± 592.56 195.24 ± 171.43 359.97 ± 914.19 1.14 (0.88; 1.47) 0.540 0.98 (0.76; 1.27) 0.998 0.98 (0.76; 1.27) 0.996 

CD226 16 83.99 ± 11.79 79.14 ± 17.27 83.18 ± 12.5 86.26 ± 8.76 0.93 (0.86; 1) 0.061 0.99 (0.91; 1.07) 0.980 1.03 (0.95; 1.12) 0.684 

CD57 19 64.55 ± 21.15 76.51 ± 18.65 71.76 ± 18.47 57.84 ± 22.59 1.22 (1.08; 1.37) <0.001 1.15 (1.02; 1.29) 0.016 0.86 (0.77; 0.97) 0.010 

CD8 19 57.94 ± 16.86 65.71 ± 16.45 62.97 ± 16.63 55.96 ± 19.11 1.15 (1.06; 1.24) <0.001 1.1 (1.01; 1.19) 0.022 0.95 (0.87; 1.03) 0.264 

CD96_MFI 19 376.11 ± 171.99 321.74 ± 136.57 332.74 ± 150.32 386.47 ± 160.54 0.87 (0.81; 0.94) <0.001 0.89 (0.82; 0.95) <0.001 1.04 (0.96; 1.12) 0.558 

Granzyme B MFI 19 2339.11 ± 3311.01 2390.84 ± 2308.41 2222.89 ± 2742.81 2013.68 ± 2891.83 1.27 (1.03; 1.56) 0.022 1.02 (0.83; 1.26) 0.995 0.86 (0.7; 1.06) 0.228 

NKG2A 13 10.34 ± 9 10.34 ± 9.7 9.87 ± 8.85 10.36 ± 10.2 0.92 (0.76; 1.12) 0.665 0.91 (0.75; 1.11) 0.577 0.94 (0.77; 1.14) 0.795 

NKG2C 16 20.41 ± 20.56 23.97 ± 22.88 23.08 ± 22.94 20.24 ± 24.23 1.26 (1.02; 1.55) 0.024 1.17 (0.95; 1.44) 0.182 0.84 (0.68; 1.03) 0.107 

NKG2D 19 74.03 ± 13.85 82.1 ± 11.37 80.78 ± 11.78 70.93 ± 15.64 1.12 (1.06; 1.18) <0.001 1.1 (1.04; 1.16) <0.001 0.95 (0.9; 1) 0.068 

Perforin_MFI 19 723 ± 649.28 1087.53 ± 1018.02 1084.84 ± 1503.05 595.94 ± 414.59 1.41 (1.2; 1.66) <0.001 1.2 (1.02; 1.41) 0.020 0.85 (0.73; 1) 0.059 

TIGIT 19 50.24 ± 22.49 59.14 ± 25.09 56.9 ± 25.31 47.4 ± 21.7 1.18 (1.09; 1.29) <0.001 1.11 (1.02; 1.21) 0.009 0.95 (0.88; 1.04) 0.452 

     Surface markers CD8 T cells 

ADRB2_MFI 10 128.18 ± 24.41 116.18 ± 13.92 119.67 ± 14.5 146.7 ± 63.78 0.93 (0.77; 1.13) 0.750 0.95 (0.79; 1.15) 0.878 1.15 (0.94; 1.4) 0.265 

CD16_MFI 19 68.83 ± 26.3 82.82 ± 44.05 79.96 ± 30.96 61.27 ± 22.12 1.16 (1; 1.34) 0.041 1.16 (1.01; 1.34) 0.036 0.89 (0.77; 1.03) 0.152 

CD226 16 79.75 ± 10.96 71.97 ± 14.67 75.46 ± 14.19 82.69 ± 10.38 0.89 (0.82; 0.96) 0.002 0.94 (0.87; 1.01) 0.120 1.04 (0.96; 1.12) 0.555 

CD57 19 45.8 ± 21.59 64.3 ± 18.53 60.98 ± 17.23 36.92 ± 16.18 1.52 (1.33; 1.74) <0.001 1.45 (1.27; 1.66) <0.001 0.81 (0.71; 0.93) 0.001 

CD96_MFI 19 498.84 ± 188.16 374.68 ± 154.27 382 ± 138.53 540.11 ± 194.77 0.75 (0.69; 0.83) <0.001 0.78 (0.71; 0.85) <0.001 1.1 (1; 1.2) 0.051 

