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0.5 Abstract 

A higher physical activity level is associated with reduced risk of clinically diagnosed cancers, 

including multiple myeloma (MM) (Moore et al., 2016). MM is preceded by two precursor stages – 

monoclonal gammopathy of undetermined significance (MGUS) and smouldering multiple myeloma 

(SMM) (Landgren et al., 2009) – which carry an estimated 1% and 10% risk of progression to MM 

per year, respectively, and are not actively treated to avert disease progression (Kyle et al., 2010; 

Kyle et al., 2007; Kyle et al., 2002). A prior case study of one patient with SMM, with an elite 

sporting background, indicated that disease activity – measured in blood – may be reversed by regular 

exercise training (Boullosa, Abreu, Tonello, Hofmann, & Leicht, 2013). However, the acceptability 

of exercise training and its effects on disease activity biomarkers are yet to be determined in a 

representative group of MGUS and SMM patients. In Chapter 3, it was found that progressive 

exercise training for 16 weeks is feasible and safe for patients with MGUS and SMM. However, as 

reported in Chapter 4, in contrast to the aforementioned case study (Boullosa et al., 2013), it was 

found that exercise training does not reverse disease activity in people with MGUS and SMM. The 

finding herein that MGUS and SMM disease activity was unchanged by exercise training appears to 

contradict the observation that MM risk is reduced in physically active persons, particularly as a high 

physical activity level does not appear to reduce the risk of developing cancer precursors (Boutron-

Ruault, Senesse, Meance, Belghiti, & Faivre, 2001). However, these observations are likely to be 

synergistic and explained by a unifying anti-cancer mechanism of exercise that remains to be defined. 

Indeed, as outlined in Chapter 2, numerous anti-cancer mechanisms of exercise are commonly 

purported, yet many lack supportive evidence. The strongest evidence indicates that exercise-induced 

modulation of the immune system may be the principal driver of reduced clinical cancer risk in 

physically active persons. As such, a key aim of Chapter 2 was to interpret findings from the exercise 

immunology literature in the context of cancer immunoediting, the most widely-accepted model for 

immune–cancer interactions, which describes elimination, equilibrium, and escape phases of 

tumorigenesis (Dunn, Bruce, Ikeda, Old, & Schreiber, 2002). The findings amassed in Chapter 2 

indicate that regular exercise likely enhances immune competency, leading to the elimination of 

immunogenic cancer cells within the tumour microenvironment by effector immune cells, resulting 

in the maintenance of covert cancers in equilibrium (Dunn et al., 2002). It is likely that the 

aforementioned deductions explain why 16 weeks of exercise training had no effect on MGUS and 

SMM disease activity, as MGUS and SMM are poorly immunogenic and are positioned within the 

equilibrium phase of immunoediting (Nakamura, Smyth, & Martinet, 2020). Furthermore, in Chapter 

5, it was found that 16 weeks of exercise training had no effect on immune competency in blood – 

including T cell senescence, exhaustion, anergy, or stemness – in patients with MGUS and SMM. It 

may be that exercise-induced changes to immune competency are more apparent within the tumour 

microenvironment, as the site of cancer–immune interactions. Future trials are required to explore 

the long-term effects of exercise training on time-to-progression from MGUS and SMM to MM, and 

on immune competency within the tumour microenvironment. Such trials will be amongst the first 

to investigate whether exercise training reduces clinical cancer risk in humans. 
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TREG T regulatory cell 

TRM Tissue-resident memory T cell 

VEGF Vascular endothelial growth factor 

V̇O2MAX Maximum oxygen uptake 

V̇O2PEAK Peak oxygen uptake 

VT Ventilatory threshold 

WHO World Health Organisation 

WU Warm up 
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1 Introduction 

1.1 Overview 

Accumulating evidence from human epidemiology studies demonstrates that a higher physical 

activity level1 is associated with reduced risk of clinically diagnosed cancers (Matthews et al., 2019; 

Moore et al., 2016). Furthermore, preclinical rodent studies have shown that structured exercise2 

training suppresses the growth of experimentally-induced cancers (Ashcraft, Peace, Betof, Dewhirst, 

& Jones, 2016; Eschke et al., 2019). However, there is a lack of evidence demonstrating the effects 

of structured exercise training on clinical cancer risk in humans, due to the unpredictable time-course 

for cancer development in healthy individuals, and the impractical nature of delivering long-term 

exercise interventions until cancer diagnosis (Ballard-Barbash et al., 2009). Precancerous conditions 

that are not treated with anti-cancer therapy, but present with increased risk of a related clinical 

cancer, represent a unique model for trials exploring the effects of structured exercise training on the 

risk of clinically diagnosed cancer. 

Randomised-controlled trials that allocate patients diagnosed with cancer precursor conditions into 

structured exercise training or non-exercising groups until the point of disease progression are 

required to explore the effects of exercise on clinical cancer risk in humans. A trial of this sort would 

ideally measure time-to-progression to clinically diagnosed cancer as the primary outcome. 

Monoclonal gammopathy of undetermined significance (MGUS) and smouldering multiple 

myeloma (SMM) are unique clinical models for trials of this nature, as MGUS and SMM are 

precursors to the clinical cancer multiple myeloma (MM) (Landgren et al., 2009; Weiss, Abadie, 

Verma, Howard, & Kuehl, 2009). International Myeloma Working Group care guidelines advocate 

a ‘watchful waiting’ approach where disease biomarkers commonly present in blood – monoclonal 

(M)-protein and serum free light chains (FLC) – are routinely monitored without anti-cancer therapy 

to avert disease progression (Kyle et al., 2010). Furthermore, SMM subgroups exhibiting disease 

progression risk factors are identified as high-risk SMM which progresses to MM within <30 months 

(Lakshman et al., 2018). As such, trials can explore the effects of structured exercise training on 

time-to-progression from high-risk SMM to MM. Furthermore, incorporating measurements of 

purported anti-cancer mechanisms of exercise into trials measuring time-to-progression in high-risk 

SMM will unveil the mechanisms explaining reduced cancer risk in physically active individuals, 

which remain undefined (Friedenreich & Orenstein, 2002; Koelwyn, Wennerherg, Demria, & Jones, 

2015; McTiernan, 2008, 2020). 

Prior to implementing long-term exercise training performed until the point of disease progression, 

short-term trials are required to determine the feasibility and safety of structured exercise training in 

MGUS and SMM. To date, only a case study of one patient diagnosed with SMM has implemented 

exercise training in asymptomatic monoclonal gammopathies. This prior trial showed that four years 

 
1 Physical activity = any bodily movement produced by skeletal muscles that results in energy expenditure. 

Domains include leisure-time, occupational, household and transport related physical activity. 
2 Exercise = physical activity performed with the intention of sustaining or improving health and fitness 

including sport performance. 
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of vigorous intensity, multi-modal exercise training reversed SMM disease activity, as M-protein 

decreased by 27% (Boullosa et al., 2013). The case study patient was relatively young and a former 

elite athlete and, as such, these findings require confirmation in a representative group of MGUS and 

SMM patients. Conducting a pilot trial to evaluate the feasibility and safety of structured exercise 

training in MGUS and SMM provides the opportunity to simultaneously explore effects on disease 

activity biomarkers. Furthermore, purported anti-cancer mechanisms of exercise training can be 

measured during short-term pilot trials to determine the preliminary efficacy of exercise training to 

alter proposed mechanisms in MGUS and SMM. The overarching aim of this thesis was to determine 

the feasibility and safety of structured exercise training in MGUS and SMM, and to explore whether 

exercise training can reverse disease activity and alter purported anti-cancer mechanisms of exercise 

in MGUS and SMM. Such pilot trials are required to enable future trials to explore the effects and 

mechanisms of exercise training on clinical cancer risk in humans.  

1.2 Cancer prevention recommendations 

Recent reports estimate that 19.3 million new cancer cases were diagnosed worldwide in 2020, 

alongside almost ten million cancer deaths (Sung et al., 2021). The predominant sites of incident 

cancer were breast, lung, colorectum and prostate, whereas the largest contributors to cancer-specific 

mortality were lung, colorectal, liver and stomach cancers (Sung et al., 2021). Annual trends for 

cancer mortality have been steadily decreasing since the 1990s, reflecting advancements in early 

detection and treatment, however cancer incidence rates have not declined (Siegel, Miller, & Jemal, 

2020). As such, reductions in the worldwide burden of cancer can be achieved via strategies targeting 

cancer prevention. 

The American Cancer Society provide lifestyle recommendations for cancer prevention which 

include maintaining a healthy body composition, participating in physical activity, consuming a 

healthy diet, and limiting alcohol consumption (Rock et al., 2020). Prior research showed that 

individuals adhering to all American Cancer Society cancer prevention guidelines had ~30% lower 

risk of cancer mortality than those not following any of the guidance (McCullough et al., 2011). The 

work presented in this thesis focuses on the role of physical activity – specifically the subdomain of 

structured exercise training – in reducing clinical cancer risk. Maintaining a healthy body 

composition, limiting alcohol consumption, and consuming a healthy diet are outside of the scope of 

this thesis. However, the importance of other lifestyle recommendations is acknowledged when 

interpreting the findings of observational studies, where the ‘clustering’ of favourable lifestyle 

factors potentially confounds associations between physical activity and clinical cancer risk (Section 

2.2.1.1). 

1.3 Associations between physical activity and clinical cancer risk 

A meta-analysis of large epidemiology studies – including 1.44 million adults and >180,000 cancer 

cases – showed that the risk of 13 different clinically diagnosed cancers was reduced by 10-42% in 

individuals with the highest self-reported leisure-time physical activity level (i.e., within the 90th 

percentile) compared to the lowest self-reported leisure-time physical activity level (i.e., within the 
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10th percentile) (Moore et al., 2016). The tissues whereby cancer risk was reduced in those with the 

highest physical activity level in the aforementioned study included: cancer of the liver, lung, kidney, 

colon, rectum, head and neck, bladder, breast, gastric cardia and endometrium, and oesophageal 

adenocarcinoma, myeloid leukaemia and multiple myeloma (Moore et al., 2016). Furthermore, 

individuals achieving World Health Organisation (WHO) physical activity recommendations – 150 

minutes of moderate or 75 minutes of vigorous intensity aerobic activity per week – exhibit 6-27% 

lower risk of seven clinical cancers, including breast, colon, endometrial, kidney, liver, multiple 

myeloma and non-Hodgkin lymphoma, compared to individuals that do not meet WHO physical 

activity recommendations (Matthews et al., 2019).  

A dose-response relationship exists between physical activity and clinical cancer risk. Increasing 

physical activity level above WHO recommendations is associated with further reductions in cancer 

risk at five different tissue sites; breast, colon, endometrium, oesophagus (adenocarcinoma) and head 

and neck (Matthews et al., 2019). Additionally, the risk of pan-cancer mortality reduces with 

increasing physical activity level, with no upper limit observed (Arem et al., 2015). Based on dose-

response relationships, American Cancer Society physical activity guidelines for cancer prevention 

recommend engaging in 150-300 minutes of moderate or 75-150 minutes of vigorous intensity 

physical activity per week, with an emphasis that exceeding recommendations provides further 

benefit (Rock et al., 2020).  

Findings from observational studies exploring associations between physical activity and clinical 

cancer risk provide insights into potential anti-cancer mechanisms of physical activity. The presence 

of a dose-response relationship – where dose is the product of frequency, intensity, and duration – 

implicates a mechanism with a dose-response association to physical activity. Of particular interest 

is the role of physical activity intensity, in light of evidence showing that participating in vigorous 

intensity physical activity reduces clinically diagnosed breast cancer risk by 14%, compared to 3% 

for moderate intensity physical activity (Wu, Zhang, & Kang, 2013). As such, anti-cancer 

mechanisms which are engaged by vigorous intensity exercise may explain reduced clinical cancer 

risk in physically active persons. In addition, it has been shown that performing a high level of 

physical activity does not reduce the risk of cancer precursors such as Barrett’s oesophagus (Hilal, 

El-Serag, Ramsey, Ngyuen, & Kramer, 2016; Lam, Alexandre, Luben, & Hart, 2018) or small colon 

adenomas (Boutron-Ruault et al., 2001) but does reduce the risk of related clinical cancers of the 

oesophagus and colon (Moore et al., 2016). Furthermore, the risk of lymphocytic leukaemia is not 

reduced in those with a higher physical activity level (Moore et al., 2016). The most prevalent adult 

leukaemia is chronic lymphocytic leukaemia, which is commonly indolent, asymptomatic and not 

actively treated – akin to other cancer precursors (Hallek et al., 2018; Smith et al., 2018). These 

findings suggest that the anti-cancer mechanisms of physical activity do not prevent cancer arising, 

but instead avert progression from preclinical to clinical cancer.  

Preliminary analysis of the largest available data set addressing physical activity and cancer risk 

(Moore et al., 2016) suggested that the magnitude of protection exerted by physical activity is larger 
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at tissue sites which typically develop cancers with a higher tumour mutational burden (analysis 

reported in Section 2.4.2) (Chalmers et al., 2017; Moore et al., 2016). This observation is critical, 

due to the role of tumour mutational burden in determining the immunogenicity3 of cancer 

(Efremova, Finotello, Rieder, & Trajanoski, 2017) and the importance of immunogenicity in 

highlighting cancer cells to the immune system for elimination (Dunn et al., 2002). Furthermore, 

associations between physical activity and clinical cancer risk across all cancer types – except 

endometrial cancer – withstand adjustment for body mass index (BMI), suggesting that the protective 

effects of physical activity on cancer risk are largely independent of obesity (Matthews et al., 2019; 

Moore et al., 2016). Therefore, the anti-cancer effects of physical activity appear not to be driven by 

altered body composition. The observations from epidemiology studies outlined above suggest that 

commonly purported anti-cancer mechanisms of physical activity – which appear to depend on 

altered body composition, are restricted to specific tissue sites, and cannot eradicate cancer cells – 

may provide suboptimal explanations for the frequently observed reduction to clinical cancer risk in 

physically active individuals, as discussed next. 

1.4 Commonly purported anti-cancer mechanisms of physical activity 

Prior reviews attribute the anti-cancer effects of physical activity to mechanisms that reduce the risk 

of oncogenic mutations by withdrawing factors that stimulate cellular proliferation, e.g., sex 

hormones, metabolic growth factors, inflammatory cytokines, and oxidative stress (Friedenreich & 

Orenstein, 2002; McTiernan, 2008, 2020). However, mathematical modelling studies demonstrate 

that the vast majority of cancer-causing mutations occur as a result of random and unavoidable DNA 

replication errors that cannot be prevented (Tomasetti, Li, & Vogelstein, 2017; Tomasetti & 

Vogelstein, 2015). Furthermore, as observational evidence illustrates that physical activity exerts 

protective effects against cancer development across a diverse range of tissues (Moore et al., 2016), 

mechanisms with actions restricted to hormone-sensitive tissues (e.g., sex hormones) cannot explain 

the reduced risk of clinical cancers within hormone-insensitive tissue types in physically active 

individuals. Finally, as discussed further in Section 2.3 of this thesis, there is a lack of evidence to 

show that a high physical activity level or participation in structured exercise training – in the absence 

of body mass loss or body composition change – reduces exposure to sex hormones, metabolic 

growth factors, inflammatory biomarkers, or oxidative stress. Taken together, a universal anti-cancer 

mechanism that enhances the elimination of cancer cells may explain the reduced risk of clinically 

diagnosed cancer in physically active individuals. 

1.5 Enhanced immune competency as a universal anti-cancer mechanism of physical activity 

The role of immune enhancement as a universal anti-cancer mechanism of physical activity is often 

overlooked, likely due to the complexity of interactions between the host immune system and cancer 

cells, known as cancer immunoediting. The cancer immunoediting hypothesis describes three phases 

of immune–cancer interaction: elimination, equilibrium, and escape (Dunn et al., 2002). In the 

elimination and equilibrium phases of immunoediting, immunogenic cancer cells are eliminated by 

 
3 Immunogenicity = the ability of (cancer) cells/substances/molecules to provoke an immune response. 
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effector immune cells, as described by the cancer immunity cycle (Chen & Mellman, 2013). The 

escape phase characterises the development of clinical cancer, whereby ‘edited’ tumours comprised 

of non-immunogenic cancer cells that inhabit an immunosuppressive tumour microenvironment 

escape immune control and grow aggressively (Dunn et al., 2002). Enhanced immune competency 

in physically active individuals may improve anti-cancer immune responses in the elimination and 

equilibrium phases of immunoediting to reduce the risk of clinically diagnosed cancer (Koelwyn et 

al., 2015). However, there is a lack of experimental evidence linking specific theories from exercise 

immunology to cancer immunoediting and cancer risk in physically active individuals. Next, three 

leading theories in exercise immunology are explained in the context of cancer immunoediting. 

1.5.1 Physical activity counters T cell immunosenescence and promotes T cell stemness to 

reduce clinical cancer risk 

T cell immunosenescence is characterised by proportional increases in late-differentiated memory T 

cells with concomitant decreases in the proportion of naïve T cells, which are thought to be driven 

by latent Cytomegalovirus (CMV) infection and thymic involution, respectively (Aspinall & 

Andrew, 2000; Fueloep, Larbi, & Pawelec, 2013). T cell immunosenescence has been associated 

with increased cancer risk, due to the reduced capacity to eliminate neoplastic cells where 

dysfunctional senescent T cells have accumulated and naïve T cell output is compromised (Turner 

& Brum, 2017). Individuals with a lifelong history of exercise training or a higher cardiorespiratory 

fitness level have fewer senescent T cells in blood compared to less active or less fit individuals 

(Minuzzi et al., 2018; Spielmann et al., 2011). In addition, naïve T cells circulate at higher 

frequencies in individuals with a higher physical activity level (Bartlett & Duggal, 2020; Spielmann 

et al., 2011). Two theories within the field of exercise immunology may explain the observation that 

physical activity ameliorates T cell immunosenescence.  

The ‘immune space’ hypothesis postulates that senescent T cells are preferentially mobilised 

following acute exercise and conduct immunosurveillance of peripheral tissues (Simpson, 2011; 

Simpson & Guy, 2010) (as discussed further in Section 1.5.2). After conducting immunosurveillance, 

senescent T cells are proposed to undergo apoptosis in peripheral tissues, creating ‘immune space’ 

for naïve T cells via a negative feedback loop (Simpson, 2011; Simpson & Guy, 2010). Despite 

exercise-induced lymphocytosis being one of the most reproduceable findings in exercise 

physiology, other aspects of the ‘immune space’ hypothesis are disputed (Turner, 2016). For 

example, the perceived advantage of selectively deleting senescent T cells that are required to 

maintain immune control, the susceptibility of senescent T cells to undergo apoptosis, and the 

purported fixed-size immune system (Turner, 2016). As such, a second hypothesis relating to 

immune regulation via interleukin (IL)-7 and IL-15 may explain reductions in T cell 

immunosenescence in physically active individuals. 

Circulating IL-7 and IL-15 are increased in those with a higher physical activity level (Bartlett & 

Duggal, 2020; Duggal, Pollock, Lazarus, Harridge, & Lord, 2018). Both IL-7 and IL-15 have been 

shown to induce plasticity in T cell differentiation, whereby central memory and effector memory T 
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cells are induced to a ‘naïve-revertant’ memory phenotype in the presence of IL-7, and to a lesser 

extent, IL-15 (Frumento et al., 2020). This novel finding contradicts the previous hypothesis of linear 

and unidirectional T cell differentiation (Mahnke, Brodie, Sallusto, Roederer, & Lugli, 2013) and 

instead reveals ‘stemness’ characteristics of T cells. Furthermore, IL-15 has been shown to 

upregulate telomerase in CD8+ T cells (Li, Zhi, Wareski, & Weng, 2005; Watkinson et al., 2020) 

which may maintain telomere length to avert replicative senescence in physically active individuals.  

1.5.2 Acute exercise immunosurveillance eliminates immunogenic cancer cells to reduce 

clinical cancer risk 

In line with epidemiological evidence showing a dose-response – and potentially intensity-dependent 

– relationship between physical activity and clinical cancer risk, immunosurveillance is enhanced 

following vigorous intensity exercise. Indeed, the mobilisation of cytotoxic natural killer (NK) cells 

is two- to six-fold higher following an acute bout of vigorous intensity aerobic exercise, compared 

to lower intensity aerobic exercise (Campbell et al., 2009; Gustafson et al., 2017; Nieman et al., 

1994). With relevance to cancer immunoediting, it has been shown that NK cells mobilised by acute 

exercise display cytotoxicity against cancer cell lines in vitro (Bigley et al., 2014; Wang & Wu, 

2009). 

Effective cancer immunosurveillance is dependent on the effector cells, such as NK cells, mobilised 

following acute exercise trafficking to tissue sites where cancers reside. Increases in the mobilisation 

and tumour-infiltration of cytotoxic effector cells in exercising rodents are thought to explain 

reductions in the growth of injected cancers compared to non-exercising rodents (Pedersen et al., 

2016; Zielinski, Muenchow, Wallig, Horn, & Woods, 2004). However, inherently immunogenic 

cancer models may exaggerate the importance of acute mobilisation and trafficking of effector cells 

to tumour sites in suppressing tumour growth in exercising animals. Furthermore, exercise performed 

prior to the injection of cancer cells appears to elicit the greatest suppression of tumour growth 

(Pedersen et al., 2016), suggesting that adaptive improvements to immune competency following a 

period of structured exercise training may explain reductions in cancer development. 

1.5.3 Physical activity resolves T cell anergy and exhaustion to reduce clinical cancer risk 

T cell anergy and exhaustion develop in the tumour microenvironment which compromises the 

ability of effector cells to eradicate cancer cells (Crespo, Sun, Welling, Tian, & Zou, 2013). Anergy 

describes unresponsive T cells which have received sub-optimal costimulatory signals from antigen-

presenting cells. Indeed, the binding of cytotoxic T lymphocyte-associated protein (CTLA)-4 

expressed by T regulatory (TREG) cells with costimulatory CD80/CD86, at higher affinity than CD28 

expressed by effector T cells, compromises effector T cell activation, resulting in anergy (Wing, 

Tanaka, & Sakaguchi, 2019). Exhaustion describes T cells with reduced effector function due to 

chronic antigen stimulation and inhibition via immunosuppressive cytokines produced by cancer 

cells and TREG cells (Crespo et al., 2013; Jiang, Li, & Zhu, 2015). 

Exercise-induced reductions to functionally exhausted T cells, and to TREG cells that mediate T cell 

anergy, have been shown to underpin reductions to the growth of experimentally-induced tumours 
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in exercising rodents. Indeed, exhausted T cells expressing programmed cell death protein (PD)-1+ 

were reduced alongside reductions in tumour volume in exercising mice (Berrueta et al., 2018; 

Wennerberg et al., 2020). Similarly, rodents that performed exercise training displayed reduced TREG 

cells and tumour volume compared to non-exercising rodents (Hagar et al., 2019; McClellan et al., 

2014). Only one study has observed cross-sectional differences in exhausted T cells in blood between 

individuals with a higher (~1000 kcal/day active energy expenditure) compared to a lower (~500 

kcal/day active energy expenditure) physical activity level (Gustafson et al., 2017). While more 

evidence is available for the associations between physical activity level and TREG cells in blood, 

there is contradiction in the literature with studies showing lower (Duggal et al., 2018; Hampras et 

al., 2012) or similar (Gustafson et al., 2017; Handzlik, Shaw, Dungey, Bishop, & Gleeson, 2013; 

Minuzzi et al., 2017) proportions or frequencies of TREG cells in those with a higher physical activity 

level compared to lower physical activity level. Limited numbers of studies to date have explored 

changes to these immune cell subsets following structured exercise training in humans, and the 

results are mixed. Indeed, one study found that TREG cells increased following 12 weeks of tai chi 

chuan training (Yeh, Chuang, Lin, Hsiao, & Eng, 2006) and another found that TREG cells decreased 

following 20 weeks of moderate-high intensity aerobic and resistance exercise (Andersson et al., 

2020). 

Augmented immune regulation via IL-7 and IL-15 may explain reductions to TREG cells, which in 

turn reduces T cell anergy and exhaustion, in physically active individuals. Indeed, IL-7 and IL-15 

circulate at higher concentrations in individuals with a higher physical activity level (Bartlett & 

Duggal, 2020; Duggal et al., 2018). Suppressive TREG cells downregulate IL-7 receptor, suggesting 

that increases in IL-7 do not support the survival or function of TREG cells (Liu et al., 2006; Seddiki 

et al., 2006). Furthermore, IL-15 preferentially supports the proliferation, effector function and 

survival of effector T cells compared to TREG cells (Perna et al., 2013) and has been shown to blunt 

the suppressive effects of TREG cells on effector T cells (Ahmed et al., 2009). Together, the ratio of 

effector to regulatory T cells may be increased in physically active individuals via IL-7 and IL-15. 

Furthermore, a feed-forward loop may develop, as functional effector T cells produce interferon 

(IFN)-γ which has been shown to induce TREG cells to downregulate forkhead box protein 3 (FoxP3) 

which regulates suppressive functions of TREG cells (Gratz & Campbell, 2014; Sawant & Vignali, 

2014). Reduced production of immunosuppressive cytokines by TREG cells may ameliorate T cell 

exhaustion, as immunosuppressive cytokines are implicated in inducing T cell exhaustion (Jiang et 

al., 2015). Furthermore, IL-7 (Pellegrini et al., 2009) and IL-15 (Saito et al., 2020) have been shown 

to reduce PD1+ expression on T cells in rodent models, suggesting that increases to 

immunoregulatory cytokines are associated with reductions to T cell exhaustion. 

1.6 A unique clinical model to explore the effects and mechanisms of exercise training on 

clinical cancer risk 

The impractical nature of delivering long-term exercise interventions until a cancer diagnosis in 

healthy individuals has precluded trials exploring the effects of exercise training on clinical cancer 

risk in humans (Ballard-Barbash et al., 2009). Cancer precursor conditions represent a unique 
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opportunity to investigate the effects of exercise training on the risk of clinically diagnosed cancer, 

due to the elevated risk of related clinical cancer and the lack of anti-cancer therapy to avert disease 

progression. Herein, a model for exercise oncology research utilising asymptomatic monoclonal 

gammopathies is proposed. 

Monoclonal gammopathy of undetermined significance (MGUS) and smouldering multiple 

myeloma (SMM) are asymptomatic monoclonal gammopathies that precede the clinical cancer of 

bone marrow plasma cells, multiple myeloma (MM) (Landgren et al., 2009; Weiss et al., 2009). 

MGUS and SMM typically arise in older adults, affecting >4% of adults aged >50 years in the general 

population (Dispenzieri et al., 2010; Kyle et al., 2006). Indeed, the prevalence of MGUS is just 0.34% 

in individuals aged 10-49 years (Landgren et al., 2017) and increases to 5.3% of individuals aged 

>70 years and 7.5% of individuals aged >85 years (Kyle et al., 2006). The prevalence of MGUS also 

varies according to race, with higher rates in blacks than whites or Hispanics (Landgren et al., 2014) 

and sex, with higher rates in males than females (Kyle et al., 2006).  

Monoclonal gammopathies are characterised by accumulations of clonal plasma cells in bone 

marrow which commonly give rise to abundant monoclonal (M)-protein and serum free light chains 

(FLC) in blood. In MGUS and SMM, blood biomarkers of disease activity are monitored to identify 

disease progression to MM, known as ‘watchful waiting’ (Kyle et al., 2010). International Myeloma 

Working Group care guidelines do not advocate treatment with conventional anti-cancer therapies to 

avert disease progression from MGUS and SMM to MM, due to the toxicity and economic cost of 

prescribing anti-cancer drugs in patients with an uncertain risk of progression (Rajkumar et al., 2005) 

and limited efficacy of these therapies against potentially inert plasma cell clones (Campbell et al., 

2017; Landgren, 2017).  

The risk of disease progression to MM is lowest for MGUS at 1% per year on average (Kyle et al., 

2002). However, MGUS subgroups exhibiting disease progression risk factors have 58% risk of 

progression at 20 years, compared to just 5% at 20 years for individuals without disease risk factors 

(Rajkumar et al., 2005). SMM represents substantially greater disease severity, with 50% risk of 

progression within five years overall (Kyle et al., 2007). SMM subgroups with high-risk features 

have 82% risk of progression within five years and an average time-to-progression of <30 months 

(Lakshman et al., 2018). The differential diagnoses of MGUS, SMM and MM and risk stratification 

models for MGUS and SMM are shown in Table 1.1. The absence of anti-cancer therapy and 

relatively short time-to-progression in high-risk SMM provides an opportunity to explore the effects 

of exercise training on clinical cancer risk in humans. Indeed, randomised-controlled trials can 

measure the difference in time-to-progression from high-risk SMM to MM in groups allocated to 

either structured exercise training or non-exercising groups during ‘watchful waiting’. 

Prior to conducting long-term exercise intervention studies until disease progression in high-risk 

SMM, the safety of exercise training in MGUS and SMM must be confirmed. During pilot trials 

evaluating the feasibility and safety of exercise training in MGUS and SMM, there is the opportunity 

to measure the effects of exercise on disease activity. Indeed, disease activity of MGUS and SMM
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Table 1.1. International Myeloma Working Group diagnostic criteria for MGUS, SMM and MM, and risk factors for MGUS and SMM risk stratification 

 
M-protein (g/L) BMPC (%) FLC ratio Symptoms 

Disease progression risk 

factors 

MGUS 

 IgM 

 Non-IgM 

 Light chain only 

 

<30 

<30 

Absent 

 

<10 

<10 

<10 

 

- 

- 

<0.26 or >1.65 

 

Absent 

Absent 

Absent 

 

Non-IgG isotype; 

M-protein ≥15 g/L; 

FLC ratio <0.26 or >1.65 

SMM ≥30 10-60 - Absent 

M-protein >20 g/L; 

BMPC >20%; 

FLC ratio >20 

MM - 

≥10 

 

≥60 = MM defining event 

- 

 

>100 = MM defining event 

Hypercalcemia; 

Renal insufficiency; 

Anaemia;  

Bone lesions 

- 

MGUS = Monoclonal gammopathy of undetermined significance; SMM = Smouldering multiple myeloma; MM = Multiple myeloma; M-protein = Monoclonal protein; 

BMPC = Bone marrow plasma cell; FLC = free light chain. MGUS and SMM risk stratification = low risk with 0, low intermediate risk with 1, intermediate risk with 2, and 

high risk with 3 risk factors. International Myeloma Working Group diagnostic criteria (Rajkumar et al., 2014); MGUS risk stratification (Rajkumar et al., 2005); SMM risk 

stratification (Mateos et al., 2020).
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can be monitored relatively non-invasively via M-protein and FLC commonly present in blood. A 

prior case study of one patient with SMM showed that four years of vigorous intensity, multi-modal 

exercise training reduced M-protein by 27% (Boullosa et al., 2013). The findings of the 

aforementioned case study suggest that exercise training may reverse SMM disease activity, however 

this is yet to be examined further in a representative group of MGUS and SMM patients.  

The apparent reversal of SMM disease activity following a period of exercise training (Boullosa et 

al., 2013) may not be replicated in future trials, due to the mechanisms purported to underpin the 

anti-cancer effects of exercise training. Indeed, enhanced immune competency in physically active 

individuals is proposed to interact with cancer immunoediting processes to maintain preclinical 

cancers in equilibrium (Koelwyn et al., 2015). MGUS and SMM are detectable manifestations of the 

equilibrium phase of immunoediting (Nakamura et al., 2020), which involves the elimination of 

immunogenic cancer cells by effector immune cells, whilst cancer cells with low immunogenicity 

persist undetected (Dunn et al., 2002). Clonal plasma cells in MGUS and SMM are continually 

subject to immunoediting, as evidenced via the immune infiltrate in bone marrow in MGUS and 

SMM (Zavidij et al., 2020). Therefore, the clonal plasma cells present in MGUS and SMM that 

produce M-protein are those with low immunogenicity that have subverted immune elimination. As 

such, it is hypothesised that exercise training will not reduce disease biomarkers of MGUS and SMM, 

as non-immunogenic cancer cells cannot be eliminated, regardless of exercise-induced 

improvements to host immune competency (as outlined in Section 1.5). 

While potentially unable to reverse precursor disease, exercise training is proposed to reduce the risk 

of clinically diagnosed MM by equipping the host immune system to eliminate clonal plasma cells 

as they acquire new mutations resulting in the expression of novel tumour antigens. The result of 

enhanced cancer immunoediting is MGUS and SMM maintained in equilibrium, and progression to 

clinical MM may be averted. Indeed, epidemiology trials have shown that a higher physical activity 

level is associated with reduced risk of MM (Matthews et al., 2019; Moore et al., 2016). Trials 

conducted in high-risk SMM are required to explore the effects and mechanisms of exercise training 

on disease progression to MM. Prior to future trials measuring time-to-progression as the primary 

outcome, the feasibility and safety of exercise training in MGUS and SMM must be evaluated. 

1.7 Chapter 3: Feasibility and safety of progressive exercise training in patients with MGUS 

and SMM 

The feasibility and safety of a progressive exercise programme designed to engage purported anti-

cancer mechanisms of exercise was investigated in Chapter 3. The 16-week exercise programme was 

individually prescribed, comprising two supervised and one home-based exercise session per week.  

The exercise training programme implemented in the present trial incorporated supervised aerobic 

exercise that progressed to reach vigorous intensities. Indeed, peak oxygen uptake (V̇O2PEAK) 

measured prior to commencing exercise training was utilised to prescribe treadmill walking 

intensities. The intensity of supervised treadmill walks progressed from 40-50% V̇O2PEAK in weeks 
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1-2, to 50-60% V̇O2PEAK in weeks 3-6, 60-70% V̇O2PEAK in weeks 7-10 and 70-80% V̇O2PEAK in weeks 

11-16. American College of Sports Medicine guidelines define moderate intensity as 46-63% 

V̇O2PEAK and vigorous intensity as 64-90% V̇O2PEAK (Garber et al., 2011), demonstrating that aerobic 

exercise at vigorous intensity was prescribed from week seven onwards, for a total of ten weeks. 

Vigorous intensity aerobic exercise was included in the 16-week exercise programme due to prior 

evidence showing that a single bout of higher intensity exercise mobilises late-differentiated, 

cytotoxic effector memory cells to a greater extent than lower intensity exercise (Campbell et al., 

2009). Cytotoxic effector cells mobilised following acute exercise have been shown to kill MM cell 

lines in vitro (Bigley et al., 2014) and may infiltrate tumours to suppress their growth (Pedersen et 

al., 2016). Together, these acute exercise effects may represent a mechanism to explain the reduced 

risk of MM in physically active individuals (Moore et al., 2016). Furthermore, after conducting 

immunosurveillance of peripheral tissues to identify and eliminate cancer cells, it is proposed that 

late-differentiated, senescent T cells undergo apoptosis to create ‘immune space’ for new naïve T 

cells (Simpson, 2011). Indeed, the ‘immune space’ hypothesis is commonly used to explain observed 

anti-immunosenescence effects of exercise training. A slowing of immunosenescence is relevant to 

individuals with MGUS and SMM, as hallmarks of immunosenescence are commonly exhibited by 

older adults (Fulop, Dupuis, Witkowski, & Larbi, 2016) and importantly, MGUS prevalence 

increases with advancing age (Kyle et al., 2006). 

Amelioration of immunosenescence may also be driven by increases to skeletal muscle-derived 

myokines, such as IL-15, in physically active individuals (Bartlett & Duggal, 2020). Skeletal muscle 

expresses IL-15 (Nielsen et al., 2007), and both vigorous intensity aerobic exercise (Tamura et al., 

2011) and resistance exercise (Riechman, Balasekaran, Roth, & Ferrell, 2004) acutely increase 

plasma IL-15 post-exercise. As such, progressive resistance exercise was included alongside 

vigorous intensity aerobic exercise with the aim of increasing skeletal muscle output of 

immunoregulatory cytokines. Resistance exercises were performed with elastic bands and were 

prescribed as sets of ‘repetition-maximum’. Two sets of six exercises for major muscle groups were 

performed twice per week, with progression from 12 repetition-maximum to eight repetition-

maximum, to target increases in muscular strength (Galvão & Newton, 2005; Galvão, Taaffe, Spry, 

& Newton, 2007). It has been shown that IL-15 upregulates telomerase in CD8+ T cells, which may 

maintain telomere length to avert T cell replicative senescence in physically active individuals (Li et 

al., 2005; Watkinson et al., 2020). Furthermore, IL-15 has been shown to induce central and effector 

memory T cells to a ‘naïve-revertant’ memory phenotype (Frumento et al., 2020) and may reduce T 

cell exhaustion (Saito et al., 2020) and anergy (Ahmed et al., 2009). Together, increases to skeletal 

muscle-derived IL-15 following resistance exercise training may reduce T cell senescence, 

exhaustion and anergy, and restore populations of ‘naïve-like’ T cells, which may improve cancer 

immunoediting processes to maintenance MGUS and SMM in equilibrium. 

In addition to utilising progressive aerobic and resistance exercise to engage purported anti-cancer 

mechanisms of exercise training, such exercise prescriptions are recommended for older adults and 
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individuals with cancer. Indeed, combined aerobic and resistance exercise training is recommended 

to improve anxiety, depression, fatigue, health-related quality of life, and physical function in cancer 

patients (Campbell et al., 2019). Furthermore, WHO physical activity recommendations for older 

adults include 150 minutes of moderate or 75 minutes of vigorous intensity aerobic physical activity 

per week, plus twice-weekly resistance, balance, and flexibility exercises. As such, alongside twice-

weekly supervised progressive aerobic and resistance exercise, participants were asked to perform 

an unsupervised, home-based walk for 40 minutes once per week at a moderate intensity, and daily 

balance and flexibility exercises at home. Together, the exercise programme aimed to deliver multi-

faceted benefits to MGUS and SMM patients, by improving physical and psychological health, plus 

engaging purported anti-cancer mechanisms of exercise. 

The first literature gap filled by the work presented in this thesis was evaluating the safety and 

feasibility of progressive exercise training in a representative group of MGUS and SMM patients. 

This builds on existing evidence available from one patient with SMM (Boullosa et al., 2013). The 

rationale for determining the feasibility and safety of progressive exercise training in MGUS and 

SMM is two-fold. As outlined above, pilot studies examining the safety and feasibility of exercise 

training in MGUS and SMM are a prerequisite for future studies measuring time-to-progression from 

high-risk SMM to MM. These future studies will be amongst the first to investigate the effects of 

exercise training on clinical cancer risk in humans. Secondly, other health benefits associated with 

participation in exercise training are relevant to MGUS and SMM. Indeed, MGUS patients display 

increased risk of comorbidities such as cardiovascular disease, bone disease and mental health 

conditions compared to age-matched individuals without MGUS (Bida et al., 2009). As such, 

alongside comprehensive reporting of safety and feasibility outcomes, the effects of progressive 

exercise training on measures of physical and psychological functioning in MGUS and SMM, 

including blood pressure, body composition, physical activity level, cardiorespiratory and functional 

fitness, and quality of life were explored in Chapter 3. 

1.8 Chapter 4: Preliminary effects of progressive exercise training on disease biomarkers and 

disease-related comorbidities in patients with MGUS and SMM 

The effects of progressive exercise training on disease activity and disease-related comorbidities in 

MGUS and SMM were explored in Chapter 4 of this thesis. Only one study to date has evaluated the 

effects of exercise training on disease activity in asymptomatic monoclonal gammopathies. Indeed, 

four years of vigorous intensity, multi-modal exercise training reduced M-protein by 27% in one 

patient diagnosed with SMM (Boullosa et al., 2013). The patient in this prior case study was 44 years 

of age, which is relatively young in the context of MGUS and SMM, which typically arise in those 

aged >50 years and are most prevalent in older adults aged >85 years (Kyle et al., 2006). Furthermore, 

the case study patient had an elite sporting history which further reduces the applicability of these 

findings to a representative group of MGUS and SMM patients. 

The findings of this prior case study are questionable and require further investigation. Indeed, the 

contention that exercise training reverses SMM disease activity contradicts the core principle of the 
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cancer immunoediting hypothesis, which states that non-immunogenic cancer cells subvert 

elimination by effector immune cells (Dunn et al., 2002). Immunoediting in MGUS and SMM 

maintains stable precursor disease in ‘equilibrium’ whereby surviving clonal plasma cells with low 

immunogenicity continue to produce M-protein (Nakamura et al., 2020). While clonal plasma cells 

with low immunogenicity persist, disease progression to MM is averted via the elimination of clonal 

plasma cells that become immunogenic (Nakamura et al., 2020). As such, improvements to immune 

competency in physically active individuals may reduce the risk of disease progression in MGUS 

and SMM, rather than reverse MGUS and SMM disease activity. 

Existing evidence provides support for the concept that exercise-induced immune enhancement 

reduces the risk of disease progression to MM. Firstly, the risk of developing MM is reduced by 17% 

in individuals with a higher physical activity level compared to individuals with a lower physical 

activity level (Moore et al., 2016). More recently, it was shown that achieving WHO guidelines for 

physical activity is associated with 14% lower risk of developing MM compared to individuals 

performing no physical activity (Matthews et al., 2019). Secondly, a higher physical activity level 

does not protect against the risk of lymphocytic leukaemia (Moore et al., 2016) – a haematological 

malignancy similar to MGUS and SMM which is commonly asymptomatic, indolent and untreated 

(Hallek et al., 2018; Smith et al., 2018) – or the risk of other cancer precursor conditions, such as 

Barrett’s oesophagus (Hilal et al., 2016; Lam et al., 2018). It can be inferred from these findings that 

the development of MGUS and SMM are not prevented by physical activity. Instead, the reduced 

risk of MM in physically active individuals is likely explained by mechanisms that avert disease 

progression from MGUS and SMM to MM. 

As the only available evidence addressing the effects of exercise training on disease activity of 

asymptomatic monoclonal gammopathies is derived from one patient with SMM (Boullosa et al., 

2013), a similar study conducted with a representative group of MGUS and SMM patients is required. 

The work presented in Chapter 4 of this thesis builds on the existing evidence by measuring the 

effects of exercise training on disease activity in a representative group of MGUS and SMM patients. 

Furthermore, a comprehensive array of disease activity biomarkers and disease-related comorbidities 

were measured, extending beyond prior reliance on change to M-protein to infer changes to MGUS 

and SMM disease activity. Indeed, serum FLC, β2 microglobulin and circulating plasma cells were 

measured alongside M-protein to represent MGUS and SMM disease activity. Furthermore, 

measures of disease-related ‘CRAB’ features – hypercalcaemia, renal insufficiency, anaemia, and 

bone lesions – and immune suppression attributed to clonal plasma cell expansion, known as 

‘immunoparesis’, were measured before and after 16 weeks of progressive exercise training. 

1.9 Chapter 5: Effects of progressive exercise training on immune competency and 

inflammation in patients with MGUS and SMM 

Three theories from the field of exercise immunology were identified as purported universal anti-

cancer mechanisms of exercise training in this thesis (summarised in Section 1.5, and discussed in 

detail in Section 2.4). Theories one and three were explored in response to structured exercise training 
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in MGUS and SMM in Chapter 5 of this thesis. Blood samples collected before and after 16 weeks 

of exercise training were analysed for changes to T cell senescence, exhaustion, anergy and stemness 

via flow cytometry.  

Theory three relates to cell exhaustion and anergy, which develop within the tumour 

microenvironment resulting in suppressed T cell effector function, thus inhibiting the elimination of 

immunogenic cancer cells (Crespo et al., 2013). Restoration of T cell function may explain reductions 

to the risk of clinically diagnosed cancer in physically active individuals (Sections 1.5.3 and 2.4.5). 

Herein, exercise-induced changes to the frequency of exhausted and anergic T cells were measured 

via T cells expressing PD1+ and CTLA4+, respectively, due to the established role of PD1+ and 

CTLA4+ immune checkpoint inhibitors in cancer treatment (Vaddepally, Kharel, Pandey, Garje, & 

Chandra, 2020). Analysis of CTLA4+ expression was restricted to CD4+ T cells due to the primary 

mechanism of anti-CTLA4 immunotherapy targeting the depletion of CTLA4+CD4+ TREG cells 

(Quezada & Peggs, 2019; Sobhani et al., 2021). The prognostic relevance of PD1+ T cells and TREG 

cells in MGUS and SMM is discussed next. 

Prior evidence demonstrates that the proportion of T cells expressing PD1+ in bone marrow is similar 

in MGUS, SMM and MM (Costa et al., 2020). In contrast, the proportion of TREG cells in blood is 

highest in MM patients, followed by MGUS patients and then healthy individuals (Beyer et al., 2006; 

Feyler et al., 2009; Wang et al., 2018). Furthermore, increased proportions of TREG cells in peripheral 

blood and PD1+CD4+ T cells in bone marrow are associated with shorter time-to-progression in MM, 

demonstrating the adverse effects of suppressive and dysfunctional T cells in plasma cell neoplasia 

(Alrasheed et al., 2020; Giannopoulos, Kaminska, Hus, & Dmoszynska, 2012; Raja et al., 2012b). In 

addition, a recent study showed that the risk of disease progression from MGUS to MM was reduced 

by ~20% in individuals diagnosed with autoimmune conditions (Baldursdottir et al., 2020). It is 

possible that loss of TREG-induced immune tolerance in MGUS patients with an autoimmune 

condition may in turn optimise anti-cancer effector function to maintain the precursor state in 

equilibrium. Together, it appears the reductions to PD1+ T cells and TREG cells via exercise training 

may confer prognostic advantage in MGUS and SMM. The effects of physical activity and exercise 

training on T cell exhaustion and anergy are discussed next. 

Emerging evidence suggests that physical activity may ameliorate T cell exhaustion and anergy in 

healthy individuals. Indeed, young men performing ~1000 kcal/day of active energy expenditure 

exhibit lower circulating proportions of PD1+CD4+ T cells than young men performing ~500 kcal/day 

of active energy expenditure (Gustafson et al., 2017). Furthermore, lower blood proportions of TREG 

cells are seen in master’s cyclists aged 55-79 years with a 21-year training history (Duggal et al., 

2018) and women aged ~57 years self-reporting ≥3 days/week of exercise training (Hampras et al., 

2012) compared to less-active counterparts. However, other studies show no difference in circulating 

TREG proportion within the CD4+ T cell pool according to physical activity level (Handzlik et al., 

2013; Minuzzi et al., 2017). In addition, few studies have evaluated the effects of exercise training 

on TREG cells, which showed mixed results (Andersson et al., 2020; Yeh et al., 2006) and there is a 
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dearth of studies measuring PD1+ T cells and CTLA4+CD4+ TREG cells before and after a period of 

structured exercise training. 

Theory one postulates that the amelioration of immunosenescence may explain reductions in clinical 

cancer risk for physically active persons, as described in Sections 1.5.1 and 2.4.3. Indeed, 

immunosenescence is characterised by increased senescent T cells and reduced naïve T cells in blood 

(Aspinall & Andrew, 2000; Fueloep et al., 2013), which may compromise the detection and 

elimination of immunogenic cancer cells. The effects of exercise training on T cell senescence and 

stemness in MGUS and SMM were measured in the present trial by quantifying T cells expressing 

features of senescence (e.g., CD57+ or killer cell lectin-like receptor subfamily G1 (KLRG1+)) or 

naïve T cells, respectively. The clinical relevance of T cell senescence and stemness in MGUS and 

SMM is discussed next. 