Granzyme B 14 39.04 ± 16.96 58.1 ± 20.57 54.04 ± 18.34 33.51 ± 15.8 1.57 (1.28; 1.93) <0.001 1.45 (1.18; 1.78) <0.001 0.83 (0.68; 1.01) 0.070 

NKG2A 19 29.45 ± 11.5 28.46 ± 14.94 27.49 ± 11.26 30.92 ± 18.2 0.94 (0.8; 1.09) 0.643 0.89 (0.76; 1.04) 0.200 0.97 (0.83; 1.13) 0.955 

NKG2C 14 8.3 ± 12.02 13.16 ± 13.02 12.06 ± 12.13 8.83 ± 21.19 1.91 (1.42; 2.56) <0.001 1.77 (1.32; 2.38) <0.001 0.68 (0.51; 0.91) 0.007 

NKG2D 19 93.66 ± 2.07 92.18 ± 3.01 92.71 ± 2.79 94.02 ± 2.24 0.98 (0.97; 1) 0.020 0.99 (0.98; 1) 0.209 1 (0.99; 1.02) 0.881 

Perforin_MFI 18 468.33 ± 411.34 917.44 ± 890.68 934.61 ± 1344.22 352.94 ± 241.76 1.75 (1.42; 2.16) <0.001 1.5 (1.22; 1.85) <0.001 0.76 (0.61; 0.94) 0.007 

TIGIT 19 47.88 ± 19.19 60.6 ± 21.92 58.44 ± 20.57 50.69 ± 17.02 1.26 (1.1; 1.45) <0.001 1.22 (1.07; 1.41) 0.002 1.12 (0.97; 1.28) 0.162 

Name explanation: TCD8 (CD8+ T cells); freq/MFI (frequency: positive cells in %; MFI = median fluorescence intensity of all CD8/NKT cells = arbitrary expression level of surface marker). Usually frequency is presented; if only MFI is available, 
no clear positive population was present and overall MFI is presented. Missing data is due to unclear separation of the population, except for ADRB2 where antibody solution did not arrive in time. 
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Supplementary table 2: NK cell and surface marker response during acute exercise 

  Raw data statistics 

  Mean ± SD T0 - T1 T0 - T2 T0 - T3 

variable n baseline post watt-max post-EX post rest EMD (CI) p-value EMD (CI) p-value EMD (CI) p-value 

     Surface markers CD56bright NK cells 

*ADRB2_MFI 14 219 ± 201 223 ± 249 162 ± 76 124 ± 27 1 (0.79; 1.26) 1.000 0.87 (0.69; 1.09) 0.340 0.7 (0.55; 0.88) <0.001 

CD226 7 80 ± 19 91 ± 16 84 ± 19 84 ± 21 1.14 (0.93; 1.4) 0.273 1.04 (0.85; 1.28) 0.930 1.04 (0.85; 1.27) 0.948 

CD8 16 32 ± 11 33 ± 11 32 ± 10 31 ± 11 1.03 (0.95; 1.1) 0.762 1 (0.93; 1.07) 1.000 0.95 (0.88; 1.02) 0.205 

*CD96_MFI 19 390 ± 101 413 ± 106 392 ± 104 358 ± 101 1.06 (1.01; 1.11) 0.021 1 (0.95; 1.06) 0.996 0.91 (0.87; 0.96) <0.001 

Granzyme-B_MFI 16 1155 ± 1746 1227 ± 1555 1350 ± 2098 955 ± 1335 1.46 (1.23; 1.74) <0.001 1.32 (1.11; 1.57) <0.001 0.84 (0.71; 1) 0.044 

NKG2A 19 80 ± 11 78 ± 7 79 ± 6 79 ± 9 0.99 (0.94; 1.04) 0.939 1 (0.95; 1.06) 0.996 1 (0.95; 1.05) 1.000 

NKG2D 19 85 ± 9 86 ± 8 87 ± 7 85 ± 9 1.01 (0.99; 1.03) 0.571 1.02 (1; 1.04) 0.016 1 (0.98; 1.02) 1.000 

*Nkp30_MFI 19 532 ± 194 583 ± 196 561 ± 182 478 ± 174 1.1 (1.03; 1.18) 0.002 1.06 (0.99; 1.13) 0.096 0.9 (0.84; 0.96) <0.001 

*Nkp44_MFI 19 57 ± 19 51 ± 18 55 ± 20 59 ± 18 0.91 (0.84; 0.98) 0.011 0.96 (0.89; 1.04) 0.598 1.07 (0.98; 1.15) 0.165 

Nkp46 19 92 ± 4 90 ± 5 93 ± 4 92 ± 4 0.98 (0.96; 1) 0.112 1.01 (0.99; 1.03) 0.845 1 (0.98; 1.02) 0.989 

Perforin_MFI 19 627 ± 707 977 ± 1063 983 ± 1505 591 ± 544 1.47 (1.27; 1.7) <0.001 1.22 (1.06; 1.41) 0.004 0.87 (0.75; 1.01) 0.077 

TIGIT 19 27 ± 7 35 ± 10 32 ± 10 23 ± 8 1.33 (1.2; 1.47) <0.001 1.22 (1.1; 1.34) <0.001 0.84 (0.76; 0.93) <0.001 

     Surface markers CD56dim NK cells 

ADRB2_MFI 14 690 ± 354 697 ± 372 679 ± 357 643 ± 355 1.01 (0.93; 1.09) 0.997 0.98 (0.91; 1.06) 0.905 0.92 (0.85; 0.99) 0.024 

CD226 12 83 ± 12 94 ± 6 88 ± 9 81 ± 15 1.14 (1.03; 1.26) 0.009 1.07 (0.97; 1.18) 0.299 0.97 (0.87; 1.07) 0.776 

CD57 19 72 ± 11 75 ± 9 72 ± 11 68 ± 11 1.05 (1.02; 1.09) 0.002 1.01 (0.97; 1.04) 0.966 0.95 (0.92; 0.98) 0.002 

CD8 19 39 ± 14 39 ± 15 37 ± 14 37 ± 14 1 (0.95; 1.04) 0.995 0.97 (0.93; 1.01) 0.161 0.95 (0.91; 0.99) 0.013 

*CD96_MFI 19 135 ± 34 122 ± 28 122 ± 29 130 ± 32 0.91 (0.87; 0.94) <0.001 0.91 (0.87; 0.95) <0.001 0.97 (0.93; 1.01) 0.169 

Granzyme-B_MFI 19 2780 ± 3938 2407 ± 2520 2398 ± 3399 2959 ± 4372 1.08 (0.88; 1.33) 0.738 0.89 (0.73; 1.1) 0.465 0.99 (0.81; 1.22) 1.000 

NKG2A 18 26 ± 10 21 ± 10 23 ± 10 28 ± 10 0.78 (0.73; 0.84) <0.001 0.87 (0.81; 0.93) <0.001 1.07 (0.99; 1.15) 0.105 

NKG2C 18 19 ± 20 17 ± 21 18 ± 21 19 ± 18 0.8 (0.72; 0.88) <0.001 0.88 (0.8; 0.97) 0.005 1.07 (0.98; 1.18) 0.204 

*NKG2D_MFI 19 222 ± 45 203 ± 42 209 ± 41 225 ± 45 0.91 (0.88; 0.95) <0.001 0.94 (0.91; 0.98) 0.002 1.02 (0.98; 1.06) 0.734 

Nkp30_MFI 19 502 ± 232 505 ± 232 487 ± 227 491 ± 226 1.01 (0.95; 1.07) 0.980 0.97 (0.92; 1.03) 0.480 0.99 (0.94; 1.05) 0.947 

Nkp44_MFI 19 24 ± 11 22 ± 12 21 ± 11 24 ± 10 0.91 (0.81; 1.03) 0.205 0.89 (0.79; 1.01) 0.067 1.04 (0.92; 1.17) 0.864 

Nkp46 16 87 ± 23 93 ± 4 87 ± 23 92 ± 4 1 (0.96; 1.04) 0.994 0.97 (0.93; 1.01) 0.304 0.98 (0.94; 1.02) 0.638 

Perforin_MFI 19 2221 ± 2530 2298 ± 2378 2297 ± 3218 2048 ± 2282 1.08 (0.94; 1.24) 0.436 0.92 (0.8; 1.06) 0.389 0.94 (0.82; 1.07) 0.564 

TIGIT 19 84 ± 10 84 ± 10 84 ± 10 85 ± 9 0.99 (0.98; 1) 0.312 0.99 (0.98; 1) 0.404 1 (0.99; 1.02) 0.660 

*MFI below 10% relative change, which was determined as biological significant change  
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Supplementary Table 3: Overview of NKCA and NKCA per-cell across the intervention 
 Raw data statistics 