A prior study showed that the loss of T cell stemness and increase in T cell senescence within the 

bone marrow microenvironment differentiates the immune profiles of MGUS and MM, indicating 

an important role for T cell stemness in maintaining MGUS in equilibrium and the contribution of 

immunosenescence to immune escape (Bailur et al., 2019). As such, exercise-induced reductions to 

senescent T cells and increases to naïve T cells with stemness characteristics may contain MGUS in 

equilibrium. In healthy individuals, physical activity is associated with the amelioration of 

immunosenescence. Indeed, cross-sectional studies have shown that a higher physical activity level 

– e.g., achieving >10,000 steps/day, a self-reported lifelong history of athletic training, or above-

average cardiorespiratory fitness – was associated with lower proportions of senescent T cells and 

higher proportions of naïve T cells in blood (Bartlett & Duggal, 2020; Minuzzi et al., 2018; 

Spielmann et al., 2011). However, other cross-sectional studies identified no association between 

physical activity level and the circulating proportion of senescent T cells (Duggal et al., 2018) or 

naïve T cells (Minuzzi et al., 2018; Moro-Garcia et al., 2014; Rodrigues Silva et al., 2016). 

Furthermore, prior exercise intervention trials reveal inconsistent effects of exercise training on naïve 

T cells in blood, with some reporting increases (Dinh et al., 2019; Philippe et al., 2019; Shimizu et 

al., 2008) and others reporting no change (Dinh et al., 2019; Kapasi, Ouslander, Schnelle, Kutner, & 

Fahey, 2003; Raso, Benard, Da Silva Duarte, & Natale, 2007; Woods et al., 1999). Few trials have 

explored the effects of structured exercise training on T cell senescence, as reviewed elsewhere (Dinh 

et al., 2017). 

Exercise-induced amelioration of immunosenescence in MGUS and SMM may also resolve 

inflammatory dysregulation, due to the role of immunosenescence in age-associated basal 

inflammation, known as ‘inflammaging’ (Cevenini et al., 2010; Franceschi & Campisi, 2014). 

Overcoming inflammatory dysregulation in MGUS and SMM is relevant to future risk of MM, as 

MGUS and SMM typically arise in older adults (Kyle et al., 2006), and inflammation is implicated 

in MM disease pathogenesis. Indeed, as reviewed recently, cytokines including IL-1β, IL-4, IL-6, 

soluble IL-6 receptor (sIL-6R), IL-8, IL-10, IL-16, IL-17, vascular endothelial growth factor 

(VEGF), tumour necrosis factor (TNF)-α and C-reactive protein (CRP) are pro-tumorigenic in 
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MGUS and MM (Allegra et al., 2019; Musolino et al., 2017). IL-6 is essential for MM development 

(Hilbert, Kopf, Mock, Kohler, & Rudikoff, 1995) and enacts classical signalling via membrane-

bound IL-6 receptor which is expressed in 99% of MM plasma cells and glycoprotein (gp)-130 which 

is ubiquitously expressed (Mahtouk et al., 2010). Furthermore, IL-6 trans-signalling occurs when 

complexes of IL-6 and sIL-6R bind ubiquitously-expressed gp-130 (Wolf, Rose-John, & Garbers, 

2014). As elevated sIL-6R is associated with increased risk of MM (Birmann et al., 2012), IL-6 trans-

signalling likely plays a role in MM development.  

Many cytokines coalesce via IL-6 to promote tumour growth in MM. For example, TNF-α (Carter, 

Merchav, Silviandraxler, & Tatarsky, 1990; Hideshima, Chauhan, Schlossman, Richardson, & 

Anderson, 2001), IL-1β (Donovan et al., 1998) and IL-17A (Prabhala et al., 2016) stimulate IL-6 

production by bone marrow stromal cells in MM. Furthermore, IL-6 stimulates the production of 

CRP (Bataille & Klein, 1992), IL-10 (Kovacs, 2010) and VEGF (Dankbar et al., 2000) which enact 

IL-6-independent pro-tumorigenic actions. CRP stimulates proliferation and inhibits apoptosis of 

MM cells (Yang et al., 2007; Yang et al., 2009). In addition, IL-10 stimulates plasma cell 

proliferation (Alexandrakis et al., 2015; Pappa et al., 2007) and polarises CD4+ T cells to an 

immunosuppressive Th2 phenotype in MM (Raja et al., 2012a). Further, VEGF stimulates 

angiogenesis, migration, proliferation, and survival of MM cells (Podar & Anderson, 2005).  

Other inflammatory factors exert pro-tumorigenic function in MGUS and MM independent of IL-6. 

IL-8 protects MM cells from apoptosis, induces osteoclast formation (Herrero et al., 2016), and 

increases microvessel density in MGUS, SMM and MM (Kline et al., 2007). Additionally, IL-16 

supports MM development by inducing plasma cell proliferation (Atanackovic et al., 2012) and 

providing chemotactic signals to TREG cells (McFadden et al., 2007). The role of IL-4 in MM 

pathogenesis remains unclear, however it has been shown that clonal plasma cells develop from 

precursors in response to IL-4 and TNF-α in vitro (Sawamura, Murakami, & Tsuchiya, 1996). In 

contrast, IL-1 receptor agonist (IL-1RA), IL-15, and IL-12 exert anti-tumour actions in MGUS and 

MM (Allegra et al., 2019; Musolino et al., 2017). Clinical trials of IL-1RA (Lust et al., 2009; Lust et 

al., 2016), IL-12 (Lacy et al., 2009), and IL-15 (Romee et al., 2018) therapies have been conducted 

in SMM and MM with the aim of reducing the risk of disease progression or relapse. However, these 

therapies have not been adopted due to treatment toxicities. As such, low-toxicity interventions to 

increase IL-1RA, IL-12, and IL-15 may be beneficial in MGUS and SMM. Exercise training may 

represent a low-toxicity intervention to modulate inflammatory dysregulation in MGUS and SMM. 

Cross-sectional studies have explored associations between physical activity level and inflammatory 

biomarkers in blood. Indeed, master’s athletes with a >20-year training history exhibited lower IL-6 

and higher IL-15 and IL-1RA in blood than age-matched counterparts without an athletic training 

background (Duggal et al., 2018; Minuzzi et al., 2019). Furthermore, older adults self-reporting >1-

2 hours/week of moderate intensity activity had lower CRP and IL-6 than older adults performing 

<1 hour/week of light intensity activity (Elosua et al., 2005). In contrast, a higher physical activity 

level was shown to be associated with higher IL-1β, IL-4 and IL-10 (Minuzzi et al., 2019). 
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Furthermore, adults aged 55-74 years self-reporting ≥3 hours/week of vigorous intensity physical 

activity had similar serum concentrations of IL-1RA, IL-1β, IL-4, IL-6, sIL-6R, IL-8, IL-10, IL-12, 

IL-15, IL-16, IL-17, TNF-α, and VEGF, when compared to individuals performing <1 hour/week of 

vigorous intensity activity (Kitahara et al., 2014). Similarly, intervention trials have shown that 

inflammatory biomarkers are unchanged by exercise training in healthy adults. Indeed, 12 months of 

aerobic exercise training appears to have no effect on CRP (Beavers et al., 2010; Campbell et al., 

2008; Nicklas et al., 2008), IL-6 (Beavers et al., 2010; Campbell et al., 2009; Friedenreich et al., 

2012b), TNF-α (Beavers et al., 2010; Friedenreich et al., 2012b), sIL-6R (Beavers et al., 2010) or 

VEGF (Voss et al., 2013) in healthy individuals. However, as concentrations of inflammatory 

biomarkers are elevated in MGUS, SMM and MM compared to healthy individuals (Bosseboeuf et 

al., 2017) there may be greater scope for exercise training to reduce inflammatory biomarker 

concentrations in MGUS and SMM compared to healthy individuals. 

1.10 Thesis aims 

The overarching aim of this thesis was firstly to evaluate the feasibility and safety of progressive 

exercise training in MGUS and SMM. Secondly, the effects of exercise training on biomarkers of 

MGUS and SMM disease activity were examined. A prior case study of one patient with SMM 

suggested that exercise training reverses disease activity (Boullosa et al., 2013). Further 

investigations are warranted to determine whether such findings are replicated in a group of MGUS 

and SMM patients, as the mechanisms purported to underpin the anti-cancer effects of exercise 

indicate that precursor disease activity may not be reversable. Indeed, thirdly, the preliminary 

efficacy of exercise training to enhance immune competency – a potentially unifying anti-cancer 

mechanism of exercise – in MGUS and SMM was evaluated in the context of exercise-induced 

changes to disease activity. 

A pilot trial determining the safety and feasibility of exercise training is required prior to long-term 

exercise intervention studies measuring time-to-progression in high-risk SMM. Trials of this design 

will be amongst the first to investigate the effects of exercise training on clinical cancer risk in 

humans. Pilot trials evaluating the safety of exercise training provide the opportunity to measure the 

efficacy of exercise training to reduce MGUS and SMM disease activity, as suggested in a prior case 

study of one patient with SMM (Boullosa et al., 2013). Preliminary analysis of exercise-induced 

changes to disease activity biomarkers and immune competency in MGUS and SMM is anticipated 

to provide insight into how clinical cancer risk is reduced in physically active individuals. 

1.11 Thesis structure 

This thesis is presented in the alternative format, bringing together three independent, paper-style 

chapters generated from one central exercise intervention trial. Due to the interdisciplinary nature of 

this work, each experimental chapter focuses on methodologies from a different discipline; 1) 

exercise prescription and physiology, 2) exercise oncology, 3) exercise immunology, respectively. 

The interlinking commentaries presented prior to each experimental chapter provide a narrative to 

link the findings of each chapter. 
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2 Literature review 

2.1 Overview 

Undertaking a high volume of physical activity is associated with reduced risk of developing a broad 

range of clinically diagnosed cancers (Matthews et al., 2019; Moore et al., 2016). These findings, 

which imply that physical activity induces physiological changes that avert or suppress neoplastic 

activity, are supported by pre-clinical intervention studies in rodents which demonstrate that 

structured exercise commonly represses tumour growth. Despite abundant evidence that exercise 

exerts anti-cancer effects, the mechanisms explaining these outcomes remain undefined and are 

subject to speculation (McTiernan, 2020). In Section 2.2 of this review, key epidemiology and 

preclinical evidence linking physical activity or structured exercise training and cancer risk or growth 

is summarised. In Section 2.3, commonly purported anti-cancer mechanisms of exercise are critically 

evaluated, highlighting that conclusive evidence in support of these mechanisms is currently lacking. 

An often-overlooked mechanism that may explain the reduced clinical cancer risk in physically 

active individuals is modulation of the immune system, which interacts with cancer through 

elimination, equilibrium, and escape phases of cancer immunoediting (Dunn et al., 2002). Upon 

reviewing relationships between exercise and immunoediting in Section 2.4, it is emphasised that the 

reduced risk of clinical cancer in physically active individuals is likely explained by the 

immunomodulatory effects of physical activity. Indeed, exercise-induced enhancement of the 

elimination of immunogenic cancer cells by the immune system may contain cancers in a 

‘precancerous’ or ‘covert’ equilibrium state to avert a clinical cancer diagnosis, thus explaining the 

reduced risk of clinically diagnosed cancer among more physically active persons. In Section 2.4, 

emerging theories in exercise immunology, that are often used to explain the reduction in clinical 

cancer risk in physically active individuals, are critically appraised in the context of the elimination 

and equilibrium phases of cancer immunoediting. 

2.2 Regular physical activity reduces the risk of clinically diagnosed cancers in humans and 

the growth of experimentally-induced tumours in rodents 

Human epidemiology studies show that performing regular physical activity reduces the risk of 

clinical cancer across many different cancer types (discussed next in Section 2.2.1). In the absence 

of randomised-controlled studies in humans, rodent studies contribute to our understanding by 

enabling comparisons of cancer development in exercising vs. non-exercising rodents (discussed in 

Section 2.2.2). Together, this evidence demonstrates a clear benefit of physical activity (human 

epidemiology studies) and structured exercise (preclinical rodent studies) to suppress cancer growth 

across a diverse array of cancer types. 

2.2.1 Physical activity and risk of clinically diagnosed cancers: key human epidemiology 

findings  

The investigation of lifelong physical activity in the prevention of clinically diagnosed cancer is 

inevitably impaired by the absence of gold-standard randomised-controlled trials. In this context, a 

profoundly large population of healthy or at-risk individuals would be randomly allocated to a 
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structured exercise training group or a non-exercising control group for a long duration (e.g., a 

decade), with the primary outcome being clinical cancer diagnosis. However, trials utilising this 

design are naturally absent due to the unpredictable time-course of cancer development and the 

impractical nature of delivering highly controlled, long-term exercise interventions until cancer 

diagnosis (Ballard-Barbash et al., 2009). As such, the next best available human evidence can be 

derived from epidemiological studies that estimate physical activity status within large population 

cohorts and subsequently measure cancer incidence via medical records during longitudinal follow-

up.  

A plethora of large epidemiology studies have investigated self-report physical activity and the risk 

of clinically diagnosed cancers. Historically, investigation of the relationship between physical 

activity level and clinical cancer risk was restricted to highly incident cancers, and these studies 

commonly report reduced incidence of clinically-confirmed breast, colon, and prostate cancers in 

more physically active persons (Giovannucci et al., 1995; Thune, Brenn, Lunk, & Gaard, 1997; 

Thune & Lund, 1994). More recently, meta-analyses of cohort studies capturing physical activity 

level and cancer incidence have facilitated the incorporation of less prevalent cancer types into 

statistical modelling. A landmark meta-analysis of 12 prospective cohort studies, including 1.44 

million participants and >180,000 cancer cases, showed that the risk of 13 different cancers was 

lower in the 90th vs. 10th percentile of self-reported leisure-time physical activity (Moore et al., 2016). 

Associations between physical activity and both solid and non-solid tumours across a range of tissue 

types and anatomical locations, including oesophageal adenocarcinoma, myeloid leukaemia, 

multiple myeloma, and cancer of the liver, lung, kidney, colon, rectum, head and neck, bladder, 

breast, gastric cardia, and endometrium, were identified (Moore et al., 2016). Similarly, a meta-

analysis including 770,000 cancer cases revealed that individuals performing the most physical 

activity had reduced risk of developing meningioma and cancer of the colon, breast, endometrium, 

lung, oesophagus, and pancreas, compared to individuals performing the least physical activity 

(Rezende et al., 2018). Furthermore, a systematic review identified moderate-strong evidence for 

physical activity to reduce the risk of clinically diagnosed bladder, breast, colon, endometrial, 

oesophageal, gastric, renal, and lung cancers (McTiernan et al., 2019). While this ever-growing body 

of research provides valuable evidence demonstrating the universal protective effects of physical 

activity against cancer development at many anatomical sites, an interpretational limitation of many 

studies has been the quantification of an optimal dose of physical activity to reduce the risk of 

clinically diagnosed cancer. 

Overcoming this problem, it has been shown by calculating metabolic equivalent of task (MET)4-

hours from questionnaire responses, that the protective effects of physical activity exhibit a dose-

 
4 Metabolic equivalent of task (MET) = a measure of energy expenditure required to perform a specific task. 1 

MET = the energy expended when sitting quietly = 3.5 mL of oxygen/kg/min or approximately 1 Kcal/min. 

Energy expended when performing a specific activity for 1 hour divided by 3.5 = MET score. These scores are 

published in the Compendium of Physical Activities (Ainsworth et al., 2011). MET-hours combine the MET 

score with the duration the activity is performed for. For example, brisk walking (4 METs) performed for 2 

hours = 8 MET-hours of activity. 
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response relationship. Indeed, the risk of pan-cancer mortality decreases as physical activity level 

increases, with no upper limit observed (Arem et al., 2015). The maximum physical activity dose 

captured – >75 MET-hours/week, equivalent to 10x World Health Organisation (WHO) physical 

activity guidelines for 150 minutes of moderate or 75 minutes of vigorous intensity physical activity 

per week – showed the greatest risk reduction (31%) in cancer mortality compared to the reference 

group reporting 0 MET-hours/week of physical activity (Arem et al., 2015). Further analysis of 

physical activity-responsive cancers previously identified by Moore et al. – excluding lung cancer 

due to confounding effects of smoking (Moore et al., 2016) – revealed linear dose-response 

relationships between weekly physical activity volume and risk of the most commonly diagnosed 

cancers of the breast, colon, endometrium, and head and neck, and oesophageal adenocarcinoma, 

with the greatest protection seen with >30 MET-hours/week – equivalent to 4x WHO physical 

activity guidelines (Matthews et al., 2019). Non-linear relationships between physical activity level 

and risk of gastric cardia, kidney, and liver cancers, and non-Hodgkin lymphoma and multiple 

myeloma were likely the result of small sample sizes with particularly low numbers within the 

highest physical activity groupings (average 276 cases performing >30 MET-hours/week, compared 

with 832 cases for more common cancers) (Matthews et al., 2019). Where studies have defined 

physical activity level according to compliance with WHO guidelines, risk of developing breast, 

colon, endometrial, kidney, and liver cancer, multiple myeloma, and non-Hodgkin lymphoma 

(Matthews et al., 2019) and the risk of pan-cancer mortality (Arem et al., 2015) is reduced in those 

achieving WHO physical activity guidelines of 7.5 MET-hours/week. Yet, as greater protection is 

observed with higher amounts of physical activity, the American Cancer Society advocates 150-300 

minutes of moderate intensity or 75-150 minutes of vigorous intensity physical activity per week for 

cancer prevention (Rock et al., 2020). Despite the generation of physical activity guidelines specific 

to cancer prevention, the optimal dosing of physical activity – in terms of frequency, intensity, time, 

and type – remains elusive (Patel et al., 2019). Understanding the biological effects of physical 

activity on cancer development is required to enable more effective exercise prescriptions to be 

recommended to reduce the risk of clinical cancer in the general population. 

Emerging evidence demonstrates that vigorous intensity physical activity exerts greater protection 

against clinical cancer incidence and mortality than lower intensities. Indeed, it was shown in a meta-

analysis that vigorous intensity physical activity reduced clinically diagnosed breast cancer risk by 

14%, compared to 3% for moderate intensity physical activity (Wu et al., 2013). Furthermore, beyond 

a clinical cancer diagnosis, epidemiology studies have investigated the relative risk of cancer 

mortality according to physical activity intensity. Indeed, one study has shown – using data from 

4672 participants who were cancer-free at physical activity assessment, of whom 326 died from 

cancer – that engaging in vigorous intensity physical activity reduced the risk of cancer mortality by 

64% compared to those who performed no physical activity, where smaller risk reductions of 42% 

and 44% were seen for light and moderate intensity physical activity, respectively (Autenrieth et al., 

2011). Another study, including 2560 male participants and 181 cancer deaths, showed that the risk 

of cancer mortality was reduced by a further 20% when ≥30 minutes daily of physical activity was 
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performed at a vigorous intensity (69% reduction) compared to moderate intensity (49% reduction) 

(Laukkanen, Rauramaa, Makikallio, Toriola, & Kurl, 2011). A recent meta-analysis explored 

associations between physical activity intensity and cancer mortality using device-based measures, 

and contrarily found that vigorous intensity physical activity may be less effective than light intensity 

physical activity at reducing cancer-specific mortality (Qiu et al., 2020). Three trials measured 

physical activity using accelerometery, and a meta-analysis of these identified a greater reduction in 

risk of cancer mortality for those performing 17.5 MET-hours/week of light intensity (26%) 

compared to 17.5 MET-hours/week of moderate-vigorous intensity (6%) physical activity (Qiu et 

al., 2020). However, the association between light intensity physical activity and cancer mortality 

was driven by one study which captured just 27 cancer cases (Qiu et al., 2020). These contradictory 

findings indicate the need for future studies to employ device-based measurements of physical 

activity to clarify the frequency, intensity, duration, and overall volume of physical activity that is 

associated with reduced risk of a clinical cancer diagnosis and in turn may reduce the risk of cancer 

mortality. In summary, on the balance of evidence, a dose-response relationship – which may be 

driven by physical activity intensity – appears to exist between cancer incidence or mortality and 

physical activity. Furthermore, studies demonstrating the association between physical activity and 

cancer mortality indicate that the effects of physical activity are not finitely bound to the prevention 

of neoplastic formation, but instead, that – if a single mechanism exists – the anti-cancer effects of 

physical activity can exist at all stages in the trajectory of cancer growth.  

Given that it is now unequivocally evident from human epidemiological studies that physical activity 

reduces the risk of many clinically diagnosed cancers, in a dose-dependent manner, there is clear 

need to evolve our understanding of how physical activity interacts with tumour biology and 

contemporaneously, elucidate the anti-cancer mechanism(s) of physical activity. In doing so, more 

effective exercise prescriptions can be recommended to the general public to reduce the risk of 

clinically diagnosed cancers. 

2.2.1.1 Confounding health behaviours and characteristics 

When seeking to identify anti-cancer mechanism(s) of physical activity, it is important to 

acknowledge and discount the possible influence of the ‘clustering’ of favourable lifestyle factors in 

people exhibiting a high physical activity level and concomitantly lower risk of clinically diagnosed 

cancers. For example, it is anticipated that physically active persons may also consume a balanced 

diet, maintain a healthy body composition, and exhibit reduced exposure to lifestyle-associated 

carcinogen exposures, such as smoking and alcohol intake. Whilst certain confounding factors, e.g., 

alcohol intake and dietary composition, are not often controlled for, recent epidemiology studies 

indicate that the reduced risk of clinically diagnosed cancers in physically active individuals appears 

to arise independently of smoking and obesity (Matthews et al., 2019; Moore et al., 2016).  

Firstly, associations between physical activity and cancer risk withstand adjustment for smoking 

status for cancers of the liver, kidney, colon, rectum, head and neck, bladder, breast, gastric cardia, 

and endometrium, and for oesophageal adenocarcinoma and myeloid leukaemia (Moore et al., 2016). 
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For other cancers like multiple myeloma, apparent detrimental effects of physical activity in current 

smokers, yet protective effects in former and never smokers, may have occurred due to chance in the 

presence of small case numbers (Moore et al., 2016). Further, while a null association between 

physical activity level and lung cancer risk was seen for never smokers (Moore et al., 2016), it is 

notable that only 10-15% of lung cancers are caused by factors other than smoking (Samet et al., 

2009), and therefore the association with physical activity may have been lost due to low statistical 

power. Accordingly, for this reason, lung cancer was not included in a later follow-up study by the 

same group investigating dose-response relationships between physical activity and clinical cancer 

risk (Matthews et al., 2019).  

Secondly, with regards to the assessment of obesity as a confounding variable, associations between 

physical activity and cancer risk are commonly adjusted for body mass index (BMI) in statistical 

modelling. Results indicated that the apparent benefits of physical activity withstood adjustment for 

BMI for all cancer types, except endometrial cancer (Moore et al., 2016). As up to 57% of 

endometrial cancer cases are attributable to a high BMI, indicative of overweight and obesity (Calle 

& Kaaks, 2004), it may be that low case numbers with BMI <25 kg/m2 in the aforementioned study 

explains the lost association between physical activity and lower risk of clinically diagnosed 

endometrial cancer. The previously described finding of BMI-independent effects of physical 

activity on reducing the risk of cancer incidence (Moore et al., 2016) has been replicated recently 

(Matthews et al., 2019), reinforcing the possibility that the protective effects of physical activity to 

reduce clinical cancer risk are largely independent of obesity.  

2.2.2 The effects of exercise interventions on tumour growth: key findings from preclinical 

rodent models 

A large body of research has examined the effects of voluntary or forced exercise in rodents – 

performed before, during, or after a tumour challenge – on cancer growth in comparison to non-

exercising controls. Rodent models overcome issues that preclude human randomised-controlled 

trials. Indeed, cancers can be more predictably induced in rodents by administering carcinogens, 

injecting cancer cells, or engineering genetic modifications. In addition, the ethical requirement to 

administer anti-cancer therapy upon cancer detection are circumvented in animal studies, allowing 

the isolated effects of exercise on cancer growth to be explored. Further, euthanisation of rodents 

following the period of investigation allows for analysis of tumour histology and tissue-level 

physiological mechanisms underlying anti-cancer effects of exercise. Two systematic reviews have 

recently summarised rodent studies investigating the effects of exercise on tumour growth and 

metastasis (Ashcraft et al., 2016; Eschke et al., 2019). The reader is directed to these publications for 

a comprehensive review of available studies. Here, key studies are summarised demonstrating the 

anti-cancer effects of structured exercise training in rodents. 

It was shown in a landmark study that voluntary wheel running suppressed growth of cancers induced 

by carcinogen administration, cancer cell injection and genetic modification (Pedersen et al., 2016). 

Growth of subcutaneously injected B16 melanoma and Lewis lung carcinoma was suppressed by 
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61% and 58%, respectively, in mice that performed four weeks of wheel running (~4 km/day) prior 

to inoculation compared to mice without access to running wheels (Pedersen et al., 2016). 

Furthermore, daily wheel running (~7 km/day) performed for 11 months after intraperitoneal 

Diethylnitrosamine (25 mg/kg body weight) injection suppressed the development of liver tumours 

by 44% compared to mice without access to a running wheel (Pedersen et al., 2016). Finally, 20 

weeks of voluntary wheel running tended to delay the development of malignant melanoma lesions 

in Tg(Grm1)Epv mice, compared to non-exercising controls (Pedersen et al., 2016). 

Numerous rodent studies have employed models that inject cancer cells. For example, ten weeks of 

treadmill running – commenced eight weeks prior to subcutaneous injection with Walker 256 

carcinoma cells – performed on five days/week for 60 minutes at 60% maximum oxygen uptake 

(V̇O2MAX) suppressed tumour development by 91% and increased survival duration by 94%, 

compared to non-exercise controls (Bacurau, Belmonte, Seelaender, & Rosa, 2000). Other studies 

that also injected cancer cells and utilised similar exercise regimens have replicated these findings 

(Bacurau et al., 2007; de Lima et al., 2008; Lira et al., 2008; Salomao, Toneto, Silva, & Gomes-

Marcondes, 2010). However, the immunogenicity of injecting foreign cancer cell lines into rodents 

may exaggerate the protective effects of exercise training on cancer growth, as discussed further in 

Section 2.4. 

Another commonly used cancer model involves administering chemical carcinogens to rodents and 

measuring the development of cancers at sites that are sensitive to carcinogenesis caused by that 

chemical. For example, when voluntary wheel running performed for up to 3,000 wheel rotations/day 

was performed for 52 weeks, with tumour challenge administered via daily feeding of 3’-Me-DAB 

(12.4 mg/kg body weight/week) from week 7-52, tumour incidence was 0% compared to 65% in 

non-exercising control rats (Ikuyama, Watanabe, Minegishi, & Osanai, 1993). The protective effects 

of exercise against carcinogen-induced tumours have been shown in other studies that share similar 

methodologies (Mann et al., 2010; Thompson, Westerlind, Snedden, Briggs, & Singh, 1995; 

Thompson, Wolfe, McTiernan, Jiang, & Zhu, 2010; Zhu, Jiang, McGinley, & Thompson, 2009; Zhu 

et al., 2008; Zhu et al., 2012). A benefit of these models is that exercise interventions conducted over 

~12 months reflect roughly one third to half of the lifespan of the rodent, equivalent to a ~27-40-year 

intervention in humans (assuming an 80-year life expectancy in humans). Interventions spanning a 

lifetime are required when investigating the effects of exercise on clinical cancer risk, as risk of 

incident cancer increases with advancing age (White et al., 2014). Therefore, trials investigating the 

effects of a lifetime of exercise training on clinical cancer development are more achievable in rodent 

models compared with healthy humans, due to the shorter lifespan of rodents. 

Finally, a series of other studies have demonstrated that the spontaneous development of tumours in 

rodents, with and without genetic modifications, is suppressed by exercise. For example, PTEN-

deficient transgenic mice that performed treadmill running for 32 weeks (five days/week for 60 

minutes) had 29% lower incidence of liver tumours (71% vs. 100%) and tumour volume was ~50% 

smaller than mice that did not exercise (Piguet et al., 2015). Furthermore, Sprague-Dawley rats 
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without genetic modifications, that had access to a running wheel for 24 hours on alternate days from 

age 3-120 weeks, had lower incidence (38% vs. 54%) of pan-cancer, and tumour size was suppressed 

by 58%, compared to rats housed in small cages without access to a running wheel (Alessio, 

Schweitzer, Snedden, Callahan, & Hagerman, 2009). Fewer studies have utilised transgenic models 

to induce cancer, but this model most closely reflects endogenous human cancer development, and 

may therefore provide the most insight into how physical activity reduces the risk of clinically 

diagnosed cancers in humans. 

Overall, preclinical data from rodent studies complements the available human epidemiology data 

and shows that performing physical activity and/or structured exercise training exerts anti-cancer 

effects leading to the suppression of experimentally-induced cancer development. The mechanisms 

that underpin these effects are still subject to speculation. Next, in Section 2.3, commonly purported 

anti-cancer mechanisms of exercise are critically appraised. 

2.3 A critical appraisal of commonly purported anti-cancer mechanisms of exercise: is it time 

to shift the focus away from non-immunological mechanisms? 

Despite the abundant preclinical and human epidemiological evidence demonstrating that physical 

activity commonly exerts anti-cancer effects, the mechanisms of action responsible for these effects 

remain speculative (McTiernan, 2020). An array of exercise-induced mechanisms are commonly 

proposed to explain the reduced risk of clinically diagnosed cancers, including: reductions to colon 

transit time and oxidative stress, and altered exposure to sex hormones, metabolic growth factors and 

systemic inflammation (Friedenreich & Orenstein, 2002; McTiernan, 2008, 2020). Each of these 

purported mechanisms are outlined and critiqued next in relation to clinical cancer risk. The anti-

cancer mechanisms of exercise underpinning improved cancer prognosis and survival – as opposed 

to reducing the risk of a clinical cancer diagnosis – are outside of the scope of this review, but have 

recently been reviewed elsewhere (Brown & Gilmore, 2020). 

2.3.1 Colon transit time 

Faster colon transit time has previously been cited as an anti-cancer mechanism of physical activity 

specific to colon cancer. It is theorised that physical activity accelerates food transit through the gut 

to reduce carcinogen interaction with colon tissue (Friedenreich & Orenstein, 2002). However, the 

evidence linking colon transit time to colon cancer risk, and evidence showing modifications in colon 

transit time with physical activity, remains questionable, as described next. 

2.3.1.1 Colon transit time and clinical cancer risk 

Components of the diet, e.g., alcohol and red and processed meats, contain naturally-occurring 

compounds and additives that are carcinogenic (Abnet, 2007). Colon transit time refers to the 

duration of time taken for food to pass through the colon which, in this context, determines the extent 

of exposure of colon tissue to carcinogens in food that have the potential to initiate cancer. However, 

it is questionable whether faster colon transit time in itself attenuates colon cancer risk. For example, 

a meta-analysis showed no increase in colorectal cancer risk for individuals with constipation (i.e., a 

group with very slow colon transit time) (Power, Talley, & Ford, 2013). Further, a prospective case-
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control study showed no association between bowel movement frequency – adjusted for lifestyle 

variables and other bowel habit variables – and colon cancer risk (Park, Mitrou, Luben, Khaw, & 

Bingham, 2009). Another prospective study showed that those with the slowest bowel movement 

frequency had reduced colorectal cancer risk (Simons, Schouten, Weijenberg, Goldbohm, & van den 

Brandt, 2010), which contradicts the assertion that faster colon transit time in physically active 

individuals explains reductions in colon cancer risk. As such, increasing the speed of colon transit 

via physical activity may be inconsequential for colon cancer risk. Furthermore, the evidence for 

physical activity to reduce colon transit time is limited, as discussed next. 

2.3.1.2 Physical activity and colon transit time 

A higher level of device-measured physical activity has been found to be associated with faster colon 

transit time – measured by radioactive tracers – in females (2.8 vs. 35.4 hours) but not males (5.2 vs. 

9.2 hours) when compared with less active counterparts of the same sex (Song, Cho, Jo, Oh, & Kim, 

2012). However, the aforementioned study did not account for confounding effects of diet, hydration 

status, and phase of the menstrual cycle (Jung, Kim, & Moon, 2003) on colon transit time. In addition, 

these findings are contradictory to the observed association between physical activity level and colon 

cancer risk, which is stronger in males than females (Matthews et al., 2019). Another study found no 

association between accelerometer-measured habitual physical activity level and colon transit time 

(Cho, Jo, Song, Oh, & Kim, 2013). Furthermore, exercise intervention studies have shown 

inconsistent findings. It was shown in a recent study that a 12-week core strengthening exercise 

programme had no effect on total or segmental colon transit time in healthy women when compared 

to a non-exercising control group (Song, Han, Brellenthin, & Kim, 2021). In a number of other 

studies, 12 weeks of aerobic or combined aerobic-resistance exercise training performed three 

days/week for 60 minutes reduced total colon transit time compared to a non-exercising control group 

(Kim, Song, Oh, & Woo, 2014; Song et al., 2018), but not transit through left and right colon (Song 

et al., 2018) and recto-sigmoid colon (Kim et al., 2014). Indeed, similar reductions were seen in 

segmental colon transit time between exercise (~8 hours) and control (~2 hours) groups, suggesting 

that confounding factors may have affected both groups (Kim et al., 2014). Additionally, nine weeks 

of exercise training did not reduce colon transit time compared to a non-exercise control group (54 

hours vs. 55 hours), and in fact, 60% of participants in the exercise group experienced a slowing of 

colon transit time as a result of exercise training (Bingham & Cummings, 1989).  

Overall, reductions to colon transit time are not a consistent finding in physically active individuals, 

and the relevance of colon transit time to colon cancer risk is not apparent. Therefore, the suggestion 

that reductions in colon cancer risk in physically active persons are explained by accelerating colon 

transit time (Friedenreich & Orenstein, 2002) are questionable. Furthermore, this purported 

mechanism cannot explain reductions to cancer risk at other sites. Indeed, human epidemiology and 

preclinical rodent studies imply that exercise evokes a systemic, whole-body physiological response 

to exert pan-cancer suppression. 
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2.3.2 Sex hormones 

Another commonly purported anti-cancer mechanism elicited by physical activity – with specific 

relevance to hormone-sensitive cancers of the prostate, breast, endometrium, and ovary – is the 

modification of sex hormone exposure. It is proposed that physical activity reduces exposure to 

testosterone in men and oestrogens in women which in turn reduces cancer risk in hormone-sensitive 

tissues (Friedenreich & Orenstein, 2002; McTiernan, 2008, 2020). However, the evidence linking 

sex steroid hormones to cancer incidence in hormone-sensitive tissues is inconsistent, and evidence 

showing modifications to testosterone in men and oestrogens in women with physical activity 

remains questionable, as described next. 

2.3.2.1 Testosterone and clinical cancer risk in men 

Testosterone is a circulating androgen which is integral to the development and maintenance of the 

prostate gland. The androgen-dependence of the prostate gland resulted in a historical hypothesis that 

testosterone fuels the growth of prostate cancer (Imamoto et al., 2008; Morgentaler, 2006). Evidence 

implicating testosterone in prostate cancer pathogenesis emanates from early studies which indicated 

that testosterone administration stimulated growth of prostate cancer and castration caused regression 

of prostate cancer (Huggins & Hodges, 1941). However, large prospective studies in healthy males 

have shown that high circulating testosterone does not increase the risk of a prostate cancer diagnosis 

(Chen et al., 2003; Muller et al., 2012; Roddam, Allen, Appleby, & Key, 2008). Instead, the 

‘saturation model’ states that prostate cancer growth is testosterone-sensitive at concentrations below 

the normal range (10-30 nmol/L) but increasing concentrations above the normal range does not 

further stimulate prostate cancer growth due to androgen receptor saturation (Morgentaler & Traish, 

2009). Indeed, only those with the lowest testosterone concentration (10th percentile) or those below 

the normal range (<10 nmol/L) appear to have a reduced risk of prostate cancer, with no increase in 

prostate cancer risk where testosterone concentration increases above the normal range (Muller et 

al., 2012; Watts et al., 2018). Such findings limit the potential scope for lifestyle modifications – 

such as partaking in regular exercise – to modify prostate cancer risk via reductions in testosterone. 

2.3.2.2 Physical activity and testosterone in men 

Based on the evidence, outlined directly above, linking testosterone to prostate cancer incidence, 

exercise-induced reductions in testosterone would need to be drastic – i.e., reduce testosterone to 

near-castrate levels – to underlie reduced risk of prostate cancer in physically active men. However, 

cross-sectional studies combining self-reported physical activity level and measures of blood 

testosterone reveal no association between the two (Steeves et al., 2016; Wolin, Colangelo, Liu, 

Stemfeld, & Gapstur, 2007; Wu et al., 1995). In contrast, other studies found higher testosterone in 

those within the highest quartile of estimated total physical activity (Muller, den Tonkelaar, Thijssen, 

Grobbee, & van der Schouw, 2003) and for individuals that performed >3 hours of vigorous intensity 

physical activity per week (Allen, Appleby, Davey, & Key, 2002) compared to less active 

individuals. Other studies that have assessed cardiorespiratory fitness showed no association with 

blood testosterone (Ari et al., 2004; Wolin et al., 2007). Moreover, aerobic exercise training has been 

shown to subtly increase (Hayes, Herbert, Sculthorpe, & Grace, 2017; Kumagai et al., 2018; 
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Kumagai et al., 2016) or to have no effect (Hawkins et al., 2008) on blood testosterone in men. The 

latter study observed a 15% increase in the more potent androgen dihydrotestosterone following 12 

months of aerobic exercise training (Hawkins et al., 2008). In the context of prostate cancer risk, an 

exercise-induced increase in dihydrotestosterone may increase prostate cancer risk, as a prior clinical 

trial showed that reducing dihydrotestosterone via 5α-reductase inhibitors reduced prostate cancer 

risk by 30% (Thompson et al., 2013). Further, resistance training interventions have been shown to 

have no effect on blood testosterone in men (Ahtiainen, Pakarinen, Alen, Kraemer, & Hakkinen, 

2003; Kraemer et al., 1999; Nicklas et al., 1995) with the exception of increasing testosterone in 

younger men (Kraemer et al., 1999). Overall, evidence showing reductions in testosterone or 

dihydrotestosterone following a period of exercise training is lacking. Furthermore, none of the 

studies described here conducted longitudinal follow-up of prostate cancer diagnosis. Taken together, 

the effect of exercise on androgens appears negligible, and it is therefore speculative to suggest that 

exercise-induced changes to androgens alter prostate cancer risk.  

2.3.2.3 Oestrogens and clinical cancer risk in women 

Oestrogens – predominantly oestradiol – are produced by the ovaries to maintain the function of 

reproductive organs and regulate the menstrual cycle in premenopausal women. As such, circulating 

concentrations of oestradiol fluctuate across the menstrual cycle, ranging from 20-80 pg/mL in early-

mid follicular phase, peaking at 200-500 pg/mL in pre-ovulatory phase and plateauing at 80-200 

pg/mL during the luteal phase (Strauss & Barbieri, 2009). In postmenopausal women, oestrone is the 

principal oestrogen, which circulates at a concentration ~30 pg/mL, compared to <20 pg/mL of 

oestradiol (Probst-Hensch et al., 2000). Following ovarian involution, oestrone is produced from 

androgens by aromatase enzymes within adipocytes (Grodin, Siiteri, & Macdonald, 1973) and 

oestradiol is produced from oestrone (Judd, Shamonki, Frumar, & Lagasse, 1982).  

Oestrogens are implicated in cancer initiation due to direct carcinogenic effects on DNA (Liehr, 

2000; Yager & Davidson, 2006). Further, the initiation of hormone-sensitive cancers is increased by 

oestrogens due to the increased opportunity for spontaneous DNA mutations when cells proliferate 

in response to oestrogens (Yager, 2000). While many human tissues express oestrogen receptor-α 

and/or -β (Drummond & Fuller, 2010) only oestrogen receptor-α is implicated in cancer pathogenesis 

(Paterni, Granchi, Katzenellenbogen, & Minutolo, 2014) which is densely expressed in reproductive 

tissues of the breast, endometrium, and ovary. Indeed, the risk of pre- and post-menopausal breast 

cancer and postmenopausal endometrial cancer is increased in the highest vs. lowest groups of 

oestrone and oestradiol (Allen et al., 2002; Dorgan et al., 2002; Key et al., 2013). In addition, 

preventative therapy with an aromatase inhibitor (anastrozole, 1 mg/day for five years) – previously 

shown to reduce oestrone and oestradiol by 96% and 93%, respectively (Geisler et al., 2008) – 

resulted in 49% lower risk of postmenopausal breast cancer compared to placebo (Cuzick et al., 

2020). However, other studies found no association between oestrogens and incidence of 

postmenopausal endometrial and ovarian cancer, and a protective effect of oestrogens against pre- 

and peri-menopausal endometrial cancer (Dallal et al., 2016; Friedenreich et al., 2020). The 

suggestion that reduced circulating oestrogens underpin reductions in clinical cancer risk for 
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physically active women assumes that high circulating oestrogens increase the risk of cancer. 

Therefore, inconsistent associations between oestrogens and clinical cancer risk according to cancer 

type serve to undermine this hypothesis. Furthermore, as discussed next, evidence in support of 

physical activity as a standalone modifier of oestrogens is questionable, with modest effects that are 

largely dependent on body composition. 

2.3.2.4 Physical activity and oestrogens in women 

In addition to inconsistent associations between oestrogens and cancer risk in hormone-sensitive 

tissues discussed above, the effects of physical activity and structured exercise on oestrogens in blood 

and urine are modest and appear to depend on changes to body composition. Next, differences in 

blood oestrogens according to physical activity level observed in cross-sectional studies are 

discussed, followed by intervention studies exploring changes to oestrogens following a period of 

structured exercise training. In the following section, cross-sectional and intervention-based studies 

are discussed first for pre-menopausal women, followed by post-menopausal women. 

In premenopausal women, a cross-sectional study found no association between physical activity 

level and blood oestradiol or oestrone concentration (Rinaldi et al., 2014). Further, where inverse 

associations between blood luteal oestrogens and physical activity level are seen, these are nullified 

upon exclusion of anovulation and irregular menstrual cycles (Tworoger et al., 2007). Indeed, low 

oestrogen concentrations in females of reproductive age appear to be associated only with high 

volumes of training that result in menstrual dysfunction (De Souza et al., 2010). Relative energy 

deficiency in sport describes the combination of high energy expenditure and low energy intake, 

resulting in low energy availability and varied health consequences including menstrual dysfunction 

(Mountjoy et al., 2018). Where exercise interventions are not accompanied by low energy 

availability, no meaningful effects on oestrogens are seen. Indeed, reductions in urinary follicular-

phase oestrogen of ~3.6% with every additional 100 minutes/week of aerobic exercise were 

explained by large changes in the control group (+11.6%) rather than changes arising from 150 or 

300 minutes of aerobic exercise (–2.1% and +0.2%, respectively) (Schmitz et al., 2015). A larger 

30% reduction in urinary luteal oestrogen metabolites was seen following 300 minutes/week of 

aerobic exercise with accompanying 3% body mass-loss (Kossman et al., 2011). Other studies have 

shown that exercise training in the absence of low energy availability does not reduce urinary 

oestrone or oestradiol in premenopausal women (Robles Gil et al., 2012; Schmitz et al., 2008; Smith, 

Phipps, Thomas, Schmitz, & Kurzer, 2013).  

Longitudinal observations spanning menopause indicate that differences in blood oestradiol between 

the highest and lowest self-reported physical activity groups are only apparent during late-

transmenopause, but not pre-menopause, early-transmenopause or post-menopause, suggesting that 

a limited window exists for physical activity to reduce hormone-sensitive cancer risk via sex 

hormones (Schmitz et al., 2007). In addition, cross-sectional studies show only modest reductions in 

oestrogen for postmenopausal women with an extremely high physical activity level. Indeed, 

oestradiol was 6-18% lower in postmenopausal women reporting to achieve 11-16x WHO physical 



43 

activity guidelines compared to referent groups with a lower physical activity level (Chan et al., 

2007; Rinaldi et al., 2014). The magnitude of reductions to oestradiol with physical activity pales 

into insignificance when compared to pharmacological blockades. For example, anastrozole – which 

reduces plasma oestradiol by 93% (Geisler et al., 2008) – reduced breast cancer incidence by 49% 

(Cuzick et al., 2020). As such, the clinical relevance of <20% reduction in oestradiol for breast cancer 

incidence may be negligible. In addition, increasing doses of Tamoxifen (1 mg, 5 mg, or 20 mg/day) 

administered for four weeks prior to hormone-sensitive breast cancer surgery induced dose-response 

increases in sex-hormone binding globulin (antagonist to oestrogens) and smaller tumour volumes 

with 20 mg (1.7 cm) but not 1 mg (2.3 cm) doses, compared to placebo (2.4 cm) (Decensi et al., 

2003). Together this suggests, although indirectly, that a high degree of oestrogen inhibition is 

needed for effective tumour suppression. Considering this, compared with observational trials, 

exercise intervention studies in postmenopausal women reveal even smaller reductions in oestradiol 

(4-14%), free oestradiol (5-19%) and oestrone (2-7%) following a period of exercise training, which 

appear to be dependent on body mass-loss (Campbell et al., 2012; Friedenreich et al., 2010; 

Friedenreich et al., 2011b; McTiernan et al., 2004; van Gemert et al., 2015). Indeed, oestradiol and 

oestrone are positively associated with adiposity in postmenopausal women (Hetemaki et al., 2017; 

Lukanova et al., 2004). In other studies in postmenopausal women, there were no changes to blood 

or urinary oestrogens following a period of exercise training (Robles Gil et al., 2012; Yoon, Ha, Ko, 

& Kang, 2018). The aforementioned exercise trials in pre- and post-menopausal women have not 

conducted longitudinal follow-up to explore the effects of exercise-induced modifications to 

circulating oestrogens on clinical cancer risk. Where evidence is available in rodent models, it has 

been shown that reductions in breast cancer growth following a period of voluntary wheel running 

are not accompanied by changes to oestradiol (Thompson et al., 2010; Zhu et al., 2012).  

Taken together, these findings indicate that physical activity or structured exercise training results in 

modest changes – and sometimes no change – to testosterone in men and oestrogens in women. 

Modulation of sex hormones pertains only to the risk of hormone-sensitive cancers, yet physical 

activity reduces pan-cancer risk, suggesting the involvement of a universal mechanism. As such, it 

appears unlikely that perturbations to sex hormones are driving the overall anti-cancer effects of 

physical activity.  

2.3.3 Metabolic growth factors 

It has been proposed previously that physical activity may optimise metabolic growth factors to 

reduce the risk of cancer (Friedenreich & Orenstein, 2002; McTiernan, 2008, 2020). Before 

discussing this mechanism, it is important to introduce key metabolic biomarkers that have been the 

focus of prior research. The insulin-like growth factor (IGF) family comprises mitogens: IGF-1, IGF-

2 and insulin, IGF binding proteins (IGFBP)-1 to -6 and IGF receptors (Juul, 2003). IGF-1 is 

predominantly produced in the liver, and binds to ubiquitously-expressed IGF-1 receptor to trigger 

signalling pathways for cell growth, maturation, and survival (Hakuno & Takahashi, 2018; Kineman, 

del Rio-Moreno, & Sarmento-Cabral, 2018). IGF-2 is predominant in foetal growth (Kadakia & 

Josefson, 2016) and thus is not discussed further in this review. The principal function of IGFBPs is 
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to regulate IGF-1 action by creating a binding complex in circulation to prevent IGF-1 binding to 

IGF-1 receptor (Clemmons, 2018). Further, IGFBPs act independently by binding cell surface 

receptors – for example, low-density lipoprotein receptor-related protein-1, receptor protein tyrosine 

phosphatase-β, integrin α5β1 – to regulate metabolism (Clemmons, 2018). IGFBP-3 is the most 

prevalent binding protein, and as such, is considered the most important regulator of IGF-1 activity 

(Baxter, 1994).  

Insulin is a metabolic and mitogenic hormone produced by β-cells of the pancreas, which circulates 

below 174 pmol/L in healthy, fasted individuals (Melmed, Polonski, Larsen, & Kronenberg, 2016). 

The primary action of insulin upon binding insulin receptor is to stimulate glucose uptake to maintain 

glucose homeostasis (Taniguchi, Emanuelli, & Kahn, 2006). Additionally, mitogenic actions of 

insulin are mediated by intracellular protein synthesis and cellular growth and differentiation 

pathways (Taniguchi et al., 2006). Different measures of insulin include fasting or random insulin, 

insulin resistance scores (e.g., homeostatic model assessment of insulin resistance, HOMA-IR), c-

peptide, the oral glucose tolerance test and the euglycemic clamp test. Measures of insulin, HOMA-

IR, and c-peptide performed in the fasted state – defined as >8 hours without caloric intake (ADA, 

2020) – are focused on in this section as such tests are universally accessible and have less 

methodological variability than insulin sensitivity tests, and are therefore more commonly used in 

exercise oncology literature. Next, observational studies exploring associations between cancer 

incidence and fasting insulin, then IGF-1 and finally IGFBP-3 are discussed. 

2.3.3.1 Metabolic growth factors and clinical cancer risk 

The role of insulin as a mitogen for healthy cells is suggested to increase the opportunity for DNA 

replication errors that result in oncogenic mutations (Sandow, 2009). Furthermore, insulin stimulates 

the proliferation of neoplastic cells in vitro (Lu et al., 2017). Case-control studies indicate that fasting 

blood insulin is greater in people with prostate cancer (+4 pmol/L) (Hsing et al., 2001) and 

endometrial cancer (+13 pmol/L) (Friedenreich et al., 2012a), but is not statistically-significantly 

elevated in persons with colorectal cancer (+3 pmol/L) (Farahani et al., 2019), compared to matched 

controls without clinical cancer. However, case-control studies are limited by reverse causality, i.e., 

the effects of cancer on insulin concentration, so cannot provide causal inferences on cancer risk. 

Instead, studies using a prospective design are preferable. Some prospective studies show increased 

cancer risk for individuals with the highest fasting insulin indices (Hidaka et al., 2015; Stolzenberg-

Solomon et al., 2005), whereas others found no association between fasting insulin indices and 

clinical cancer risk (Dankner, Shanik, Keinan-Boker, Cohen, & Chetrit, 2012; Michaud et al., 2007; 

Muti et al., 2002).  

As with insulin, the mitogenic properties of IGF-1 increase the proportion of cells in a proliferative 

state to increase the opportunity for DNA mutations that cause cancer (Sandow, 2009). Further, it 

has been hypothesised that high IGF-1 increases cancer risk by promoting the survival and expansion 

of preclinical lesions that progress to clinically diagnosed cancer (Pollak, 2008). Indeed, individuals 

with the highest IGF-1 have increased risk of some cancers, compared to individuals with the lowest 
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IGF-1 (Ma et al., 1999; Renehan et al., 2004; Wu et al., 2003). For example, a prospective study 

estimated that a 100 ng/mL increase in IGF-1 increased colorectal cancer risk in men by 69% (Ma et 

al., 1999). However, despite abundant action of IGF-1 via ubiquitously-expressed IGF-1 receptor 

(Kineman et al., 2018), the risk of cancer in many tissues including the lungs, pancreas, stomach, 

and colorectum, plus endometrium, ovary, and breast in post-menopausal women, is not associated 

with IGF-1 (Douglas et al., 2010; Giovannucci et al., 2000; Lacey et al., 2004; London et al., 2002; 

Lukanova et al., 2002; Pham et al., 2007b; Renehan et al., 2004).  

On the other hand, high IGFBP-3 – which binds IGF-1 to reduce its bioavailability and interacts 

directly with IGFBP-3 receptor to suppress the growth and induce death of neoplastic cells (Baxter, 

2014) – has been shown to reduce the risk of certain cancers. Indeed, prospective studies estimated 

that increasing IGFBP-3 by 1400 ng/mL in men and 1800 ng/mL in women was associated with 72% 

and 53% lower risk of colorectal cancer, respectively (Giovannucci et al., 2000; Ma et al., 1999). 

However, the protective effects of high IGFBP-3 do not extend to all tissue sites (Douglas et al., 

2010; London et al., 2002; Lukanova et al., 2002; Pham et al., 2007b; Renehan et al., 2004; Wu et 

al., 2003). Taken together, the evidence linking high insulin and IGF-1, and low IGFBP-3 with 

increased risk of clinical cancer is inconsistent across tissue sites and, therefore, reductions in pan-

cancer risk in physically active individuals cannot be solely explained by modulating metabolic 

growth factors. 

2.3.3.2 Physical activity and metabolic growth factors 

Cross-sectional studies have examined associations between physical activity and metabolic growth 

factors, whilst intervention trials provide causative evidence for changes to metabolic biomarkers 

that occur in response to a period of exercise training. Next, cross-sectional studies exploring 

associations between physical activity and a range of metabolic biomarkers are discussed first, 

followed by evidence from exercise intervention trials. 

Evidence from cross-sectional studies, where physical activity was measured by accelerometery, 

suggests that a higher moderate-vigorous physical activity level is associated with lower fasting 

blood insulin (Celis-Morales et al., 2012) and fasting HOMA-IR (Celis-Morales et al., 2012; 

Spartano et al., 2017). For example, individuals in the highest quartile of moderate-vigorous physical 

activity (>23.5 MET-hours/week) had a fasting insulin concentration 74 pmol/L lower than those in 

the lowest quartile (<8.9 MET-hours/week) of moderate-vigorous physical activity (Celis-Morales 

et al., 2012). On the other hand, cross-sectional studies exploring associations between IGF-1 and 

self-reported physical activity level have shown inconsistent findings. Indeed, it was found in several 

studies that self-reported total physical activity level was not associated with IGF-1 (Baibas et al., 

2003; DeLellis et al., 2004; Tworoger et al., 2007; Rinaldi et al., 2014). Yet, it was also shown that 

higher self-reported walking in women (Tworoger et al., 2007) and self-reported leisure-time plus 

occupational physical activity in older men (Rudman & Mattson, 1994) was associated with lower 

IGF-1, and, conversely, that a higher self-reported vigorous physical activity level in women (Rinaldi 

et al., 2014) and self-reported leisure time physical activity level in men (Poehlman & Copeland, 
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1990) was associated with higher IGF-1. In trials employing more valid, device-based measures of 

physical activity, daily minutes of moderate-vigorous intensity physical activity were either 

positively associated (Spartano et al., 2017) or not associated (Alessa et al., 2017) with IGF-1. 

Furthermore, in contrast to the hypothesis that regular exercise decreases clinical cancer risk via 

reductions in IGF-1, higher cardiorespiratory fitness has been shown to be associated with higher 

IGF-1 (Haydar, Blackman, Tobin, Wright, & Fleg, 2000; Poehlman & Copeland, 1990). Similarly, 

where high IGFBP-3 in physically active individuals is purported to protect against the mitogenic 

effects of IGF-1, studies have found no association between IGFBP-3 and self-reported (DeLellis et 

al., 2004; Rinaldi et al., 2014; Tworoger et al., 2007) or objectively measured (Alessa et al., 2017) 

physical activity. Taken together, a high physical activity level is associated with lower fasting 

insulin, but IGF-1 and IGFBP-3 appear to circulate at similar concentrations in individuals with 

higher and lower physical activity levels. Intervention trials provide more robust evidence for the 

effects of exercise on metabolic growth factors in blood, as discussed next. 

Many intervention studies have shown that reductions in fasting blood insulin following a period of 

exercise training are influenced by body mass or composition changes (Dengel, Galecki, Hagberg, 

& Pratley, 1998; Frank et al., 2005; Friedenreich et al., 2011a; O'Donovan, Kearney, Nevill, Woolf-

May, & Bird, 2005). Other studies show no effect of exercise training on fasting insulin (Ross et al., 

2004; Short et al., 2003). Further, there is a lack of evidence showing exercise-induced reductions to 

IGF-1 and increases to IGFBP-3. Indeed, intervention studies sharing similar designs showed that 12 

months of aerobic exercise training has no effect on IGF-1 and IGFBP-3 in postmenopausal women 

(Friedenreich et al., 2011a; McTiernan et al., 2005). Further, resistance training has been shown to 

have no effect on IGF-1 and IGFBP-3 (Bermon, Ferrari, Bernard, Altare, & Dolisi, 1999; Borst, 

Vincent, Lowenthal, & Braith, 2002) or to increase IGF-1 (Chen, Chung, Chen, Ho, & Wu, 2017). 

Some studies have shown that exercise training does reduce IGF-1 (Arnarson, Geirsdottir, Ramel, 

Jonsson, & Thorsdottir, 2015; Nishida et al., 2010). However, heterogeneity in response to exercise 

training exists, with ~40% of participants exhibiting an increase to IGF-1 following exercise training, 

despite the exercise group having an average reduction to IGF-1 of 7 ng/mL (−5.4%) (Arnarson et 

al., 2015). That said, higher baseline IGF-1 is associated with a greater magnitude of reduction in 

IGF-1 following exercise training (Nishida et al., 2010). However, IGF-1 concentration decreases 

with advancing age (Wennberg, Hagen, Petersen, & Mielke, 2018) suggesting the effect of exercise 

training to reduce IGF-1 may diminish in older adults who are at greatest risk of a clinical cancer 

diagnosis.  

Together, given the modest and inconsistent findings to date, it is unclear whether exercise elicits 

reductions to IGF-1 leading to a lower risk of clinically diagnosed cancers. Furthermore, the 

implications of modifying insulin, IGF-1 and/or IGFBP-3 via exercise training on future cancer risk 

have not been explored in humans. In rodents, the findings of one research group suggest that insulin 

and IGF-1 are reduced, and IGFBP-3 is increased by wheel running to reduce breast cancer growth 

(Thompson et al., 2010; Zhu et al., 2008; Zhu et al., 2012), yet other studies show that insulin does 

not mediate reductions in tumour development in exercising animals (Moreira et al., 2018; Yan & 
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Demars, 2011). Overall, regular exercise has not been robustly shown to reduce IGF-1 or increase 

IGFBP-3, and reductions to insulin appear to be dependent on body mass-loss. As epidemiology data 

suggests that associations between a higher physical activity level and reduced clinical cancer risk 

withstand adjustment for BMI, it appears unlikely that reductions to fasting blood insulin mediate 

the anti-cancer effects of physical activity. Further, the associations of insulin, IGF-1, and IGFBP-3 

to cancer risk at anatomical locations are not consistent with the reduced cancer risk observed across 

a range of tissue sites seen in physically active individuals (Matthews et al., 2019; Moore et al., 

2016). Therefore, it is concluded that reductions to the mitogens insulin and IGF-1, and increases to 

IGFBP-3 which reduces IGF-1 mitogenic activity, do not explain the reduced risk of clinical cancer 

in physically active individuals. 

2.3.4 Oxidative stress 

Limiting oxidative DNA damage (McTiernan, 2008, 2020) and enhancing antioxidant defences 

(Friedenreich & Orenstein, 2002) are commonly proposed anti-cancer mechanisms of physical 

activity. Oxidants, such as reactive oxygen species (ROS) and free radicals are produced during 

oxidative phosphorylation and have a range of physiological functions in intracellular signalling for 

cellular proliferation, differentiation, and survival (Ray, Huang, & Tsuji, 2012). However, excessive 

production of ROS disrupts redox signalling and leads to molecular damage to DNA, proteins, and 

lipids (Jones, 2006) which is implicated in many chronic diseases, including cancer (Dalle-Donne, 

Rossi, Colombo, Giustarini, & Milzani, 2006). Antioxidant defences limit oxidative damage via 

enzymatic (e.g., superoxide dismutase, catalase, and glutathione peroxidase) and non-enzymatic 

(e.g., carotenoids, retinol, and tocopherol) mechanisms that detoxify ROS (Ighodaro & Akinloye, 

2018). 

2.3.4.1 Oxidative stress and clinical cancer risk 

ROS can cause DNA damage which, if unrepaired, leads to mutations that initiate cancer 

development when cells replicate (Valko, Izakovic, Mazur, Rhodes, & Telser, 2004). Furthermore, 

ROS produced by cancer cells propagates the accumulation of driver mutations that propel the 

progression of an initiated cancer cell (Kumari, Badana, Mohan, Shailender, & Malla, 2018) and 

causes immune dysfunction to suppress the elimination of cancer cells (Chen, Song, Zhang, & Zhang, 

2016). To counter this, antioxidants that prevent ROS-induced DNA damage may reduce cancer risk 

(Lutsenko, Carcamo, & Golde, 2002). Next, observational studies examining associations between 

cancer incidence and oxidative damage are discussed, followed by studies investigating associations 

between cancer incidence and antioxidant capacity. 

Evidence linking oxidative damage to clinical cancer risk is limited. Indeed, case-control studies that 

identified associations between increased lipid peroxidation and increased clinical cancer risk 

(Barocas et al., 2011; Rossner et al., 2006) may be confounded by reverse causation due to ROS 

produced by cancer cells or cancer treatment. Prospective studies, which are not confounded by 

reverse causation, have identified associations between oxidative damage – to DNA or lipids – and 

risk of lung cancer in non-smokers (Loft et al., 2006), oestrogen-receptor positive breast cancer in 
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postmenopausal women (Loft, Olsen, Moller, Poulsen, & Tjonneland, 2013) and colorectal cancer 

(Suzuki et al., 2004). However, in some cases, positive associations were based on small numbers of 

cancer cases (Loft et al., 2006). In contrast, other prospective studies have found no link between 

oxidative DNA damage and lung cancer risk in former or current smokers (Loft et al., 2006), overall 

breast cancer risk in pre- and post-menopausal women (Lee et al., 2010) and oestrogen-receptor 

negative breast cancer in post-menopausal women (Loft et al., 2013). Furthermore, where oxidative 

damage to proteins, lipids and DNA was measured ≥10 years and ≤6 years prior to breast cancer 

diagnosis, there was no association between oxidative damage and post-menopausal breast cancer 

risk (Fortner, Tworoger, Wu, & Eliassen, 2013). However, those with the highest oxidative damage 

and lowest plasma carotenoids exhibited increased risk of breast cancer, suggesting that both 

oxidative and antioxidative factors may need to be optimised to reduce cancer risk (Fortner et al., 

2013). Independent associations between antioxidant biomarkers and clinical cancer risk are 

inconsistent, as discussed next. 

Prospective studies have examined associations between blood antioxidants and cancer risk. For 

example, inverse associations between blood concentrations of vitamin C and pan-cancer risk were 

shown in a meta-analysis of prospective studies (Aune et al., 2018). However, prospective studies 

assessing a broader range of non-enzymatic antioxidants have shown inconsistent findings. Indeed, 

higher blood carotenoids were associated with reduced gastric and colorectal cancer risk in men but 

not women (Persson et al., 2008; Wakai et al., 2005). Another study showed that higher blood 

carotenoids and lycopene were associated with reduced postmenopausal breast cancer risk (Sato et 

al., 2002). Other non-enzymatic antioxidants in blood, including α- and γ-tocopherol, canthaxanthin, 

and lutein/zeaxanthin, were not associated with clinical cancer risk (Persson et al., 2008; Sato et al., 

2002; Wakai et al., 2005). Fewer studies have measured enzymatic antioxidants, with one prospective 

study showing no association between serum superoxide dismutase activity and gastric cancer risk 

(Pham et al., 2007a). Randomised-controlled trials of antioxidant supplementation and cancer risk 

are outside of the scope of this review, but have been reviewed elsewhere (Bjelakovic et al., 2006; 

Bjelakovic, Nikolova, Simonetti, & Gluud, 2004). 

In prior studies, associations between oxidative damage and cancer risk were shown to withstand 

adjustment for self-reported physical activity level, suggesting that a low physical activity level did 

not mediate associations between increased oxidative damage and increased cancer risk (Fortner et 

al., 2013; Rossner et al., 2006; Suzuki et al., 2004). Furthermore, as discussed next, the effects of 

physical activity on oxidative stress and antioxidative capacity are limited. 

2.3.4.2 Physical activity and oxidative stress 

It is well established that acute bouts of exercise exceeding one minute and 30% V̇O2MAX induce 

oxidative stress in skeletal muscle (Powers et al., 2020). In particular, exercise of prolonged duration 

and high intensity elevates biomarkers of oxidative damage in blood immediately post-exercise, 

which can persist for up to one month (Turner, Hodges, Bosch, & Aldred, 2011). The increases in 

oxidative stress during exercise are thought to occur within normal limits – according to the principle 



49 

of hormesis – due to other limiting factors that prevent exercising to a level that induces negative 

oxidative stress (Powers et al., 2020). Adaptation to repeated elevations in oxidative damage during 

regular exercise training increases antioxidant activity within skeletal muscle, liver, heart, and brain 

(Lira Ferrari & Bucalen Ferrari, 2011; Radak, Chung, & Goto, 2008). However, observational and 

interventional studies of physical activity and exercise in humans are generally limited to measuring 

whole-body oxidative damage and antioxidant capacity in blood or urine samples. In this section, 

observational studies are discussed first, examining associations between physical activity and 

oxidative damage, then physical activity and antioxidant capacity. Secondly, exercise intervention 

trials measuring changes to biomarkers of oxidative stress and then antioxidant capacity are described 

in turn. 

Observational evidence shows that a higher self-reported physical activity level in young individuals 

is associated with lower lipid peroxidation (Bouzid, Filaire, Matran, Robin, & Fabre, 2018). In older 

persons, a higher physical activity level is associated with higher (Bouzid et al., 2018; Bouzid, 

Hammouda, Matran, Robin, & Fabre, 2015), lower (Kozakiewicz et al., 2019; Rowinski, 

Kozakiewicz, Kedziora-Kornatowska, Huebner-Wozniak, & Kedziora, 2013) or similar (Bouzid, 

Hammouda, Matran, Robin, & Fabre, 2014; Busquets-Cortes et al., 2018; Rowinski et al., 2013) 

oxidative damage to lipids and proteins, compared to those with a lower physical activity level. 

Device-based assessments of physical activity reveal no difference in lipid peroxidation between 

individuals achieving or not achieving 10,000 steps/day (Fraile-Bermudez et al., 2015). However, 

grouping older adults according to cardiorespiratory fitness revealed lower oxidative damage to DNA 

in those with a higher V̇O2MAX compared to lower V̇O2MAX (Mota et al., 2010; Traustadottir et al., 

2012). 

Cross-sectional studies have shown that a higher self-reported physical activity level is associated 

with increased superoxide dismutase activity in blood cells in men and women of younger and older 

ages (Bouzid et al., 2018; Bouzid et al., 2015; Farinha et al., 2015; Rowinski et al., 2013), however 

the associations for glutathione peroxidase and catalase activity in blood cells are less consistent, 

being elevated in physically active men, but not women (Rowinski et al., 2013) and elevated in 

physically active younger adults aged ~20 years, but not older adults aged ~65 years (Bouzid et al., 

2018). As the detoxification of ROS requires the coordinated activity of superoxide dismutase, 

catalase, and glutathione peroxidase (Ighodaro & Akinloye, 2018), increases in the activity of some, 

but not all, antioxidant enzymes may introduce a rate-limiting step that precludes reductions in 

oxidative stress in physically active persons. In another study, it was shown that superoxide 

dismutase, catalase, or glutathione peroxidase activity in blood cells was not different between active 

and inactive groups of older men or women (Busquets-Cortes et al., 2018). Many of these studies 

lack adequate correction for the composition of blood, which may introduce a confounding effect of 

higher blood cell counts within a fixed sample volume in physically active persons, rather than per-

cell differences in antioxidant capacity. Measures of antioxidant activity in plasma are not 

confounded by cellular differences but continue to show inconsistent associations with physical 

activity. Indeed, where physically active and inactive groups were defined using device-measured 
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physical activity, plasma catalase activity was elevated in physically active women but not men 

compared to less-active counterparts (Fraile-Bermudez et al., 2015). Furthermore, in this trial it was 

also shown that there was no difference in plasma glutathione peroxidase or superoxide dismutase 

according to physical activity level in women or men (Fraile-Bermudez et al., 2015). Other studies 

have shown that plasma α-tocopherol, but not ascorbic acid, was higher in individuals with a higher 

self-reported physical activity level, compared with a lower physical activity level (Bouzid et al., 

2018; Bouzid et al., 2015). In addition, total antioxidant status in plasma was lower in more 

physically active women compared with less active women (Fraile-Bermudez et al., 2015) and did 

not differ between groups with a higher vs. lower V̇O2MAX (Traustadottir et al., 2012). Overall, 

evidence derived from observational studies demonstrates inconsistent associations between physical 

activity and either oxidative damage or antioxidant defences. Next, the effects of exercise training 

on oxidative damage and antioxidant defences are discussed. 

In exercise intervention studies, reductions to oxidative damage to lipids (16-34%) or DNA (~30%) 

following exercise training were shown (Azizbeigi, Stannard, Atashak, & Haghighi, 2014; Devries 

et al., 2008; Elosua et al., 2003; Schmitz et al., 2008; Soares et al., 2015). However, biomarkers of 

lipid peroxidation exhibit day-to-day variation (~40%) that exceeds the magnitude of changes 

reported following exercise training (Helmersson & Basu, 2001). Many studies show no change in 

oxidative damage to lipids, DNA, or proteins in response to exercise training (Campbell et al., 2010; 

Done & Traustadottir, 2016; Friedenreich et al., 2016b; Parise, Phillips, Kaczor, & Tarnopolsky, 

2005; Shin, Lee, Song, & Jun, 2008) or reductions only for those with the highest baseline oxidative 

damage (Arikawa et al., 2013).  

The aforementioned exercise intervention studies which found reductions to oxidative damage 

following exercise training also observed increases from baseline to antioxidant defences, such as 

superoxide dismutase (10-22%) and glutathione peroxidase (33-37%) activity in erythrocytes 

(Azizbeigi et al., 2014), plasma total antioxidant capacity (10-23%) (Azizbeigi et al., 2014; Soares 

et al., 2015) and glutathione peroxidase in blood (28%) (Elosua et al., 2003). However, other studies 

found no effect of exercise training on plasma superoxide dismutase or catalase activity (Friedenreich 

et al., 2016b) or serum superoxide dismutase activity (Shin et al., 2008). Furthermore, while 21 weeks 

of resistance exercise increased mRNA expression of catalase, glutathione peroxidase, and 

superoxide dismutase in peripheral blood mononuclear cells, it was insufficient to increase protein 

expression or activity of these enzymes in postmenopausal women (Garcia-Lopez et al., 2007). 

Another study utilising a 12-week unilateral lower-body strength training intervention in older adults 

showed increases in catalase and superoxide dismutase activity in skeletal muscle tissue of the trained 

leg, but not the untrained leg, suggesting that the adaptations following exercise training are restricted 

to exercising tissues (Parise et al., 2005). Indeed, in mice, swimming exercise – performed for ten 

weeks before and 18 days after injection of lymphoid leukaemia cells – did not alter superoxide 

dismutase, glutathione peroxidase or catalase activity within tumour cells, yet tumour growth was 

reduced by 50% (Radak et al., 2002). The relevance of improvements to antioxidant defences within 

exercising tissues to cancers that develop in non-exercising tissues is questionable, and instead, it is 
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anticipated that the anti-cancer mechanism(s) of exercise elicits a systemic, whole-body effect rather 

than solely in the exercising tissue. 

Overall, physical activity has not consistently been shown to modify ROS or antioxidant activity in 

the long-term, but most importantly there is a dearth of evidence linking oxidative damage to clinical 

cancer risk. Furthermore, there is discord between the pro- and anti-oxidant markers measured in 

relation to cancer risk and in exercise intervention studies, which precludes inferences combining the 

findings of parallel studies to understand anti-cancer mechanisms of exercise. In summary, 

reductions to oxidative stress cannot be attributed as an anti-cancer mechanism of physical activity 

due to a relative lack of evidence. 

2.3.5 Inflammatory dysregulation 

Resolution of inflammatory dysregulation is a commonly cited mechanism that may explain 

reductions to clinical cancer risk in physically active persons. It is proposed that physical activity – 

often in combination with body mass-loss – reduces inflammatory dysregulation to reduce cancer 

risk (Koelwyn et al., 2015; McTiernan, 2008). Two predominant causes of inflammatory 

dysregulation are obesity and aging. Indeed, immune cell infiltration into adipose tissue in obesity 

increases local and systemic inflammation (Trim, Turner, & Thompson, 2018). However, as 

identified in Section 2.2, the protective effects of physical activity on cancer risk seem to largely 

occur independent of body composition. Therefore, the current section focuses on the role of exercise 

in resolving inflammatory dysregulation associated with aging, known as ‘inflammaging’, as an anti-

cancer mechanism.  

The process of inflammaging is attributed to the dysfunction of multiple tissues and systems with 

advancing age. Particularly, remodelling of the immune system following persistent reactivation of 

latent viruses (e.g., Cytomegalovirus, CMV) and continuous antigenic stimulation by age-altered 

microbiota and accumulations of damaged cells or organelles induces inflammatory dysregulation 

(Cevenini et al., 2010; Franceschi & Campisi, 2014). Further, the development of a senescence-

associated secretory phenotype in senescent cells contributes to inflammaging (Franceschi & 

Campisi, 2014). Biomarkers of inflammaging that are commonly implicated in increasing the risk of 

morbidity and mortality in older people include C-reactive protein (CRP), interleukin (IL)-6, IL-1β 

and tumour-necrosis factor (TNF)-α (De Martinis, Franceschi, Monti, & Ginaldi, 2006).  

When reviewing the associations between inflammatory dysregulation, physical activity, and clinical 

cancer risk, understanding the interactions between inflammatory biomarkers, soluble receptors and 

membrane-bound receptors is important. Activated monocytes and macrophages secrete IL-1β which 

signals via IL-1 receptor 1, and is inhibited by IL-1 receptor agonist (IL-1RA) and sequestered by 

IL-1 receptor 2 (Dinarello, 2018). Similarly, TNF-α is predominantly produced by monocytes and 

macrophages, alongside lymphocytes, neutrophils and fibroblasts, and signals via membrane-bound 

TNF receptor -1 and -2, and is inhibited by soluble TNF receptor-1 (Holbrook, Lara-Reyna, Jarosz-

Griffiths, & McDermott, 2019; Waetzig et al., 2004). IL-6 is produced by monocytes, lymphocytes, 

endothelial cells, and fibroblasts (Tanaka, Narazaki, & Kishimoto, 2014). Binding of IL-6 with 
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soluble IL-6 receptor (sIL-6R) facilitates trans-signalling of IL-6 with ubiquitously-expressed 

glycoprotein (gp)-130 which broadens the action of IL-6 beyond classical signalling via membrane-

bound IL-6R, which is only expressed by lymphocytes and hepatocytes (Wolf et al., 2014). Inhibition 

of IL-6 trans-signalling occurs when IL-6–sIL-6R complexes bind soluble gp-130 (Wolf et al., 2014). 

Finally, CRP is an acute-phase protein produced by hepatocytes in response to IL-6, and CRP acts 

to initiate the complement pathway of an innate immune response (Sproston & Ashworth, 2018).  

2.3.5.1 Inflammatory dysregulation and clinical cancer risk 

A dysregulated inflammatory state is thought to increase the risk of developing cancer due to 

increased cellular proliferation in response to inflammation, fostering the development of 

carcinogenic mutations that initiate cancer (Lu, Ouyang, & Huang, 2006). The survival of initiated 

cells is promoted by an inflammatory environment, where cytokines signal through growth, survival, 

and invasion pathways in a positive feed-forward loop (Greten & Grivennikov, 2019). Furthermore, 

the recruitment of T regulatory (TREG) cells and myeloid-derived suppressor cells to the tumour 

microenvironment via inflammatory signalling generates an immunosuppressive microenvironment 

allowing cancer cells to escape immune elimination (Greten & Grivennikov, 2019). 

Overall, inconsistent associations with cancer risk exist for IL-6, TNF-α and CRP in blood (Guo, 

Pan, Du, Ren, & Xie, 2013; Heikkilae et al., 2009; Il'yasova et al., 2005; Poole et al., 2013; Tobias 

et al., 2018; Zhou et al., 2014), whilst studies examining the associations between cancer risk and 

circulating IL-1β are lacking due to physiological levels of IL-1β in healthy individuals being 

undetectable with common laboratory techniques (Kleiner, Marcuzzi, Zanin, Monasta, & Zauli, 

2013). Associations with cancer risk are most consistent, although modest, for CRP – one log-unit 

increase in CRP is associated with a 10% increase in total cancer risk (Guo et al., 2013; Heikkilae et 

al., 2009) – and are lacking for IL-6 (Il'yasova et al., 2005; Poole et al., 2013; Zhou et al., 2014) and 

TNF-α (Il'yasova et al., 2005; Poole et al., 2013). Indeed, associations between IL-6 and cancer risk 

are lost when cases diagnosed within 1-2 years of inflammatory biomarker measurement are 

excluded, suggesting a confounding effect of occult cancer (Pine et al., 2011; Song et al., 2013). 

Future studies should consider the factors underpinning high CRP which may mediate associations 

with cancer incidence. For example, adjusting for infection history and immunological parameters 

may reveal confounding factors in the association between CRP and cancer risk. 

2.3.5.2 Physical activity and inflammatory dysregulation 

An acute bout of exercise results in a rapid ~100-fold increase in blood IL-6, due to release from 

skeletal muscle (Pedersen & Febbraio, 2008) which demonstrates that physically active individuals 

are in fact exposed to high concentrations of IL-6 after each episode of exercise. This apparent 

paradox suggests that muscle-derived IL-6 produced after exercise may be beneficial to health, 

whereas chronically-elevated IL-6 produced by immune cells at sites of unresolved inflammation is 

pathological (Sarvas, Khaper, & Lees, 2013). An anti-inflammatory cascade ensues following acute 

exercise, whereby increases to IL-1RA inhibit IL-1β signalling by binding to IL-1 receptor, increases 

to soluble TNF receptor buffer circulating TNF-α, and increases to IL-10 inhibit the production of 
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cytokines by Th1 cells, monocytes, and macrophages (Pedersen & Febbraio, 2008; Steensberg, 

Fischer, Keller, Moller, & Pedersen, 2003). The repeated anti-inflammatory effects that follow each 

exercise bout within a period of regular exercise training are proposed to protect against 

inflammatory dysregulation (Pedersen & Febbraio, 2008). As discussed below, evidence from cross-

sectional studies generally supports the theory that a high physical activity level is associated with 

reduced basal IL-6 and CRP, however longitudinal observation studies and exercise intervention 

trials do not corroborate these findings. Next, cross-sectional and longitudinal observation studies 

exploring associations between physical activity level and inflammatory biomarkers in blood are 

discussed, followed by exercise intervention trials. 

Cross-sectional studies have shown that individuals self-reporting the highest levels of physical 

activity have lower CRP (–0.75-3.88 mg/L, –25-65%) and IL-6 (–0.19-3.90 pg/mL, –10-70%) in 

blood (Colbert et al., 2004; Duggal et al., 2018; Elosua et al., 2005; Fischer, Berntsen, Perstrup, 

Eskildsen, & Pedersen, 2007; Lavin et al., 2020) compared to those reporting the lowest amounts of 

physical activity. Furthermore, it has been shown in other studies that those performing higher levels 

of physical activity exhibit ~35% lower risk for elevated CRP (Abramson & Vaccarino, 2002; 

Reuben, Judd-Hamilton, Harris, & Seeman, 2003). However, reporting of adjustments for 

participants with acute infections at the time of blood sampling is inadequate, which potentially 

confounds associations between physical activity level and blood CRP or IL-6. Most studies found 

no association between physical activity level and TNF-α (Colbert et al., 2004; Elosua et al., 2005; 

Fischer et al., 2007; Kitahara et al., 2014; Lavin et al., 2020) with the exception of lower TNF-α in 

physically active males in one study (Elosua et al., 2005). Furthermore, it has been shown that 

physical activity level is not associated with blood sIL-6R (Elosua et al., 2005; Kitahara et al., 2014), 

soluble TNF receptor-1 (Kitahara et al., 2014) or soluble gp-130 (Kitahara et al., 2014). Blood 

measures of IL-6 and sIL-6R complexes, and IL-6–sIL-6R complexed with soluble gp-130 are 

missing from cross-sectional studies and should be included in future research to capture the 

complexity of inflammatory signalling and regulation.  

Longitudinal analysis spanning one year found no association between change to self-reported 

physical activity level and CRP in blood (Rawson et al., 2003). Yet, individuals who consistently 

adhered to WHO physical activity guidelines over a ten-year period had modestly lower 

concentrations of CRP (–0.18 mg/L) and IL-6 (–0.20 pg/mL) compared to individuals who rarely 

(≤1 time during ten-year follow-up) adhered to guidelines (Hamer et al., 2012). However, the ten-

year increase in CRP (0.44 mg/L) and IL-6 (0.41 pg/mL) was equal across groups of different 

physical activity levels, suggesting that physical activity cannot overcome increases in inflammation 

with advancing age (Hamer et al., 2012). Observational associations between physical activity and 

IL-6 appear to occur independent of body weight or body composition (Abramson & Vaccarino, 

2002; Colbert et al., 2004; Elosua et al., 2005; Hamer et al., 2012). However, for CRP, inverse 

associations with physical activity may be attenuated following these adjustments (Colbert et al., 

2004; Elosua et al., 2005), yet other studies suggest that associations remain between CRP and 

physical activity after adjustment for body composition in statistical models (Abramson & 
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Vaccarino, 2002; Hamer et al., 2012). As such, the factors mediating associations between physical 

activity and inflammatory dysregulation require further investigation. 

Interventions studies generally show no effect of aerobic exercise training on biomarkers of 

inflammation. Indeed, a series of trials that implemented similar 12-month aerobic exercise 

interventions found no change to CRP (Beavers et al., 2010; Campbell et al., 2008; Nicklas et al., 

2008), IL-6 (Beavers et al., 2010; Friedenreich et al., 2012b), TNF-α (Beavers et al., 2010; 

Friedenreich et al., 2012b), sIL-6R or soluble TNF receptor-1 (Beavers et al., 2010). However, some 

studies report small changes to certain biomarkers, e.g., CRP (10-20%, −0.24 to −0.30 mg/L) and 

IL-6 (12%, −0.53 pg/mL) with 150-225 minutes of aerobic exercise per week for 12 months 

(Campbell et al., 2009; Friedenreich et al., 2012b; Nicklas et al., 2008). Another study showed that 

four months of aerobic exercise training only reduced CRP in individuals within the highest tertile 

of pre- to post-exercise training reductions to body mass or fat mass (Church et al., 2010). Dose-

response studies with increasing aerobic exercise volume show no change to CRP, IL-6, and TNF-α 

(Friedenreich et al., 2016a; Stewart, Earnest, Blair, & Church, 2010) and dose-response increases to 

TNF-α (+10-16%) (Haley, Hibler, Zhou, Schmitz, & Sturgeon, 2020). In contrast, resistance exercise 

training has been shown to reduce serum TNF-α, but not IL-6, IL-1β, or CRP (Kohut et al., 2006; 

Phillips, Flynn, McFarlin, Stewart, & Timmerman, 2010). Where exercise-induced reductions to IL-

6 (−37%) were measured, these changes had no effect on the viability of breast cancer cells in vitro 

when compared to the viability of cells cultured with pre-training serum, i.e., with a higher IL-6 

concentration (Dethlefsen et al., 2016). Preclinical studies using rodent models of cancer also suggest 

that reductions in IL-6, CRP, and TNF-α do not underlie the anti-cancer effects of exercise (Berrueta 

et al., 2018; Jones et al., 2012; Zhu et al., 2008; Zhu et al., 2012).  

Overall, low-quality observational data links a high physical activity level to reductions in 

inflammatory biomarkers, however this is not corroborated by gold-standard randomised-controlled 

trials. Furthermore, associations with clinical cancer risk are modest for CRP, and lacking for IL-6, 

TNF-α, and IL-1β. The limited evidence linking physical activity to the resolution of inflammatory 

dysregulation, and overall lack of evidence linking inflammatory biomarkers to clinical cancer risk, 

suggests that the resolution of inflammatory dysregulation does not underlie the anti-cancer effects 

of physical activity. 

2.3.6 Summary  

Taken together, the many commonly purported anti-cancer mechanisms of exercise – reductions to 

colon transit time and oxidative stress, and altered exposure to sex hormones, metabolic growth 

factors and systemic inflammation (Friedenreich & Orenstein, 2002; McTiernan, 2008, 2020) – 

discussed in Section 2.3 are not supported by evidence. It can be concluded that many of the 

purported anti-cancer mechanisms that are said to underpin the reduced risk of clinically diagnosed 

cancers in physically active individuals are insensitive to alterations following exercise training 

without body-mass loss, and may not influence the risk of cancers across a diverse range of tissue 

locations. Crucially, a potential anti-cancer mechanism affected by exercise and physical activity that 
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is often not mentioned (e.g., McTiernan, 2020) is the exercise-induced modulation of immune 

regulation and competency. In Section 2.4, exercise-induced changes to the immune system are 

reviewed in the context of cancer immunoediting to explain the reduced risk of clinically diagnosed 

cancer in physically active individuals. 

2.4 Immunological involvement in the anti-cancer mechanism of exercise: a constellation of 

theories, which may coalesce  

In Section 2.2 of this literature review, evidence from epidemiology and preclinical studies was 

summarised, showing that physical activity reduces the risk of many different clinically diagnosed 

cancers. In Section 2.3, it was concluded that commonly purported anti-cancer mechanisms of 

physical activity are not supported by robust evidence. A commonly overlooked anti-cancer 

mechanism is exercise-induced modulation of immune competency. In Section 2.4, the exercise-

induced modulation of immunoediting – the most accepted theoretical model of interactions between 

the immune system and cancer – is proposed as the central unifying anti-cancer mechanism of 

exercise. Whilst modulation of immunoediting has previously been proposed as an anti-cancer 

mechanism of exercise (Koelwyn et al., 2015), it is unclear how this hypothesis aligns with a 

constellation of findings which have emerged from the field of exercise immunology in recent 

decades. Indeed, three separate theories have emerged from this field which may explain how regular 

exercise reduces the risk of a clinical cancer diagnosis. Accordingly, herein, the evidence from these 

different theories was compared, which revealed that these independent theories appear to coalesce 

and form the basis for a unifying anti-cancer mechanism of exercise. 

2.4.1 A brief overview of cancer immunoediting 

Cancer immunoediting describes phases of interaction between cancer and the immune system that 

determine the presentation of clinically diagnosed cancer (Dunn et al., 2002, Dunn, Old, & Schreiber, 

2004; Schreiber, Old, & Smyth, 2011). The first ‘elimination’ phase describes the deletion of 

immunogenic cancer cells via a coordinated immune response. The anti-cancer immune response 

represents a cyclical, self-propagating process known as the ‘cancer immunity cycle’ (Chen & 

Mellman, 2013). The cycle is initiated by the release of cancer antigen from cancer cells for capture 

by antigen-presenting cells, such as dendritic cells. Cancer antigens can be broadly grouped as 1) 

‘non-self’ or ‘tumour-specific’ antigens expressed only by cancer cells, i.e., mutation-derived 

neoantigens and onco-viral antigens, or 2) ‘self’ or ‘tumour-associated’ antigens that are expressed 

in healthy cells and overexpressed in cancer cells, e.g., cancer-germline antigens and cell lineage 

differentiation antigens (Hollingsworth & Jansen, 2019; Jiang et al., 2019). A key difference between 

tumour-specific and tumour-associated antigens is that tumour-specific antigens – neoantigens and 

onco-viral antigens – are more immunogenic, due to the central and peripheral immune tolerance 

mechanisms that limit autoimmunity by dampening immune responses to self-antigens (Efremova et 

al., 2017).  

Following antigen encounter, dendritic cells home to lymph nodes and present cancer antigen to 

activate T cells, which traffic through the circulation and infiltrate tumours (Chen & Mellman, 2013). 
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Within the tumour microenvironment, T cells recognise cancer antigens displayed on major-

histocompatibility complex (MHC)-1 expressed by cancer cells by binding via their T cell receptors, 

leading to T cell killing of cancer cell targets. The cancer-immunity cycle completes when cancer 

antigens are released upon cancer cell death, increasing the depth of response in subsequent cycles 

(Chen & Mellman, 2013). In addition to anti-tumour T cell responses, natural killer (NK) cells are 

activated upon binding of activating receptor natural killer group 2 (NKG2)-D on NK cells with 

NKG2D ligands (e.g., MHC-1-related proteins A and B) which are overexpressed on cancer cells 

(Dunn et al., 2004). NK cells elicit cytotoxicity against cancer cells with low MHC-1 expression 

(known as the ‘missing self’) due to the removal of inhibitory signalling between MHC-1 and killer 

immunoglobulin-like receptors (Cornel, Mimpen, & Nierkens, 2020).  

A successful elimination phase of cancer immunoediting prevents the establishment of clinical 

cancer. However, the persistence of less immunogenic cancer cells that evade immune elimination 

results in transition to an ‘equilibrium’ phase, whereby immunogenic cancer cells are removed but 

cancer cells with low immunogenicity persist (Dunn et al., 2002, Dunn et al., 2004; Schreiber et al., 

2011). Low immunogenicity is characterised by defective antigen expression by cancer cells (e.g., 

MHC-1 downregulation) or presentation by antigen-presenting cells (e.g., reduced antigen 

processing and presentation due to suboptimal activation) (Blankenstein, Coulie, Gilboa, & Jaffee, 

2012). In equilibrium, a dormant tumour of stable size but with selective growth advantages is 

contained by the immune system (Dunn et al., 2002, Dunn et al., 2004; Schreiber et al., 2011). 

Crucially, the maintenance of a dormant tumour within the equilibrium phase is reliant on adaptive 

immunity – and specifically T cells – to maintain the cancer in equilibrium, as opposed to innate cells 

such as NK cells (Schreiber et al., 2011). The equilibrium phase may be sub-clinical, and as such, 

maintaining cancers in this phase also constitutes reducing the risk of clinical cancer. Cancers 

‘escape’ immune control when effector cell function is impeded by the overproduction of 

immunosuppressive cytokines (e.g., IL-10 and transforming growth factor (TGF)-β) and increases in 

TREG cells in the tumour microenvironment (Dunn et al., 2004). During the ‘escape’ phase, 

immunologically-sculpted cancer cells grow unrestrained by immune pressure, resulting in clinical 

cancer (Dunn et al., 2002, Dunn et al., 2004; Schreiber et al., 2011). 

The potential for physical activity to enhance immunoediting processes has been discussed before 

(Koelwyn et al., 2015). Next, three immune mechanisms commonly proposed within the field of 

exercise immunology are evaluated in the context of cancer immunoediting. While Koelwyn et al. 

focused on the role of exercise in malignant transformation and immunosurveillance (cancer 

prevention) and immune escape (cancer treatment), the focus of this section is on the role of exercise 

in maintaining covert cancers within the equilibrium phase of immunoediting. Important to this 

narrative is the notion that the mutations that cause cancer are not prevented by physical activity and 

exercise, and instead, exercise-induced immunomodulation delays or prevents immunogenic cancer 

cells escaping immune control. 



57 

2.4.2 Why is immunoediting important in the context of exercise oncology? 

There is a dearth of evidence to suggest that physical activity can prevent de novo neoplasia. For 

example, cancers diagnosed within the elite sporting population – representing individuals who 

perform very high volumes of physical activity – reinforce the concept that physical activity cannot 

prevent cancer arising. Furthermore, the largest epidemiology study to date identified an increased 

risk of malignant melanoma in those with the highest physical activity level, which was attributed to 

increased sun exposure in persons spending more time performing physical activity outdoors (Moore 

et al., 2016). As such, it appears that physical activity cannot prevent mutations that arise in response 

to environmental exposures, such as ultraviolet radiation. In addition, mathematical modelling 

suggests that 65% of cancer-causing mutations occur as a result of random and unavoidable DNA 

replication errors that occur during cell division, or in other words, chance (Tomasetti et al., 2017; 

Tomasetti & Vogelstein, 2015). A strong, positive association (Pearson’s r = 0.80) between lifetime 

number of stem cell divisions in a given tissue and cancer risk at that site was shown from 31 (USA 

only) and 17 (69 countries, six continents) different tissue sites (Tomasetti et al., 2017; Tomasetti & 

Vogelstein, 2015). As such, it appears that de novo neoplasia is an unavoidable by-product of cellular 

replication, and no evidence exists showing that physical activity prevents this from happening.  If 

physical activity does not stop de novo neoplasia arising, then the underlying mechanisms may 

instead avert progression from initiated cells to clinically diagnosed cancer requiring treatment. 

The idea that physical activity does not prevent cancer initiation, but can reduce the risk of clinical 

cancers, is captured by studies assessing the risk of clinically diagnosed cancers and related 

precursors according to physical activity level. Indeed, cross-sectional research shows that the risk 

of cancer precursors is not modified by physical activity, but the risk of related clinical cancer is 

reduced in physically-active individuals. For example, a higher physical activity level reduces the 

risk of oesophageal adenocarcinoma (Moore et al., 2016) but not Barrett’s oesophagus (Hilal et al., 

2016; Lam et al., 2018). Similarly, a higher physical activity level was not associated with the 

development of small colon adenomas, yet reduced the risk of large adenomas and colon cancer 

(Boutron-Ruault et al., 2001). Furthermore, the risk of lymphocytic leukaemia is not reduced in those 

with a higher physical activity level (Moore et al., 2016) which is likely explained by a high 

proportion of chronic lymphocytic leukaemia cases, which is commonly indolent, asymptomatic and 

not actively treated, akin to cancer precursor conditions (Hallek et al., 2018; Smith et al., 2018). In 

addition, one study included in the aforementioned meta-analysis (Moore et al., 2016) showed that 

the risk of non-advanced prostate cancer – defined according to the tumour (T), node (N), metastasis 

(M) staging system as T1a-2b, N0, M0 – was not reduced in those with the highest physical activity 

level (Moore et al., 2008). In fact, a higher physical activity level was associated with increased risk 

of non-advanced prostate cancer, which was attributed to screening bias (Moore et al., 2016; Moore 

et al., 2008). The association between physical activity level and advanced prostate cancer was not 

statistically significant and was highly heterogenous, which may be explained by the range of disease 

stages captured within ‘advanced’ cancer – which included T3-4, N1 or M1 – or the relatively low 

number of cases (Moore et al., 2008).  
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The lack of protection against preclinical or early-stage cancer in physically active persons may be 

explained by their relatively low mutational burden – and therefore immunogenicity – compared to 

clinically diagnosed or late-stage cancers at the same site. Indeed, tumour mutational burden 

regulates the expression of tumour neoantigens that determine immunogenicity, as somatic mutations 

generate neoantigen peptides that are expressed via MHC-1 on the cancer cell surface and recognised 

as foreign by host T cells (Efremova et al., 2017). Prior sequencing studies have identified reduced 

mutational burden for Barrett’s oesophagus compared with oesophageal adenocarcinoma (Gu et al., 

2010) and colon adenoma compared with colon adenocarcinoma (Zhou et al., 2013). Furthermore, a 

recent study showed that tumour mutational burden in prostate cancer increased with tumour stage 

and lymph node involvement (Wang, Pan, Zhu, Yu, & Wang, 2021). We hypothesise that as further 

mutations develop in cancer precursors, cancer cells become immunogenic and are eliminated in 

physically active individuals exhibiting enhanced immune competency. In this case, the result is a 

cancer precursor maintained in covert equilibrium. On the other hand, in persons with a lower 

physical activity level and therefore reduced immune competency, novel mutations in cancer cells 

may not be detected and eliminated, resulting in the outgrowth of a clinical cancer. Central to this 

hypothesis is the idea that every cancer arises from a subclinical precursor state. 