  Mean ± SD T0 - T1 T0 - T2 T0 - T3 

Cell type Ratio baseline post watt-max post exercise post rest EMD (95% CI) p-value EMD (95% CI) p-value EMD (95% CI) p-value 

NK cell cytotoxic activity (NKCA) [%] 

K562 

50 24.6 ± 16.2 40.7 ± 16.7 36.7 ± 20 19.9 ± 8.5 16.1 (5.22; 26.98) 0.002 12.09 (1.21; 22.97) 0.026 -4.7 (-15.58; 6.18) 0.635 

25 14.5 ± 9.6 27.3 ± 15.5 20.8 ± 11.3 12.2 ± 8.7 12.83 (5.41; 20.26) <0.001 6.33 (-1.09; 13.76) 0.114 -2.26 (-9.68; 5.17) 0.834 

10 7.9 ± 7.2 14 ± 9.4 9.9 ± 6.5 6.8 ± 7.6 6.1 (0.44; 11.77) 0.031 1.99 (-3.67; 7.65) 0.766 -1.13 (-6.79; 4.53) 0.945 

5 5.8 ± 7.6 7.1 ± 6.5 6.6 ± 5.3 5.3 ± 6.1 1.25 (-3.15; 5.66) 0.858 0.75 (-3.65; 5.16) 0.964 -0.52 (-4.92; 3.89) 0.988 

1 5.2 ± 8.3 4.2 ± 6.3 3.8 ± 5.6 5.1 ± 6.4 -0.99 (-4.92; 2.94) 0.897 -1.42 (-5.35; 2.51) 0.749 -0.18 (-4.11; 3.74) 0.999 

LNCap 

50 31.6 ± 12.2 55.6 ± 18.2 47.6 ± 24.2 26.9 ± 13.4 24.02 (14.05; 34) <0.001 16.01 (6.04; 25.98) 0.001 -4.72 (-14.69; 5.26) 0.560 

25 21.9 ± 12.9 42.7 ± 18.7 38.4 ± 19.6 19.5 ± 12.7 20.8 (12.2; 29.4) <0.001 16.53 (7.93; 25.13) <0.001 -2.32 (-10.92; 6.28) 0.873 

10 11.2 ± 12 23.1 ± 14.7 19.9 ± 15.5 13.5 ± 13 11.84 (5.74; 17.94) <0.001 8.66 (2.56; 14.77) 0.004 2.31 (-3.79; 8.41) 0.718 

5 5 ± 8.1 11.9 ± 9.5 9.8 ± 10.1 6 ± 8.7 6.92 (2.83; 11.01) <0.001 4.76 (0.67; 8.85) 0.019 0.96 (-3.13; 5.05) 0.912 

1 0.7 ± 6.8 2.7 ± 5.9 1.3 ± 5.9 0.6 ± 6.5 2.01 (-0.79; 4.81) 0.218 0.64 (-2.16; 3.44) 0.918 -0.09 (-2.89; 2.71) 1.000 

PC-3 
25 17.3 ± 12.2 17.7 ± 11.7 18.4 ± 12 15.5 ± 8.6 0.38 (-6.47; 7.23) 0.999 1.11 (-5.74; 7.96) 0.968 -1.81 (-8.67; 5.04) 0.878 

10 11.7 ± 6.6 16.2 ± 12.7 15.2 ± 9.4 13.9 ± 9.5 4.5 (-1.79; 10.79) 0.223 3.42 (-2.87; 9.71) 0.447 2.12 (-4.17; 8.4) 0.786 

NK cell cytotoxic activity (NKCA) per cell [dead cancer cells per NK cell] 

K562 

50 0.067 ± 0.055 0.03 ± 0.017 0.032 ± 0.02 0.103 ± 0.078 -0.04 (-0.08; 0) 0.060 -0.03 (-0.07; 0.01) 0.211 0.04 (0; 0.07) 0.069 

25 0.078 ± 0.07 0.037 ± 0.023 0.038 ± 0.025 0.124 ± 0.12 -0.04 (-0.09; 0.01) 0.182 -0.04 (-0.1; 0.02) 0.230 0.05 (-0.01; 0.1) 0.103 

10 0.097 ± 0.088 0.046 ± 0.034 0.043 ± 0.03 0.185 ± 0.254 -0.05 (-0.17; 0.07) 0.625 -0.06 (-0.19; 0.06) 0.512 0.09 (-0.03; 0.21) 0.192 