Detectable precursors to clinical cancer include monoclonal gammopathy of undetermined 

significance (MGUS) and smouldering multiple myeloma (SMM) (multiple myeloma (MM)), 

cervical intraepithelial neoplasia (cervical cancer), and polyps of the gallbladder (gallbladder cancer). 

Alongside detectable precursors, it has previously been theorised that every cancer develops in a 

step-wise manner from a precursor state with few mutations, and these precursors are undetectable 

in almost all tissue sites until further mutations occur (Compton, 2020). In support of this, previously 

undetected or ‘covert’ cancers of the breast, prostate, lung, and thyroid have been identified 

incidentally at autopsy in individuals without a history of related disease (Bell, Del Mar, Wright, 

Dickinson, & Glasziou, 2015; Furuya-Kanamori, Bell, Clark, Glasziou, & Doi, 2016; Manser, Dodd, 

Byrnes, Irving, & Campbell, 2005; Thomas et al., 2017). Furthermore, ovarian cancers have been 

identified during benign surgeries to remove fallopian tubes in women without an existing history or 

hereditary risk factors for ovarian cancer (Morrison, Blanco, Vang, & Ronnett, 2015; Rabban, Garg, 

Crawford, Chen, & Zaloudek, 2014).  

Given that a higher physical activity level does not appear to prevent de novo neoplasia from arising 

and instead seems to reduce the risk of cancer progression, cancer precursors represent the most 

likely scenarios whereby structured exercise can be implemented with the aim of averting a clinical 

cancer diagnosis. Indeed, cancer precursors or early-stage cancers that are not actively treated with 

anti-cancer therapy provide an opportunity to explore the effects of exercise training on clinical 

endpoints. Trials of this design are currently underway in localised prostate cancer under active 

surveillance, whereby patients are randomly allocated to a 12-month aerobic and resistance exercise 

programme or non-exercising usual care group, and progression to active therapy within three-year 

follow-up is the primary outcome (Galvão et al., 2018). Another suitable clinical model for trials 

evaluating the effects of exercise training on clinical cancer risk is SMM. Subgroups of SMM 
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patients presenting with disease progression risk factors exhibit disease progression to the clinical 

cancer MM within <30 months (Lakshman et al., 2018). Despite the high risk of disease progression, 

International Myeloma Working Group care guidelines do not advocate anti-cancer therapy to avert 

disease progression and, instead, SMM is routinely monitored under a ‘watchful waiting’ approach 

(Kyle et al., 2010). SMM is a detectable manifestation of the equilibrium phase of immunoediting 

(Nakamura et al., 2020), and therefore, exploring the effects of exercise training on time-to-

progression from SMM to MM may help identify the role for exercise-induced modulation of 

immunoediting to maintain precursor disease in equilibrium, thus reducing clinical cancer risk, as 

hypothesised herein. 

Central to a successful elimination phase of immunoediting is the presence of immunogenic cancer 

cells. Crucially, it appears that the immunogenicity of cancers within different tissue locations 

seemingly predicts the magnitude of risk reduction in physically active individuals. Indeed, in the 

largest analysis to date, a large range in hazard ratio for the risk of clinical cancer at different sites 

(hazard ratio = 0.58 to 1.27) was seen for individuals with the highest physical activity level (Moore 

et al., 2016). A crude preliminary analysis was conducted, combining hazard ratios for clinical cancer 

risk at specific anatomical sites in physically active individuals (Moore et al., 2016) and tumour 

mutational burden data for those cancer sites (Chalmers et al., 2017). Tumour mutational burden was 

considered to reflect immunogenicity, as mutations regulate the expression of tumour neoantigens 

that determine immunogenicity and facilitate the detection of cancer cells by T cells (Efremova et 

al., 2017). Crude preliminary analysis provides suggestive evidence for a negative association 

between tumour mutational burden and hazard ratio for risk of clinical cancer in physically active 

individuals (Spearman’s r = −0.390, P=.054) indicating that cancers with a higher tumour mutational 

burden may exhibit a greater magnitude risk reduction in physically active individuals (Figure 2.1). 

Further, for sites with a statistically significant (P<.05) risk reduction in physically active individuals 

(Moore et al., 2016), more than 60% had tumour mutational burden greater than or equal to the 

median for the cancer sites studied (median = 3.21 mutations per megabase) (Chalmers et al., 2017), 

and similarly, where hazard ratios did not achieve statistical significance (Moore et al., 2016), 60% 

of cancer sites had tumour mutational burden less than the median of 3.21 mutations per megabase 

(Chalmers et al., 2017). Therefore, it appears that cancers with a higher tumour mutational burden – 

and as such, higher immunogenicity – tend to exhibit the largest risk reductions in physically active 

individuals.
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Figure 2.1. Association between the 

tumour mutational burden (TMB) of a 

cancer and the magnitude of risk 

reduction for that cancer site in 

physically active individuals. 

Blue triangles indicate cancer sites 

with a TMB below the median (<3.21) 

and black triangles indicate cancer 

sites with a TMB equal to or above the 

median (≥3.21). 

Associations between TMB and cancer 

risk in 90th vs. 10th percentile of 

physical activity were examined using 

Spearman’s r as data were not 

normally distributed (Shapiro-Wilk 

P>.05). 

TMB data sourced from Chalmers et 

al. (2017) and cancer risk in 90th vs. 

10th percentile of physical activity 

sourced from Moore et al. (2016). 

Analysis by Chalmers et al. included a 

greater number of cancer subtypes, for 

which the mean TMB was calculated 

for a tissue location reported by Moore 

et al. Melanoma was excluded from 

analysis due to established 

confounding effects of UV exposure on 

the association with physical activity.  
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Providing additional evidence for an immune-mediated mechanism of physical activity is the 

observation that physical activity appears to exert no protection against cancers that develop within 

tissues that are exempt from immune surveillance, known as “immune privileged” sites. Indeed, the 

risk of developing clinical cancer within the brain, ovary, thyroid, and testes – which are “immune 

privileged” tissues – is not reduced in physically active individuals (Huang et al., 2018; Moore et al., 

2016). Immune privilege is a tissue-specific type of immune tolerance characterised by the evasion 

of tissues from immune responses – via blood-tissue barriers, absence of lymphatics, fewer in situ 

antigen-presenting cells, and/or cellular and soluble mediators of immunosuppression – to protect 

tissues (Forrester, Xu, Lambe, & Cornall, 2008; Simpson, 2006). 

Taken together, little evidence exists to suggest that physical activity prevents neoplasia from arising 

in the first place. As the appearance of clinically diagnosed cancer often results from a prolonged 

immunoediting process, and physical activity exerts greater protection against cancers with a higher 

tumour mutational burden – and therefore higher immunogenicity – improved immune competency 

in elimination and equilibrium phases of immunoediting may explain the reduced risk of cancer in 

physically active persons. However, the precise immune mechanism mediated by physical activity 

is not fully elucidated. Three major theories have emerged in exercise immunology that may explain 

reductions in cancer risk in physically active persons, however, the interaction of these theories with 

immunoediting processes is not well established. Therefore, in the next section, theories of 1) T cell 

immunosenescence and stemness, 2) acute exercise immunosurveillance, and 3) T cell anergy and 

exhaustion, are discussed with reference to cancer immunoediting. 

2.4.3 Theory 1: Physical activity counters T cell immunosenescence and promotes T cell 

stemness to reduce clinical cancer risk 

Immunosenescence describes age-associated dysfunction within the innate and adaptive immune 

system that compromises host protection against infectious, inflammatory, autoimmune, and 

neoplastic conditions (Fulop et al., 2016; Ginaldi, Loreto, Corsi, Modesti, & De Martinis, 2001). 

Changes to the frequency and function of innate immune cells with advancing age has been reviewed 

previously, and are not the focus of this section (Panda et al., 2009; Shaw, Joshi, Greenwood, Panda, 

& Lord, 2010). The focus of this section is on the adaptive immune system, specifically T cells. 

Indeed, the maintenance of a dormant tumour within the equilibrium phase of immunoediting is 

reliant on T cells (Schreiber et al., 2011). Furthermore, T cells have received greater coverage in 

exercise immunology studies when compared with neutrophils, monocytes, dendritic cells, and B 

cells (Simpson et al., 2012). In addition, NK cells are most commonly investigated in the context of 

acute exercise, as discussed next (Section 2.4.4), rather than habitual physical activity or regular 

exercise training. Indeed, when examining the adaptive effects of physical activity on immune 

competency, it should be noted that NK cells turnover within 14 days (Zhang et al., 2007) whereas 

the estimated half-life of memory T cells is ~200 days and naïve T cells is ~2,000 days (Vrisekoop 

et al., 2008). As such, there is greater potential to observe adaptation to T cells following a period of 

exercise training. 
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Features of T cell immunosenescence include proportional increases in late-differentiated memory T 

cells with concomitant decreases in the proportion of naïve T cells, which are thought to be driven 

by latent CMV infection and thymic involution, respectively (Aspinall & Andrew, 2000; Fueloep et 

al., 2013). Experimental evidence linking immunosenescence to cancer risk, and physical activity to 

the amelioration of immunosenescence, has previously been collated to propose anti-

immunosenescence effects of physical activity as an anti-cancer mechanism (Turner & Brum, 2017). 

Firstly, accumulations of senescent T cells have been associated with increases in clinical cancer 

risk, due to the reduced capacity to respond to novel cancer neoantigens – which are expressed upon 

the acquisition of mutations and increase the immunogenicity of cancer cells – where dysfunctional 

senescent T cells have accumulated and naïve T cell output is compromised (Turner & Brum, 2017). 

Secondly, physical activity is suggested to limit the accumulation of senescent T cells by reducing 

latent CMV reactivation, reducing basal systemic inflammation, and restoring redox balance (Turner 

& Brum, 2017).  

Altered myokine output from skeletal muscle has also been proposed to counter immunosenescence 

in physically active people (Duggal, Niemiro, Harridge, Simpson, & Lord, 2019). Indeed, IL-15 has 

been shown to upregulate telomerase in CD8+ T cells (Li et al., 2005; Watkinson et al., 2020) which 

may ameliorate replicative senescence in T cells in physically active individuals, as IL-15 circulates 

at higher concentrations compared to less active individuals (Bartlett & Duggal, 2020; Duggal et al., 

2018). Higher blood concentrations of IL-15 in physically active individuals are likely to be 

explained by the expression of IL-15 in skeletal muscle (Nielsen et al., 2007). The relative 

contribution of acute contraction-induced secretion of IL-15 vs. increased basal output of IL-15 

following adaptive muscle hypertrophy to improving immune competency are not known, but are 

discussed later in this chapter. Another prominent anti-immunosenescence mechanism of physical 

activity concerns repeated acute effects that occur within the hours after each bout of physical 

activity, called the ‘immune space’ hypothesis. The ‘immune space’ hypothesis is characterised by 

three distinct phases (Simpson, 2011; Simpson & Guy, 2010). Firstly, senescent T cells are 

preferentially mobilised in response to epinephrine, which increases during acute exercise, and are 

redistributed to peripheral tissues to conduct immunosurveillance (discussed further in Section 

2.4.4). Secondly, after conducting immunosurveillance, senescent T cells are purported to undergo 

apoptosis in peripheral tissues upon encounter with pro-apoptotic signals, such as ROS and 

proinflammatory cytokines. Thirdly, apoptosis of senescent T cells is hypothesised to create ‘immune 

space’ for the generation of new naïve T cells via a negative-feedback loop (Simpson, 2011; Simpson 

& Guy, 2010).  

Tenets of the ‘immune space’ hypothesis – particularly relating to phases two and three described 

above – have been disputed, including the purported fixed-size immune system, the susceptibility of 

senescent cells to apoptosis, and the perceived advantage of selectively deleting senescent T cells 

that are required to maintain immune control (Turner, 2016). Indeed, evidence suggests that clonal 

senescent T cells confer a prognostic advantage in certain cancers (Suen et al., 2016; Tsuji et al., 

2020). Future research is required to understand the clinical importance of reducing cancer-specific 
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senescent T cells through physical activity. However, if reductions to cancer-specific senescent T 

cells do occur with physical activity, these effects may be inconsequential in the context of cancer 

risk, as the beneficial effects of physical activity on clinical cancer risk are well-established. 

The latter phase of the ‘immune space’ hypothesis describes increases in naïve T cells to fill ‘immune 

space’ created following senescent T cell apoptosis (Simpson, 2011; Simpson & Guy, 2010). 

Increased naïve T cells due to physical activity may explain reductions to clinical cancer risk, as an 

increasing number of naïve T cells are required to detect novel neoantigens in cancer, which are 

increasingly expressed by immunogenic cancer cells as they accumulate (Atanackovic et al., 2009). 

Indeed, low T cell receptor diversity is associated with worse prognosis in certain cancers when 

compared to a more diverse T cell repertoire (Keane et al., 2017; Manuel et al., 2012). Other 

mechanisms, independent of those described by the ‘immune space’ hypothesis, may explain 

increases in naïve T cell frequency in physically active individuals, without compromising cancer-

specific senescent memory T cells.  

Physically active individuals exhibit higher concentrations of immunoregulatory cytokines IL-7 and 

IL-15 in blood (Bartlett & Duggal, 2020; Duggal et al., 2018) which are both expressed in skeletal 

muscle (Haugen et al., 2010; Nielsen et al., 2007) and may be increased acutely and/or adaptively in 

response to regular exercise training, as discussed later. Whilst it is commonly suggested that IL-7 

and IL-15 stimulate thymic and extra-thymic production of naïve T cells (Duggal et al., 2019; Turner 

& Brum, 2017), it has recently been shown that IL-7, and to a lesser extent IL-15, stimulate the 

development of ‘naïve-revertant’ memory T cells from central and effector memory T cells following 

primary antigen encounter (Frumento et al., 2020). This ‘plasticity’ in T cell memory differentiation 

differs from traditional views of a unidirectional differentiation pathway in T cells (Mahnke et al., 

2013). Furthermore, IL-7 and IL-15 induce the generation of ‘stem-cell like’ memory T cells (TSCM) 

from naïve T cell precursors, which possess self-renewal capabilities and anti-tumour effector 

responses (Cieri et al., 2013). Naïve T cells, ‘naïve-revertant’ memory T cells, and TSCM share 

expression of CD45RA+CCR7+ which introduces an interpretational limitation to exercise 

immunology studies, whereby CD45RA+CCR7+ T cells are commonly assumed to be newly-

generated thymic or extra-thymic naïve T cells (Duggal et al., 2019; Simpson, 2011), but may also 

include ‘naïve-revertant’ memory T cells and TSCM. Next, cross-sectional studies linking physical 

activity to senescent T cells and naïve T cells in blood are discussed, and the limitations of this 

evidence are highlighted. Subsequently, intervention trials investigating the anti-immunosenescence 

effects of exercise training in blood are introduced. Currently, exercise intervention trials exploring 

effects on senescent T cells are scarce, but a larger number of trials have investigated the effects of 

exercise training on naïve T cells. 

The available evidence addressing associations between physical activity and features of 

immunosenescence, e.g., surface markers of senescence (e.g., CD57+, killer cell lectin-like receptor 

subfamily G1 (KLRG1+)), shortened telomeres, and naïve cell frequency, has predominantly been 

generated from cross-sectional studies and does not yet provide consensus for the anti-
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immunosenescence effects of physical activity. For example, males with above average 

cardiorespiratory fitness – defined by American College of Sports Medicine V̇O2MAX reference 

ranges – had lower proportions of senescent CD4+ and CD8+ (CD57+KLRG1+) T cells and higher 

proportions of naïve CD8+ (CD28+KLRG1−) T cells compared to those with average or below 

average fitness (Spielmann et al., 2011). Similar findings were shown when comparing master’s 

athletes with a 20-year training history to healthy untrained controls, where lower proportions of 

senescent CD4+ and CD8+ (KLRG1+) T cells were seen in master’s athletes, however proportions of 

naïve T cells (CD45RA+CD27+) were not different between groups (Minuzzi et al., 2018). 

Contrasting findings were seen in a comparison between master’s cyclists aged 55-79 years with a 

21-year training history and less active healthy age-matched counterparts (Duggal et al., 2018). There 

was no difference in senescent CD4+ or CD8+ (CD57+) T cells between groups, yet master’s cyclists 

displayed higher proportions of recent thymic emigrants (CD4+PKT7+CD45RA+ or 

CD8+CD103+CD45RA+) and recent thymic immigrants (CD34+CD10+) than healthy age-matched 

controls (Duggal et al., 2018). It should be noted that a small group of outliers appeared to drive the 

effect on recent thymic immigrants and CD4+ thymic emigrants (see Figure 4 of Duggal et al., 2018). 

Furthermore, reports of higher proportions of naïve T cells in blood in physically active individuals 

in this study, and others, lack validity due to naïve cell phenotyping relying on CD45RA+ alone, 

which captures both naïve T cells and terminally-differentiated effector memory T cells re-

expressing CD45RA+ (TEMRA) (Duggal et al., 2018; Tylutka, Morawin, Gramacki, & Zembron-

Lacny, 2021). Another study found no difference in senescent CD8+ T cells (CD28−) between older 

adults aged 65-85 years grouped as untrained, moderately-trained (<6 km runs performed 2-3 

times/week for 10 years) and intensively-trained (≥10 km runs, ≥5 times/week for 21 years) 

(Rodrigues Silva et al., 2016). However, CD8+CD28− T cells had longer telomeres in intensively-

trained elders, suggesting that physical activity may delay replicative senescence (Rodrigues Silva 

et al., 2016).  

The aforementioned studies share limitations relating to inadequate control for CMV serostatus, 

which may confound associations between physical activity level and immunosenescence. 

Differences in immunophenotyping panels may also contribute to the disparity in findings. For 

example, studies that follow immunophenotyping guidelines for identifying naïve T cells via 

CD45RA+ and CCR7+, CD27+ and/or CD28+ (Appay, van Lier, Sallusto, & Roederer, 2008) showed 

no difference in naïve T cell proportions between groups of adults aged >50 years with an athletic 

training history vs. healthy but less active age-matched counterparts (Minuzzi et al., 2018; Moro-

Garcia et al., 2014; Rodrigues Silva et al., 2016). In contrast, studies employing alternative 

phenotyping approaches, e.g., CD28+KLRG1− or CD45RA+ found elevated proportions of naïve T 

cells in individuals with a higher physical activity level (Duggal et al., 2018; Spielmann et al., 2011). 

Perhaps immune cell types that are more sensitive to alterations with physical activity are captured 

using these alternative phenotyping methods. Furthermore, as mentioned previously, using 

CD45RA+CCR7+ to define naïve T cells likely captures ‘naïve-revertant’ memory T cells and TSCM. 
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A paucity of randomised-controlled intervention trials have been conducted to investigate the effects 

of exercise training on T cell senescence, as reviewed elsewhere (Dinh et al., 2017). One randomised-

controlled trial has shown that a six-week resistance training programme (three sessions/week, two 

sets of 30 repetitions at 40% of one repetition-maximum) reduced the frequency of senescent CD8+ 

and CD8− (CD57+CD28−) T cells in blood from baseline in CMV-seropositive females aged >65 

years, but the change was not different to that observed in the non-exercising control group (Dinh et 

al., 2019). Another randomised-controlled exercise intervention study showed that aerobic exercise 

training performed in hypoxic (15% oxygen) but not normoxic (21% oxygen) conditions reduced the 

frequency of senescent CD4+ (KLRG1+) T cells in blood from baseline, but comparisons to non-

exercising control groups were not reported (Wang, Chen, & Weng, 2011). Furthermore, a 

longitudinal observational study – employing regular follow-up of Ironman triathletes during a six-

month training period – revealed no change to the proportions of senescent CD4+ and CD8+ 

(CD57+KLRG1+) T cells when compared with pre-training cell proportions (Cosgrove et al., 2012).  

A larger number of studies have explored changes to the proportion or frequency of naïve T cells 

from pre- to post-exercise training, but show mixed results. Indeed, prior exercise intervention trials 

have reported increases in (Dinh et al., 2019; Philippe et al., 2019; Shimizu et al., 2008; Shimizu et 

al., 2011) or no change to (Fairey et al., 2005; Kapasi et al., 2003; Raso et al., 2007; Woods et al., 

1999) naïve T cells following exercise training. As with cross-sectional evidence, the disparity in 

findings may be partly attributed to inconsistencies in immunophenotyping of naïve T cells. Indeed, 

the majority of studies used either CD45RA+ (Fairey et al., 2005; Raso et al., 2007; Woods et al., 

1999) or CD28+ (Dinh et al., 2019; Kapasi et al., 2003; Shimizu et al., 2008; Shimizu et al., 2011) to 

identify naïve T cells in blood. Only one study identified naïve T cells as CD45RO−CCR7+ – in line 

with phenotyping recommendations – and showed that three weeks of exercise training increased 

CD8+ naïve T cell proportion in blood (Philippe et al., 2019). 

Overall, the evidence amassed to date shows inconsistent effects of physical activity on senescent 

and naïve T cells. However, the generation of ‘naïve-revertant’ T cells (Frumento et al., 2020) and 

TSCM (Cieri et al., 2013) in the presence of IL-7 and/or IL-15 highlights a potential anti-

immunosenescence mechanism of exercise that promotes the maintenance of early-differentiated 

memory T cells in physically active individuals to enhance the elimination of immunogenic cancer 

cells. Furthermore, Theory 1 appears to coalesce with other exercise immunology theories via 

muscle-derived IL-7 and IL-15, as discussed next in sections 2.4.4 and 2.4.5. Unifying 

methodological approaches, such as utilising validated self-report or device-measured physical 

activity tools, conforming to immunophenotyping consensus (Finak et al., 2016; Maecker, McCoy, 

& Nussenblatt, 2012) and adequately controlling for covariates (e.g., CMV serostatus) will advance 

understanding of the anti-immunosenescence effects of physical activity. Furthermore, intervention 

trials conducted in future are warranted to evaluate whether reductions to T cell senescence and 

increases to T cell stemness following a period of exercise training can reverse the disease activity 

of cancer precursor conditions. 
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2.4.4 Theory 2: Acute exercise immunosurveillance eliminates immunogenic cancer cells to 

reduce clinical cancer risk 

Theory 1 described the potential for physical activity to optimise the immune composition of blood 

via IL-7 and IL-15 which circulate at higher concentrations in physically active individuals (Bartlett 

& Duggal, 2020; Duggal et al., 2018) and have been shown to induce the development of ‘naïve-

revertant’ memory T cells (Frumento et al., 2020) and TSCM (Cieri et al., 2013), and to upregulate 

telomerase to maintain telomere length and avert T cell replicative senescence (Li et al., 2005; 

Watkinson et al., 2020). However, cancer develops across different organs and tissues and, therefore, 

the effectiveness of the immune-elimination of cancer cells to maintain equilibrium depends on 

immune cells being present at the site of cancer development. Theory 2 addresses the acute effects 

that occur within the minutes-to-hours following a single episode of physical activity, which may 

enhance the distribution of cytotoxic lymphocytes to peripheral tissues to conduct 

immunosurveillance of cancer cells. 

Central to Theory 2 is one of the most reproducible findings in human physiology – exercise-induced 

lymphocytosis. Indeed, acute exercise induces a profound lymphocytosis by mobilising lymphocytes 

into the circulation, via increases in cardiac output and shear forces flushing marginal venous pools 

(Shephard, 2003) and via epinephrine-mediated detachment of lymphocytes from the endothelium 

(Graff et al., 2018). Within two to three minutes of exercise cessation, lymphocyte subpopulations 

in the circulation begin to decrease, and fall below resting levels within 30-60 minutes, known as 

lymphocytopenia (Rooney et al., 2018). Late-differentiated effector cells with cytotoxic and tissue-

migrating potential, e.g., CD56dim NK cells and CD8+ TEMRA cells, show the largest proportional 

increase following acute exercise, compared to less-differentiated naïve, central memory and effector 

memory T cells, attributed to higher β2-adrenergic receptor expression on the surface of these cells 

(Campbell et al., 2009; Kruger, Lechtermann, Fobker, Voelker, & Mooren, 2008). Due to dose-

response increases in epinephrine with increasing exercise intensity, the mobilisation of immune 

cells is intensity-dependent, with 2-6-fold higher NK cell mobilisation following higher intensity 

(≥80% maximum capacity) compared to lower intensity (<60% maximum capacity) exercise 

(Campbell et al., 2009; Gustafson et al., 2017; Nieman et al., 1994). It is speculated that the 

mobilisation and egress of these highly cytotoxic immune cells in response to stress hormones may 

confer immune surveillance, for example in the identification and elimination of neoplastic cells 

residing in peripheral tissues as part of an evolved fight or flight response to stress hormones 

(Dhabhar, 2014).  

It is clear that the immune cells mobilised into the blood during exercise – and the same cells which 

appear to egress after exercise – exhibit profound cytotoxic potential. Indeed, proportional increases 

in cytotoxic effector cells following acute exercise underpin increases in anti-cancer cytotoxicity in 

humans in vitro. NK cell cytotoxicity against nasopharyngeal carcinoma cells in vitro was increased 

following an exhaustive ramp cycling test, due to increases in the proportion of 

CD57+KLRG1+CD11a+ cells with elevated perforin and granzyme B expression (Wang & Wu, 

2009). Similarly, immediately after cycling for 30 minutes at 15% above lactate threshold, the killing 
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of five different haematological cancer cell lines was increased in vitro compared to at rest, without 

changes in per-NK cell killing capacity, due to proportional increases in highly-differentiated NK 

cells expressing NKG2A−KIR+CD57+ (Bigley et al., 2014). It should be noted that late-differentiated 

CD8+ T cells are also profoundly mobilised by acute exercise (Campbell et al., 2009) and likely 

contributed to cancer cell killing in this study, as assays were performed with peripheral blood 

mononuclear cells depleted of monocytes (Bigley et al., 2014). Illustrating this, the increase in cancer 

cell killing from rest to immediately post-exercise was more pronounced for human leukocyte 

antigen (HLA)+ cell lines (~110% increase) than HLA− cell lines (~60% increase) (Bigley et al., 

2014) and T cells display cross-reactivity against non-self HLA (D'Orsogna, Roelen, Doxiadis, & 

Claas, 2012). Future studies should HLA-match participants and cancer cell lines to explore the 

contribution of secondary specific-memory T cells to increased cancer cell killing following acute 

exercise. Furthermore, in vitro studies – which currently demonstrate the maximum potency of 

lymphocytes mobilised by exercise – should be adapted to provide meaningful insights that reflect 

in vivo conditions. For example, reducing immunogenicity by adding immunosuppressive cytokines 

to culture, which suppress effector cell responses to cancer cells in endogenous tumours. 

Trafficking of cytotoxic effector cells to tumours following acute exercise has not yet been 

demonstrated in humans. However, animal models suggest that T cells may egress from the 

circulation to the lungs, Peyer’s patches, and bone marrow to conduct immunosurveillance following 

acute exercise (Kruger et al., 2008). Yet, the reported egress of T cells into tissues harvested 

immediately post-exercise may instead be a confounding effect of enhanced blood flow to the lungs 

(Naeije et al., 2013) and bone marrow (Stabley, Moningka, Behnke, & Delp, 2014) during acute 

exercise, and to the digestive tract during exercise performed in a post-prandial state (Hayashi, 

Yamaoka-Endo, Someya, & Fukuba, 2012). In rodent models, exercise-induced mobilisation and 

infiltration of cytotoxic effector cells into tumours is hypothesised to underpin reductions in cancer 

growth. For example, mice that performed intensive treadmill running (three hours or to exhaustion 

at 20-40 m/min and 5% gradient) for one day before injection of EL-4 lymphoid cells and daily 

thereafter, displayed faster tumour rejection compared to non-exercising mice, due to increases in 

tumour-infiltrating lymphocytes which peaked at the onset of tumour regression (Zielinski et al., 

2004). Furthermore, in a landmark study where voluntary wheel running was shown to suppress the 

development of injected (B16 melanoma, Lewis lung carcinoma) and carcinogen-induced 

(diethylnitrosamine hepatocellular carcinoma) tumours by ~60% compared to non-exercising 

controls, homing of NK cells to tumours was identified as the mechanism mediating reductions in 

cancer growth (Pedersen et al., 2016).  

The magnitude of tumour suppression attributed to acute-exercise mobilisation and infiltration of 

cytotoxic effector cells is diminished in transgenic models – the experimental model that most closely 

reflects the spontaneous and endogenous development of cancer in humans – when compared to 

highly immunogenic injection- or carcinogen-induced models. This observation aligns with 

observations in humans, which suggest that immunogenicity determines the extent of cancer 

suppression in physically active individuals. Indeed, as outlined earlier in Section 2.4.2, cancer types 
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with a higher tumour mutational burden – and therefore a likelihood of higher immunogenicity – 

seem to exhibit the greatest risk reductions in physically active individuals (Chalmers et al., 2017; 

Moore et al., 2016). Transgenic rodent models have shown that voluntary wheel running in 

Tg(Grm1)EPv mice only tended to delay the formation of melanoma lesions compared to non-

exercising mice (Pedersen et al., 2016). Similarly, in another rodent study, the number of colon 

polyps in transgenic ApcMin/+ mice allocated to treadmill running (12 weeks, six days/week for one 

hour at 15 m/min) or non-exercise control was not different, but the number of large (>2 mm) polyps 

was reduced in exercising mice (McClellan et al., 2014). Furthermore, voluntary wheel running 

(eight weeks, ~6 km/day) did not suppress the development of mammary tumours in transgenic 

MMTV-PyMT mice, yet when a MMTV-PyMT mammary cell line (I3TC) was injected into wild-

type rodents, voluntary wheel running (two weeks pre-injection, eight weeks post-injection) did 

suppress mammary tumour development (Rundqvist et al., 2020). These findings suggest that, in 

transgenic cancers containing cells of varying immunogenicity, exercise training may not fully 

eradicate the cancer, as only the most immunogenic cancer cells are eliminated. Instead, a delayed 

outgrowth or equilibrium of smaller tumours may be achieved (McClellan et al., 2014; Pedersen et 

al., 2016). The inherent immunogenicity of injecting non-self cancer cells to rodents may therefore 

exaggerate the anti-tumour effects of exercise when compared with transgenic models, and also the 

importance of NK cells as the underlying mechanism.  

Prior research identified epinephrine- and IL-6-dependent mobilisation and redistribution of NK cells 

to tumours following each exercise bout as the mechanism by which exercise suppressed B16 

melanoma development (Pedersen et al., 2016). However, it should be noted that the greatest 

reductions in B16 tumour volume occurred in mice that ceased exercise prior to tumour challenge 

(Pedersen et al., 2016). As acute mobilisations of NK cells only occurred prior to the injection of 

B16 melanoma cells, NK cells mobilised by exercise did not infiltrate, recognise, and eliminate B16 

tumours as they were not present during the exercise period. Instead, the protective effects of exercise 

against cancer development appear to be an adaptive training effect, not resulting from transient acute 

effects following each exercise bout. A recent study showed that the growth rate of B16 melanoma 

was suppressed in sedentary mice that received CD8+ T cells from exercise-trained mice, compared 

to sedentary mice transplanted with CD8+ T cells from untrained mice (Rundqvist et al., 2020). Given 

this, it appears that alternative factors – beyond those arising in response to a single bout of exercise 

– should be considered when investigating physical activity interactions with cancer immunoediting, 

such as adaptive changes to T cell senescence and stemness (Section 2.4.3) and T cell exhaustion 

and anergy (Section 2.4.5).  

A separate, yet important issue that remains unresolved is the overreliance on blood immune cells to 

exert tumour cell detection and killing in peripheral issues, an idea which overlooks important 

immunological features intrinsic to tissues. Evidence suggesting that tumour cell killing is enhanced 

due to exercise-induced mobilisation and trafficking of cytotoxic effector cells to tumours overlooks 

cellular immunity intrinsic to tissues. Indeed, it is estimated that only ~2% of all lymphocytes are 

found in the circulation in humans (Ganusov & De Boer, 2007) and the majority are located within 
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peripheral tissues and organs. Tissue residency markers CD69+CD103+ are expressed by NK cells 

occupying the lungs, lymph nodes, liver, uterus, and skin (Dogra et al., 2020; Sojka et al., 2014), and 

by tissue-resident memory T cells (TRM) within the skin, respiratory tract, intestines, vaginal mucosa, 

salivary glands, bone marrow, thymus, lymph nodes, spleen, brain, liver, kidneys, and white adipose 

tissue (Takamura, 2018). Furthermore, type 1 innate lymphoid cells reside within the small intestine, 

lamina propria, salivary glands, lungs, and liver (Gasteiger, Fan, Dikiy, Lee, & Rudensky, 2015). 

The anti-cancer properties of tissue-resident effector cells have received recent research attention in 

both human and rodent studies, as discussed next. 

Studies in humans with a clinical cancer diagnosis have shown that prognosis is more strongly 

associated with tumour-infiltrating CD8+ T cells expressing tissue-residency marker CD103+ than 

total tumour-infiltrating CD8+ T cells (Edwards et al., 2018; Savas et al., 2018). Furthermore, rodent 

studies have implicated TRM cells in the maintenance of B16 melanoma in immune equilibrium (Park 

et al., 2019a). As such, it may be that trafficking additional circulating NK cells to tissue sites 

abundantly occupied by tissue-resident effector cells may not underpin reductions in tumour volume 

seen in studies comparing exercising and non-exercising rodents. Instead, the function of tissue-

resident effectors may be enhanced via increased immunoregulatory IL-7 and IL-15 in physically 

active individuals (Bartlett & Duggal, 2020; Duggal et al., 2018). Alongside the role of IL-7 and IL-

15 to generate ‘naïve-revertant’ memory T cells (Frumento et al., 2020) and TSCM (Cieri et al., 2013) 

as discussed in Section 2.4.3, IL-7 and IL-15 are also implicated in the development and maintenance 

of type 1 innate lymphoid cells and TRM (Dadi et al., 2016; Szabo, Miron, & Farber, 2019) which 

enact cytotoxicity against neoplastic cells (Dadi et al., 2016; Park et al., 2019a). Future exercise 

oncology studies should discriminate tissue-resident effector cells from circulating effector cells that 

infiltrate tumours to elucidate the anti-cancer mechanisms of physical activity. 

Overall, the evidence suggesting that the mobilisation and redistribution of cytotoxic effector cells 

to tumours underpins the anti-cancer effects of physical activity is likely exaggerated by the use of 

highly immunogenic cancer models, i.e., injecting foreign cancer cells. Furthermore, the B16 

melanoma model commonly used in rodent exercise oncology studies induces cancer development 

within the skin, which is abundantly occupied by tissue-resident effector cells (Carrega & Ferlazzo, 

2012), suggesting that skin-resident effector cells may mediate the anti-cancer effects of exercise 

against B16 melanoma. It is possible that increases to skeletal muscle-derived IL-7 and IL-15 in 

physically active individuals – which likely occur secondary to the regular activation of skeletal 

muscle and/or due to skeletal muscle hypertrophy – enhance the functionality of tissue-resident 

immune cells, plus induce plasticity and stemness within the T cell pool, to enhance the elimination 

of cancer cells and maintain a state of equilibrium, thus reducing the risk of a clinical cancer 

diagnosis. Future trials should measure pre- to post-exercise training changes to IL-7 and IL-15, plus 

the frequency, phenotype, and function of tissue-resident lymphocytes. Furthermore, future rodent 

studies should utilise transgenic cancer models to increase the applicability of findings to human 

cancers.  
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2.4.5 Theory 3: Physical activity resolves T cell anergy and exhaustion to reduce clinical cancer 

risk 

As outlined above, Theory 2 identifies the importance of immune cell populations in proximity to 

sites of cancer development, either due to mobilisation from the circulation or instead due to the 

presence of tissue-resident effector cells. However, the tissue microenvironment in cancer induces 

anergy and exhaustion in effector cells residing in the tumour microenvironment, due to 

immunosuppressive signalling and chronic antigen stimulation. In Theory 3, the detrimental effects 

of T cell anergy that compromise the elimination of cancer cells are first discussed, followed by 

studies demonstrating that physical activity or exercise training may alleviate T cell anergy. 

Subsequently, the role of T cell exhaustion in immune escape is discussed, followed by preliminary 

evidence examining associations between physical activity and T cell exhaustion. 

Anergy describes T cells in a hyporesponsive state due to suboptimal co-stimulatory signalling via 

CD28, and/or high co-inhibitory stimulation, which is a functional mechanism of peripheral tolerance 

to protect the host from autoimmunity (Crespo et al., 2013). TREG cells maintain peripheral tolerance 

via immunosuppressive cytokines IL-10, TGF-β, and IL-35, suppressing costimulatory CD80/CD86 

receptor expression on antigen-presenting cells, and via cytotoxic T lymphocyte-associated protein 

(CTLA)-4 binding to CD80/CD86 with higher affinity than CD28 expressed by effector cells (Wing 

et al., 2019). Increases in TREG cell frequency – independent of detriments to effector T cells – have 

been shown to underpin reductions in immunity to infectious disease in older adults (Vukmanovic-

Stejic et al., 2015). As the risk of clinically diagnosed cancer increases with advancing age (White 

et al., 2014), increased TREG cells in older adults may also underpin detriments to anti-cancer 

immunity that result in a clinical cancer diagnosis when preclinical cancer escapes immune control. 

Further evidence in support of the idea that reducing immunosuppressive TREG cells may improve 

immune responses to cancer is the efficacy of anti-CTLA4 immunotherapy in the treatment of certain 

cancers (Vaddepally et al., 2020). Indeed, the primary mechanism of action for anti-CTLA4 

immunotherapy is the restoration of effector T cell activation and function via the depletion of TREG 

cells expressing CTLA4+ (Quezada & Peggs, 2019; Sobhani et al., 2021). As such, modulation of 

TREG cell frequency via physical activity may represent a mechanism by which anergy is resolved 

and anti-cancer immune effector function is unleashed to eliminate cancer cells and avert a clinical 

cancer diagnosis.  

Physical activity induces acute and adaptive changes to the cytokine milieu, which may influence 

the differentiation and suppressor function of TREG cells. Effector CD4+ T cells and CD4+ TREG cells 

are generated concurrently during memory immune responses (Vukmanovic-Stejic et al., 2013) and 

the differentiation of naïve CD4+ T cells to TREG cells or Th1 effector cells is determined by the 

cytokine milieu (Zhu, Yamane, & Paul, 2010). Therefore, physical activity may influence TREG cell 

development via immunoregulatory cytokines. Indeed, elevated circulating concentrations of IL-7 in 

physically active individuals (Bartlett & Duggal, 2020; Duggal et al., 2018), which likely arise from 

skeletal muscle (Haugen et al., 2010), do not support the survival and function of TREG cells, due to 

downregulation of IL-7 receptor (CD127) on TREG cells (Liu et al., 2006; Seddiki et al., 2006). 
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Furthermore, IL-15 – which is also expressed in skeletal muscle (Nielsen et al., 2007) and is elevated 

in individuals with a higher physical activity level (Bartlett & Duggal, 2020; Duggal et al., 2018) – 

preferentially supports the proliferation, effector function, and survival of effector T cells compared 

to TREG cells (Perna et al., 2013) and has been shown to blunt the suppressive effects of TREG cells on 

effector T cells (Ahmed et al., 2009). In addition, a feed-forward loop may develop, as physically 

active individuals show increased frequencies of T cells expressing IFN-γ, and increased IFN-γ 

production following stimulation in vitro compared to less active individuals (Arai, Duarte, & Natale, 

2006; Ogawa, Oka, Yamakawa, & Higuchi, 2003; Shinkai et al., 1995) and IFN-γ induces TREG cells 

to downregulate forkhead box protein 3 (FoxP3) transcription factor that regulates their suppressive 

functions (Gratz & Campbell, 2014; Sawant & Vignali, 2014). In the context of cancer 

immunotherapy, IL-15 has been shown to restore the anti-tumour cytotoxicity of anergic CD8+ T 

cells against injected erythroleukaemia cell lines in mice in vivo (Teague et al., 2006) and to restore 

IFN-γ production by Wilms’ tumour antigen-specific T cells ex vivo in patients with Wilms’ tumour 

antigen-expressing prostate cancer (King et al., 2009). 

While the mechanisms of TREG downregulation and resolution of T cell anergy in physically active 

individuals require confirmation, cross-sectional studies in humans have found lower circulating 

proportions of TREG cells (CD4+CD25+FoxP3+) in individuals self-reporting a higher physical activity 

level (Duggal et al., 2018; Hampras et al., 2012). Another cross-sectional study – this time utilising 

device-based measurements of physical activity – showed no difference in the proportion of TREG 

cells between individuals performing ~1000 kcal/day vs. ~500 kcal/day of active energy expenditure 

(Gustafson et al., 2017). However, TREG cells were identified as CD4+CD25+CD127Lo without 

confirming FoxP3+ expression (Gustafson et al., 2017). Furthermore, none of the aforementioned 

studies measured CTLA4+ expression on TREG cells. Intervention studies also show inconsistent 

effects of exercise training on TREG cells, which may be explained by differences in phenotyping 

approach, exercise prescription, or patient population. For example, CD4+CD25+CD127−FoxP3+ 

TREG cells have been shown to decrease following 20 weeks of aerobic and resistance exercise 

training in individuals with rheumatoid arthritis (Andersson et al., 2020). In contrast, TREG cells 

identified via CD25+ expression on CD4+ T cells increased following 12 weeks of tai chi chuan 

training (Yeh et al., 2006). Furthermore, tai chi chuan training increased FoxP3 mRNA expression 

in total leukocytes of individuals with type 2 diabetes, but not in age-matched individuals without 

diabetes (Yeh et al., 2009). Despite mixed effects of exercise training on blood TREG cells in humans, 

the beneficial effects of reducing TREG cells, and other immunosuppressive cell populations, via 

exercise training has been shown in rodent models of cancer, and is discussed next. 

In preclinical rodent studies where the growth of experimentally-induced tumours was suppressed 

by exercise, reductions in immunosuppressive cell populations, or expression of chemokines 

involved in recruiting suppressive immune cells, within tumours underpinned reductions in tumour 

outgrowth. In a transgenic colon carcinogenesis model, 48% reduction in the development of large 

polyps in ApcMin/+ mice that performed 12 weeks of treadmill running (six days/week, one hour at 15 

m/min and 5% incline) occurred due to reductions in FoxP3+ expression, and expression of M2 
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macrophage genes – including TREG recruitment chemokine CCL22 – in colon mucosal tissue 

(McClellan et al., 2014). In another study, the size of mammary tumours in PyMT transgenic mice 

was reduced in exercising mice compared to non-exercising mice during weeks 1-3 of voluntary 

wheel running, associated with reductions in per-macrophage CCL22 expression, suggesting a 

functional change to macrophages in reducing TREG recruitment (Goh et al., 2013). Furthermore, 

protective effects of exercise were lost from week 3-10, suggesting exercise only suppressed the 

early stages of cancer development, i.e., the equilibrium phase (Goh et al., 2013). 

Reductions to tumour-infiltrating immunoregulatory cells in exercising mice has also been shown to 

suppress the outgrowth of injected cancer cells. For example, treadmill running performed for eight 

weeks – five days/week, up to 26 minutes/day at 6-12 m/min – prior to subcutaneous 4T1 injection 

reduced tumour growth rate by 17% due to reductions in FoxP3+ TREG cells within tumours compared 

to non-exercising controls (Hagar et al., 2019). Further, when swimming or treadmill exercise was 

performed after subcutaneous 4T1 injection, for 30-45 minutes on five days/week, tumour growth 

rate was slowed alongside reduced expression of immune-suppressive markers GATA3, RORyT and 

IL-10 in tumour-infiltrating CD4+ cells (Bianco et al., 2017) and proportional reductions to myeloid-

derived suppressor cells within tumours (Wennerberg et al., 2020). Eight minutes/day of swimming 

exercise – performed five days/week for three weeks before and seven weeks after subcutaneous 

injection with Hepa 1-6 liver cancer cells – reduced tumour infiltrating CD25+FoxP3+ TREG cell 

proportion, which reduced tumour growth by 19% (Zhang et al., 2016). Overall, exercise training 

performed before and/or after tumour induction – via genetic alterations or cancer cell injection – in 

rodents appears to reduce the accumulation of regulatory and suppressive immune cells within 

tumours to suppress cancer development. Next, the role of exercise-induced reductions to T cell 

exhaustion – which may depend on reductions to regulatory and suppressive immune cells – is 

discussed. 

Exhausted T cells develop in the presence of chronic antigen stimulation and can be identified by the 

expression of inhibitory receptors, e.g., programmed cell death protein (PD)-1, which prevent T cell 

activation (Crespo et al., 2013). Indeed, expression of inhibitory receptors has been shown to inhibit 

downstream signalling pathways that regulate T cell proliferation and survival, resulting in a loss of 

IL-2, TNF-α and IFN-γ production (Akbar & Henson, 2011). Functional T cell exhaustion develops 

in chronic viral infections and autoimmune conditions, where it is considered an adaptive mechanism 

to limit tissue damage and dampen autoimmune reactions, but may also compromise anti-cancer 

immunity (Akbar & Henson, 2011). For example, idiopathic pulmonary fibrosis is associated with 

increased expression of PD1+ on peripheral blood CD4+ T cells and within lung tissue (Celada et al., 

2018) and individuals with pulmonary fibrosis are at increased risk of developing lung cancer 

(Hubbard, Venn, Lewis, & Britton, 2000). As such, functionally exhausted T cells within these 

tissues – which are compromised in their ability to eliminate cancer cells – may explain the increased 

risk of a clinical cancer diagnosis within affected tissues. Furthermore, when preclinical cancer 

develops, effector T cells continuously encounter neoantigens, along with immunosuppressive 

cytokines, such as IL-10 and TGF-β, which induces T cell exhaustion in the tumour 
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microenvironment (Jiang et al., 2015) representing a mechanism by which cancer escapes immune 

control and grows aggressively (Jiang et al., 2019). Studies have identified high circulating 

proportions of CD8+PD1+ T cells as an adverse prognostic factor in cancer (Kotsakis et al., 2019; 

Saito et al., 2019). Furthermore, an elevated PD1/CD8 ratio within tumour-infiltrating lymphocytes 

is associated with worse cancer prognosis (Mazzaschi et al., 2018; Shibutani et al., 2017). As such, 

inhibitory receptors are a target of cancer immunotherapy. 

The efficacy of anti-PD1 immune checkpoint inhibitors in certain cancers demonstrates the potential 

of ameliorating T cell exhaustion to reinvigorate the host anti-cancer immune response and eliminate 

cancer cells (Seidel, Otsuka, & Kabashima, 2018). Immune checkpoint inhibitors are FDA-approved 

therapies for a range of cancers, including head and neck, liver, kidney, cervix, lung, triple-negative 

breast, gastric and gastroesophageal junction, colorectum, and bladder, plus Hodgkin lymphoma, 

primary mediastinal large B-cell lymphoma, malignant melanoma, Merkel cell carcinoma, and 

cutaneous squamous cell carcinoma (Vaddepally et al., 2020). Of these cancers responsive to 

immune checkpoint inhibitor therapy, physical activity reduces the risk of head and neck, liver, 

kidney, lung, breast, oesophagus, gastric cardia, colon, rectum, and bladder cancers (Moore et al., 

2016). The risk of cervical cancer, Hodgkin lymphoma, primary mediastinal large B-cell lymphoma, 

Merkel cell carcinoma, and cutaneous squamous cell carcinoma were not examined according to 

physical activity level, and the increased risk of malignant melanoma in physically active individuals 

is attributed to confounding effects of sun exposure (Moore et al., 2016). Together, the close 

agreement between cancers responsive to immune checkpoint inhibitors and physical activity 

suggests a similar anti-cancer mechanism of action via the restoration of exhausted T cell function. 

The restorative effects of checkpoint inhibitor therapies appear to be mediated by a distinct ‘stem-

cell-like’ subset of exhausted CD8+ T cells, which proliferate to a greater extent following anti-PD1 

therapy than terminally-differentiated exhausted CD8+ T cells (Im et al., 2016; Siddiqui et al., 2019). 

‘Stem-cell-like’ exhausted CD8+ T cells are distinguished from their terminally-differentiated 

counterparts via expression of T cell factor-1, CD28 and CD127 (Hashimoto, Im, Araki, & Ahmed, 

2019). Of relevance to exercise-induced reductions to PD1+ T cells is CD127 – IL-7 receptor – 

expression in ‘stem-cell-like’ PD1+CD8+ T cells, which was previously shown to be downregulated 

by CD8+ T cells subjected to persistent antigen stimulation (Lang et al., 2005). The identification of 

an IL-7-sensitive population of exhausted T cells, which mediate the anti-cancer effects of immune 

checkpoint therapy, seemingly provides another potential mechanism of physical activity that 

coalesces via IL-7 to improve immune regulation and competency. The effects of IL-7 on T cell 

exhaustion have been demonstrated in rodent studies. Indeed, it has been shown that vaccine-induced 

suppression of pancreatic tumour growth in transgenic RIP-TAG2 mice was greater with 

concomitant IL-7 injections, which reduced PD1+ expression on tumour-infiltrating CD8+ T cells 

(Pellegrini et al., 2009). This research group also showed that IL-7 reduced PD1+ expression on 

splenic CD4+ and CD8+ T cells in mice infected with lymphocytic choriomeningitis virus (Pellegrini 

et al., 2011). In another infection model, IL-15 injections reduced peripheral blood PD1+CD4+ and 

PD1+CD8+ T cell accumulation in aged mice with sepsis (Saito et al., 2020). Furthermore, as IL-15 
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has been shown to blunt the suppressive effects of TREG cells (Ahmed et al., 2009) – which produce 

TGF-β and IL-10 that induce T cell exhaustion (Jiang et al., 2015) – reductions in T cell exhaustion 

within the tumour microenvironment may occur secondary to reductions to TREG cells in physically 

active individuals, as discussed above. Taken together, immunoregulatory cytokines IL-7 and IL-15, 

which circulate at higher concentrations in physically active persons (Bartlett & Duggal, 2020; 

Duggal et al., 2018), may reduce PD1+ expression in ‘stem-cell-like’ PD1+ T cells and reduce 

immunosuppressive cytokine production by TREG cells to restore effector cell function within the 

tumour microenvironment. In addition, physical activity has also been proposed to restore T cell 

function by alleviating hypoxia and acidosis, reducing lactate concentration and supplying glucose 

to support lymphocyte metabolism and function (Zhang, Ashcraft, Warner, Nair, & Dewhirst, 2019). 

The effects of physical activity on blood PD1+ T cells in humans, and the effects of exercise training 

on tumour or tissue PD1+ T cells and subsequent tumour growth in rodents, is discussed next.  

To date, only one study in humans has shown that more physically active individuals display a lower 

proportion of PD1+CD4+ T cells compared to individuals with a lower physical activity level 

(Gustafson et al., 2017). A greater number of preclinical rodent studies have explored the effects of 

exercise training on T cell exhaustion and cancer growth. Indeed, in a mouse model of 

subcutaneously-injected p53 PTEN breast cancer, tumour growth was reduced by 52% in mice that 

underwent ten weeks of daily researcher-assisted stretching prior to tumour challenge, due to reduced 

accumulation of PD1+CD8+ T cells within the tumour, compared to mice that did not perform daily 

stretching (Berrueta et al., 2018). However, as non-exercising mice were not handled to the same 

extent as mice that performed researcher-assisted stretching, psychological stress may have mediated 

part of the effect. Another study showed that the combination of treadmill exercise (five days/week, 

30 minutes at 18 m/min for 22 days) and anti-PD1 immunotherapy reduced injected 4T1 breast 

tumour volume by 38% more than anti-PD1 immunotherapy alone (Wennerberg et al., 2020). 

Reductions to the proportion of splenic PD1+CD8+ T cells only occurred in the combined exercise-

immunotherapy group, suggesting that exercise may restore the anti-cancer function of exhausted 

CD8+ T cells (Wennerberg et al., 2020). However, in another study, it was shown that five weeks of 

voluntary wheel running prior to, and two weeks following, injection of B16 melanoma tumours 

upregulated PD1+ expression within tumours (Bay et al., 2020). Despite elevated PD1+ expression 

within tumours, voluntary wheel running suppressed tumour growth compared to non-exercising 

controls (Bay et al., 2020), indicating the involvement of other anti-cancer mechanism(s) of exercise, 

e.g., those discussed in Theory 1 & 2. Taken together, whilst some evidence suggests that physical 

activity may reduce PD1+ expression on T cells in rodent models of cancer to suppress tumour 

development, further research is required. 

Overall, regular exercise may resolve effector cell dysfunction in the tumour microenvironment to 

suppress cancer development. Indeed, reductions in immunosuppressive cell populations that induce 

T cell anergy and exhaustion may enhance the elimination of cancer cells to maintain subclinical 

equilibrium in physically active individuals. The effects of exercise to restore the function of anergic 

and exhausted T cells (Theory 3) appear to coalesce with amelioration of immunosenescence (Theory 
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1) and increases in tissue-resident effector cell function (Theory 2) via IL-7 and IL-15. Indeed, IL-

15 has been shown to inhibit immunosuppressive TREG functions (Ahmed et al., 2009), which may 

subsequently alleviate anergy and exhaustion within the tumour microenvironment. Furthermore, 

‘stem-cell-like’ exhausted T cells within tumours seemingly downregulate PD1+ in response to IL-7 

(Pellegrini et al., 2009). Future studies are warranted to examine the effects of exercise training on 

exhausted T cells in humans. In particular, trials should evaluate whether exercise-induced changes 

to exhausted and anergic T cells are associated with reductions to disease activity in cancer precursor 

conditions. Furthermore, the effects of exercise-induced increases in IL-7 and IL-15 on the ratio of 

functional effector T cells and TREG cells within the tumour microenvironment requires investigation.  

2.4.6 Summary of interactions between physical activity and immunoediting that reduce 

cancer risk 

Epidemiology data exploring associations between physical activity and clinical cancer risk suggest 

an underlying immunological mechanism, as cancer risk in physically active individuals is reduced 

to a greater extent for immunogenic cancer types – indicated by tumour mutational burden and 

susceptibility to immunotherapy – but is not reduced at immune-privileged sites or for cancers that 

are not immunogenic (Moore et al., 2016).  

The aforementioned theories from the field of exercise immunology may coalesce and converge via 

cancer immunoediting to explain these observations (Figure 2.2). Increases to skeletal muscle-

derived IL-7 and IL-15 in physically active individuals (Bartlett & Duggal, 2020; Duggal et al., 2018) 

exert diverse immunoregulatory effects that may enhance cancer immunoediting to prevent immune 

escape and resulting clinical cancer diagnosis. IL-7 and IL-15 regulate the phenotypic appearance 

and functional competency of ‘naïve-revertant’ memory T cells (Frumento et al., 2020) and TSCM 

(Cieri et al., 2013) which possess features of plasticity and stemness. Furthermore, IL-15 

preferentially supports the function and survival of effector T cells compared with TREG cells (Perna 

et al., 2013), blunts immunosuppressive functions of TREG cells (Ahmed et al., 2009) and upregulates 

telomerase in T cells (Li et al., 2005; Watkinson et al., 2020), demonstrating that T cell dysfunction 

may be reversed by immunoregulatory myokines in physically active individuals. In addition, ‘stem-

cell-like’ exhausted T cells may regain function and eradicate cancer cells in response to IL-7 

(Pellegrini et al., 2009). Finally, IL-7 and IL-15 support the development and maintenance of tissue-

resident effector cells which reside in close proximity to peripheral sites of cancer development (Dadi 

et al., 2016; Szabo et al., 2019).  

When developing exercise prescriptions to reduce the risk of clinical cancer, it is important to 

consider the aforementioned immunological mechanisms purported to underpin reductions to clinical 

cancer risk in physically active individuals. Indeed, as increases to IL-7 and IL-15 myokines appear 

to coordinate a diverse range of improvements to immune competency, it is crucial to implement 

exercise prescriptions that stimulate increases to IL-7 and IL-15. It has been shown previously that 

acute bouts of resistance exercise stimulate IL-7 (Haugen et al., 2010) and IL-15 (Riechman et al., 

2004) secretion from skeletal muscle into blood. Furthermore, acute increases to blood IL-15 occur 
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after vigorous intensity treadmill exercise (Tamura et al., 2011). In addition, individuals with a higher 

lifetime physical activity level exhibit higher IL-7 and IL-15 in blood at rest (Bartlett & Duggal, 

2020; Duggal et al., 2018). Taken together, it is possible that both acute post-exercise and adaptive 

basal increases to myokines in physically active individuals are implicated in improving immune 

competency, and may subsequently reduce the risk of developing clinically diagnosed cancer. 

However, the relative contribution of acute elevations vs. sustained basal elevations to IL-7 and IL-

15 in enhancing immune competency is not known. As such, exercise interventions aiming to reduce 

clinical cancer risk should aim to (i) regularly activate large muscle groups to stimulate acute 

secretion of IL-7 and IL-15 from skeletal muscle, and (ii) stimulate skeletal muscle hypertrophy to 

increase basal output of IL-7 and IL-15.  

It is hypothesised that, in individuals that regularly activate large muscle groups (i.e., perform regular 

vigorous intensity aerobic or resistance exercise) and/or develop a larger muscle mass (i.e., attain 

muscle hypertrophy adaptations in response to resistance training) – and subsequently exhibit acute 

and/or adaptive elevations to IL-7 and IL-15 – that the progression from the subclinical equilibrium 

phase to the overt immune escape phase of immunoediting may be averted. Indeed, as cancer cells 

held in equilibrium become immunogenic, the presence of functional T cells – that have been 

maintained by IL-7 and IL-15 – may result in the elimination of cancer cells, which could otherwise 

have escaped immune control. As such, the risk of clinically diagnosed cancer may be reduced in 

people that perform regular vigorous intensity aerobic and/or resistance exercise via myokine-

mediated improvements to immune competency that maintain subclinical cancer in equilibrium. 

However, the contribution of acute vs. adaptive increases to IL-7 and IL-15 on improvements to 

immune competency in people that perform regular exercise, and the appropriate combination of 

aerobic and resistance exercise, in terms of FITT prescription (frequency, intensity, time, type), 

remain to be determined. 
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Figure 2.2. Exercise-induced enhancement of immune regulation and competency results in the 

elimination of immunogenic cancer cells to maintain cancers within the equilibrium phase of 

immunoediting and reduce clinical cancer risk. 

Exercise immunology theories that explain observations of enhanced immune regulation and 

competency in physically active individuals appear to coalesce via skeletal muscle-derived IL-7 and 

IL-15. IL-7 induces effector memory T cells to a ‘naïve-revertant’ phenotype with enhanced 

responsiveness upon antigen re-encounter, and may restore the function of ‘stem-cell-like’ PD1+ T 

cells. IL-15 inhibits TREG cell suppressive functions which may alleviate T cell exhaustion and in turn 

reduce TREG cell suppressive functions via IFN-γ. Furthermore, IL-15 upregulates telomerase in 

CD8+ T cells to avert replicative senescence. Both IL-7 and IL-15 stimulate the generation and 

maintenance of tissue-resident effector T cells instead of tissue-resident regulatory T cells. Together, 

these improvements to immune regulation and competency may improve the elimination of 

immunogenic cancer cells to maintain preclinical cancer in covert equilibrium. KLRG1 = Killer cell 

lectin-like receptor subfamily G1; TREG = T regulatory cell; IL = Interleukin; IFN = Interferon; TGF 

= Transforming growth factor; PD1 = Programmed cell death protein 1. Figure created with 

BioRender.com. 

2.5 Overall summary and conclusions 

Despite accumulating evidence from epidemiology studies and preclinical models that physical 

activity and regular exercise avert cancer development, the mechanisms underlying the anti-cancer 

effects of exercise remain elusive. Commonly purported anti-cancer mechanisms of physical activity 

– pertaining to colon transit time, sex hormones, metabolic growth factors, inflammatory 

dysregulation, and oxidative stress (Friedenreich & Orenstein, 2002; McTiernan, 2008, 2020) – 
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currently lack robust evidence demonstrating that: 1) they are altered by physical activity, and 2) 

they are consistently associated with cancer risk across tissue sites. As physical activity has been 

shown to provide protective pan-cancer effects, with the exception of cancers with low 

immunogenicity or within immune privileged sites (Matthews et al., 2019; Moore et al., 2016), and 

with the suggestion that physical activity cannot prevent cancer from arising (Boutron-Ruault et al., 

2001), it appears that exercise-induced modulation of the immune system is a universal anti-cancer 

mechanism of physical activity that eliminates immunogenic cancer cells after a mutational event 

arises. Indeed, covert cancer may remain within the equilibrium phase of immunoediting in 

physically active individuals, due to improvements to immune regulation and competency that 

enhance the elimination of cancer cells that acquire further mutations and become immunogenic. In 

the absence of functional immunity, cancer cells that acquire additional mutations and become 

immunogenic may not be eliminated and instead grow aggressively and present as a clinical cancer. 

As such, the maintenance of equilibrium in physically active individuals seemingly explains the 

reduced risk of clinically diagnosed cancer. 

Future studies are required to provide further evidence of the observations amassed here. The quality 

of observational evidence linking physical activity to aspects of immune regulation and competency 

will be strengthened with adequate control or adjustment for confounding factors, e.g., CMV-

serostatus, by using validated physical activity assessments and conforming to immunophenotyping 

guidelines. Furthermore, future rodent studies should endeavour to utilise models of cancer that 

represent endogenous neoplasia in humans. There is an absence of randomised-controlled trials in 

humans measuring change to immune competency in response to exercise training, with subsequent 

follow-up of cancer incidence. Such randomised-controlled trials should be conducted in humans at 

increased risk of a clinical cancer diagnosis – e.g., individuals diagnosed with cancer precursors – 

with a future clinical cancer diagnosis used as the primary outcome. For example, high-risk SMM 

progresses to the clinical cancer MM within <30 months (Lakshman et al., 2018) but clinical care 

guidelines do not advocate anti-cancer therapy to avert disease progression and instead recommend 

‘watchful waiting’ (Kyle et al., 2010). This provides a unique clinical model to implement structured 

exercise training and measure time-to-progression from high-risk SMM to MM, alongside secondary 

outcomes of exercise-induced changes to circulating and tissue-resident effector and regulatory 

immune cells, and skeletal muscle-derived myokines. Improving our understanding of how physical 

activity exerts protective effects against cancer development is key to formulating exercise 

prescriptions which engage anti-cancer mechanisms and provide the greatest reductions to clinical 

cancer risk. 
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3 Feasibility and safety of progressive exercise training in patients with smouldering multiple 

myeloma and monoclonal gammopathy of undetermined significance  

3.1 Commentary  

In Chapter 3, the feasibility and safety of a 16-week progressive exercise training programme in 

persons with monoclonal gammopathy of undetermined significance (MGUS) and smouldering 

multiple myeloma (SMM) was evaluated. Epidemiology studies have shown that the risk of multiple 

myeloma (MM) – a clinical cancer of bone marrow plasma cells which is preceded by MGUS and 

SMM (Landgren et al., 2009; Weiss et al., 2009) – is reduced in individuals with a higher physical 

activity level (Matthews et al., 2019; Moore et al., 2016). In the absence of evidence suggesting that 

the incidence of MGUS and SMM is reduced in more physically active persons, it appears that 

physical activity may avert disease progression from MGUS and SMM to MM.  

Randomised-controlled trials that implement a structured exercise training intervention in MGUS 

and SMM and measure time-to-progression are required to explore the hypothesis that physical 

activity averts disease progression to MM. MGUS is not uncommon, affecting >4% of adults aged 

>50 years (Dispenzieri et al., 2010; Kyle et al., 2006) providing a large patient population to recruit 

from for such trials. Furthermore, subgroups of MGUS and SMM patients with high-risk features 

can be identified using risk stratification tools (Mateos et al., 2020; Rajkumar et al., 2005), allowing 

a focus on patients with the shortest time-to-progression in trials measuring MM diagnosis as the 

primary outcome. Finally, MGUS and SMM are not treated with anti-cancer therapy to avert disease 

progression (Kyle et al., 2010), providing an opportunity to explore the standalone effects of exercise 

training on clinical cancer risk. Prior to such trials, preliminary pilot trials are needed to determine 

the safety and feasibility of structured exercise training in MGUS and SMM. Only one trial to date 

– a case study in one patient with SMM – has implemented exercise training in asymptomatic 

monoclonal gammopathies (Boullosa et al., 2013). As such, the feasibility and safety of exercise 

training in a representative group of MGUS and SMM patients requires confirmation. 

MGUS and SMM are commonly associated with increased risk of comorbidities, including 

cardiovascular disease, mental health conditions, and bone fractures (Bida et al., 2009). Prior studies 

have demonstrated that these comorbidities can be prevented or managed with exercise training in 

individuals without MGUS and SMM (Cornelissen & Smart, 2013; Marques, Mota, & Carvalho, 

2012; Schuch et al., 2016). However, the effects of exercise training on risk factors or symptoms of 

cardiovascular disease, mental health conditions, and bone fractures in MGUS and SMM has not 

been investigated. In Chapter 3, the effects of a 16-week progressive exercise programme on quality 

of life, functional and cardiorespiratory fitness, body composition, habitual physical activity, and 

blood pressure were measured. The overall aim of Chapter 3 was to evaluate the safety and feasibility 

of exercise training and to determine the preliminary efficacy of exercise training to manage the 

burden of MGUS and SMM.  
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3.2 Introduction 

Monoclonal gammopathy of undetermined significance (MGUS) and smouldering multiple 

myeloma (SMM) are asymptomatic clonal plasma cell disorders that typically arise in older adults, 

affecting >4% of adults aged >50 years in the general population (Dispenzieri et al., 2010; Kyle et 

al., 2006; Landgren et al., 2017). MGUS and SMM precede the incurable plasma cell cancer multiple 

myeloma (MM) (Landgren et al., 2009; Weiss et al., 2009), with the overall risk of progression to 

MM ranging from 1% to 10% per year for MGUS and SMM, respectively (Kyle et al., 2007; Kyle 

et al., 2002). In contrast to asymptomatic MGUS and SMM, MM presents with ‘CRAB’ symptoms 

of hypercalcaemia, renal insufficiency, anaemia, and bone lesions (Rajkumar et al., 2014). 

Prophylactic treatment with conventional anti-cancer therapies to prevent or delay progression to 

MM is not advocated for MGUS and SMM due to the toxicity and economic cost of prescribing anti-

cancer drugs for patients with an uncertain risk of progression (Rajkumar et al., 2005) and limited 

efficacy of these therapies against potentially inert plasma cell clones (Campbell et al., 2017; 

Landgren, 2017). Instead, MGUS and SMM are monitored via ‘watchful waiting’ whereby disease 

biomarkers – monoclonal (M)-protein and serum free light chains (FLC) –commonly present in blood 

are monitored, along with ‘CRAB’ symptoms and MM-defining events, to identify disease 

progression to MM (Kyle et al., 2010; Rajkumar et al., 2014).  

In addition to the risk of MM progression, the precursor conditions MGUS and SMM are commonly 

accompanied by disease-related comorbidities (Dhodapkar, 2016; Lomas, Mouhieddine, Tahri, & 

Ghobrial, 2020). Indeed, individuals with MGUS exhibit increased risk of infections (1.9 to 12.6-

fold) (Bida et al., 2009; Kristinsson et al., 2012), bone fractures (1.4 to 15.9-fold) (Bida et al., 2009; 

Veronese et al., 2018), other bone disorders (1.2 to 1.4-fold), liver or kidney transplant (3.5 to 5.4-

fold), neuropathy (3.2-fold), cardiovascular disease (2.7 to 8.8-fold), and depression (3.4-fold) (Bida 

et al., 2009) compared to age-matched individuals without MGUS. Furthermore, mortality from 

myeloid malignancies (22.9-fold), non-haematological malignancies (1.4 to 2.3-fold), bacterial 

infections (1.0 to 3.4-fold), plus heart (1.2 to 1.9-fold), respiratory (2.7 to 2.8-fold), liver (1.2 to 1.4-

fold), and renal (3.2-fold) diseases is increased in MGUS patients compared to age-matched healthy 

controls (Gregersen et al., 2001; Kristinsson et al., 2009). There is a clear need to evaluate 

interventions with the potential to ameliorate disease activity and associated comorbidities in MGUS 

and SMM.  

Physical activity – and the sub-domain structured exercise – may bring health benefits to people 

living with MGUS and SMM. With immediate relevance to MGUS and SMM, evidence from a large-

scale meta-analysis, including nine prospective cohort studies with 2161 cases of MM, shows that 

those within the 90th percentile of self-reported leisure-time physical activity had 17% lower risk of 

developing MM compared to the 10th percentile of physical activity (Moore et al., 2016). In this 

cohort, MGUS and SMM diagnosis was not reported, but as MM is commonly preceded by 

asymptomatic precursors (Landgren et al., 2009; Weiss et al., 2009), these findings could suggest 

that physical activity averts progression of MGUS and SMM to MM. 
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As clonal plasma cell expansion plays a causative role in the development of comorbidities in MGUS 

and SMM (Bida et al., 2009; Lomas et al., 2020), reductions in disease burden through physical 

activity may provide additional health benefits alongside reducing MM risk. However, such effects 

of physical activity have not yet been explored in MGUS and SMM. Reassuringly, structured 

exercise training – a sub-domain of physical activity – has been shown to increase bone mineral 

density (Marques et al., 2012) and renal function (Zhang et al., 2019) and reduce cardiovascular 

disease risk factors (Cornelissen & Smart, 2013), symptoms of depression (Schuch et al., 2016), and 

risk of upper-respiratory tract infection (Nieman & Wentz, 2019) in older adults. In addition, exercise 

training is efficacious in the management of neuropathy (Dobson, McMillan, & Li, 2014). Therefore, 

structured exercise training in MGUS and SMM may also alleviate comorbidities via mechanisms 

independent of reducing clonal plasma cell burden.  

Increased risk of mortality in MGUS and SMM may be reduced via physical activity. Indeed, 

individuals who meet or exceed World Health Organisation (WHO) physical activity guidelines – 

150 minutes of moderate or 75 minutes of vigorous aerobic physical activity per week – show 

reduced risk of pan-cancer mortality (Arem et al., 2015), all-cause mortality and mortality from 

cardiovascular, infectious, and renal diseases (Zhao, Veeranki, Magnussen, & Xi, 2020). Studies are 

required to confirm that meeting WHO physical activity guidelines – which also include balance and 

muscle strengthening activities for older adults – are efficacious in MGUS and SMM patients. 

Furthermore, as greater risk reductions for pan-cancer mortality are evident in those performing 10x 

WHO physical activity guidelines, equivalent to 1500 minutes of moderate or 750 minutes of 

vigorous aerobic physical activity per week (Arem et al., 2015), studies are required to determine the 

safety of regularly performing activities at a vigorous intensity in MGUS and SMM. 

Only one prior case study – involving just one patient with SMM – has implemented exercise training 

in asymptomatic monoclonal gammopathies. A vigorous intensity, multi-modal four-year exercise 

programme reduced M-protein concentration by 27% and improved muscle strength and exercise 

capacity in one patient with SMM (Boullosa et al., 2013). However, the case study patient was aged 

44 years which is relatively young in the context of MGUS and SMM, which typically arise in those 

aged >50 years, and are most prevalent in older adults aged >85 years (Kyle et al., 2006). 

Furthermore, the case study patient was a former elite athlete with a 16-year training history 

(Boullosa et al., 2013). Therefore, the feasibility of exercise training in a representative group of 

MGUS and SMM patients remains to be determined. Confirming the feasibility and safety of 

progressive exercise training in MGUS and SMM is required prior to future studies exploring the 

effects of exercise training on disease progression from high-risk SMM to MM. Indeed, SMM with 

high-risk features exhibits disease progression to MM within <30 months (Lakshman et al., 2018) 

and is monitored without anti-cancer therapy under a ‘watchful waiting’ approach (Kyle et al., 2010). 

As such, high-risk SMM is a unique clinical model for exploring the effects of exercise training on 

clinical cancer risk. Such a trial would compare time-to-progression from high-risk SMM to MM 

between groups randomly-allocated to structured exercise training or non-exercising groups during 
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‘watchful waiting’. Before pursuing such a trial, it is pertinent to evaluate the safety and feasibility 

of exercise training in MGUS and SMM. 

In the absence of evidence demonstrating the feasibility and safety of exercise training in MGUS and 

SMM, it is reassuring that exercise training has been shown to be feasible and safe in the most 

advanced disease state MM. Implementing exercise training in MM presents with additional risks, 

compared with the precursor states, due to the presence of bone lesions and heightened fracture risk 

(Melton, Kyle, Achenbach, Oberg, & Rajkumar, 2005). Studies have shown that a combination of 

aerobic and resistance exercise, delivered in supervised and home-based contexts, is safe for 

individuals with MM (Coleman et al., 2003; Coleman et al., 2008; Coleman et al., 2012; Groeneveldt 

et al., 2013; Koutoukidis et al., 2020; Larsen, Jarden, Minet, Frolund, & Abildgaard, 2019). 

Furthermore, exercise intervention trials implemented in groups of lymphoma, leukaemia and MM 

patients have also demonstrated the feasibility and safety of exercise training (Furzer et al., 2016; 

Persoon et al., 2017; Wiskemann et al., 2011; Wiskemann et al., 2015). These aforementioned studies 

show that WHO physical activity guidelines for older adults and American College of Sports 

Medicine guidelines for cancer survivors (Campbell et al., 2019) can be safely implemented in MM. 

However, these findings require confirmation in MGUS and SMM, in preparation for future trials 

exploring the effects of exercise training on disease progression from high-risk SMM to MM. 

Exercise training provides a host of physiological and quality of life benefits to MM patients, which 

are also relevant to MGUS and SMM, but are yet to be investigated. Indeed, patient reported 

outcomes including health-related quality of life and cancer-related fatigue, plus muscle strength are 

improved by exercise training in MM (Groeneveldt et al., 2013; Koutoukidis et al., 2020) and 

haematological cancers (Furzer et al., 2016; Persoon et al., 2017; Wiskemann et al., 2011). Increases 

to exercise capacity and changes to body composition have been shown in studies that recruited 

lymphoma, leukaemia, and MM patients (Furzer et al., 2016; Persoon et al., 2017), but not other 

studies that recruited only MM patients (Groeneveldt et al., 2013; Koutoukidis et al., 2020). 

Differences in disease characteristics – e.g., pathology, age, comorbidities – between haematological 

malignancies may explain the variation in change to exercise capacity and body composition 

following exercise training. However, it should be noted that exercise capacity and body composition 

improvements were seen where aerobic exercise was performed at 65-85% of maximal capacity 

(Furzer et al., 2016; Persoon et al., 2017) but not at 50-75% of maximal capacity (Groeneveldt et al., 

2013; Koutoukidis et al., 2020). Therefore, exercise intensity may be a key dimension of exercise 

prescription in MM, where the goal is to improve fitness and body composition, along with quality 

of life, fatigue, and muscle strength.  

As evidence for the physiological and quality of life benefits of exercise accumulates in MM, studies 

to determine the effects of exercise training in MGUS and SMM are warranted. Furthermore, the 

effects of exercise training on the risk of clinically diagnosed cancer requiring treatment can be 

explored by comparing time-to-progression in high-risk SMM patients allocated to structured 

exercise training or non-exercising groups during ‘watchful waiting’. However, prior to conducting 
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such a trial, the feasibility and safety of exercise training must be evaluated. The primary aim of this 

trial was to determine the feasibility and safety of progressive exercise training in MGUS and SMM. 

The secondary aims were to explore the effects of the exercise programme on fitness, physical 

activity, body composition, and quality of life. 

3.3 Methods 

3.3.1 Public and patient involvement 

A public and patient involvement event attended by people with MGUS and SMM highlighted 

patient need for this research and interest in being involved in work that may help patients in the 

future. Discussions at this event revealed that learning about and improving health were important 

motivators for patients when considering participation. Preferences for scheduling of exercise 

sessions and exercise modality described by patients were incorporated into the trial design. For 

example, patients indicated a preference for early morning or evening sessions to allow those in 

employment to take part. Patients were familiar with resistance bands and expressed no concerns 

about walking on a treadmill. Patients also welcomed the use of fitness trackers to monitor exercise 

training, and cited prior experience using similar devices. 

3.3.2 Trial design 

This single-arm trial involved measurements performed in week 0 (pre-exercise training) and week 

17 (post-exercise training), separated by a 16-week exercise programme. The trial was conducted 

predominantly at the Royal United Hospital Bath NHS Foundation Trust, incorporating one 

screening visit, two measurement visits and 32 exercise sessions, with two additional measurement 

visits at the University of Bath. Participants received usual care throughout the trial and were 

instructed to maintain their habitual behaviours during the trial, including physical activity and 

medication use. The protocol was approved by the NHS Research Ethics Committee (reference 

18/LO/1034, 20th July 2018) and University of Bath Research Ethics Approval Committee for Health 

(reference EP 17/18 210, 29th August 2018). The trial was prospectively registered (ISRCTN 

65527208). 

Initially, a randomised-controlled pilot trial comparing 16 weeks of progressive exercise training 

(N=20) to usual care (N=20) was implemented. However, lower than expected participant uptake 

prompted a trial amendment (reference 18/LO/1034, amendment 1, 26th September 2018) to a single-

arm pilot trial of progressive exercise training. Recruitment issues stemmed from the broad 

catchment area of the Royal United Hospital Bath, whereby ~500,000 people reside across a large 

geographical area in rural communities with limited public transport. In total, 127 patients monitored 

for MGUS or SMM at the Royal United Hospital Bath were identified for recruitment, representing 

approximately 0.03% of the catchment area, comprised of ~500,000 people. Approximately 50% of 

MGUS and SMM patients monitored at the Royal United Hospital Bath were ineligible for the trial 

due to the presence of risk factors for participation, as summarised in Figure 3.1. Barriers to 

participation, including transport and time limitations, precluded ~70% of eligible patients enrolling 

onto the trial (Figure 3.1).  
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Screened prior to eligibility assessment at RUH (N=127) 

Not eligible (N=65): 

Medical exclusions  

-Cardiac history (N=22)  

-Mobility limitations (N=15) 

-Orthopaedic limitations (N=7) 

-Respiratory disease (N=1) 

Factors introducing bias into trial 

-Receiving treatment for cancer (N=9)  

-Second haematological malignancy (N=2) 

Factors introducing personal risk 

-Neurological impairment (N=4) 

-Non-English speaking (N=2) 

-Alcohol dependence (N=1) 

-Visual impairment (N=1) -Other (N=1) 

Invited to participate (N=70) 

Identified at NBT (N=6) 

Referrals from private hospital (N=2) 

 

Declined to participate (N=47):  

-Travel (N=15) 

-No reason given (N=14)  

-Lack of time (N=12) 

-Age-related concerns (N=2) 

-Already physically active (N=2) 

-Mobility concerns (N=1) 

-Pain (N=1) 

Excluded (N=3):  

-Disease progression to MM (N=3) 

 

Allocated to intervention (N=20) 
 

Received intervention (N=18) 

Did not receive intervention (N=2): 

-Excluded – cardiac abnormality on CPET (N=1) 

-Withdrew – anxiety (N=1) 

Discontinued intervention (N=3) 
 

-Excluded – disease progression to MM (N=1) 

-Withdrew – time commitment (N=1) 

-Withdrew – complications of type 1 diabetes (N=1) 

Assessed for blood pressure, quality of life, anthropometric measures (N=15) 

Assessed for body composition by DEXA (N=14) 

Assessed for grip strength (N=14) 

Assessed for upper body flexibility (N=14) 

Assessed for lower body flexibility (N=13) 

Assessed for cardiorespiratory fitness (N=12) 

Assessed for functional balance (N=12) 

Assessed for lower body functional strength (N=12) 

 

Figure 3.1. CONSORT diagram of participant flow through the trial.  

RUH = Royal United Hospitals Bath, NBT = North Bristol NHS Trust, MM = Multiple myeloma, 

CPET = Cardiopulmonary exercise test, DEXA = Dual-energy x-ray absorptiometry. 
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A single-arm trial design was implemented due to the presence of control group contamination in a 

previous exercise intervention trial in haematological cancers, which resulted in non-statistically 

significant between-group comparisons for quality of life and physiological health outcomes 

(Persoon et al., 2017). Furthermore, as the primary aim was to assess safety and feasibility of exercise 

training, the main priority was to deliver the exercise programme to as many patients as possible.  

3.3.3 Participant recruitment 

Clinically eligible individuals diagnosed with SMM or MGUS according to International Myeloma 

Working Group guidelines (Rajkumar et al., 2014) and aged >18 years were identified by the 

healthcare team at the Royal United Hospital Bath and mailed recruitment materials. Recruitment 

initially prioritised those with more advanced disease according to risk stratification models for 

MGUS (Rajkumar et al., 2005) and SMM (Mateos et al., 2020). Briefly, bone marrow plasma cell 

percentage, M-protein concentration and isotype, and FLC ratio were accessed from medical records 

and used to risk stratify patients. High-risk SMM patients were approached initially, followed by 

subsequent risk groups, with low-risk MGUS patients approached last, due to the anticipated 

involvement of patients at increased risk of disease progression in future trials measuring the effects 

of exercise training on time-to-progression to MM. During a follow-up phone call, trial screening 

and consent procedures were arranged for individuals interested in enrolling. Individuals who 

declined to participate were asked to identify their primary barrier to accessing the trial. Participants 

were excluded from the trial by a haematologist during screening procedures if they presented with: 

1) WHO performance status >1, 2) pregnancy, 3) contraindication to exercise identified by physical 

activity readiness questionnaire, 4) cognitive impairment deemed a risk for participation in the trial, 

5) inability to understand explanations or provide informed consent and 6) any condition or 

behaviour that would introduce personal risk or bias into the trial. Written informed consent was 

provided in the presence of a haematologist.  

3.3.4 Primary outcome 

The feasibility of conducting this trial within the Royal United Hospital Bath was defined and 

reported as the rate of uptake and retention. The feasibility of the exercise programme was assessed 

via attendance to supervised exercise sessions and completion of home-based exercise sessions using 

exercise record cards and diaries, respectively.  

Compliance to supervised aerobic exercise was assessed using a chest-based heart rate sensor (Polar 

H10, Polar, Kempele, Finland) for gold-standard heart rate monitoring equivalent to 

electrocardiogram (ECG) (Gilgen-Ammann, Schweizer, & Wyss, 2019). Utilising gold-standard 

measurements of heart rate during supervised exercise sessions allowed exercise intensity to be 

prescribed and monitored based on baseline cardiopulmonary exercise tests where heart rate was 

measured using ECG. The average heart rate for each aerobic exercise bout was calculated from 

second-by-second heart rate measurements and interpreted in relation to the prescribed target heart 

rate to determine intensity compliance. Where a supervised aerobic exercise session was deemed 

non-compliant (i.e., average heart rate below target heart rate) the number of minutes spent at the 
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target heart rate was reported. Compliance to supervised resistance exercise was assessed by 

comparing the average number of repetitions performed per exercise per session, to the target 

repetition-maximum prescription. 

Participants were provided with a wrist-based fitness tracker (Polar A370, Polar, Kempele, Finland) 

for the duration of the trial, which was configured with participant details (sex, age, height, body 

mass). Compliance to the duration of home-based walks was determined by comparing the duration 

recorded using the wrist-based fitness tracker to the prescribed duration. Compliance to the intensity 

of home-based walks was monitored using exercise diaries where participants reported ratings of 

perceived exertion (RPE). Safety was reported as the incidence, severity, expectedness, and 

relatedness of adverse events categorised by haematologists according to Common Terminology 

Criteria for Adverse Events guidelines (v5.0). 

3.3.5 Secondary outcomes 

At week 0 and week 17, secondary outcome measures of quality of life (overall and health-related 

quality of life, sleep, fatigue), resting cardiovascular observations (blood pressure, heart rate), and 

body composition (anthropometrics, fat, lean soft-tissue, and bone compartments) were measured at 

the University of Bath during visit one and three. Cardiorespiratory fitness and functional fitness 

(balance, strength, flexibility) were measured in week 0 and week 17 at the Royal United Hospital 

Bath during visit two and four. Habitual physical activity monitoring was performed using a wearable 

device in free-living conditions between screening and visit one at baseline, and after the end of the 

final intervention week at follow-up. 

3.3.5.1  Habitual physical activity 

Physical activity was measured prior to the first laboratory measurement visit, and after completion 

of the 16-week exercise training programme using a physical activity monitor (BodyMedia Core, 

BodyMedia Inc., Pittsburgh, PA, USA) positioned over the triceps muscle of the left arm. A 

minimum of five days including Saturday and Sunday with ≥80% average daily wear time was 

required for inclusion in analysis (Peacock et al., 2015; Scheers, Philippaerts, & Lefevre, 2012). 

Energy expenditure was estimated by integrating device measures of accelerometery, heat flux, 

galvanic skin response, skin temperature, and near body ambient temperature, plus sex, age, body 

mass, and height using proprietary algorithms (SenseWear Pro 8.0, algorithm v5.2, BodyMedia Inc., 

Pittsburgh, PA, USA). Non-wear time was assigned estimated basal metabolic rate (Schofield, 1985). 

Waking minutes spent within intensity thresholds based on metabolic equivalent of task (MET) cut 

points were calculated; sedentary <1.8 METs, light ≥1.8 to <3 METs, moderate ≥3 to <6 METs and 

vigorous ≥6 METs, as reported previously when using this specific physical activity monitor in a 

patient population (Peacock et al., 2015). Participants were defined as compliant or non-compliant 

with WHO physical activity guidelines according to a physical activity level (PAL) threshold of 1.75 

(FAO/WHO/UNU, 2004). 

Self-reported physical activity level was measured using the international physical activity 

questionnaire (IPAQ) short form in week 0 and 17. According to analysis guidelines, daily minutes 
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for each intensity were truncated to 180 minutes, and MET-hours/week for vigorous, moderate, and 

walking activity were calculated assuming 8 METs for vigorous intensity, 4 METs for moderate 

intensity, and 3.3 METs for walking, respectively (IPAQ, 2005). Total physical activity was 

calculated by summing the MET-hours/week of vigorous, moderate and walking activity. 

3.3.5.2 Characterisation questionnaire 

Participants reported demographic characteristics of biological sex, age, ethnicity, marital status, 

employment status, and education status. Smoking status was categorised as never, former, or current 

smoker. The incidence of infections and antibiotics courses was retrospectively self-reported for the 

three months prior. 

3.3.5.3 Quality of life 

Quality of life was assessed via satisfaction with life score (Diener, Emmons, Larsen, & Griffin, 

1985) and 36-item short form (SF-36) questionnaire, version 1.0 (Ware & Sherbourne, 1992). Sleep 

quality was quantified via Pittsburgh sleep quality index (PQSI) (Buysse, Reynolds, Monk, Berman, 

& Kupfer, 1989) and fatigue via functional assessment of chronic illness therapy (FACIT)-fatigue 

scale (Yellen, Cella, Webster, Blendowski, & Kaplan, 1997). 

3.3.5.4 Resting cardiovascular measurements  

Resting systolic and diastolic blood pressure and heart rate were measured in a seated position using 

an automated sphygmomanometer after 25 minutes of seated rest.  

3.3.5.5 Cardiorespiratory fitness 

Cardiorespiratory fitness was measured using a progressive, incline-based, multi-stage test to 

exhaustion performed on a treadmill (LE300CE, H/P/Cosmos, Traunstein, Germany). Speed was 

self-selected and constant. After a five-minute warm up at 0% gradient, the gradient increased by 3% 

every three minutes until volitional fatigue (Thompson et al., 2010). Heart rate was recorded 

continuously via ECG (Vyntus, Vyaire Medical, Basingstoke, UK) and oxygen uptake by indirect 

calorimetry (Vmax Vyntus, Vyaire Medical, Basingstoke, UK). At the end of each three-minute 

stage, RPE was reported on a 6-20 scale and blood pressure was measured using an automated 

sphygmomanometer. 

Breath-by-breath data were exported as ten-second averages (SentrySuite, Vyntus, Vyaire Medical, 

Basingstoke, UK) and computed to 30-second moving averages (Excel, Microsoft, Washington, 

USA). Position statements for cardiorespiratory exercise testing advocate processing gas exchange 

data to 30-second (moving) averages (ATS & ACCP, 2003; Balady et al., 2010). Ventilatory 

threshold (VT) was determined by analysing: 1) V̇O2 vs. V̇CO2 slope, 2) ventilatory equivalents of 

oxygen (VE/V̇O2) and carbon dioxide (VE/V̇CO2) and 3) end-tidal pressures of oxygen (PETO2) and 

carbon dioxide (PETCO2), as recommended (ATS & ACCP, 2003; Balady et al., 2010). VT was 

reported as the average V̇O2 (mL.kg.min-1) and as a percentage of peak oxygen uptake (V̇O2PEAK) 

derived from these three methods. V̇O2PEAK was reported as the highest oxygen uptake over 30 

seconds during exercise (Mezzani, 2017). Maximal exertion was verified by meeting two of the 
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following secondary criteria: 1) heart rate greater than/equal to age-predicted maximum [220–age 

(years)], 2) respiratory exchange ratio ≥1.10, 3) RPE ≥19, or 4) an increment in V̇O2 ≤5 mL.kg-1.min-

1 in response to increased gradient (Thompson et al., 2010). According to secondary criteria, maximal 

exertion was achieved in 83% of exercise tests. 

3.3.5.6 Functional fitness 

Functional fitness tests for older adults were performed as described previously (Rikli & Jones, 

1999). Dynamic balance was measured as time to complete the 8ft up-and-go test. Lower body 

muscle strength and muscle endurance were measured from a 30-second sit-to-stand test as time to 

five repetitions and total number of repetitions, respectively. The back-scratch test measured upper 

body flexibility and a sit-and-reach test measured lower body flexibility. A negative score on the 

back-scratch test indicates a gap between fingers and on the sit-and-reach test indicates not reaching 

the toes. A positive score on the back-scratch test indicates overlapping fingers and on the sit-and-

reach test indicates reaching past the toes. Upper-body strength was measured using a handgrip 

dynamometer (Takei 5401 Grip D, Niigata City, Japan). 

3.3.5.7 Body composition 

Body composition was estimated using a whole-body dual-energy x-ray absorptiometry (DEXA) 

scan. DEXA scans were performed fasted, without footwear and in light clothing. Participants 

consumed 500 mL of water and voided their bladder prior to the scan and were positioned supine on 

the scanning table (Discovery, Hologic, Bedford, UK) with feet equally spaced and arms with an 

even gap from the trunk. Whole-body composition analysis was performed with regions sectioned 

as recommended (Hologic, Bedford, UK). Body mass was measured using electronic scales and 

standing height measured using a stadiometer. Body mass index (BMI, kg.m-2) was calculated as: 

body mass (kg) ÷ height (m)2. Waist circumference was measured at the mid-point between the 

lowermost point of the costal margin and uppermost point of the iliac crest at the end of an exhalation. 

Hip circumference was measured at the level of the greater trochanter.  

3.3.6 Exercise programme 

3.3.6.1 Design 

Participants were prescribed a 16-week exercise programme comprising two supervised sessions of 

aerobic and resistance exercise and one home-based aerobic exercise session per week, as visualised 

in Figure 3.2. Supervised aerobic exercise was individually-prescribed from initial baseline 

assessments of V̇O2PEAK. Home-based exercise was not individually-prescribed but offered flexibility 

for the participant to decide on the context and scheduling of exercise, with the aim of building time-

management, action planning, and self-monitoring skills for long-term physical activity behaviour 

change (Michie et al., 2011). 

3.3.6.2 Supervised exercise training 

3.3.6.2.1 Aerobic exercise prescription 

Supervised exercise sessions began with a five-minute warm-up performed on a treadmill (Matrix 

Tx1, Matrix, Stoke-on-Trent, UK) at 0% incline and a self-selected speed. Walking was selected as 
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Figure 3.2. Schematic representation of exercise programme. Participants were prescribed two supervised exercise sessions – comprising treadmill walking followed by 

resistance band exercises – and one home-based walk per week for 16 weeks. Colour coding relates the target intensity of exercise to the trial week, e.g., blue = weeks 1-2, 

40-50% V̇O2PEAK, 15 repetitions; green = weeks 3-6, 50-60% V̇O2PEAK, 12 repetition-maximum; yellow = weeks 7-10, 60-70% V̇O2PEAK, 10 repetition-maximum; red = weeks 

11-16, 70-80% V̇O2PEAK, 8 repetition-maximum. V̇O2PEAK = Peak oxygen uptake; WU = Warm up; AR = Active recovery; RPE = Rating of perceived exertion.
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a mode of exercise familiar to patients that can easily be performed anywhere, with established 

benefits for reducing blood pressure (Kelley, Kelley, & Tran, 2001) and improving quality of life 

(Fisher & Li, 2004). Aerobic training commenced for 30 minutes, performed as three 10-minute 

walking bouts. Each bout involved eight minutes of uphill walking at intensities prescribed from 

V̇O2PEAK assessed at baseline, followed by two minutes of active recovery at 0% incline (Figure 3.2). 