5 0.153 ± 0.179 0.044 ± 0.044 0.06 ± 0.042 0.269 ± 0.39 -0.11 (-0.3; 0.08) 0.414 -0.1 (-0.31; 0.1) 0.493 0.12 (-0.08; 0.31) 0.356 

1 0.803 ± 0.96 0.152 ± 0.169 0.182 ± 0.21 1.112 ± 1.706 -0.65 (-1.47; 0.17) 0.152 -0.56 (-1.42; 0.3) 0.294 0.31 (-0.51; 1.13) 0.723 

LNCap 

50 0.066 ± 0.041 0.031 ± 0.008 0.032 ± 0.016 0.095 ± 0.047 -0.03 (-0.06; -0.01) 0.004 -0.03 (-0.05; 0) 0.037 0.03 (0; 0.05) 0.015 

25 0.086 ± 0.065 0.047 ± 0.015 0.054 ± 0.027 0.13 ± 0.076 -0.04 (-0.08; 0) 0.056 -0.03 (-0.07; 0.01) 0.168 0.04 (0; 0.08) 0.026 

10 0.1 ± 0.14 0.06 ± 0.033 0.071 ± 0.058 0.193 ± 0.193 -0.04 (-0.13; 0.05) 0.570 -0.05 (-0.14; 0.04) 0.468 0.09 (0.01; 0.18) 0.033 

5 0.064 ± 0.198 0.056 ± 0.049 0.08 ± 0.074 0.119 ± 0.307 -0.01 (-0.16; 0.14) 0.999 -0.03 (-0.19; 0.13) 0.958 0.06 (-0.09; 0.21) 0.732 

1 -0.044 ± 0.846 0.042 ± 0.185 0.116 ± 0.212 -0.112 ± 1.172 0.09 (-0.46; 0.63) 0.970 -0.08 (-0.66; 0.5) 0.980 -0.07 (-0.61; 0.48) 0.985 

PC-3 
25 0.076 ± 0.063 0.021 ± 0.011 0.031 ± 0.018 0.124 ± 0.074 -0.05 (-0.1; -0.01) 0.016 -0.03 (-0.08; 0.02) 0.286 0.05 (0; 0.09) 0.034 

10 0.155 ± 0.151 0.054 ± 0.054 0.084 ± 0.067 0.297 ± 0.26 -0.1 (-0.21; 0.01) 0.078 -0.08 (-0.19; 0.04) 0.278 0.14 (0.03; 0.25) 0.008 

Estimates obtained from linear mixed models; data is presented as estimated mean difference and should be interpreted as follows: an EMD of 10 is equivalent to an increase of 10% from i.e. T0 to T1. Abbreviations: CI (95% Confidence 
interval), EMD (estimated mean difference), T0 (baseline), T1 (post Watt-Max test), T2 (post interval exercise), T3 (post 60 min of rest) 
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Supplementary table 4: FACS staining material overview 

Name Fluorochrome Clone Vendor 

Human BD Fc Block™ - - BD 

Live-dead staining (Zombie Aqua) - - BioLegend 

Permeabilization buffer - - R&D systems 

Total Antibody Compensation Bead 
Kit 

  ThermoFisher 

CompBeads   BD 

CD3 APC-H7 SK7 BD 

CD8 BUV737 

FITC 

SK1 

HIT8α 

BD 

BD 

CD14 PE-Cy7 MφP9 BD 

CD16 BV421 3G8 BD 

CD56 BV605 NCAM16.2 BD 

CD57 PE-Cy5 NK-1 Abeomics 

CD314 – (NKG2D) Alexa-Fluor 488 #149810 R&D systems 

CD337 – (Nkp30) BV786 p30-15 BD 

CD335 – (Nkp46) BV711 9E2/Nkp46 BD 

CD336 – (Nkp44) APC P44-8 BioLegend 

CD96 BV711 6F9 BD 

Granzyme B  PE GB11 BD 

Perforin BV711 dG9 BioLegend 

CD159a – (NKG2A) Alexa-Fluor 647 #131411 R&D systems 

CD159c – (NKG2C) PE #134591 R&D systems 

TIGIT – (VSTM3) PE A15153G BioLegend 

ADRB2 Alexa-Fluor 488 polyclonal Bioss Inc 

CD226 – (DNAM.1) BUV395 DX11 BD 

Perforin and granzyme B represent intracellular targets 
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