The intensity of the exercise interval progressed from 40-50% V̇O2PEAK to 70-80% V̇O2PEAK over 16 

weeks (Figure 3.2). Heart rate was continuously monitored (Polar H10, Polar, Kempele, Finland) for 

compliance reporting, and RPE was recorded from a 6-20 scale at the end of each eight-minute 

exercise interval. The trial aimed to identify the ‘maximum tolerated dose’ of exercise intensity in 

MGUS and SMM, in line with phase I/II trials of pharmaceutical products. Furthermore, future 

studies investigating the effects of exercise training on disease progression from high-risk SMM to 

MM should utilise exercise prescriptions that engage purported anti-cancer mechanisms, and as such, 

the safety of these prescriptions must be confirmed. For example, vigorous intensity exercise 

stimulates a greater mobilisation of cytotoxic effector immune cells with anti-cancer potential than 

moderate intensity exercise (Bigley et al., 2014; Campbell et al., 2009). Furthermore, acute increases 

to blood interleukin (IL)-15 occur after vigorous intensity treadmill exercise (Tamura et al., 2011), 

which may be integral to engaging a unifying anti-cancer mechanism of exercise training. Indeed, as 

discussed previously in Section 2.4, IL-15 blunts the immunosuppressive functions of T regulatory 

cells on effector T cells (Ahmed et al., 2009), upregulates telomerase in T cells (Li et al., 2005; 

Watkinson et al., 2020) and supports the development and maintenance of tissue-resident effector 

cells (Dadi et al., 2016; Szabo et al., 2019). 

3.3.6.2.2 Resistance exercise prescription 

Resistance exercise training involved six exercises performed with elastic resistance bands (Meglio, 

Reading, UK), that targeted major muscle groups of the upper and lower body. Upper body exercises 

were reverse fly, chest fly, and core twist, and lower body exercises were squat, leg abduction, and 

band pull-through. Familiarisation was performed in weeks 1-2 by performing two submaximal sets 

of 15 repetitions for each of the six resistance exercises. Subsequently, resistance exercises were 

prescribed as sets of ‘repetition-maximum’ whereby the resistance (band thickness and grip position) 

was increased to induce temporary neuromuscular fatigue at the final repetition in each set. To 

individually-prescribe resistance exercise, a repetition-maximum assessment was performed in 

session one of weeks three, seven and eleven, when the target repetition-maximum decreased to 

twelve repetitions-maximum (weeks 3-6), ten repetitions-maximum (weeks 7-10) and eight 

repetitions maximum (weeks 11-16), with the aim of increasing muscular strength and size by 

increasing load and reducing volume (Galvão et al., 2007). During repetition-maximum assessments, 

participants were instructed to perform multiple sets of the target number of repetitions for each 

exercise with increasing resistance until the target could not be reached or ≤1 repetition in reserve 

was reported. To ensure continued progression, participants were instructed to work past the 
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prescribed repetition-maximum and, if they exceeded the repetition target, additional resistance was 

added in the next session (Cormie et al., 2013).  

Progressive resistance training was included due to established benefits for improving functional 

fitness (Takeshima et al., 2007) and bone mineral density (Beck, Daly, Singh, & Taaffe, 2017). 

Furthermore, resistance exercise increases skeletal muscle expression and blood concentrations of 

both IL-7 and IL-15 (Haugen et al., 2010; Kraemer et al., 2014; Nielsen et al., 2007; Riechman et al., 

2004), which may enhance immune competency to reduce the risk of disease progression to the 

clinical cancer MM. Indeed, in addition to the actions of IL-15 discussed above, IL-7 regulates the 

phenotypic appearance and functional competency of ‘naïve-revertant’ memory T cells (Frumento 

et al., 2020) and TSCM (Cieri et al., 2013) which possess features of plasticity and stemness. The 

feasibility of progressive resistance exercise was evaluated in the present trial for future studies 

seeking to explore the effects of exercise training on disease progression from high-risk SMM to 

MM.  

3.3.6.3 Home-based exercise training 

Home-based exercise centred around one weekly 40-minute walk at a moderate intensity (RPE 12-

14/20) where duration was recorded with a wrist-based fitness tracker (Polar A370, Polar, Kempele, 

Finland). The 40-minute duration was selected to increase the weekly aerobic exercise volume to 

100 minutes/week of moderate-vigorous intensity physical activity, where 60 minutes/week were 

performed in supervised sessions, in line with WHO recommendations for 75-150 minutes/week at 

a moderate-vigorous intensity. 

Heart rate was monitored via photoplethysmography and recorded every second (Polar A370, Polar, 

Kempele, Finland) for retrospective interpretation of home-based exercise intensity in relation to 

baseline V̇O2PEAK. Heart rate measured by the wrist-based Polar A370 shows strong agreement with 

heart rate measured via chest-based Polar H10 in both laboratory and free-living conditions (Mueller 

et al., 2019). Furthermore, the ~7% error identified between the Polar H10 and Polar A370 (Mueller 

et al., 2019) is within acceptable limits for the accuracy of heart rate measurement devices (ANSI, 

2002). 

Participants were provided with balance exercises (NHS Balance Exercises for Older Adults) and 

flexibility exercises to perform daily. Flexibility exercises were static stretches of the pectorals, 

deltoids, triceps, latissimus dorsi, adductors, gastrocnemius, quadriceps, and hamstrings. Balance 

exercises are effective for increasing bone mineral density (Beck et al., 2017) and increasing 

functional fitness (Takeshima et al., 2007). Home-based exercise contributed towards reaching WHO 

physical activity guidelines for older adults of 75-150 minutes of moderate-vigorous intensity aerobic 

physical activity per week, plus >2 days/week of balance, flexibility, and strengthening exercises, 

without the burden of additional visits to the hospital. Furthermore, the inclusion of self-managed 

exercise within intervention studies has been shown to improve maintenance of physical activity 

following trial participation (Hillsdon, Foster, & Thorogood, 2005). For future trials seeking to utilise 

long-term exercise interventions performed until disease progression in high-risk SMM, home-based 
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exercise may be more easily implemented and is associated with a reduced time burden on 

participants and cost burden for researchers. 

3.3.7 Statistical analysis 

Statistical analysis was performed using GraphPad Prizm (version 8.0.0, GraphPad Software, 

California, USA) and SPSS Statistics (version 27, IBM SPSS Statistics for Windows, New York, 

USA) with statistical significance accepted at P<.05. All data are presented as median ± interquartile 

range (IQR). Compliance to supervised aerobic exercise intensity at four prescribed training 

intensities were tested for normality using a Shapiro-Wilk test. Due to violation of the assumption of 

normal distribution, a non-parametric Friedman’s analysis of variance (ANOVA) was used to 

identify whether there was a difference in compliance at increasing exercise intensities. 

Pre- to post-exercise training change scores for secondary outcome measures were tested for 

normality using a Shapiro-Wilk test. Normally distributed variables were analysed for pre- to post-

exercise training changes using paired-samples T tests, and non-normally distributed variables were 

analysed for pre- to post-exercise training changes using Wilcoxon signed-rank tests. Effect sizes 

were calculated for normally distributed data only, using the following equation: Cohen’s d = ((Mean 

post − mean pre) ÷ (√ (standard deviation pre2) + (standard deviation post2)). Cohen’s d effect sizes 

were interpreted according to guidelines; small effect d=0.2, moderate effect d=0.5, and large effect 

d=0.8 (Cohen, 1988). Correlational analysis was performed using Pearson’s r, unless data were non-

normally distributed or contained outlier(s) – identified via the robust regression and outlier removal 

(ROUT) method with false discovery rate set at 1% (Motulsky & Brown, 2006) – which were 

analysed using Spearman’s r (Mukaka, 2012). 

3.4 Results 

3.4.1 Primary outcomes 

3.4.1.1 Trial feasibility 

Participants were recruited from September 2018 to November 2019. From a database of N=127 

MGUS and SMM patients actively managed by the Royal United Hospital Bath, N=65 patients were 

deemed unsuitable for participation in the trial after initial screening of medical records, due to 

circumstances violating inclusion and exclusion criteria (Figure 3.1). Two private referrals were 

received from local hospitals. Six participants were approached via North Bristol NHS Trust, 

following a second protocol amendment to add a participant identification centre (reference 

18/LO/1034, amendment 2, 28th May 2019). 

Of seventy eligible individuals – N=49 SMM and N=21 MGUS – invited to participate, N=20 patients 

were enrolled, representing 28.6% uptake. Individuals that declined to take part in the trial (N=47) 

reported the requirement to travel to the Royal United Hospital Bath (N=15) and a lack of time 

(N=12) as the most prevalent barriers to participating in the trial. Other barriers included concerns 

about older age (N=2), mobility (N=1), and pain (N=1) precluding the ability to undertake an exercise 

programme, and two individuals reported that they were already physically active through other 

means. Three participants were excluded after being invited to participate because disease 
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progression to MM arose prior to screening. The retention rate was 75.0%. Two participants 

withdrew prior to starting the exercise programme, due to anxiety (N=1) and identification of cardiac 

abnormality on ECG during baseline exercise testing (N=1), respectively. Three participants 

withdrew during the exercise programme, due to the time commitment (N=1), disease progression to 

MM (N=1), and complications of type 1 diabetes (N=1), respectively.  

3.4.1.2 Baseline characteristics 

Fifteen participants, including eight males and seven females (age: 63 ± 8 years, height: 1.72 ± 0.13 

m, body mass: 80.4 ± 31.4 kg, BMI: 27.3 ± 8.7 kg.m-2) completed the trial. More patients enrolled in 

the trial had SMM (N=12/15) than MGUS (N=3/15). The most common M-protein isotype – 

comprised of an immunoglobulin heavy chain (e.g., IgG, IgA, or IgM) and light chain (e.g., kappa 

or lambda) was IgG kappa > IgG lambda > IgA kappa > IgA lambda > kappa light-chain only. Two 

participants displayed bi-clonal M-protein phenotypes. Participant characteristics are displayed in 

Table 3.1. Herein, results are presented for the N=15 participants who completed the trial. 
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Table 3.1. Participant characteristics. 

Age (years) 63 ± 8 

Sex (N/15) 

 Male N=8 

 Female N=7 

MGUS diagnosis (N/3)  

IgG Kappa N=1 

IgG Lambda N=1 

Bi-clonal IgA Kappa N=1 

MGUS risk stratification (N/3)1  

High-intermediate risk N=1 

Low-intermediate risk N=1 

Low risk N=1 

SMM diagnosis (N/12)  

IgG Kappa N=5 

IgG Lambda N=3 

IgA Kappa N=2 

Bi-clonal IgA Lambda + IgG Lambda N=1 

Kappa light chain only N=1 

SMM risk stratification (N/12)2  

High risk N=3 

Intermediate risk N=3 

Low risk N=6 

Ethnicity (N/15) 

White N=14 

Mixed/multiple N=1 

Education level (N/15) 

Secondary N=5 

College N=5 

University N=4 

Other technical qualification N=1 

Marital status (N/15) 

Single N=3 

Married N=9 

Divorced N=1 

Widowed N=2 

Employment status (N/15) 

Employed N=10 

Retired N=4 

Unable to work N=1 

Smoking status (N/15) 

Non-smoker N=10 

Ex-smoker N=5 

BMI category (N/15) 

 Healthy (<25 kg.m-2) N=5 

 Overweight (25-29.9 kg.m-2) N=5 

 Obese (>30 kg.m-2) N=5 

Physical activity level (N/15) 

 Meeting guidelines (PAL ≥1.75) N=8 

 Not meeting guidelines (PAL <1.75) N=7 

MGUS = Monoclonal Gammopathy of Undetermined Significance; SMM = Smouldering Multiple 

Myeloma; BMI = Body mass index; PAL = Physical activity level (measured using BodyMedia Core 

device). IgG or IgA, and kappa or lambda indicate the involved, clonal immunoglobulin heavy chain 

and light chain, respectively, of the plasma cell neoplasia. 1MGUS risk stratification (Rajkumar et 

al., 2005); 2SMM risk stratification (Mateos et al., 2020).  
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3.4.1.3 Safety 

No severe adverse events occurred. Grade one adverse events – self-reported by participants without 

clinical diagnosis – resulted in N=20 (4.2% of 480 total) exercise sessions being missed due to: 

general illness/infection (N=8 participants, N=12 sessions, unrelated), new-onset symptoms 

consistent with plantar fasciitis (N=1 participant, N=5 sessions, probably unrelated), exacerbation of 

pre-existing Achilles tendon pain (N=1 participant, N=2 sessions, unrelated), and a flare-up of 

psoriasis on feet (N=1 participant, N=1 session, unrelated). The number of exercise sessions that were 

modified due to adverse events are shown in Table 3.2. Only muscle strain (N=2 participants) was 

related to the intervention, all other adverse events requiring dose modification listed in Table 3.2 

were unrelated to the exercise programme. Modifications to resistance exercise represented N=22/30 

dose modifications, which only required modifications to exercises at site experiencing pain (e.g., 

squats not performed due to knee pain). Aerobic exercise was performed at a reduced intensity and/or 

duration in N=6/8 modified sessions and was not performed in N=2/8 modified sessions. The 

incidence of self-reported infections (0 ± 1 vs. 1 ± 1, P<.999) and antibiotics courses (0 ± 0 vs. 0 ± 

0, P<.999) did not increase as a result of attending the hospital twice per week for 16 weeks.  

Table 3.2. Adverse events requiring dose modification. 

Adverse event  
 

1 

 

2 

Grade 

3 

 

4 

 

5 

Achilles tendon pain 
Aerobic 1 (0.2) − − − − 

Resistance 9 (1.9) − − − − 

Back pain 
Aerobic 0 (0.0) − − − − 

Resistance 6 (1.3) − − − − 

Knee pain 
Aerobic 5 (1.0) − − − − 

Resistance 1 (0.2) − − − − 

Muscle strain 
Aerobic 1 (0.2) − − − − 

Resistance 2 (0.4) − − − − 

Gastric pain 
Aerobic 1 (0.2) − − − − 

Resistance 2 (0.4) − − − − 

Hand pain 
Aerobic 0 (0.0) − − − − 

Resistance 2 (0.4) − − − − 

Data are N (%) of attended exercise sessions modified due to adverse events. The number of 

participants effected by each adverse event was: Achilles tendon pain (N=1), back pain (N=1), knee 

pain (N=2), muscle strain (N=2), hand pain (N=1), gastric pain (N=1). 

 

3.4.1.4 Adherence and compliance 

3.4.1.4.1 Adherence 

Attendance to supervised exercise sessions was consistently high (91 ± 6%) when compared with 

home-based walks which – although performed on the majority of occasions – showed greater 

variation in adherence between participants (88 ± 37%).  

3.4.1.4.2 Supervised aerobic exercise compliance 

Compliance to supervised treadmill walk duration was excellent, with a median of 100% (range 92% 

to 100%) of treadmill walks performed for 30 minutes as prescribed. Of the 432 supervised sessions 

attended, 75 ± 23% were performed at the prescribed exercise intensity. Analysis by intensity zone 
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revealed a decline in compliance at intensities >70% V̇O2PEAK, where the proportion of compliant 

sessions decreased by ~23% compared to intensities <70% V̇O2PEAK (Table 3.3). The small sample 

size precluded differences in compliance by intensity zone achieving statistical significance (χ2(3) = 

4.024, P=.259). In non-compliant sessions – where the average heart rate recorded was lower than 

the target heart rate prescribed – 12 ± 3 minutes of a given 30-minute treadmill walk were performed 

at the target intensity, suggesting that intensities >70% V̇O2PEAK may be achievable for shorter 

durations. RPE was between ‘very light’ and ‘somewhat hard’ at 40-70% V̇O2PEAK, and between 

‘fairly light’ and ‘hard’ at 70-80% V̇O2PEAK (Table 3.3).  

 

Table 3.3. Compliance to supervised aerobic exercise intensity. 

Prescribed intensity 
Below target 

(%) 

Compliant 

(%) 

Above target 

(%) 
RPE 

40-50% V̇O2PEAK 0 ± 0 100 ± 50 0 ± 25 11 ± 3 

50-60% V̇O2PEAK 13 ± 20 86 ± 39 13 ± 14 12 ± 2 

60-70% V̇O2PEAK 14 ± 36 83 ± 32 0 ± 0 12 ± 2 

70-80% V̇O2PEAK 36 ± 57 67 ± 56 0 ± 0 13 ± 2 

Data are median ± IQR. Compliance measured using Polar H10 chest-based heart rate monitor. 

Exercise sessions where the heart rate measured during exercise intervals was within the prescribed 

heart rate zone were deemed compliant. Heart rates below and above the prescribed heart rate zone 

were assigned below and above target, respectively. RPE = Rating of perceived exertion, reported 

using a 6-20 scale. N.B. Columns do not sum to 100% due to medians calculated from data for N=15 

participants. 

 

3.4.1.4.3 Supervised resistance exercise compliance 

All participants were able to perform resistance exercises for upper- and lower-body muscle groups 

using elastic resistance bands. Exercises were progressed by increasing the tension of resistance 

bands (e.g., from ‘light’ to ‘heavy’) to restrict the maximum number of repetitions participants were 

able to perform before experiencing muscular fatigue. Indeed, the maximum number of repetitions 

participants were able to perform reduced from 15 ± 0 repetitions in weeks one and two, to 14 ± 1 

repetitions in weeks three to six, 13 ± 2 repetitions in weeks seven to ten, and 11 ± 3 repetitions in 

weeks 11-16, indicating an increase in the intensity of resistance exercises. However, the number of 

repetitions performed exceeded the repetition-maximum target (12 repetition-maximum = 14 ± 1 

repetitions performed, ten repetition-maximum = 13 ± 2 repetitions performed, eight repetition-

maximum = 11 ± 3 repetitions performed) showing poor compliance to the specific intensities 

prescribed.  

3.4.1.4.4 Home-based exercise compliance 

The median home-based walk duration was 52 ± 11 minutes, which exceeded the prescribed duration 

of 40 minutes. The intensity of home-based walks was RPE 11 ± 2, suggesting that home-based 

walks were often performed below the prescribed RPE 12-14, which defines moderate intensity. In 

contrast, retrospective analysis of heart rate recorded using the Polar A370 during home-based 
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exercise revealed that home-based walks were performed at 73 ± 9% V̇O2PEAK, indicating vigorous 

intensity according to American College of Sports Medicine guidelines (Garber et al., 2011). 

3.4.2 Secondary outcomes 

3.4.2.1 Resting cardiovascular measurements 

There was a 3.6 ± 5.5% reduction (P=.033, d=0.4) to diastolic blood pressure and a 4.5 ± 8.7% 

reduction (P=.014, d=0.4) to resting heart rate from pre- to post-exercise training (Figure 3.3). 

However, systolic blood pressure did not change from pre- to post-exercise training (P>.05, d<0.2) 

(Figure 3.3). 

3.4.2.2 Cardiorespiratory fitness 

The maximum work-rate achieved during the maximal treadmill exercise test increased by 36.6 ± 

21.3% (P<.001, d=1.4) from pre- to post-exercise training (Figure 3.3). However, there was no 

change to V̇O2PEAK or VT expressed relative to body mass (mL.kg-1.min-1) from pre- to post-exercise 

training (both P>.05, d<0.2) (Figure 3.3). VT expressed as a percentage of V̇O2PEAK exhibited a small 

magnitude decrease from pre- to post-exercise training (−6.7 ± 11.2%, P=.390, d=0.3) (Figure 3.3).  

 

Figure 3.3. Percentage change to cardiorespiratory fitness and resting cardiovascular measurements 

from pre- to post-exercise training.  

Block bars are median change, error bars are IQR. Open circles are individual responses. * 

indicates statistically significant change P<.05. WRMAX METs = Work rate maximum [during 

maximal treadmill exercise test] expressed as metabolic equivalent of task; V̇O2PEAK = Peak oxygen 

uptake; VT = Ventilatory threshold. 
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3.4.2.3 Functional fitness 

Time to complete an 8ft up-and-go test reduced by 16.0 ± 18.0% (P=.006, d=0.8) and time to 

complete five sit-to-stand repetitions reduced by 22.4 ± 15.4% (P<.001, d=0.6) from pre- to post-

exercise training (Figure 3.4). The number of sit-to-stand repetitions performed in 30 seconds 

increased by 40.1 ± 30.4% (P=.002, d=1.2) from pre- to post-exercise training (Figure 3.4). Increases 

to grip strength of 7.1 ± 10.1% (P=.002) and 5.8 ± 14.7% (P=.046, d=0.3) were seen for the right 

and left hands, respectively, from pre- to post-exercise training (Figure 3.4). Sit-and-reach distance 

increased by 5.2 ± 9.1 cm (P=.016, d=0.5) on the right leg from pre- to post-exercise training, and a 

small-moderate magnitude increase occurred for the left leg, but was not statistically significant (5.1 

± 6.4 cm, P=.114, d=0.4) (Table 3.4). Bilateral upper-body flexibility was unchanged from pre- to 

post-exercise training (P>.05, d<0.2) (Table 3.4). 

 
Figure 3.4. Percentage change to functional fitness pre- to post-exercise training.  

Block bars are median and error bars are IQR. Open circles are individual responses. * indicates 

statistically significant change P<.05. 

 

3.4.2.4 Body composition 

Waist circumference reduced by 2.4 ± 4.7% (P=.014, d=0.2) from pre- to post-exercise training 

(Table 3.4). Body mass, BMI and hip circumference were unchanged from pre- to post-exercise 

training (all P>.05, d<0.2) (Table 3.4). DEXA-derived measures of whole-body fat mass, fat 

percentage, android-gynoid fat mass distribution, lean soft-tissue mass, and bone mineral density 

were unchanged from pre- to post-exercise training (all P>.05, d<0.2) (Table 3.4). 
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Table 3.4. Change to flexibility and body composition from pre- to post-exercise training. 

Variable 
Pre-exercise 

training 

Post-exercise 

training 
Change (%) 

P 

statistic 

Effect 

size 

Flexibility      

Back-scratch right  

(cm, N=14) 
0.4 ± 13.3 −0.7 ± 13.6 − .434 0.1 

Back-scratch left  

(cm, N=14) 
−7.2 ± 6.8 −6.7 ± 11.1 − .506 0.1 

Sit-and-reach right  

(cm, N=13) 
4.3 ± 15.3 12.0 ± 9.9 − .016 0.5 

Sit-and-reach left  

(cm, N=13) 
6.0 ± 13.9 11.0 ± 7.6 − .114 0.4 

Body composition      

Body mass index 

(kg.m-2) 
27.3 ± 8.7 27.1 ± 9.0 −0.7 ± 3.0 .871 0.0 

Waist circumference  

(cm) 
98.2 ± 29.3 93.8 ± 20.9 −2.4 ± 4.7 .014 0.2 

Hip circumference  

(cm) 
103.9 ± 15.6 101.6 ± 16.6 −0.6 ± 2.5 .070 0.1 

Total body fat  

(%, N=14) 
30.35 ± 10.03 32.10 ± 10.60 0.5 ± 6.2 .924 0.0 

Fat mass index  

(kg.m-2, N=14) 
7.48 ± 3.18 7.56 ± 3.74 0.9 ± 8.7 .916 − 

Android fat  

(kg, N=14) 
2.1 ± 3.0 1.9 ± 2.6 −1.0 ± 15.4 .181 0.1 

Gynoid fat  

(kg, N=14) 
3.4 ± 2.2 3.8 ± 2.5 2.7 ± 10.9 .797 0.0 

Lean soft-tissue mass  

(kg, N=14) 
58.8 ± 17.9 58.6 ± 17.8 −0.2 ± 1.7 .818 0.0 

Bone mineral density 

(g/cm2, N=14) 
1.180 ± 0.215 1.198 ± 0.218 −0.2 ± 1.6 .866 0.0 

Data are median ± IQR. Percentage change scores are not reported where raw values or change 

scores span zero. N = 15 unless otherwise stated. Cohen’s d effect sizes were calculated for normally 

distributed data only, as calculations for Cohen’s d are based on mean as the measure of central 

tendency, which does not appropriately reflect non-normal data distribution. 

 

3.4.2.5 Quality of life 

Energy and fatigue, and physical functioning sub-scores of the SF-36 increased by 10 ± 15% 

(P=.026, d=0.5) and 5 ± 10% (P=.022), respectively, from pre- to post-exercise training (Table 3.5). 

Exercise training had no effect on physical role limitation, emotional role limitation, pain, and 

general health sub-scores of SF-36, plus FACIT-fatigue and PSQI sleep quality (all P>.05, d<0.2) 

(Table 3.5). Small effect sizes were detected for pre- to post-exercise training increases to life 

satisfaction (1 ± 6 points, d=0.3) and emotional wellbeing (4 ± 12%, d=0.2) (Table 3.5). 
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Table 3.5. Change to patient reported outcomes from pre- to post-exercise training. 

Variable 

Pre-

exercise 

training 

Post-

exercise 

training 

Change 
P 

statistic 

Effect 

size 

Quality of life      

Satisfaction with life scale 24 ± 11 25 ± 9 1 ± 6 .202 0.3 

FACIT-fatigue scale 5 ± 9 2 ± 11 0 ± 5 .640 0.1 

PSQI 6 ± 5 5 ± 5 0 ± 4 .900 0.0 

36-SF Physical function (%) 90 ± 30 95 ± 18 5 ± 10 .022 − 

 Physical role limitation (%) 100 ± 13 100 ± 0 0 ± 13 .594 − 

 Emotional role limitation (%) 100 ± 0 100 ± 0 0 ± 0 .999 − 

 Energy and fatigue (%) 65 ± 38 75 ± 23 10 ± 15 .026 0.5 

 Emotional wellbeing (%) 84 ± 22 84 ± 22 4 ± 12 .285 0.2 

 Social functioning (%) 88 ±13 100 ± 19 0 ± 13 .364 0.2 

 Pain (%) 80 ± 23 90 ± 26 10 ± 15 .272 − 

 General health (%) 55 ± 15 55 ± 28 0 ± 8 .342 0.1 

Data are median ± IQR. N = 15 unless otherwise stated. FACIT = Functional assessment of chronic 

illness therapy; PSQI = Pittsburgh sleep quality index; 36-SF = 36-item short form. Cohen’s d effect 

sizes were calculated for normally distributed data only, as calculations for Cohen’s d are based on 

mean as the measure of central tendency, which does not appropriately reflect non-normal data 

distribution. 

 

3.4.2.6 Habitual physical activity 

Pre- to post-exercise training changes to physical activity, objectively-measured using BodyMedia 

Core device and self-reported via IPAQ short form, are shown in Table 3.6. Device-measured PAL, 

and daily minutes of physical activity performed at light and vigorous intensity were unchanged from 

pre- to post-exercise training (all P>.05) (Table 3.6). There was a small-magnitude, but not 

statistically-significant, increase to daily minutes of moderate intensity physical activity (4 ± 83 

minutes/day, P=.246, d=0.2) from pre- to post-exercise training (Table 3.6). There were small-

magnitude reductions to active energy expenditure (−18 ± 484 kcal/day, P=.209, d=0.2), and the 

proportion of daily waking time (−3.2 ± 13.6%, P=.216 d=0.3) and number of daily minutes (−29 ± 

139 minutes/day, P=.124, d=0.3) spent in a sedentary state from pre- to post-exercise training, 

although these changes were not statistically significant (Table 3.6).  

Self-reported vigorous intensity physical activity increased from pre- to post-exercise training by 

16.0 ± 28.7 MET-hours/week (P=.005), which drove an increase in total physical activity of 37.0 ± 

39.3 MET-hours/week (P=.026, d=0.6) (Table 3.6). There was a small-moderate reduction to self-

reported sitting time (−9 ± 19 minutes/day, P=.348, d=0.3) and increase to walking (11.6 ± 23.1 

MET-hours/week, d=0.2) from pre- to post-exercise training, but these changes were not statistically-

significant (Table 3.6). Self-reported moderate intensity physical activity was unchanged from pre- 

to post-exercise training (P>.05, d<0.2) (Table 3.6). 
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Table 3.6. Change to device-measured and self-reported physical activity from pre- to post-exercise 

training. 

Variable 
Pre-exercise 

training 

Post-exercise 

training 
Change  

P 

statistic 

Effect 

size 

Device-measured      

Total AEE  

(kcal/day, N=13) 
1208 ± 456 1158 ± 587 −18 ± 484 .209 0.2 

PAL (N=13) 1.67 ± 0.40 1.79 ± 0.28 0.0 ± 0.4 .487 − 

Sedentary wake-time 

(minutes/day, N=13) 
750 ±191 737 ± 155 −29 ± 139 .124 0.3 

Sedentary wake-time  

(%, N=13) 
66.1 ±10.5 66.4 ±19.0 −3.2 ± 13.6 .216 0.3 

Light activity time  

(minutes/day, N=13) 
118 ± 65 134 ± 70 14 ± 33 .252 − 

Moderate activity time 

(minutes/day, N=13) 
114 ± 123 127 ± 99 4 ± 83 .246 0.2 

Vigorous activity time 

(min/day, N=13) 
7 ± 16 11 ± 14 0 ± 15 .416 − 

Self-reported      

Sitting time  

(minutes/day) 
420 ± 240 330 ± 276 −60 ± 135 .348 0.3 

Walking PA  

(MET-hours/week, N=13) 
13.2 ± 16.5 23.1 ± 8.9 11.6 ± 23.1 .453 0.2 

Moderate PA  

(MET-hours/week, N=13) 
13.0 ± 26.3 10.7 ± 18.0 2.0 ± 24.2 .908 0.0 

Vigorous PA  

(MET-hours/week, N=14) 
0.0 ± 8.0 16.0 ± 40.0 16.0 ± 28.7 .005 − 

Total PA  

(MET-hours/week, N=13) 
44.4 ± 40.1 60.8 ± 50.0 37.0 ± 39.3 .026 0.6 

Data are median ± IQR. N = 15 unless otherwise stated. Device-measured physical activity measured 

using BodyMedia Core, analysed according to thresholds: sedentary <1.8 METs, light ≥1.8 to <3 

METs, moderate ≥3 to <6 METs and vigorous ≥6 METs. Self-reported physical activity measured 

using IPAQ short form, analysed according to thresholds: walking 3.3 METs, moderate 4 METs and 

vigorous 8 METs. AEE = Active energy expenditure; PAL = Physical activity level; MVPA = 

Moderate-vigorous intensity physical activity; PA = Physical activity; MET = Metabolic equivalent 

of task. Cohen’s d effect sizes were calculated for normally distributed data only, as calculations for 

Cohen’s d are based on mean as the measure of central tendency, which does not appropriately 

reflect non-normal data distribution. 

 

3.4.3 Associations between compliance to the exercise programme vs. pre- to post-exercise 

training changes to secondary outcome measures 

Higher adherence to supervised exercise sessions was associated with increases to total device-

measured active energy expenditure (Pearson’s r = 0.637, P=.019) (Appendix 1). Furthermore, 

increasing compliance to supervised exercise intensity was associated with increases to bone mineral 

density (Pearson’s r = 0.538, P=.047), 8ft up-and-go test performance (Pearson’s r = −0.760, P=.004) 
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and 30-second sit-to-stand test performance (Pearson’s r = 0.669, P=.017) (Appendix 1). Higher 

home-based exercise adherence was associated with increased 30-second sit-to-stand test 

performance (Spearman’s r = 0.617, P=.033) (Appendix 1). No other pre- to post-exercise changes 

to secondary outcome measures, e.g., body composition and quality of life, were associated with 

compliance to the exercise programme (all P>.05, Appendix 1). 

3.4.4 Associations between pre- to post-exercise training changes to secondary outcome 

measures 

Correlations between pre- to post-exercise training changes to secondary outcome measures were 

analysed to investigate the grouping of improvements to related variables that are relevant to MM 

risk or comorbidities in MGUS and SMM (Appendix 2). Pre- to post-exercise training reductions to 

BMI were associated with reductions to diastolic blood pressure (Pearson’s r = 0.638, P=.010) 

(Appendix 2). Pre- to post-exercise training increases to V̇O2PEAK were associated with reductions to 

systolic blood pressure (Pearson’s r = −0.729, P=.007) (Appendix 2). Reductions to time to complete 

the 8ft up-and-go test from pre- to post-exercise training were associated with increases in bone 

mineral density (Pearson’s r = −0.689, P=.019) (Appendix 2). Pre- to post-exercise training change 

to BMI was positively correlated with change to body fat percentage measured by DEXA (P<.05), 

suggesting that BMI is a suitable proxy for gold-standard measures of body composition in MGUS 

and SMM (Appendix 2). 

3.5 Discussion 

The primary aim of this trial was to determine the feasibility and safety of a progressive exercise 

programme in MGUS and SMM, to allow the implementation of exercise prescriptions in future 

studies investigating the efficacy of exercise training to delay time-to-progression from high-risk 

SMM to MM. The principal finding of this pilot trial was that a progressive exercise programme was 

feasible and safe for individuals with MGUS and SMM. Furthermore, exercise training improved 

functional fitness, exercise capacity, blood pressure, and aspects of health-related quality of life. 

Where pharmaceutical interventions are not recommended to manage the burden of MGUS and 

SMM, an exercise medicine prescription of progressive aerobic and resistance exercise can now be 

implemented – in appropriately-screened patients – in the knowledge that it is safe, feasible and 

efficacious.  

The safety of exercise training has previously been confirmed in MM patients both during (Coleman 

et al., 2003; Coleman et al., 2008; Coleman et al., 2012; Larsen et al., 2019) and after (Groeneveldt 

et al., 2013; Koutoukidis et al., 2020) anti-cancer therapy. Furthermore, an intensive four-year 

exercise training programme was safely performed by an individual patient with SMM (Boullosa et 

al., 2013). However, the case-study patient was relatively young at 44 years of age, when compared 

to the general population where MGUS almost exclusively arises in individuals aged >50 years and 

is most prevalent among individuals aged >85 years (Kyle et al., 2006; Landgren et al., 2017). The 

present trial confirms the safety of a progressive exercise programme in a representative sample of 

MGUS and SMM patients with an average age of ~63 years. 
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Only ~50% of MGUS and SMM patients monitored at the Royal United Hospital Bath were clinically 

eligible for this progressive exercise intervention according to trial inclusion and exclusion criteria, 

demonstrating the prevalence of complex comorbidities in this patient group. Rigorous screening 

procedures were adopted as it was crucial for participants to be physically able to perform exercise 

at vigorous intensities in this proof-of-concept pilot trial exploring the effects of exercise on MGUS 

and SMM disease activity (as discussed next in Chapter 4). Indeed, the purported anti-cancer 

mechanisms of exercise training appear to be engaged by a combination of vigorous intensity aerobic 

exercise and resistance exercise targeting muscle hypertrophy (see Section 2.4). Future trials 

adopting a more inclusive screening approach are required to evaluate the feasibility and safety of 

physical activity or general exercise training interventions for MGUS and SMM patients with high-

risk comorbidities and mobility limitations.  

The low rate of uptake (<30%) to this pilot trial by clinically-eligible patients with MGUS and SMM 

reflects site-specific limitations for a trial requiring frequent hospital visits for supervised exercise 

sessions. For example, parking and public transport limitations for a hospital located on the outskirts 

of Bath city centre serving sparse rural communities. Indeed, ‘travel issues’ were reported as the 

most prevalent barrier to participating. Future studies may optimise recruitment by utilising local 

trial sites or digital home-based interventions. For those patients able to overcome barriers to 

accessing the trial, the low attrition rate (25%) and high attendance to supervised (~91%) and home-

based (~88%) exercise sessions attests to the commitment of MGUS and SMM patients to improve 

their health. Combining supervised and home-based exercise facilitated the implementation and 

monitoring of a highly specific exercise prescription (i.e., frequency, intensity, time, and type of 

exercise) whilst alleviating partial burden on the participants’ time by performing one session per 

week at home. Given that travelling to the hospital was a barrier to participation, providing a home-

based session may address this issue. Further, including a home-based dimension to exercise 

intervention trials is important for the maintenance of physical activity following trial completion 

(Hillsdon et al., 2005).  

Participants with MGUS and SMM were able to exercise at increasing intensities in the present trial. 

Indeed, the present trial demonstrated that maximal exercise testing to determine V̇O2PEAK was 

feasible in MGUS and SMM patients, ranging in age from 32-88 years. A previous exercise 

intervention study in MM was unable to conduct maximal exercise testing, reporting that patients 

were unable to sustain increases in exercise intensity to maximal exertion (Groeneveldt et al., 2013). 

Maximal exertion was achieved in >80% of exercise tests according to secondary criteria in the 

present trial. Future exercise trials in MGUS and SMM should include maximal exercise testing to 

develop the most precise, individualised prescriptions. Compliance to individually-prescribed 

exercise intensities in supervised sessions was associated with improvements to bone mineral 

density, and 30-second sit-to-stand and 8ft up-and-go test performances. Therefore, exercise 

physiologists should reinforce the importance of compliance to prescribed exercise intensities, not 

just attendance or completion of exercise sessions, to maximise health benefits in MGUS and SMM.  
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Results from the present trial demonstrated that participants were able to perform treadmill exercise 

for 30 minutes up to 70% V̇O2PEAK under supervision, and the average intensity of home-based walks 

was 73% V̇O2PEAK. The observation that participants can achieve similar exercise intensities in 

supervised and home-based exercise sessions suggests that home-based exercise can be implemented 

in long-term exercise intervention trials performed until disease progression from high-risk SMM to 

MM. It was concluded that 70% V̇O2PEAK was the maximum tolerated dose of exercise intensity in 

MGUS and SMM. The decline in supervised aerobic exercise compliance above 70% V̇O2PEAK may 

be explained by VT occurring at ~70% V̇O2PEAK at baseline. VT represents a threshold between 

moderate and heavy domain exercise intensities, whereby reductions in muscular efficiency (i.e., 

V̇O2 slow component) that develop during exercise performed above, but not below, VT result in 

muscular fatigue (Jones et al., 2011). Therefore, the onset of muscular fatigue may explain reductions 

to compliance at intensities >70% V̇O2PEAK. Future studies should consider the metabolic significance 

of VT when prescribing exercise intensity, e.g., % Δ between VT and V̇O2PEAK, to ensure an equal 

stimulus is provided to participants where VT occurs at different % V̇O2PEAK. Furthermore, future 

studies may reveal a higher maximum tolerated dose if exercise duration is reduced to compensate 

for increases in intensity above VT. For example, in post-myocardial infarction patients aged 75 

years – who present with increased risk of acute coronary events during exercise – intensities >90% 

of maximum heart rate performed for four-minute intervals with three minutes of active recovery 

were shown to be safe (Wisloff et al., 2007).  

Resistance exercises performed with elastic resistance bands, targeting the upper- and lower-body, 

were feasible and safe for patients with MGUS and SMM. Participants were able to perform exercises 

at increasing loads, which were administered by using thicker resistance bands, increasing the range 

under tension by progressing to higher ‘grip levels’ whereby the resistance band was held closer to 

the attachment point, and by combining multiple resistance bands. While applying resistance with 

elastic bands allowed for steady progression in load, bands did not provide adequate resistance for 

prescriptions below ten repetition-maximum. Lack of consistent tension across the range of 

movement allowed short rest intervals between repetitions when the band returned to its resting 

length, allowing participants to work past low repetition-maximum ranges. Machine- or free-weights 

are required for low-repetition, high-load strength training in MGUS and SMM.  

Previous studies indicate that a higher physical activity level is associated with 17% reduced risk of 

developing MM compared to those with a lower physical activity level (Moore et al., 2016). 

Furthermore, meeting WHO physical activity guidelines (7.5 MET-hours/week) reduces the risk of 

MM by 14% compared to those performing 0 MET-hours/week, and further risk reductions occur 

with 15 MET-hours/week (−19%) and 22.5 MET-hours/week (−17%) of physical activity (Matthews 

et al., 2019). Self-reported physical activity increased from ~44 MET-hours/week to ~60 MET-

hours/week from pre- to post-exercise training, indicating a likelihood of over-reporting bias, as these 

volumes of physical activity represent 6x and 8x WHO physical activity guidelines, respectively. In 

contrast, device-measured PAL was ~1.67 pre-exercise training and ~1.79 post-exercise training 
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which, whilst reflecting an increase across the inactive/active threshold of PAL 1.75 

(FAO/WHO/UNU, 2004), does not reflect the high volume of physical activity self-reported by 

participants herein. Longitudinal studies are required to evaluate the effects of meeting or exceeding 

WHO physical activity guidelines – prescribed and closely monitored during supervised exercise 

intervention trials – on disease progression from MGUS and SMM to MM. 

Although associations between physical activity and reduced MM risk withstand adjustment for BMI 

(Moore et al., 2016), prior evidence suggests that the risk of MGUS progression to MM is increased 

2.7-fold in patients with a midlife BMI >25 kg.m-2 (Thordardottir et al., 2017). In the present trial, 

75% of participants presented with an elevated BMI at baseline. Along with gold-standard 

measurements of body composition derived from DEXA scans, BMI was unchanged by exercise 

training in this pilot trial. Exercise training alone is a suboptimal intervention for reducing body mass 

(Swift, Johannsen, Lavie, Earnest, & Church, 2014) and alternative interventions focusing on energy 

balance should be employed to investigate links between obesity and MGUS or SMM disease 

progression. Future studies in MGUS and SMM without access to a DEXA scanner could measure 

change in BMI as a surrogate for body fat percentage, due to the positive correlation between pre- to 

post-exercise training changes to BMI and body fat percentage identified in MGUS and SMM in the 

present trial.  

Increases to lean soft-tissue mass may contribute to increasing IL-7 and IL-15 which are 

hypothesised to play an integral role in improving immune competency in physically active 

individuals to reduce clinical cancer risk by maintaining cancer precursors – such as MGUS and 

SMM – in a state of equilibrium, as described in Chapter 2. Indeed, physically active individuals 

exhibit higher concentrations of IL-7 and IL-15 in blood (Duggal et al., 2018). Two predominant 

stimuli for increasing skeletal muscle-derived IL-7 and IL-15 via exercise have been identified: (i) 

acute, contraction-induced secretion, and (ii) increased basal secretion following adaptive muscle 

hypertrophy. With relevance to the second potential source of IL-7 and IL-15 in physically active 

individuals, there was no change to lean soft-tissue mass measured via DEXA from pre- to post-

exercise training in the present trial, suggesting that the exercise prescription may have been 

insufficient to stimulate the muscle hypertrophy response required to elevate basal IL-7 and IL-15. 

Indeed, guidelines for cancer patients recommend completing resistance exercises for up to four sets 

of 12-6 repetition-maximum on three days per week (Galvão & Newton, 2005; Galvão et al., 2007), 

yet only two sets of 12-8 repetition-maximum were performed twice per week. Furthermore, it is 

recommended to separate aerobic and resistance exercise by 6-24 hours to minimise the interference 

effects of aerobic exercise on muscle repair and hypertrophy (Murach & Bagely, 2016). As such, the 

inclusion of both aerobic and resistance exercise within a single exercise session in the present trial 

may have impeded muscle repair and hypertrophy. In addition, as the repair of muscle damage 

requires a coordinated immune response (Deyhle & Hyldahl, 2018; Tidball, 2017), immune 

dysfunction and suppression in MGUS and SMM patients (Allegra et al., 2019) may limit muscle 

repair and subsequently preclude muscle hypertrophy in response to progressive resistance exercise. 
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Individuals with MGUS present with increased fracture risk (Bida et al., 2009; Veronese et al., 2018). 

However, prior studies have shown that bone mineral density is not different between age-matched 

individuals with and without MGUS, suggesting a process independent of osteoporosis increases 

fracture risk (Thorsteinsdottir et al., 2017). In healthy older women, poorer performance in a timed 

up-and-go test and timed five sit-to-stands test was associated with 2.7- and 2.3-fold increased risk 

of peripheral fracture – after adjustment for hip bone mineral density – compared to those with higher 

functional performance (Khazzani et al., 2009). In the present trial, participants improved their 8ft 

up-and-go test and sit-to-stand test performance, which may translate to reduced fracture risk in 

future. Reducing fracture risk in MGUS and SMM is an important outcome of exercise training, due 

to an increased risk of death when fractures are present at MM diagnosis (Thorsteinsdottir et al., 

2020). 

V̇O2PEAK was unchanged from pre- to post-exercise training, which was also shown previously 

following exercise training in MM (Groeneveldt et al., 2013; Koutoukidis et al., 2020). A prior study 

in haematological cancer patients showed increases in V̇O2PEAK from baseline with an 18-week 

intervention at similar exercise intensities (two sets of sixteen 30-second efforts at 65% WRMAX with 

30 seconds at 30% WRMAX) (Persoon et al., 2017) to the present trial (40-70% V̇O2PEAK). However, 

the prior study sample included ~50% lymphoma patients within the exercise group and therefore 

the improvements to V̇O2PEAK may be driven by inclusion of patients with haematological 

malignancies other than MM, who may differ in disease pathology, age, and comorbidities (Persoon 

et al., 2017). Indeed, it is speculated that the pathophysiology of MGUS, SMM and MM may 

preclude improvements to V̇O2PEAK. The oxygen carrying capacity of blood is a limiting factor to 

V̇O2PEAK (Bassett & Howley, 2000) and the expansion of clonal plasma cells compromises the 

production of other blood cells in bone marrow (Bouchnita, Eymard, Moyo, Koury, & Volpert, 

2016). As such, the lack of improvement to V̇O2PEAK in the present trial may be explained by the lack 

of change in haemoglobin concentration and erythrocyte counts from pre- to post-exercise training 

(see Section 4.4.4).  

Quality of life scores predict overall survival in newly diagnosed MM (Shilpa et al., 2014). Further, 

individuals with MGUS and SMM report similar levels of mental health-related quality of life, 

psychological distress and anxiety to MM patients, demonstrating the psychological burden of 

precursor disease (Maatouk et al., 2019). Global quality of life scores crossed a threshold from 

‘average’ to ‘high’ life satisfaction (Diener et al., 1985) from pre- to post-exercise training, 

suggesting a meaningful improvement. Further, improvements to physical functioning and energy 

and fatigue domains of health-related quality of life occurred from pre- to post-exercise training.  

This trial showed, for the first time, that a progressive exercise programme is safe in persons with 

MGUS and SMM. A maximum tolerated dose for the intensity of aerobic exercise was identified as 

70% V̇O2PEAK. As previous studies have shown a greater reduction in the risk of developing MM for 

individuals performing higher volumes of physical activity (Matthews et al., 2019), it was important 

to determine the safety of exercise at increasing intensities in MGUS and SMM. Furthermore, 
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improvements to blood pressure, exercise capacity, functional fitness, and aspects of quality of life 

were shown in patients with MGUS and SMM who completed a 16-week progressive exercise 

programme. These health outcomes are important to overcome the physical and psychological burden 

of MGUS and SMM. In addition, the finding that a progressive exercise programme is safe in patients 

with MGUS and SMM will enable future trials to explore the effects of exercise training on time-to-

progression from high-risk SMM to MM. Moreover, these findings inform the implementation of 

exercise prescriptions targeting purported anti-cancer mechanisms in future trials. For example, 

immune competency may be enhanced in physically active individuals via vigorous intensity aerobic 

exercise mobilising cytotoxic immune cells which display anti-MM potential (Bigley et al., 2014) 

(as discussed in Section 2.4.4). In addition, vigorous intensity aerobic exercise acutely increases 

blood IL-15 (Tamura et al., 2011) and resistance exercises increase skeletal muscle output of IL-7 

and IL-15 (Kraemer et al., 2014; Riechman et al., 2004) which may induce an array of improvements 

to immune regulation and competency, which may result in enhanced immune-elimination of 

immunogenic cancer cells (as discussed in Section 2.4.6 and summarised in Figure 2.2). Indeed, IL-

7 and IL-15 appear to exert a diverse range of immunomodulatory effects, including ameliorating T 

cell senescence and increasing naïve T cells in blood (Section 2.4.3), alleviating exhaustion and 

anergy (Section 2.4.5), and improving the function of tissue-resident effector cells (Section 2.4.4). 

As muscle hypertrophy may contribute towards increases to basal IL-7 and IL-15 in physically active 

individuals, future trials should endeavour to increase muscle size via strategies such as increased 

resistance training volume (e.g., four sets of each exercise, three sessions per week), utilising 

consistent loads (e.g., machine- or free-weights instead of resistance bands), varying the stimulus 

(e.g., introducing novel exercises throughout the intervention), and adding nutritional supplements 

(e.g., protein, creatine). 

Despite aspiring to a gold-standard randomised-controlled trial design, issues with participant uptake 

resulted in the adoption of a single-arm trial design. Recruitment issues were attributed to two 

primary factors: 1) frequent hospital visits for exercise sessions in the presence of poor transport 

links between the hospital and the rural communities comprising the catchment area, and 2) high 

prevalence of contraindications or limitations to vigorous intensity exercise participation within the 

local population of MGUS and SMM patients. Within the single-arm design, changes that occurred 

across the trial period cannot be definitively attributed to the exercise programme. Furthermore, the 

trial included a relatively small number of participants, although, a range of ages and both men and 

women were represented in the sample.  

3.6 Conclusion 

This single-armed pilot trial indicates that progressive exercise training is safe, feasible and improves 

blood pressure, exercise capacity, functional fitness, and aspects of quality of life in MGUS and 

SMM. Based on these findings, future studies can explore the effects of exercise training on time-to-

progression from high-risk SMM to MM. Studies measuring time-to-progression from preclinical to 

clinically diagnosed cancer are required to advance understanding of the anti-cancer effects and 

mechanisms of exercise training. 
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4 Preliminary effects of progressive exercise training on disease biomarkers and disease-

related comorbidities in patients with smouldering multiple myeloma and monoclonal 

gammopathy of undetermined significance 

4.1 Commentary 

Whilst evaluating the feasibility and safety of exercise training in monoclonal gammopathy of 

undetermined significance (MGUS) and smouldering multiple myeloma (SMM) in Chapter 3, in 

Chapter 4, the effects of exercise training on biomarkers of MGUS and SMM disease activity were 

investigated. MGUS and SMM commonly present with biomarkers in blood produced by the plasma 

cell neoplasia – monoclonal (M)-protein and serum free light chains (FLC) – which allows disease 

activity to be monitored relatively non-invasively. International Myeloma Working Group guidelines 

advocate a ‘watchful waiting’ approach for MGUS and SMM with routine monitoring of M-protein 

and FLC in blood (Kyle et al., 2010). The absence of anti-cancer therapies in MGUS and SMM 

provides the opportunity to investigate the effects of exercise training on disease activity without 

confounding anti-cancer effects of treatment.  

To date, only one study has investigated the effects of exercise training on disease activity of 

monoclonal gammopathies, and it showed a 27% reduction to M-protein after four years of exercise 

training in one patient with SMM (Boullosa et al., 2013). Trials in a representative group of MGUS 

and SMM patients are required to confirm these findings. As prior evidence shows that the risk of 

developing multiple myeloma (MM) is reduced in physically active individuals (Moore et al., 2016) 

and MM is preceded by MGUS and SMM (Landgren et al., 2009; Weiss et al., 2009), it is possible 

that exercise training may reverse MGUS and SMM disease activity or avert disease progression to 

reduce the risk of MM. Long-term trials measuring the effects of structured exercise training on time-

to-progression from MGUS and SMM to MM are required to investigate the hypothesis that exercise 

training averts disease progression. To support this future endeavour, short-term pilot trials 

examining the feasibility and safety of exercise training in MGUS and SMM provide the opportunity 

to further investigate the observation that MGUS and SMM disease activity is reversed by exercise 

training. 

The work presented in Chapter 4 builds on the prior case study – of one patient with SMM – by 

measuring the effects of exercise training on disease activity in a representative group of MGUS and 

SMM patients. Furthermore, a comprehensive analysis of change to disease biomarkers, including 

M-protein, FLC, β2 microglobulin, and circulating plasma cells, provides more conclusive evidence 

for the effects of exercise on MGUS and SMM disease activity. In addition, ‘CRAB’ symptoms 

(hypercalcaemia, renal insufficiency, anaemia, and bone lesions) – which are associated with disease 

progression to MM (Rajkumar et al., 2014) – were measured. Finally, immunosuppression of 

polyclonal B cells and immunoglobulins in clonal plasma cell neoplasia – known as immunoparesis 

– was measured, in light of the increased risk of disease progression to MM in MGUS and SMM 

patients with immunoparesis (Landgren et al., 2019; Perez-Persona et al., 2007). 
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4.2 Introduction 

Multiple myeloma (MM) is an incurable cancer of bone marrow-resident plasma cells, which has an 

approximate six-year median survival (Kumar et al., 2014; Mai et al., 2018). MM is diagnosed via 

the detection of ≥10% bone marrow plasma cells, or biopsy-proven bony or extramedullary 

plasmacytoma, and presence of one or more MM-defining events (≥60% bone marrow plasma cells, 

serum involved/uninvolved free light chain (FLC) ratio ≥100 provided involved light chain ≥100 

mg/L, more than one focal lesion ≥5 mm) or ‘CRAB’ features (hypercalcaemia, renal insufficiency, 

anaemia, and bone lesions) (Rajkumar et al., 2014). MM is preceded by asymptomatic precursor 

states monoclonal gammopathy of undetermined significance (MGUS) and smouldering multiple 

myeloma (SMM) (Landgren et al., 2009; Weiss et al., 2009). MGUS and SMM are routinely 

monitored via disease biomarkers commonly present in blood – monoclonal (M)-protein and serum 

FLC – for signs of disease progression to MM requiring anti-cancer treatment (Kyle et al., 2010). 

Treatment with conventional anti-cancer therapies is not advocated for MGUS and SMM to prevent 

or delay progression to MM, due to the toxicity and economic cost of prescribing anti-cancer drugs 

in patients with an uncertain risk of progression (Rajkumar et al., 2005) and limited efficacy of these 

therapies against potentially inert plasma cell clones (Campbell et al., 2017; Landgren, 2017). 

Monitoring of MGUS results in earlier treatment upon disease progression to MM, and subsequently 

improves survival in MM (Sigurdardottir et al., 2015). The frequency of disease monitoring increases 

with disease severity. Indeed, MGUS is typically monitored every 6-12 months, as the risk of 

progression to MM is relatively low at 1% per year on average (Kyle et al., 2010; Kyle et al., 2002). 

As SMM represents higher risk disease, with 50% risk of progression within five years, monitoring 

is conducted every 2-3 months initially (Kyle et al., 2010; Kyle et al., 2007). Within diagnostic 

categorisation of MGUS and SMM, further subgroups with differing risk of progression are 

identified by the presence of risk factors. Indeed, MGUS subgroups exhibiting disease progression 

risk factors (non-IgG M-protein isotype, M-protein concentration >15 g/L, and abnormal serum FLC 

ratio) are at 12-fold greater risk of MM progression compared to those without the aforementioned 

risk factors (Rajkumar et al., 2005). Furthermore, SMM subgroups with bone marrow plasma cells 

>20%, M-protein >20 g/L, and FLC ratio >20 have 50% risk of progression within two years 

(Lakshman et al., 2018; Mateos et al., 2020). 

Considering the high risk of disease progression to MM for individuals with high-risk SMM, 

numerous recent clinical trials have administered anti-MM therapies with the aim of eradicating or 

controlling the disease. Studies aiming to eradicate SMM utilise high-dose therapies with curative 

intent. For example, a phase II trial administered carfilzomib-lenalidomide-dexamethasone over 

eight 28-day cycles to patients with high-risk SMM (Korde et al., 2015). Complete response to 

therapy (<5% plasma cells in bone marrow aspirate, negative immunofixation of serum and urine M-

protein) was seen in 100% of participants, minimal residual disease negativity was seen in >90% of 

participants, and none progressed to MM within 18-month follow-up (Korde et al., 2015). However, 

50% of patients required dose modifications and grade 3-4 adverse events affected up to 40% of 

participants (Korde et al., 2015).  
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In the absence of curative therapy to eradicate SMM, an alternative approach is less intensive 

maintenance therapy that aims to prolong time-to-progression from SMM to MM. For example, in a 

randomised-controlled phase III trial of lenalidomide treatment (25 mg, 28-day cycles, continued 

until disease progression, toxicity, or withdrawal) in intermediate-high risk SMM, progression-free 

survival rate at 24 months was 93% with lenalidomide, compared with 76% in the observation arm 

(Lonial et al., 2020). However, grade 3-5 adverse events attributed to treatment affected up to 50% 

of participants (Lonial et al., 2020). Overall, despite accumulating evidence supporting the efficacy 

of early treatment to control or eradicate disease in intermediate-high risk SMM, the prevalence of 

grade 3-5 adverse events has prevented their adoption in clinical practice (Kim, Yee, & Raje, 2020).  

The toxicities associated with anti-MM therapy outweigh the potential benefits relating to disease 

progression in patients with MGUS, where the risk is only 1% per year overall, and 3% per year in 

those with high-risk features (Rajkumar et al., 2005). However, even in the earliest disease stage of 

MGUS, comorbidities are present that are mechanistically driven by the presence of plasma cells, 

M-protein, and serum FLC, and are associated with the onset and clinical presentation of ‘CRAB’ 

features of MM (Lomas et al., 2020). Indeed, the risk of bone disorders is increased in MGUS 

compared to age-matched controls (Bida et al., 2009; Dhodapkar, 2016), which is attributed to clonal 

plasma cells and M-protein driving osteoclast differentiation and bone resorption (Silbermann & 

Roodman, 2013; Westhrin et al., 2020). Furthermore, renal disease in MGUS, which develops due 

to the deposition of monoclonal immunoglobulins – in particular FLC – within the renal system 

(Merlini & Stone, 2006), results in a differential diagnosis of monoclonal gammopathy of renal 

significance, where renal function is compromised (Leung et al., 2012).  

Alongside CRAB features, suppression of polyclonal or uninvolved immunoglobulins – i.e., 

immunoglobulins that are not the involved M-protein immunoglobulin produced by the plasma cell 

neoplasia – develops in MGUS and SMM, known as immunoparesis. Immunoparesis develops when 

expansions of clonal plasma cells reduce the proportion of normal bone marrow plasma cells in 

MGUS, SMM, and MM (Olteanu, Wang, Chen, McKenna, & Karandikar, 2008; Paiva et al., 2011). 

Additionally, M-protein concentration is inversely associated with polyclonal immunoglobulin 

concentration in MM (Heaney et al., 2018). Suppressed immunity in MGUS and MM result in 2-fold 

and 7-fold increased risk of infection, respectively, compared with age-matched controls (Blimark et 

al., 2015; Kristinsson et al., 2012). Furthermore, immunoparesis of one or two uninvolved 

immunoglobulins increases the risk of progression from MGUS to MM 3-fold or 19-fold, 

respectively (Landgren et al., 2019) and immunoparesis of ≥1 immunoglobulin increases the risk of 

progression from SMM to MM by 2.5- to 3.3-fold (Perez-Persona et al., 2007; Sorrig et al., 2016). 

As common comorbidities in MGUS and SMM are directly attributable to plasma cell neoplasia, 

low-toxicity therapeutic interventions are warranted with the aim of reducing disease burden and, in 

turn, disease-associated comorbidities. 

Physical activity may represent a lifestyle intervention to attenuate the disease trajectory of MGUS 

and SMM. Evidence from a large-scale meta-analysis, including nine prospective cohort studies with 
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2161 cases of MM, shows that those in the 90th percentile of self-reported leisure-time physical 

activity had 17% lower risk of developing MM, compared to the 10th percentile of physical activity 

(Moore et al., 2016). Furthermore, meeting World Health Organisation (WHO) physical activity 

guidelines of 75-150 minutes/week of moderate-vigorous intensity aerobic activity reduces the risk 

of MM by 14% compared to those performing no physical activity, and further risk reductions occur 

for persons achieving double (−19%) and triple (−17%) the amount of physical activity 

recommended by the WHO (Matthews et al., 2019). As MM is preceded by precursor states 

(Landgren et al., 2009; Weiss et al., 2009), and to date there is no evidence that physical activity 

stops the initiation of these precursor states, these findings could be interpreted to indicate 

improvements in progression-free survival of physically active patients with MGUS or SMM. 

However, diagnosis of precursor conditions was not reported (Matthews et al., 2019; Moore et al., 

2016). In a related clinical scenario of colon adenoma which precedes clinical colon cancer, it was 

shown that a high physical activity level did not reduce the risk of small colon adenomas, but was 

associated with lower risk of colon cancer (Boutron-Ruault et al., 2001). This finding suggests that 

precursor lesions – such as MGUS and SMM – may not be prevented in physically active individuals, 

though this requires further research. That said, to date, there is limited evidence evaluating whether 

exercise training can reverse MGUS and SMM disease activity. 

Preliminary evidence from one patient with SMM shows that a multi-modal training program 

incorporating vigorous intensity exercise, performed over four years, reduced M-protein by 27% 

(Boullosa et al., 2013). However, as this was a case study of a relatively young former elite athlete 

and the exercise intervention was intensive firefighter training, the effects of an individually-

prescribed exercise programme on disease biomarkers in a representative group of MGUS and SMM 

patients warrants investigation. Studies exploring the effects of short-term exercise training on 

disease activity in MGUS and SMM are required prior to future studies exploring the effects of 

longer-term exercise training on time-to-progression from high-risk SMM to MM. A study 

measuring time-to-progression to MM as the primary outcome aligns with recommendations for 

investigating preventative interventions in MGUS and SMM (Rajkumar, 2012).  

The primary aim of this trial was to evaluate the effects of a progressive exercise programme on 

disease biomarkers of MGUS and SMM. Secondary aims were to investigate the effects of exercise 

training on ‘CRAB’ features and immunoparesis. 

4.3 Methods 

4.3.1 Trial design 

This single-arm trial involved measurements performed in week 0 (baseline) and week 17 (follow-

up), separated by a 16-week exercise programme. The trial was conducted predominantly at the 

Royal United Hospital Bath NHS Foundation Trust, incorporating one screening visit, two 

measurement visits and 32 exercise sessions, with two additional measurement visits at the 

University of Bath. Participants received usual care throughout the trial and were instructed to 

maintain their habitual behaviours, including physical activity and medication use. The protocol was 
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approved by the NHS Research Ethics Committee (reference 18/LO/1034, 20th July 2018) and 

University of Bath Research Ethics Approval Committee for Health (reference EP 17/18 210, 29th 

August 2018). The trial was prospectively registered (ISRCTN 65527208). 

Initially, a randomised-controlled trial was implemented, but was deemed unfeasible due to issues 

with participant uptake. A single-arm design was adopted following ethical amendment to increase 

the number of participants who were prescribed exercise training in this proof-of-concept pilot trial. 

Furthermore, the single-arm design provided the possibility of creating ‘within-patient controls’ by 

accessing historical disease monitoring data collected prior to commencing the exercise programme, 

and comparing it to disease activity after the exercise intervention. 

4.3.2 Participants 

Seventy clinically-eligible individuals diagnosed with MGUS or SMM according to International 

Myeloma Working Group guidelines (Rajkumar et al., 2014) and aged >18 years were identified by 

the healthcare team at the Royal United Hospital Bath and mailed recruitment materials. Recruitment 

initially prioritised those with more advanced disease according to risk stratification models for 

MGUS (Rajkumar et al., 2005) and SMM (Mateos et al., 2020). Briefly, bone marrow plasma cell 

percentage, M-protein concentration and isotype, and serum FLC ratio were accessed from medical 

records and used to risk stratify patients. High-risk SMM patients were prioritised for enrolment 

initially, followed by subsequent risk groups, with low-risk MGUS patients approached last, due to 

the anticipated involvement of high-risk SMM patients in future trials measuring the effects of 

exercise training on time-to-progression to MM. During a follow-up phone call, trial screening and 

consent procedures were arranged for individuals interested in enrolling. Individuals who declined 

to participate were asked to identify their primary barrier to accessing the trial. Participants that 

expressed interest in enrolling onto the trial (N=20) were screened for participation by a 

haematologist, and were excluded from the trial if they presented with: 1) WHO performance status 

>1, 2) pregnancy, 3) contraindication to exercise identified by physical activity readiness 

questionnaire, 4) cognitive impairment deemed a risk for participation in the trial, 5) inability to 

understand explanations or provide informed consent and, 6) any condition or behaviour that would 

introduce personal risk or bias into the trial. Twenty participants provided written informed consent 

in the presence of a haematologist.  

4.3.3 Physiological measurements 

4.3.3.1 Body composition 

Body composition was estimated using a whole-body dual-energy x-ray absorptiometry (DEXA) 

scan. DEXA scans were performed fasted, without footwear and in light clothing. Participants 

consumed 500 mL of water and voided their bladder prior to the scan and were positioned supine on 

the scanning table (Discovery, Hologic, Bedford, UK) with feet equally spaced and arms with an 

even gap from the trunk. Whole-body composition analysis was performed with regions sectioned 

as recommended (Hologic, Bedford, UK). Body mass index (BMI) was calculated from height, 
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measured using a stadiometer, and body mass, measured using electronic scales, using the equation: 

body mass (kg) ÷ height (m)2. 

4.3.3.2 Cardiorespiratory fitness 

Resting heart rate was measured using an automated sphygmomanometer in a seated position after 

25 minutes of seated rest. A progressive, incline-based, multi-stage test was performed on a treadmill 

(LE300CE, H/P/Cosmos, Traunstein, Germany). Speed was kept constant and, after a five-minute 

warm up at 0%, the gradient increased by 3% every three minutes until volitional fatigue (Thompson 

et al., 2010). Heart rate was recorded continuously via electrocardiogram (ECG) (Vyntus, Vyaire 

Medical, Basingstoke, UK) and oxygen uptake via indirect calorimetry (Vmax Vyntus, Vyaire 

Medical, Basingstoke, UK). At the end of each three-minute stage, rating of perceived exertion (RPE) 

was reported on a 6-20 scale and blood pressure was measured using an automated 

sphygmomanometer. Breath-by-breath gas exchange data were cleaned to ten-second averages 

(SentrySuite, Vyntus, Vyaire Medical, Basingstoke, UK) and peak oxygen uptake (V̇O2PEAK) was 

calculated from 30-second moving averages (Excel, Microsoft, Washington, USA) as the highest 

oxygen uptake recorded over a 30-second period during exercise (Mezzani, 2017). Maximal exertion 

was verified by meeting two of the following secondary criteria: 1) heart rate greater than/equal to 

age-predicted maximum [220–age (years)], 2) respiratory exchange ratio ≥1.10, 3) RPE ≥19, or 4) 

an increment in V̇O2 ≤5 mL.kg-1.min-1 in response to increased gradient (Thompson et al., 2010). 

Secondary criteria for maximal exertion were achieved in 83% of exercise tests. 

4.3.3.3 Habitual physical activity 

Physical activity was measured prior to the first laboratory measurement visit, and after completion 

of the 16-week exercise training programme using a physical activity monitor (BodyMedia Core, 

BodyMedia Inc., Pittsburgh, PA, USA) positioned over the triceps muscle of the left arm. A 

minimum of five days including Saturday and Sunday with ≥80% average daily wear time was 

required for inclusion in analysis (Peacock et al., 2015; Scheers et al., 2012). Energy expenditure 

was estimated by integrating device measures of accelerometery, heat flux, galvanic skin response, 

skin temperature, and near body ambient temperature, plus sex, age, body mass, and height, using 

proprietary algorithms (SenseWear Pro 8.0, algorithm v5.2, BodyMedia Inc., Pittsburgh, PA, USA). 

Non-wear time was assigned estimated basal metabolic rate (Schofield, 1985). Estimated basal 

metabolic rate was subtracted from measured total daily energy expenditure to calculate total daily 

active energy expenditure (AEE). Self-reported physical activity level was measured using the 

international physical activity questionnaire (IPAQ) short form. Daily minutes of vigorous, moderate 

and walking activity reported were truncated to 180 minutes, as recommended, and total metabolic 

equivalent of task (MET)-hours/week were calculated by summing MET-hours/week for vigorous 

intensity (8 METs), moderate intensity (4 METs) and walking (3.3 METs) activity (IPAQ, 2005).  

Participants were asked if their baseline responses to the IPAQ short form reflected the past year, to 

facilitate extrapolation of the data alongside historical disease monitoring data accessed from medical 

records. 
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4.3.4 Biomarker analysis 

4.3.4.1 Blood processing  

Venous blood samples were collected between 08:30 and 10:30 following a ≥10-hour fast without 

food or caffeine, ≥24 hours without alcohol intake, and ≥20 hours without strenuous exercise. 

Participants rested in a seated position for 25 minutes prior to blood sampling. Whole blood collected 

in an untreated syringe was dispensed into K3EDTA-coated tubes (1.6 mg/mL of blood, Sarstedt, 

Numbrect, Germany) for whole blood counts, performed in triplicate using a coulter counter (KX-

21N Haematology Analyser, Sysmex Ltd, Milton Keynes, UK). In addition, whole blood collected 

in an untreated syringe was dispensed into serum-separator tubes containing a clotting activator 

(Sarstedt, Numbrect, Germany) and was allowed to clot for 15 minutes at room temperature prior to 

centrifugation at 3000 × g for 10 minutes at 4OC. Serum was extracted and stored immediately on 

dry ice prior to freezing at −80OC until analysis. Whole blood collected in syringes treated with 

sodium heparin (Wockhardt, Wrexham, UK) at a concentration of 5 IU/mL of blood was maintained 

at room temperature for isolation of peripheral blood mononuclear cells (PBMCs) within two hours 

of blood collection.  

4.3.4.2 Peripheral blood mononuclear cell isolation and cryopreservation 

PBMCs were isolated via density gradient centrifugation. Briefly, whole blood was diluted two-fold 

in Roswell Park Memorial Institute (RPMI)-1640 media (Sigma-Aldrich, Dorset, UK), layered over 

Ficoll-Paque (Sigma-Aldrich, Dorset, UK) and centrifuged at 500 × g for 25 minutes without braking. 

PBMCs were removed, washed twice in RPMI-1640 and quantified using a haemocytometer. 

PBMCs were cryopreserved in 70% RPMI-1640, 20% foetal calf serum (FCS) and 10% dimethyl 

sulfoxide (DMSO) at −80OC in a controlled-rate freezing container (Nalgene Mr Frosty, 

ThermoFisher Scientific, Paisley, UK) for 24 hours, prior to freezing at −150OC until analysis. 

4.3.4.3 Flow cytometric analysis of polyclonal B cells and circulating plasma cells  

Cryopreserved PBMCs were thawed, washed, and quantified using a haemocytometer. After resting 

overnight at 37OC and 5% CO2 for 14-16 hours, quantification was repeated. Viability was 

determined using a fixable viability stain (FVS620, BD Biosciences, California, USA). After 

blocking non-specific antibody binding (Human Fc Block, BD Biosciences, California, USA), 0.5 x 

106 cells in 100 µL buffer (500 mL phosphate-buffered saline (PBS), 10 mL FCS, 2 mL EDTA) were 

stained with titrated volumes of anti-CD3 (AF700), anti-CD19 (PE-Cy7), anti-CD27 (PE), anti-

CD10 (PerCP-Cy5.5), anti-CD38 (BV605), and anti-CD138 (v500). Staining was performed for 20 

minutes, light-protected at room temperature. Following staining for cell-surface markers, PBMCs 

were permeabilised (BD Cytofix/CytopermTM, BD Biosciences, California, USA) according to 

manufacturer’s instructions prior to intracellular staining. Permeabilised PBMCs were stained with 

titrated volumes of anti-Ig kappa light chain (APC) and anti-Ig lambda light chain (APC-H7). 

Intracellular staining was performed for 30 minutes, light-protected at 4OC. Compensation beads 

(CompBead, Anti-Mouse Igκ/Negative Control, BD Biosciences, California, USA) were single-

stained for each fluorophore for 20 minutes, light-protected at room temperature. Samples were 
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analysed using a FACS Aria III and FACS Diva software (BD Biosciences, California, USA). Cell 

populations were defined using Flow Jo v10.6.2. A representative gating plot is shown for polyclonal 

B cells (Appendix 3) and circulating plasma cells (Appendix 4). For polyclonal B cells, absolute 

frequencies were computed by first multiplying the percentage of cells within the CD3− gate by the 

total lymphocyte count, obtained via the Coulter principle. For circulating plasma cells, absolute 

frequencies were computed by first multiplying the percentage of cells within the CD38+CD138+ 

gate by the total lymphocyte count, obtained via the Coulter principle. Cell frequencies for 

subsequent gated daughter subpopulations were calculated by multiplying their proportion within the 

appropriate parent population – derived from Flow Jo analysis – by the computed frequency of that 

parent population (Turner et al., 2016a; Turner et al., 2016b). A schematic and worked example for 

these calculations is shown in Appendix 5. 

4.3.4.4 Disease biomarker analysis in serum 

Disease biomarker analysis for pre- and post-exercise intervention serum samples was performed at 

the Clinical Immunology Service, Birmingham, UK. Protein electrophoresis and densitometry 

(Interlab, Rome, Italy) were used to quantify M-protein concentration. Kappa and lambda FLC, 

polyclonal IgA, IgG, and IgM immunoglobulins, creatinine, and β2 microglobulin were measured 

by turbidimetry (Freelite®, The Binding Site, UK) using a Cobas® Modular (Roche Hitachi 

Diagnostics, Basel, Switzerland). Historical M-protein and involved FLC obtained from medical 

records were analysed at the Royal United Hospital Bath. The timings of blood samples, fasted/rested 

status of patients and specific analysis protocols for these samples are not known.  

Estimated glomerular filtration rate (eGFR, mL/min/1.73m2) was calculated from creatinine 

concentration, age, biological sex, ethnicity, body mass, and height using a published equation 

(Levey et al., 2009). FLC ratio was calculated as: kappa FLC (mg/L) ÷ lambda LC (mg/L) and FLC 

difference (mg/L) was calculated as: involved FLC (mg/L) − uninvolved FLC (mg/L).  

4.3.4.4.1 Disease biomarker interpretation 

Risk stratification for MGUS was performed using M-protein concentration and isotype, and FLC 

ratio from baseline blood samples, and for SMM also included diagnostic bone marrow plasma cell 

percentage (Mateos et al., 2020; Rajkumar et al., 2005). Identifying subgroups of MGUS and SMM 

with different risk of progression to MM may reveal a stage in MM development where the anti-

cancer effects of structured exercise training are most apparent. It was anticipated that this strategy 

would allow for better understanding of the anti-cancer effects of physical activity, which is currently 

limited to observations that the risk of developing a cancer precursor is not reduced in physically 

active individuals (Boutron-Ruault et al., 2001; Hilal et al., 2016; Lam et al., 2018), yet the risk of 

related clinical cancers is reduced in those with a higher physical activity level (Moore et al., 2016). 

The present trial provided additional insight into whether precursor disease activity can be reversed 

by exercise training to avert a clinical cancer diagnosis. 

Immunoparesis describes the suppression of uninvolved, polyclonal immunoglobulins, therefore 

change to polyclonal IgA, IgG, and IgM is only shown herein in patients without an IgA, IgG, or 
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IgM M-protein isotype, respectively, as reported previously (Heaney et al., 2018). For example, for 

a patient with an IgG M-protein, change to polyclonal IgA and IgM was investigated, but not 

polyclonal IgG. Involvement of IgG, IgA, and IgM immunoglobulin was present in N=11, N=4, and 

N=0 participants, respectively, so polyclonal IgG, IgA, and IgM immunoglobulins are available for 

N=4, N=11, and N=15 participants, respectively. 

4.3.5 Exercise programme  

Participants completed a 16-week exercise programme involving two supervised and one home-

based exercise session per week. Supervised exercise sessions incorporated aerobic and resistance 

components, and home-based exercise was a weekly walk. Adherence to supervised exercise sessions 

was measured via an exercise record card, and adherence to home-based exercise was measured via 

an exercise diary. 

4.3.5.1 Supervised aerobic exercise 

Supervised exercise sessions commenced with a five-minute warm-up on a treadmill (Matrix Tx1, 

Matrix, Stoke-on-Trent, UK) at 0% incline and a self-selected speed. Aerobic training was performed 

for 30 minutes as three, ten-minute walking bouts. Each bout involved an eight-minute uphill-

walking exercise interval at intensities prescribed at different percentages of V̇O2PEAK, assessed 

during the baseline cardiopulmonary exercise test, followed by two minutes of active recovery at 0% 

incline. The intensity of the exercise interval was 40-50% V̇O2PEAK in weeks 1-2, 50-60% V̇O2PEAK 

in weeks 3-6, 60-70% V̇O2PEAK in weeks 7-10, and 70-80% V̇O2PEAK in weeks 11-16. Heart rate was 

continuously monitored (Polar H10, Polar, Kempele, Finland) and RPE was recorded using a 6-20 

scale at the end of each eight-minute exercise interval. Compliance to supervised exercise intensity 

was reported as the proportion of sessions performed at the target heart rate, measured using a chest-

based heart rate monitor (Polar H10, Polar, Kempele, Finland). 

4.3.5.2 Supervised resistance exercise 

Two sets of six resistance exercises targeting major muscle groups were performed using resistance 

bands in supervised sessions. Submaximal sets of 15 repetitions were performed in weeks 1-2, 

followed by progressive reductions in the ‘repetition-maximum’ prescription from 12 repetition-

maximum in weeks 3-6, to ten repetition-maximum in weeks 7-10, and eight repetition-maximum in 

weeks 11-16. Thicker resistance bands were used for lower repetition-maximum prescriptions.  

4.3.5.3 Home-based exercise 

Home-based exercise involved a 40-minute moderate intensity walk, prescribed at RPE 12-14/20 and 

recorded using a fitness tracker, which measured exercise duration, and heart rate via 

photoplethysmography (Polar A370, Polar, Kempele, Finland). The 40-minute duration was selected 

to increase the weekly aerobic exercise volume to 100 minutes/week of moderate-vigorous intensity 

physical activity, where 60 minutes/week were performed in supervised sessions, in line with WHO 

recommendations for 75-150 minutes/week at a moderate-vigorous intensity. Home-based exercise 

intensity was reported as a percentage of baseline V̇O2PEAK using heart rate measured by the fitness 

tracker. Participants were provided with balance exercises (NHS Balance Exercises for Older Adults) 
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and flexibility exercises to perform daily. Flexibility exercises were static stretches of the pectorals, 

deltoids, triceps, latissimus dorsi, adductors, gastrocnemius, quadriceps, and hamstrings. 

4.3.5.4 Eight-month follow-up 

Participants were contacted by phone at timepoints that aligned with routine disease monitoring over 

an eight-month period after completing the exercise programme. As such, the frequency of telephone 

contact varied according to the frequency of routine monitoring, which typically ranges from every 

two to twelve months, depending on disease severity (Kyle et al., 2010). Participants self-reported 

physical activity level via the IPAQ short-form (as described in Section 4.3.3.3), and M-protein and 

involved FLC concentration were obtained during routine monitoring.  

Long-term follow-up of physical activity level was disrupted by the Covid-19 pandemic, meaning 

data are only available for N=7/15 participants. Prior to the pandemic, the researcher accessed dates 

for participant clinic visits via medical records stored at the Royal United Hospital Bath, to ensure 

that self-reported physical activity was captured in close proximity to blood sampling for routine 

disease monitoring. Indeed, physical activity level was reported within 11 ± 9 days (median ± 

interquartile range) of routine monitoring. However, during the Covid-19 pandemic, the researcher 

relocated and was unable to access medical records to ensure appropriate timing of physical activity 

reporting, so long term follow-up was discontinued. 

4.3.6 Statistical analysis 

Statistical analysis was performed using GraphPad Prizm (version 8.0.0, GraphPad Software, 

California, USA) and SPSS Statistics (version 27, IBM SPSS Statistics for Windows, New York, 

USA) with statistical significance accepted at P<.05. All data are presented as median ± interquartile 

range (IQR). Within-participant coefficient of variation (CV) between pre- and post-exercise training 

measurements of disease activity biomarkers were calculated (Appendix 6) to compare to published 

thresholds for combined biological (variation that occurs during monitoring of stable disease) and 

analytical (inter-assay) variation in M-protein (8.1%) and involved FLC (28.4%), hereafter referred 

to as ‘expected variation’ (Katzmann et al., 2011). Pre- to post-exercise training change scores were 

tested for normality using a Shapiro-Wilk test. Normally distributed variables were analysed for pre- 

to post-exercise training changes using paired-samples T tests, and non-normally distributed 

variables were analysed for pre- to post-exercise training changes using Wilcoxon signed-rank tests. 

Effect sizes were calculated for normally distributed data only, using the following equation: Cohen’s 

d = ((mean post − mean pre) ÷ (√ (standard deviation pre2) + (standard deviation post2)). Cohen’s d 

effect sizes were interpreted according to guidelines; small effect d=0.2, moderate effect d=0.5, and 

large effect d=0.8 (Cohen, 1988). Correlational analysis was performed using Pearson’s r, unless 

data were non-normally distributed or contained outlier(s) – identified via the robust regression and 

outlier removal (ROUT) method with false discovery rate set at 1% (Motulsky & Brown, 2006) – 

which were analysed using Spearman’s r (Mukaka, 2012).  
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4.4 Results 

4.4.1 Baseline characteristics 

Fifteen of twenty participants that enrolled completed the trial, representing 25% drop-out. Two 

participants withdrew following baseline measurements due to anxiety (N=1) and ECG abnormality 

identified during maximal exercise testing (N=1), respectively. Three patients withdrew during the 

exercise intervention, due to time constraints (N=1), disease progression to MM (N=1), and 

complications of type 1 diabetes (N=1), respectively. Eight males and seven females (age: 63 ± 8 

years, height: 1.72 ± 0.13 m, body mass: 80.4 ± 31.4 kg, BMI: 27.3 ± 8.7 kg.m-2) completed the trial. 

Three participants enrolled had an MGUS diagnosis and N=12 had an SMM diagnosis. The M-

protein isotype – comprised of an immunoglobulin heavy chain (e.g., IgG, IgA, or IgM) and light 

chain (e.g., kappa or lambda) is shown in Table 4.1. One participant had a diagnosis of kappa light 

chain SMM, characterised by the absence of heavy chain involvement (i.e., no intact M-protein) and 

predominance of kappa FLC in serum. Two participants displayed bi-clonal M-protein phenotypes. 

The disease risk stratification at trial entry, which reflects the risk of disease progression to MM, is 

shown in Table 4.1. 

Table 4.1. Participant characteristics. 

Age (years) 63 ± 8 

BMI (kg.m-2) 27.3 ± 8.7 

Sex (N/15)  

 Male 

 Female 

N=8 

N=7 

MGUS M-protein isotype (N/3)  

IgG Kappa N=1 

IgG Lambda N=1 

Bi-clonal IgA Kappa N=1 

MGUS risk stratification (N/3)1  

High-intermediate risk N=1 

Low-intermediate risk N=1 

Low risk N=1 

SMM M-protein isotype (N/12)  

IgG Kappa N=5 

IgG Lambda N=3 

IgA Kappa N=2 

Bi-clonal IgA Lambda + IgG Lambda N=1 

Kappa light chain only N=1 

SMM risk stratification (N/12)2  

High risk N=3 

Intermediate risk N=3 

Low risk N=6 

IgG or IgA, and kappa or lambda indicate the involved immunoglobulin heavy chain and light chain, 

respectively, of the plasma cell neoplasia. BMI = Body mass index; MGUS = Monoclonal 

gammopathy of undetermined significance; SMM = Smouldering multiple myeloma. 1MGUS risk 

stratification (Rajkumar et al., 2005); 2SMM risk stratification (Mateos et al., 2020). 
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4.4.2 Adherence and compliance to the exercise programme 

Adherence to supervised exercise sessions was 91 ± 6% and adherence to the home-based weekly 

walk was 88 ± 37%. The prescribed supervised treadmill exercise intensity was achieved in 75 ± 

23% of sessions. The intensity of home-based weekly walks was 73 ± 9% V̇O2PEAK. 

4.4.3 Disease biomarkers 

4.4.3.1 Group changes to disease biomarkers from pre- to post-exercise training 

Serum M-protein, involved FLC, FLC ratio, FLC difference, β2 microglobulin, and the frequency of 

circulating plasma cells were unchanged from pre- to post-exercise training (all P>.05) (Table 4.2). 

4.4.3.2 Individual changes to disease biomarkers from pre- to post-exercise training 

Changes to M-protein and involved FLC from pre- to post-exercise training are shown in the context 

of historical disease activity data obtained within three years prior to trial enrolment or since 

diagnosis if diagnosed within three years (Figure 4.1). This data presentation approach was used in 

a prior case study exploring the effects of exercise training on M-protein in one SMM patient 

(Boullosa et al., 2013) and therefore, a similar presentation approach was used herein to enable 

comparison to the aforementioned case study. A benefit of this approach – in the absence of a non-

exercise control group in the present trial – is that historical data allowed the effects of exercise 

training on disease activity to be interpreted against disease activity patterns prior to commencing 

the exercise programme. For example, in patients where M-protein and/or involved FLC increased 

following exercise training, biomarkers of disease activity were increasing prior to initiating the 

exercise programme (Figure 4.1, panels 12-15).   
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Table 4.2. Changes to MGUS and SMM disease biomarkers, ‘CRAB’ features, and polyclonal 

immunoglobulins from pre- to post-exercise training. 

Variable 
Pre-exercise 

training 

Post-exercise 

training 
Change (%) 

P 

statistic 

Effect 

size 

Disease biomarkers      

M-protein  

(g/L, N=14) 
13.4 ± 4.0 14.0 ± 4.3 −0.5 ± 5.3 .903 − 

Involved FLC  

(mg/L, N=13) 
111.78 ± 107.08 135.08 ± 99.50 2.0 ± 17.1 .839 − 

FLC difference  

(mg/L, N=13) 
100.85 ± 103.75 119.34 ± 96.55 1.7 ± 15.1 .946 − 

FLC ratio 4.44 ± 8.45 4.26 ± 7.70 −2.4 ± 8.5 .628 0.0 

β2 microglobulin  

(mg/L) 
2.02 ± 0.52 2.06 ± 0.55 1.0 ± 7.0 .635 0.0 

Circulating plasma cells 

(cells/μL, N=9) 
0.073 ± 0.126 0.085 ± 0.071 − .426 − 

‘CRAB’ features      

Creatinine  

(μmol/L) 
73 ± 21 79 ± 22 −3.2 ± 9.7 .727 0.0 

eGFR  

(mL/min/1.73m2) 
89 ± 23 90 ± 23 3.0 ± 12.0 .756 0.0 

Erythrocyte count 

(× 1012/L) 
4.42 ± 0.65 4.61 ± 0.39 1.7 ± 15.1 .602 0.2 

Haemoglobin  

(g/dL) 
13.50 ± 1.96 14.08 ± 1.42 −0.5 ± 18.3 .897 0.0 

Haematocrit 0.40 ± 0.04 0.40 ± 0.04 0.6 ± 14.9 .723 0.1 

Whole body BMD 

(g/cm2, N=14) 
1.180 ± 0.212 1.198 ± 0.206 −0.2 ±1.7 .866 0.0 

Upper limb BMD  

(g/cm2, N=14) 
0.852 ± 0.089 0.835 ± 0.123 −0.4 ± 8.2 .554 0.1 

Ribs BMD  

(g/cm2, N=14) 
0.690 ± 0.079 0.710 ± 0.064 2.9 ± 4.3 .233 0.1 

Thoracic BMD  

(g/cm2, N=14) 
0.970 ± 0.312 0.995 ± 0.184 1.9 ± 9.6 .209 0.2 

Lumbar BMD  

(g/cm2, N=14) 
1.291 ± 0.398 1.259 ± 0.514 −1.1 ± 3.9 .391 − 

Pelvis BMD  

(g/cm2, N=14) 
1.213 ± 0.508 1.214 ± 0.465 −0.1 ± 3.8 .822 0.0 

Lower limb BMD  

(g/cm2, N=14) 
1.315 ± 0.139 1.310 ± 0.264 0.2 ± 6.0 .907 0.0 

Immunoparesis      

Uninvolved FLC  

(mg/L, N=13) 
8.69 ± 2.26 8.03 ± 3.73 4.6 ± 14.9 .739 0.0 

Polyclonal IgA  

(g/L, N=11) 
0.60 ± 0.81 0.56 ± 0.84 1.2 ± 8.7 .663 0.0 

Polyclonal IgG  

(g/L, N=4) 
6.39 ± 1.56 6.08 ± 1.44 −5.2 ± 10.6 .162 0.2 

Polyclonal IgM  

(g/L) 
0.37 ± 0.26 0.39 ± 0.23 −3.4 ± 4.9 .110 0.0 

Data are median ± IQR. N=15 unless otherwise indicated. Polyclonal IgA, IgG, and IgM are shown 

for patients without an IgA, IgG, or IgM M-protein, respectively. FLC = Free light chain; eGRF = 

Estimated glomerular filtration rate; BMD = Bone mineral density. Cohen’s d effect sizes were 

calculated for normally distributed data only, as calculations for Cohen’s d are based on mean as 

the measure of central tendency, which does not appropriately reflect non-normal data distribution. 
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Figure 4.1. Historical M-protein and involved FLC for each participant. 

Primary M-protein is shown in solid black lines, secondary M-protein is shown in solid grey lines 

(panels 4 & 9), involved FLC is shown in dashed lines. Y-axes are individualised to best represent 

concentrations of M-protein and involved FLC for each participant. The X-axis shows timepoints of 

routine disease monitoring, normalised to adjust for differences in the number of historical data 

points prior to commencing the exercise intervention. The intervention period is highlighted in blue. 

iFLC = Involved free light chain. Figure continues overleaf. 
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4.4.3.2.1 M-protein  

Changes to M-protein from pre- to post-exercise training ranged from −1.9 to +1.8 g/L, with the 

exception of one participant where M-protein increased by 4.9 g/L (+17.4%) (Figure 4.2). Individual 

changes in M-protein did not exceed historical variation or published thresholds for expected 

variation (CV 8.1%) in M-protein (Katzmann et al., 2011) (Appendix 6), with the exception of 

increases in two participants, shown in Figure 4.1 panel 14 (CV 10.2%) and panel 15 (CV 11.3%). 

M-protein isotype, diagnosis, and risk stratification did not appear to be influential in determining 

the response of M-protein to exercise training (Figure 4.2). 

 

Figure 4.2. Change to M-protein from pre- to post-exercise training for each participant. 

Each bar is labelled with M-protein isotype, diagnosis, and risk stratification. N=14. SMM = 

Smouldering multiple myeloma; MGUS = Monoclonal gammopathy of undetermined significance; 

H-R = High-risk; HI-R = High-intermediate risk; I-R = Intermediate-risk; L-R = Low risk, defined 

according to MGUS and SMM risk stratification models (Mateos et al., 2020; Rajkumar et al., 2005).  

 

4.4.3.2.2 Involved serum FLC 

Change to involved FLC from pre- to post-exercise training ranged from −74.00 to +104.94 mg/L 

(Figure 4.3), with the largest reduction seen in a patient with kappa FLC SMM, and the largest 

increase occurring in a participant that also displayed the largest increase in M-protein (Figure 4.1, 

panel 15). Individual changes to involved FLC did not exceed historical variation or published 

thresholds for expected variation in involved FLC (CV 28.4%) (Katzmann et al., 2011) (Appendix 

6). Diagnosis and risk stratification did not appear to be influential in determining the response of 

involved FLC to exercise training, however no individuals with monoclonal lambda involvement 

showed a decrease to involved FLC from pre- to post-exercise training (Figure 4.3). 
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Figure 4.3. Change to involved FLC from pre- to post-exercise training for each participant. 

Each bar is labelled with involved FLC isotype, diagnosis, and risk stratification. N=13. SMM = 

Smouldering multiple myeloma; MGUS = Monoclonal gammopathy of undetermined significance; λ 

= Lambda; κ = Kappa. H-R = High-risk; HI-R = High-intermediate risk; I-R = Intermediate-risk; 

L-R = Low risk, defined according to MGUS and SMM risk stratification models (Mateos et al., 

2020; Rajkumar et al., 2005). 

 

4.4.3.2.3 Serum FLC ratio 

At baseline, N=2/15 participants had a normal FLC ratio of 0.26-1.65 (Katzmann et al., 2002), 

N=9/15 participants had a high FLC ratio due to monoclonal kappa FLC involvement, and N=4/15 

participants had a low FLC ratio due to monoclonal lambda FLC involvement (Figure 4.4A). 

Furthermore, three participants diagnosed with SMM had a FLC ratio >20, which is considered a 

disease progression risk factor using the 20/20/20 model of SMM risk stratification (Mateos et al., 

2020). Of nine participants with a high FLC ratio at baseline, N=6/9 participants exhibited a reduced 

FLC ratio (range −0.17 to −3.55) and N=3/9 participants exhibited an increased FLC ratio (range 

0.91 to 2.05) from pre-to post-exercise training (Figure 4.4A). One SMM patient exhibited a 

reduction to FLC ratio from 23.11 to 19.56 from pre- to post-exercise training, crossing the risk 

stratification threshold of 20. Of four participants with a low FLC ratio at baseline, N=2/4 exhibited 

an increased FLC ratio (0.002 to 0.014) and N=2/4 exhibited a decreased FLC ratio (−0.015 to 

−0.016) from pre- to post-exercise training (Figure 4.4A).  

4.4.3.2.4 Serum FLC difference 

FLC difference in decreased in N=6/13 participants and increased in N=7/13 participants with an 

abnormal FLC ratio, from pre- to post-exercise training, with a range of −72.98 to +106.66 mg/L 

(Figure 4.4B). As seen for involved FLC, the largest decrease to FLC difference was seen in a patient 
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with kappa FLC SMM and the largest increase was seen in a patient that also showed the largest 

increase to M-protein and involved FLC from pre- to post-exercise training. 

4.4.3.2.5 β2 microglobulin  

Three participants displayed β2 microglobulin >2.5 mg/L at baseline, indicating increased risk of 

disease progression to MM when compared to β2 microglobulin <2.5 mg/L (Rossi et al., 2010). β2 

microglobulin decreased in N=6/15 participants and increased in N=9/15 participants from pre- to 

post-exercise training, with a range of −0.28 to +0.33 mg/L (Figure 4.4C). No individual changes 

crossed the prognostic threshold for increased risk of disease progression of 2.5 mg/L (Figure 4.4C). 

 

Figure 4.4. Change to FLC ratio, FLC difference, β2 microglobulin, and the frequency of circulating 

plasma cells from pre- to post-exercise training.  

A = FLC ratio (N=15), B = FLC difference (N=13), C = β2 microglobulin (N=15), D = circulating 

plasma cells (N=9). Normal ranges in green. Pre = Pre-exercise training; Post = Post-exercise 

training. Lymphocyte viability – assessed via FVS staining – was 95.5% (range 90.3% to 98.5%). 

A B 

C D 
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4.4.3.2.6 Circulating plasma cells 

The median frequency of circulating plasma cells at baseline was 0.098 ± 0.114 cells/μL for 

participants with SMM (N=8) and 0.034 cells/μL for a participant with MGUS (N=1). Seven 

participants exhibited a decrease, and two participants exhibited an increase, to circulating plasma 

cell frequency from pre- to post-exercise training, with a range of −0.094 to 0.215 cells/μL (Figure 

4.4D). The largest increase to circulating plasma cells (0.215 cells/μL) occurred in a participant that 

also displayed a 1.8 g/L increase to M-protein from pre- to post-exercise training. 

4.4.3.3 Associations between compliance to the exercise programme vs. pre- to post-exercise 

training changes to disease activity 

There was an inverse association between adherence to supervised exercise sessions and pre- to post-

exercise training change to circulating plasma cells (Spearman’s r = −0.760, P=.022, N=9) (Figure 

4.5A) suggesting that higher attendance to supervised exercise sessions was associated with 

reductions to circulating plasma cells from pre- to post-exercise training. There were no associations 

identified between compliance to supervised exercise intensity, adherence to home-based exercise 

sessions, or home-based exercise intensity and pre- to post-exercise training changes to disease 

activity biomarkers (all P>.05, Appendix 7). 

4.4.3.4 Associations between pre- to post-exercise training changes to physical activity level, 

cardiorespiratory fitness, or body composition vs. disease activity 

Associations between pre- to post-exercise training changes to disease activity biomarkers and 

change to physical activity level or body composition were explored, due to previously-identified 

associations between physical activity level and MM risk (Moore et al., 2016), and elevated BMI 

and MM risk (Thordardottir et al., 2017), respectively. In addition, associations between change to 

disease activity biomarkers and change to cardiorespiratory fitness were explored, as measures of 

cardiorespiratory fitness (e.g., V̇O2PEAK) capture physiological adaptations to exercise training, which 

differs from pre- to post-exercise training changes to physical activity level which reflect a 

behavioural response to the exercise intervention. The median pre- to post-exercise training changes 

to habitual physical activity level, cardiorespiratory fitness, and body composition are shown in 

Chapter 3 (Section 3.4.2). 

Pre- to post-exercise training reduction to the frequency of circulating plasma cells was associated 

with an increase to total device-measured physical activity (Spearman’s r = −0.929, P=.007, N=7) 

(Figure 4.5B). However, no associations were identified between pre- to post-exercise training 

changes to physical activity level, cardiorespiratory fitness, or body composition, and changes to M-

protein, involved FLC, FLC difference, or β2 microglobulin (all P>.05) (Appendix 8). In addition, 

change to disease activity biomarkers from pre- to post-exercise training was not associated with age, 

or diagnostic/baseline clinical characteristics (all P>.05) (Appendix 8). 

4.4.3.5 Associations between pre- to post-exercise training changes to disease activity biomarkers 

Associations between pre- to post-exercise training changes to different MGUS and SMM disease 

activity biomarkers are shown in Appendix 9. Pre- to post-exercise training changes to M-protein 
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and involved FLC were positively correlated (Spearman’s r = 0.772, P=.005, N=12) showing that 

participants that exhibited a reduction to M-protein also exhibited a reduction to involved FLC, and 

visa-versa (Appendix 9). There was no association identified between pre- to post-exercise training 

changes to β2 microglobulin and circulating plasma cells (P>.05, Appendix 9), and neither change 

to β2 microglobulin nor circulating plasma cells was associated with change to M-protein or involved 

FLC from pre- to post-exercise training (all P>.05, Appendix 9). 

4.4.3.6 Long-term follow-up of self-reported physical activity level and disease activity 

Self-reported physical activity level and M-protein or involved FLC measured after the exercise 

programme are shown in Figure 4.6 or Appendix 10, respectively. For participants who further 

increased their physical activity level after completing the exercise programme, one participant 

displayed decreased M-protein and involved FLC (panel 1), but one participant did not exhibit a 

decrease to M-protein or involved FLC (panel 2) during eight-month follow-up. One participant who 

decreased their physical activity level after completing the exercise programme displayed a decrease 

to M-protein, but not involved FLC (panel 3) during eight-month follow-up. One participant 

decreased their physical activity level after the exercise programme, and primary M-protein increased 

whereas secondary M-protein and involved FLC decreased (panel 4) during eight-month follow-up. 

In three other participants that decreased their physical activity level after the exercise programme, 

M-protein increased (panels 5-7) and involved FLC increased (panel 5) or remained stable (panel 6-

7) during eight-month follow-up. 
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Figure 4.5. Scatterplots depicting correlations of disease activity or CRAB biomarkers. 

(A) Correlation between adherence to supervised exercise sessions and pre- to post-exercise training 

change to cPC (Spearman’s r = −0.760, P=.022, N=9). 

(B) Correlation between pre- to post-exercise training change to AEE and pre- to post-exercise 

training change to cPC (Spearman’s r = −0.929, P=.007, N=7). 

(C) Correlation between compliance to supervised exercise intensity and pre- to post-exercise 

training change to thoracic BMD (Pearson’s r = 0.683, P=.007, N=14). 

(D) Inverse correlation between pre- to post-exercise training change to BMI and pre- to post-

exercise training change to lower limb BMD (Pearson’s r= −0.525, P=.054, N=14) and positive 

correlation between pre- to post-exercise training change to BMI and pre- to post-exercise training 

change to upper limb BMD (Pearson’s r = 0.669, P=.009, N=14).  

(E) Correlation between pre- to post-exercise training change to lumbar BMD and pre- to post-

exercise training change to iFLC (Spearman’s r = −0.720, P=.008, N=12). 

(F) No statistically significant correlation between pre- to post-exercise training change to lean soft-

tissue mass and eGFR or creatinine (both P>.05, both N=14). 

cPC = Circulating plasma cells; AEE = Active energy expenditure [measured via BodyMedia 

device]; BMD = Bone mineral density; BMI = Body mass index; iFLC = involved free light chain; 

eGFR = Estimated glomerular filtration rate.  
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Figure 4.6. Eight-month follow-up of physical activity and M-protein after the exercise intervention.  

Self-reported physical activity – measured using IPAQ short form – is shown in green lines, M-

protein is shown in black lines, secondary M-protein is shown in grey lines (panel 4 only). The 

intervention period is highlighted in blue. Y-axes are individualised to best represent M-protein and 

physical activity level for each participant. The X-axis shows timepoints of routine disease 

monitoring, normalised to adjust for differences in the number of historical data points prior to 

commencing the exercise intervention. PA = Physical activity; MET-h/week = Metabolic equivalent 

of task (MET) hours per week of activity.  
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4.4.4 CRAB features 

4.4.4.1 Group changes to CRAB features from pre- to post-exercise training 

There was a small-magnitude, although not statistically significant, increase to erythrocyte count (1.7 

± 15.1%, P=.602, d=0.2) and thoracic spine bone mineral density (1.9 ± 9.6%, P=.209, d=0.2) from 

pre- to post-exercise training. There were no pre- to post-exercise training changes to creatinine, 

eGFR, haemoglobin, haematocrit, or bone mineral density measured at the whole-body level or at 

sites other than the thoracic spine (all P>.05, d<0.2) (Table 4.2).  

4.4.4.2 Individual changes to CRAB features from pre- to post-exercise training 

4.4.4.2.1 Renal function 

Fourteen participants displayed creatinine concentrations within the normal range (59-104 μmol/L 

for males, 45-84 μmol/L for females, NHS UK) at baseline and follow-up, and one participant with 

MGUS displayed elevated creatinine at baseline and follow-up (Figure 4.7A). Creatinine decreased 

in N=9/15 participants, was unchanged in N=2/15 participants, and increased in N=4/15 participants 

from pre- to post-exercise training, with a range of −8 to +12 μmol/L (Figure 4.7A). At baseline and 

follow-up, all participants had eGFR >60 mL/min/1.73m2 (normal in the absence of kidney disease, 

NHS UK). eGFR increased in N=9/15 participants, was unchanged in N=2/15 participants, and 

decreased in N=4/15 participants from pre- to post-exercise training, with a range of −16 to +9 

mL/min/1.73m2. No decreases resulted in eGFR falling below the threshold of 60 mL/min/1.73m2 

(Figure 4.7B).  

4.4.4.2.2 Anaemia 

The proportion of participants outside of the normal range for erythrocyte count (4.35-5.65 × 1012/L 

for males, 3.92-5.13 1012/L for females, Mayo Clinic), haemoglobin (13.2-16.6 g/dL for males, 11.6-

15.0 g/dL for females, Mayo Clinic), and haematocrit (0.383-0.486 for males, 0.355-0.449 for 

females, Mayo Clinic) was 40%, 40%, and 40%, respectively, at baseline and 27%, 20%, and 20%, 

respectively, at follow-up (Figure 4.7C-E). Of N=15 participants, the same eight participants 

exhibited an increase to all three biomarkers of anaemia and seven exhibited a decrease to all three 

biomarkers of anaemia. The increase to erythrocyte count, haemoglobin, and haematocrit exceeded 

previously established criteria for natural variation in N=7/8, N=5/8, and N=6/8 participants, 

respectively (Lacher, Barletta, & Hughes, 2012) (Appendix 6). Pre- to post-exercise training changes 

ranged from −1.05 to +1.51 × 1012/L for erythrocyte count, −4.23 to +6.07 g/dL for haemoglobin, 

and −0.09 to + 0.13 for haematocrit.
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Figure 4.7. Change to renal function and whole blood counts from pre- to post-

exercise training.  

A = Creatinine, B = eGFR, C = Erythrocyte count, D = Haemoglobin, E = 

Haematocrit. All N=15. Normal range for eGFR shown in green (>60 

mL/min/1.73m2 in the absence of kidney disease). Normal ranges for females 

(blue), males (purple) and both males and females (mauve) are shown for 

creatinine and whole blood counts. Solid lines display females, dashed lines 

display males. eGFR = Estimated glomerular filtration rate; Pre = Pre-exercise 

training; Post = Post-exercise training. 
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Figure 4.8. Change to regional bone 

mineral density from pre- to post-

exercise training.  

A = upper limb, B= ribs, C = 

thoracic spine, D = lumbar spine, E 

= pelvis, F = lower limb. All N=14. 

BMD = Bone mineral density; Pre 

= Pre-exercise training; Post = 

Post-exercise training. 

A B C 

D E F 



133 

 

4.4.4.2.3 Bone mineral density  

Twelve participants had normal bone mineral density and two participants displayed osteopenia (t-

score −1.0 to −2.5) at baseline. One participant did not undergo DEXA scans. At follow-up, the bone 

mineral density t-score for one participant decreased from −0.9 to −1.1, indicating the development 

of osteopenia. No other pre- to post-exercise training changes to bone mineral density crossed 

diagnostic t-score ranges. Changes to bone mineral density from pre- to post-exercise training ranged 

from −0.031 to +0.032 g/cm2 for whole body (N=6/14 increased), −0.151 to +0.083 g/cm2 for upper 

limbs (N=6/14 increased), −0.058 to +0.043 g/cm2 for ribs (N=11/14 increased),  −0.169 to +0.116 

g/cm2 for thoracic spine (N=8/14 increased), −0.249 to +0.356 g/cm2 for lumbar spine (N=6/14 

increased), −0.148 to +0.092 g/cm2 for the pelvis (N=7/14 increased), and −0.073 to +0.126 g/cm2 

for the lower limbs (N=7/14 increased) (Figure 4.8). 

4.4.4.3 Associations between compliance to the exercise programme vs. pre- to post-exercise 

training changes to CRAB features 

There was a positive association between compliance to supervised exercise intensity and pre- to 

post-exercise training increase to thoracic spine bone mineral density (Pearson’s r = 0.683, P=.007, 

N=14) (Figure 4.5C). There were no associations identified between adherence to supervised exercise 

sessions, adherence to home-based exercise sessions, or home-based exercise intensity and pre- to 

post-exercise training changes to CRAB features (all P>.05, Appendix 7). 

4.4.4.4 Associations between pre- to post-exercise training changes to physical activity level, 

cardiorespiratory fitness, or body composition vs. CRAB features 

Pre- to post-exercise training changes to creatinine, eGFR, erythrocyte count, haemoglobin, and 

haematocrit did not correlate with changes to physical activity level, cardiorespiratory fitness, and 

body composition (all P>.05) (Appendix 8). Pre- to post-exercise training reductions to BMI were 

associated with increases to lower limb bone mineral density (Pearson’s r= −0.525, P=.054, N=14) 

but decreases to upper limb bone mineral density (Pearson’s r = 0.669, P=.009, N=14) (Figure 4.5D). 

Changes to regional or whole-body bone mineral density from pre- to post-exercise training were not 

associated with changes to physical activity level or cardiorespiratory fitness (all P>.05) (Appendix 

8). In addition, an association between change to renal function and change to lean soft-tissue mass 

from pre- to post-exercise training was anticipated, as creatinine is a by-product of muscle protein 

metabolism. However, change to lean soft-tissue mass was not associated with change to creatinine 

(Pearson’s r = 0.157, P=.593, N=14) or eGFR (Pearson’s r = −0.168, P=.565, N=14) (Figure 4.5F). 

4.4.4.5 Associations between pre- to post-exercise training changes to disease activity biomarkers 

vs. CRAB features 

Pre- to post-exercise training changes to CRAB features were not associated with changes to M-

protein or involved FLC (all P>.05, Appendix 9), excluding an inverse association between pre- to 

post-exercise training changes to lumbar spine BMD and involved FLC (Spearman’s r = −0.720, 

P=.008, N=12) (Figure 4.5E). 
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4.4.5 Immunoparesis 

4.4.5.1 Group changes to immunoparesis from pre- to post-exercise training 

Immunoparesis describes the suppression of uninvolved immunoglobulins in MGUS and SMM. As 

such, change to polyclonal IgA, IgG, and IgM in patients without an IgA, IgG, or IgM M-protein 

isotype, respectively, was reported. There was no change from pre- to post-exercise training to 

polyclonal IgA, IgM or uninvolved FLC (all P>.05, d<0.2). There was a small-magnitude reduction 

to polyclonal IgG (−5.2 ± 10.6%, P=.162, d=0.2), but only four participants were included in this 

analysis and the reduction was not statistically significant (Table 4.2). 

The frequency of polyclonal memory B cells increased moderately by 2 ± 4 cells/µL from pre- to 

post-exercise training (P=.022, d=0.4, Figure 4.9). There was a small-magnitude increase to the 

frequency of polyclonal B cells (23 ± 29 cells/µL, P=.077, d=0.3) and naïve B cells (14 ± 19 cells/µL, 

P=.198, d=0.2) from pre- to post-exercise training, but these were not statistically significant (Figure 

4.9). There were no pre- to post-exercise training changes to the frequency of immature B cells 

(P>.05, Figure 4.9). Furthermore, there were no pre- to post-exercise training changes to the 

proportion of naïve, immature or memory B cells (all P>.05, d<0.2), but there was a modest increase 

to total B cell proportion of 4.4 ± 9.4% (P=.030, d=0.3) (Appendix 11). 

 

Figure 4.9. Change to B cell frequencies from pre- to post-exercise training. 

Block bars are median and error bars are IQR. Individual data are open circles. * indicates 

statistically significant change P<.05. All N=9. Lymphocyte viability was 95.5% (range 90.3% to 

98.5%). 
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Figure 4.10. Change to markers of immunoparesis from pre- to post-exercise training.  

A = polyclonal IgA (N=11), B = polyclonal IgG (N=4), C = polyclonal IgM (N=15), D = uninvolved 

free light chain (N=13), where solid lines show uninvolved kappa FLC, and dashed lines show 

uninvolved lambda FLC. Normal ranges are shown in green for polyclonal Ig, and immunoparesis 

thresholds are shown with solid (kappa) and dashed (lambda) lines for uninvolved FLC. FLC = Free 

light chain; Pre = Pre-exercise training; Post = Post-exercise training. 

 

4.4.5.2 Individual changes to immunoparesis from pre- to post-exercise training 

According to normal ranges for polyclonal immunoglobulins and FLC (Heaney et al., 2018; 

Katzmann et al., 2002), at baseline, immunoparesis of polyclonal IgM (<0.5 g/L) was present in 

N=9/15 participants with non-IgM M-protein, immunoparesis of polyclonal IgA (<0.8 g/L) was 

present in N=6/11 participants with non-IgA M-protein, and immunoparesis of polyclonal IgG (<6.0 

g/L) was present in N=1/4 participants with non-IgG M-protein (Figure 4.10A-C). Immunoparesis 

of uninvolved FLC (<3.3 mg/L lambda, or <5.7 mg/L kappa) was not present in any participants 

(Figure 4.10D). Pre- to post-exercise training changes to polyclonal IgA (range −0.07 to +0.06 g/L, 

N=6/11 increased), polyclonal IgG (range −0.87 to +0.01 g/L, N=1/4 increased), polyclonal IgM 

C D 

A B 
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(range −0.10 to +0.03 g/L, N=4/15 increased), and uninvolved FLC (range −1.72 to +1.73 mg/L, 

N=8/13 increased) were not clinically relevant in relation to diagnostic ranges for immunoparesis. 

According to age-specific percentile reference ranges for B cell frequencies in peripheral blood of 

healthy individuals (Blanco et al., 2018) suppression of polyclonal B cells (i.e., frequency below 5th 

percentile) was present in N=1/9 participants for naïve B cells, N=2/9 participants for total B cells, 

N=6/9 participants for immature B cells, and N=7/9 participants for memory B cells. Pre- to post-

exercise training changes to total B cells (range −33 to +35 cells/µL, N=7/9 increased), memory B 

cells (range −1 to +9 cells/µL, N=7/9 increased), immature B cells (range −0.3 to +1.4 cells/µL, 

N=5/9 increased) and naïve B cells (range −31 to +33 mg/L, N=7/9 increased) did not result in 

clinically relevant changes relating to reference ranges for circulating B cell frequencies.  

4.4.5.3 Associations between compliance to the exercise programme vs. pre- to post-exercise 

training changes to immunoparesis 

There was an inverse association between home-based exercise intensity and pre- to post-exercise 

training reduction to uninvolved FLC (Pearson’s r = −0.559, P=.047, N=13) (Figure 4.11A). There 

was a positive association between home-based exercise intensity and pre- to post-exercise training 

increase to immature B cell frequency (Spearman’s r = 0.686, P=.047, N=9) (Figure 4.11C). There 

were no associations identified between adherence to supervised exercise sessions, compliance to 

supervised exercise intensity, or adherence to home-based exercise sessions, and pre- to post-exercise 

training changes to immunoparesis (all P>.05, Appendix 7). 

4.4.5.4 Associations between pre- to post-exercise training changes to physical activity level, 

cardiorespiratory fitness, or body composition vs. immunoparesis 

A trend was observed, whereby a pre- to post-exercise training reduction to resting heart rate was 

associated with a reduction to uninvolved FLC (Pearson’s r = 0.548, P=.053, N=13) suggesting that 

fitness improvements are associated with reductions to polyclonal, uninvolved FLC (Figure 4.11B). 

A pre- to post-exercise training increase to the frequency of polyclonal memory B cells was 

associated with an increase to self-reported physical activity (Pearson’s r = 0.799, P=.031, N=7) 

(Figure 4.11D). There were no other associations identified between pre- to post-exercise training 

changes to polyclonal B cells, and pre- to post-exercise training changes to physical activity level, 

cardiorespiratory fitness, or body composition (all P>.05, Appendix 12). 

4.4.5.5 Associations between pre- to post-exercise training changes to polyclonal B cells vs. 

polyclonal immunoglobulins or uninvolved free light chain 

A pre- to post-exercise training increase to polyclonal IgM was associated with an increase to the 

proportion of naïve B cells (Pearson’s r = 0.761, P=.017, N=9) (Figure 4.11E) and a decrease to the 

proportion of immature B cells (Pearson’s r = −0.687, P=.041, N=9) (Figure 4.11F). There were no 

other associations identified between pre- to post-exercise training changes to the proportion or 

frequency of polyclonal B cells and polyclonal IgA, polyclonal IgM, or uninvolved FLC (all P>.05, 

Appendix 9). 
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Figure 4.11. Scatterplots depicting correlations of immunoparesis. 

(A) Correlation between home exercise intensity and pre- to post-exercise training change to uFLC 

(Pearson’s r = −0.559, P=.047, N=13). 

(B) Correlation between pre- to post-exercise training change to RHR and pre- to post-exercise 

training change to uFLC (Pearson’s r = 0.548, P=.053, N=13). 

(C) Correlation between home exercise intensity and pre- to post-exercise training change to 

polyclonal immature B cell frequency (Spearman’s r = 0.686, P=.047, N=9). 

(D) Correlation between pre- to post-exercise training change to self-reported PA and pre- to post-

exercise training change to total polyclonal B cell frequency (Pearson’s r = 0.799, P=.031, N=7). 

(E) Correlation between pre- to post-exercise training change to polyclonal naïve B cell proportion 

and pre- to post-exercise training change to polyclonal IgM (Pearson’s r = 0.761, P=.017, N=9) 

(F) Correlation between pre- to post-exercise training change to polyclonal immature B cell 

proportion and pre- to post-exercise training change to polyclonal IgM (Pearson’s r = −0.687, 

P=.041, N=9). 

VO2PEAK = Peak oxygen uptake; uFLC = Uninvolved free light chain; RHR = Resting heart rate; PA 

= Physical activity; MET-hours/week = Metabolic equivalent of task (MET) hours per week.  
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4.5 Discussion 

The principal finding of this pilot trial was that progressive exercise training did not induce 

statistically- or clinically-significant changes to biomarkers of MGUS and SMM disease activity. 

Indeed, changes to disease biomarkers did not exceed within-participant historical variation or 

published values for expected biological and analytical variation (Katzmann et al., 2011) and did not 

meet the minimum criteria for response to anti-MM therapy (Kumar et al., 2016). Furthermore, due 

to the mechanistic role of disease biomarkers in the development of disease-associated comorbidities 

in MGUS and SMM, no changes to anaemia indices, renal function, bone mineral density or 

immunoparesis resulted from exercise training, with individual changes generally occurring without 

crossing clinical thresholds. However, there was an increase to polyclonal memory B cells from pre- 

to post-exercise training in MGUS and SMM patients herein. 

A prior case-study of a former elite athlete diagnosed with SMM showed that four years of vigorous 

intensity, multi-modal exercise training reduced M-protein by 27%, equivalent to an 8% (−1.7 g/L) 

average annual decrease (Boullosa et al., 2013). M-protein reductions of similar absolute (−1.9 g/L) 

and proportional (−6.9%) magnitude were seen after just four months of exercise training for two 

participants who displayed the largest reductions to M-protein in the present trial, suggesting that the 

findings of the case-study are replicable on an individual level. However, the clinical relevance of 

reductions to M-protein in the aforementioned case study and the present trial are limited. Indeed, 

M-protein reductions <25% following a therapeutic intervention are not considered a treatment 

response (Kumar et al., 2016). Furthermore, expected variation between serial measurements of M-

protein in patients with stable disease is CV 8.1% (Katzmann et al., 2011). Analysis of published 

data in the prior case study revealed that the decrease in M-protein after the first year of training (CV 

= 10.8%) exceeded expected variation (Boullosa et al., 2013). However, in line with the findings of 

the present trial, no other annual changes to M-protein following further exercise training exceeded 

expected variation. By further interrogating the results of the prior case study, it appears that the 

conclusion that exercise training reversed disease activity in one patient with SMM may be 

unfounded. Furthermore, the data presented herein for an additional 15 participants diagnosed with 

MGUS and SMM suggests that exercise training does not alter disease activity in MGUS and SMM. 

Serum FLC have a shorter half-life of 2-6 hours compared with 5-23 days for intact immunoglobulins 

(Willrich, Murray, & Kyle, 2018) and were measured to provide near real-time – and therefore more 

sensitive – monitoring of changes to disease activity following exercise training. The absence of a 

reduction to M-protein, i.e., intact immunoglobulin, from pre- to post-exercise training in the present 

trial may be open to interpretation due to the short-term exercise training programme potentially 

precluding changes to a biomarker with a relatively long half-life. However, the lack of change to 

involved FLC, FLC difference, and FLC ratio provides further evidence that exercise training cannot 

reverse disease activity of MGUS and SMM in the short-term. A pattern emerged whereby involved 

lambda FLC appeared less susceptible to reductions following exercise training, which was also 

apparent in a prior study that utilised curcumin supplementation in MGUS and SMM (Golombick, 
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Diamond, Manoharan, & Ramakrishna, 2012). However, as only four participants presented with 

lambda involvement in the present trial, future studies with a larger sample size are required to 

identify differences in the response to exercise training with kappa and lambda isotype. 

There was no change to the frequency of circulating plasma cells from pre- to post-exercise training. 

No studies to date have quantified circulating plasma cells per microliter of peripheral blood via 

multiparameter flow cytometry in MGUS and SMM. One prior study showed that circulating plasma 

cells occupying >0.001% of total cells acquired via flow cytometry is an adverse prognostic factor 

in SMM (Gonsalves et al., 2017). In the present trial, circulating plasma cells represented 0.0043% 

and 0.0036% of total cells acquired pre- and post-exercise training, respectively, with ~90% and 

~80% of participants displaying >0.001% circulating plasma cells pre- and post-exercise training, 

respectively. The relatively high proportions of circulating plasma cells in the present trial may be 

attributed to using a four-colour flow cytometry panel, compared to a six-colour flow cytometry 

panel in the prior study, which reduces the specificity and may incorporate a greater number of cells 

(Gonsalves et al., 2017).  

An association was identified between reductions to circulating plasma cell frequency from pre- to 

post-exercise training, and increases to device-measured physical activity and higher adherence to 

supervised exercise sessions. It is possible that these associations are explained by increased killing 

of circulating plasma cells when cytotoxic effector cells are mobilised into the circulation during 

each episode of exercise. Indeed, a prior study in healthy young participants showed that cytotoxic 

natural killer (NK) cells mobilised into the circulation following an acute bout of exercise kill MM 

cell lines in vitro (Bigley et al., 2014). Associations between pre- to post-exercise training changes 

to circulating plasma cells and β2 microglobulin were investigated to interrogate the potential role 

for NK cells in mediating inverse associations between physical activity level and circulating plasma 

cells. Indeed, β2 microglobulin is a component of major histocompatibility complex (MHC) (Li, 

Dong, & Wang, 2016) and NK cells kill cancer cells lacking MHC-1 expression (Cornel et al., 2020). 

As such, an increase in serum β2 microglobulin – potentially reflecting shedding of MHC-1 – may 

be associated with a reduction to circulating plasma cells via NK cell killing. However, no association 

was identified between β2 microglobulin and circulating plasma cells, suggesting the involvement 

of another mechanism(s) to explain the association between increased physical activity level and 

decreased circulating plasma cells from pre- to post-exercise training in MGUS and SMM. 

Deposition of M-protein and FLC in the kidneys compromises renal function and may trigger anti-

cancer therapy in MGUS with renal involvement, despite the low risk of progression to active MM 

(Leung et al., 2012). Therefore, interventions to optimise renal function in MGUS may alleviate the 

need for anti-cancer therapy with accompanying toxicities. In the present trial, creatinine and eGFR 

did not change in response to exercise training, which may be attributed to the lack of change to 

disease biomarkers that induce renal dysfunction in MGUS and SMM. Associations between pre- to 

post-exercise training changes to renal function and lean soft-tissue mass were explored herein, due 
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to previously identified positive associations between physical activity level, muscle mass, and serum 

creatinine (Baxmann et al., 2008). No associations were identified between changes to lean soft-

tissue mass and renal function in the present trial, but such associations should be considered in future 

trials, as an exercise-induced increase to lean soft-tissue mass may seemingly reduce renal function, 

due to increases in creatinine associated with muscle metabolism (Wyss & Kaddurah-Daouk, 2000). 

Furthermore, future research should recruit patients with compromised renal function, i.e., 

monoclonal gammopathy of renal significance, as renal function was within the normal range in the 

present trial and thus may be insensitive to change. 

Bone mineral density of the whole-body and regions related to sites of osteolytic lesion development 

upon disease progression to MM (Roodman, 2008) did not increase in response to exercise training 

in MGUS and SMM. However, a pre- to post-exercise training reduction to BMI was associated with 

increases to lower limb bone mineral density, and reductions to upper limb bone mineral density. 

These associations contradict prior research showing positive associations between BMI and the 

density of weight bearing, but not non-weight bearing, bone sites in healthy persons (Felson, Zhang, 

Hannan, & Anderson, 1993). The lack of change to disease activity herein may explain the lack of 

change to bone mineral density from pre- to post-exercise training, as clonal plasma cells and M-

protein increase bone resorption in clonal plasma cell disorders (Silbermann & Roodman, 2013; 

Westhrin et al., 2020). Indeed, a trial employing a rodent model of MM bone disease showed that 

three weeks of external mechanical loading of the tibia increased bone formation and decreased bone 

resorption alongside reductions to MM tumour growth (Rummler et al., 2021). Furthermore, one 

participant in the present trial developed osteopenia during the exercise intervention, and also 

displayed the largest increase to M-protein and involved FLC from pre- to post-exercise training, 

highlighting the mechanistic link between disease activity and bone mineral density in MGUS and 

SMM.  

In agreement with the present trial, a prior single-arm trial of a whole-body vibration intervention 

performed twice weekly for three months showed no change to tibial bone mineral density in MGUS 

and SMM (Seefried et al., 2020). Both walking-based exercise and whole-body vibration training 

have previously been deemed insufficient to increase bone mineral density, but may prevent 

progressive declines (Benedetti, Furlini, Zati, & Mauro, 2018). Indeed, a prior study in 

haematological cancer survivors demonstrated that 24 weeks of exercise training averted a decline 

in bone mineral density that occurred in the non-exercising control group (Furzer et al., 2016). In 

contrast, in prostate cancer patients receiving androgen deprivation therapy, it was found that impact 

loading activities (e.g., jumping) were required alongside progressive resistance exercise to attenuate 

declines in bone mineral density of the lumbar spine and femoral neck over a six to 12-month period, 

whereas aerobic and resistance exercise was insufficient to preserve bone mineral density (Newton 

et al., 2019). The addition of impact loading exercises to aerobic and resistance training in MGUS 

and SMM may provide greater stimulus for maintaining or increasing bone mineral density, which 

is of clinical relevance as low bone mineral density (T-score below −2.5) is associated with 3.65-fold 
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increased risk of non-traumatic vertebral fracture in MGUS patients (Piot et al., 2015) and fractures 

presenting at MM diagnosis increase the risk of death by 28% (Thorsteinsdottir et al., 2020).  

At baseline, 60% of participants displayed immunoparesis of ≥1 polyclonal immunoglobulin, which 

reflects previous research showing that immunoparesis is present in ~70% of individuals with MGUS 

(Cherry et al., 2013). Immunoparesis of polyclonal immunoglobulins is the result of clonal plasma 

cells reducing the proportion of normal bone marrow plasma cells in MGUS, SMM and MM 

(Olteanu et al., 2008; Paiva et al., 2011). However, no participants exhibited immunoparesis of 

uninvolved FLC pre- or post-exercise training in the present trial. Herein, there was no change to 

polyclonal IgG, IgA, or IgM, or uninvolved FLC from pre- to post-exercise training in patients with 

MGUS and SMM, which may be attributed to the lack of change to disease activity. Prior studies 

have shown that aerobic exercise training performed for 12-15 weeks had no effect on basal serum 

IgG, IgA, and IgM concentrations in healthy young adults (Mitchell et al., 1996; Nehlsen-Cannarella 

et al., 1991). Another prior trial showed that healthy, endurance trained older adults exhibited lower 

polyclonal FLC in blood than healthy, but less active, age-matched counterparts (Heaney, Phillips, 

Drayson, & Campbell, 2016). Lower polyclonal FLC in physically active older adults reflects lower 

systemic inflammation (Heaney et al., 2016) and, similarly, in MGUS and SMM patients involved 

in the present trial, who did not display immunoparesis of uninvolved FLC, the positive association 

between pre- to post-exercise training change to resting heart rate and uninvolved FLC likely reflects 

reductions to systemic inflammation with increasing cardiorespiratory fitness. The effects of exercise 

training on uninvolved FLC in MGUS and SMM patients with immunoparesis of uninvolved FLC 

remains to be determined. 

Suppression of polyclonal memory and immature B cells was present in ~70% of participants in the 

present trial, when compared to age-specific reference ranges derived from healthy individuals 

(Blanco et al., 2018). When compared to other studies in MGUS and SMM, similar frequencies of 

polyclonal immature and naïve B cells were reported in the present trial (Paiva et al., 2011). There 

was a moderate increase to the frequency of polyclonal memory B cells, and a small increase to the 

frequency of polyclonal B cells and naïve B cells, in blood from pre- to post-exercise training in the 

present trial. Similarly, a prior study showed that physically active older adults exhibit higher 

proportions of naïve B cells in blood than age-matched counterparts with a lower physical activity 

level (Duggal et al., 2018). Herein, an increase to the proportion of polyclonal naïve B cells from 

pre- to post-exercise training was associated with an increase to polyclonal IgM. Immunoparesis of 

polyclonal IgM in newly-diagnosed MM is associated with shorter overall and progression-free 

survival compared to those with IgM within the normal range (Heaney et al., 2018). Taken together, 

exercise-induced increases to naïve B cells in blood may in-turn be associated with an increase to 

polyclonal IgM, with downstream prognostic impact upon disease progression to MM.  

Anaemia attributed to clonal plasma cell expansion is a MM-defining feature, thus anaemia in MGUS 

and SMM occurs due to processes unrelated to plasma cell pathophysiology (Rajkumar et al., 2014). 
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Therefore, the lack of change to disease activity biomarkers in the present trial does not preclude 

changes to markers of anaemia. At baseline, ~30% of MGUS and SMM patients presented with 

values below the normal range for erythrocyte count, haemoglobin, and haematocrit. While there 

were no pre- to post-exercise training changes to erythrocytes, haemoglobin, or haematocrit, only 

~15% of participants were below normal ranges following exercise training. Causes of anaemia in 

MGUS and SMM may be reduced iron intake and/or absorption (VanderWall, Daniels-Wells, 

Penichet, & Lichtenstein, 2013). Therefore, appropriate control of dietary iron intake and statistical 

adjustment for comorbidities associated with reduced iron absorption are required when examining 

the effects of exercise training on anaemia in MGUS and SMM in future trials.  

This pilot trial showed that exercise training does not alter disease activity, CRAB features or 

immunoparesis in MGUS and SMM. Prior studies have administered anti-MM therapy to individuals 

with high-risk SMM, achieving complete responses (i.e., undetectable M-protein, 100% reduction) 

with carfilzomib-lenalidomide-dexamethasone, for example (Korde et al., 2015). The group median 

(<1%) and highest individual (~7%) decrease to M-protein in the present trial highlights the limited 

efficacy of the exercise training programme implemented in this trial compared with pharmaceutical 

interventions. On the other hand, exercise training was associated with a small number of grade 1 

adverse events (Section 3.4.1.3), when compared with high-grade adverse events seen with anti-MM 

therapy in SMM (Kim et al., 2020). The mild and infrequent adverse events associated with exercise 

training indicate that risk stratification is not needed to inform the decision for this intervention. 

Therefore, exercise can be recommended to patients across all risk stratifications of MGUS and SMM 

to obtain broader physical and psychological health benefits, with the possibility of maintaining 

stable disease. Furthermore, the long-term effects of exercise training in MGUS and SMM have not 

yet been investigated. The literature review of this thesis (Chapter 2, Section 2.4) identified that the 

reduced risk of clinically diagnosed cancers – including MM – in physically active individuals 

(Matthews et al., 2019; Moore et al., 2016) may be explained by immunological mechanisms that 

are enhanced by exercise to maintain the equilibrium phase of immunoediting and thus avert a 

clinical cancer diagnosis. As MGUS and SMM represent detectable manifestations of the equilibrium 

phase of immunoediting (Nakamura et al., 2020), long-term exercise training may reduce MM risk 

in MGUS and SMM. 

A randomised-controlled trial is required in the future to determine whether exercise training reduces 

the risk of disease progression from MGUS and SMM to MM. Such a trial would prescribe exercise 

training to patients with high-risk SMM – which progresses to MM within <30 months (Lakshman 

et al., 2018) – and measure time-to-progression to MM as the primary outcome. As anti-cancer 

therapy is not advocated in MGUS and SMM (Kyle et al., 2010), there is the opportunity to assess 

the effects of exercise training on clinical cancer incidence without confounding anti-cancer effects 

of treatment, which are standard of care for most symptomatic cancers. Trials of this design are 

required to understand how the risk of MM is reduced in physically active individuals. Indeed, the 

findings of the present trial suggest that exercise training cannot reverse MGUS and SMM disease 
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activity. Furthermore, prior evidence showing that the incidence of other cancer precursor conditions 

(Boutron-Ruault et al., 2001; Hilal et al., 2016; Lam et al., 2018) and the commonly indolent 

haematological malignancy lymphocytic leukaemia (Moore et al., 2016) are not reduced by physical 

activity suggests that MGUS and SMM may also not be prevented in physically active individuals. 

Taken together, it appears that the reduced risk of MM in physically active individuals may be 

explained by mechanisms that avert the progression from MGUS and SMM to MM. However, the 

inability of exercise training to reverse MGUS and SMM disease activity cannot be definitively 

confirmed based on the findings of the present trial, due to the lack of change to lean soft-tissue mass 

from pre- to post-exercise training (Section 3.4.2.4). Indeed, enhancements to immune competency 

in physically active individuals – which are purported to underpin the anti-cancer effects of physical 

activity – appear to be mediated via increases to IL-7 and IL-15 (Duggal et al., 2018) which are 

expressed in skeletal muscle (Haugen et al., 2010; Nielsen et al., 2007). Therefore, it cannot be 

discounted that disease activity may be reversed following an exercise intervention that stimulates 

muscle hypertrophy. Furthermore, acute increases to IL-7 and IL-15 – which have previously been 

shown following vigorous intensity aerobic (Tamura et al., 2011) and resistance (Reichman et al., 

2004) – were not measured after individual exercise sessions in the present study, and thus it is 

possible that the exercise prescription did not induce acute increases to immunoregulatory myokines 

purported to enhance immune competency and the elimination of immunogenic cancer cells. 

This pilot trial is not without limitations. For example, despite creating ‘within-patient controls’ using 

historical disease activity data, the single-arm design does not capture changes to disease activity 

that occur over a 16-week period in participants during ‘watchful waiting’ usual care. Indeed, as anti-

cancer therapy is not advocated in MGUS and SMM (Kyle et al., 2010) disease activity biomarkers 

are expected to steadily increase over time. Furthermore, while this pilot trial captured a range of 

participants of different ages and was balanced in recruitment of male and female participants within 

a small sample, a larger sample is required to capture different ethnic groups and patients with 

ranging clinical status. A separate limitation of the present trial was the phenotyping of polyclonal B 

cells and plasma cells following cryopreservation, which may be influenced by attrition of cell 

subsets (Rasmussen et al., 2015; Verschoor, Kohli, & Balion, 2018). In addition, circulating plasma 

cells were identified via CD38, CD138, kappa, and lambda expression in the present trial. While this 

approach identifies light chain-restricted plasma cells, clonality was not confirmed. Guidelines from 

the European Myeloma Network recommend using CD45, CD19, and CD56 to determine clonality 

within bone marrow plasma cells (Rawstron et al., 2008) however, there is a lack of consensus for 

antibody combinations to identify circulating plasma cells via multiparameter flow cytometry in 

MGUS and SMM (Sanoja-Flores, Flores-Montero, Perez-Andres, Puig, & Orfao, 2020). However, 

as plasma cells are uncommon in the blood of healthy individuals (Caraux et al., 2010), it is likely 

that the circulating plasma cells enumerated in MGUS and SMM patients were clonal. 
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4.6 Conclusion 

In contrast to a prior case study, exercise training did not reduce disease activity biomarkers in 

MGUS and SMM. Furthermore, CRAB features and immunoparesis were unaffected by exercise 

training. While exercise training cannot be recommended with the intention of ameliorating disease 

activity in MGUS and SMM based on the findings of this pilot trial, the absence of a negative impact 

allows recommendations for exercise to optimise broader physical and psychological health in 

MGUS and SMM. Furthermore, in the knowledge that exercise training is safe and does not 

exacerbate disease activity in MGUS and SMM, future randomised-controlled trials performed until 

disease progression in high-risk SMM can be conducted to evaluate the therapeutic efficacy of 

exercise training to reduce the risk of MM. 
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5 Effects of progressive exercise training on immune competency and inflammation in patients 

with smouldering multiple myeloma and monoclonal gammopathy of undetermined 

significance 

5.1 Commentary 

In Chapter 5, the effects of progressive exercise training on purported anti-cancer mechanisms of 

exercise were explored in monoclonal gammopathy of undetermined significance (MGUS) and 

smouldering multiple myeloma (SMM). Whilst evaluating the feasibility and safety of exercise 

training in MGUS and SMM (Chapter 3) and investigating whether exercise training can reverse 

MGUS and SMM disease activity (Chapter 4), there was the opportunity to explore the effects of 

exercise training on immune competency. Indeed, Chapter 2 highlighted three exercise immunology 

theories that underpin improvements to immune competency, which appear to converge via cancer 

immunoediting to explain the reduced risk of clinical cancers in physically active persons.  

The theory of acute exercise immunosurveillance describes the mobilisation and redistribution of 

cytotoxic effector cells to tumour sites following acute bouts of vigorous intensity exercise, which is 

purported to eliminate cancer cells. Herein, blood samples and bone marrow biopsies were not 

collected after an acute bout of exercise to evaluate acute exercise immunosurveillance in MGUS 

and SMM. Instead, in Chapter 5, the effects of progressive exercise training on the frequency of 1) 

exhausted and anergic T cells, and 2) naïve and senescent T cells, were examined in blood, at rest, 

in MGUS and SMM. Despite the lack of change to disease activity (Chapter 4) – which limited the 

ability to investigate immune competency as an anti-cancer mechanism of exercise – it was important 

to evaluate the preliminary efficacy of exercise training to improve immune competency in MGUS 

and SMM, prior to future trials measuring time-to-progression from MGUS and SMM to MM. 

Indeed, trials measuring cancer incidence alongside measures of immune competency are required 

to elucidate the mechanisms by which exercise training reduces clinical cancer risk. 

Herein, T cell exhaustion and anergy were measured as T cells expressing programmed cell death 

protein-1 and cytotoxic T lymphocyte-associated protein (CTLA)-4, respectively, due to the 

importance of these immunoregulatory receptors in immune-checkpoint therapies (Vaddepally et al., 

2020). More specifically, CTLA4+CD4+ T cells were quantified, as anti-CTLA4 immunotherapy 

targets CTLA4+CD4+ T regulatory cells to alleviate anergy (Quezada & Peggs, 2019; Sobhani et al., 

2021). In addition, T cells expressing features of senescence (e.g., CD57+ or killer immunoglobulin-

like receptor subfamily G1) and naïve T cells were quantified in blood pre- and post-exercise training 

in MGUS and SMM. Furthermore, due to the role of immunosenescence in ‘inflammaging’, 

inflammatory biomarkers associated with ageing – and the pathogenesis of MGUS and SMM – were 

measured in blood. Finally, the effects of exercise training on interleukin (IL)-15 – via which theories 

of exercise-induced immunomodulation appear to coalesce – was measured. Preliminary 

investigation of the effects of exercise training on immune competency in MGUS and SMM herein 

represents the first step towards understanding how exercise training may reduce clinical cancer risk. 
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5.2 Introduction 

Monoclonal gammopathy of undetermined significance (MGUS) and smouldering multiple 

myeloma (SMM) are asymptomatic clonal plasma cell disorders that precede the clinical cancer 

multiple myeloma (MM) (Landgren et al., 2009; Weiss et al., 2009). Treatment with conventional 

anti-cancer therapies to prevent or delay progression to MM is not advocated for MGUS and SMM, 

due to the toxicity and economic cost of prescribing anti-cancer drugs in patients with an uncertain 

risk of progression (Rajkumar et al., 2005) and limited efficacy of these therapies against potentially 

inert plasma cell clones (Campbell et al., 2017; Landgren, 2017). Instead, International Myeloma 

Working Group clinical care guidelines advocate a ‘watchful waiting’ approach with routine 

monitoring of disease biomarkers – monoclonal (M)-protein and serum free light chains (FLC) – 

commonly present in blood to identify disease progression to MM (Kyle et al., 2010).  

Risk of disease progression to MM from MGUS is 1% per year overall (Kyle et al., 2002), however 

MGUS subgroups exhibiting disease progression risk factors are at 12-fold greater risk of progression 

to MM, compared to those without disease progression risk factors (Rajkumar et al., 2005). Indeed, 

MGUS patients exhibiting a non-IgG M-protein isotype, M-protein concentration >15 g/L, and 

abnormal serum FLC ratio are stratified as high-risk MGUS (Rajkumar et al., 2005). Low-risk, low-

intermediate risk, and high-intermediate risk MGUS patients present with zero, one, or two of the 

aforementioned risk factors, respectively (Rajkumar et al., 2005). Overall risk of progression for 

individuals with SMM – which represents more severe disease than MGUS – is substantially greater 

at 50% at five years (Kyle et al., 2007). Furthermore, high-risk SMM subgroups exhibiting 

progression risk factors have ~50% risk of disease progression within two years (Lakshman et al., 

2018). SMM disease progression risk factors are bone marrow plasma cells >20%, M-protein >20 

g/L, and serum FLC ratio >20 (Mateos et al., 2020). The SMM 20/20/20 risk stratification model 

identifies low-risk, low-intermediate risk, intermediate-risk, or high-risk SMM patients exhibiting 

zero, one, two, or three risk factors, respectively (Mateos et al., 2020). 

Accumulating evidence indicates that physical activity reduces the incidence of MM (Matthews et 

al., 2019; Moore et al., 2016). In the presence of prior studies showing that individuals with a higher 

physical activity level do not exhibit lower risk of other cancer precursors (Boutron-Ruault et al., 

2001; Hilal et al., 2016; Lam et al., 2018) or the commonly asymptomatic and untreated 

haematological malignancy, lymphocytic leukaemia (Moore et al., 2016), it appears that physical 

activity may not prevent MGUS and SMM arising. Instead, physical activity likely reduces MM risk 

by averting disease progression from MGUS and SMM to MM. Moreover, it is thought that regular 

exercise may reduce the risk of all cancers which exhibit immunogenic features, as discussed in 

Section 2.4.2 of this thesis, based on preliminary analysis of the largest available dataset of 

associations between physical activity and cancer risk (Moore et al., 2016). However, experimental 

evidence demonstrating that exercise training reduces clinical cancer risk in humans is currently 

absent.  
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MGUS and SMM represent a unique clinical model to explore the hypothesis that exercise training 

can avert a clinical cancer diagnosis. MGUS and SMM are not uncommon, affecting >4% of adults 

aged >50 years in the general population (Dispenzieri et al., 2010; Kyle et al., 2006). The absence of 

anti-cancer therapies to avert progression from MGUS and SMM to MM presents an opportunity to 

implement structured exercise training without confounding anti-cancer effects of therapy. 

Furthermore, as high-risk SMM typically progresses to MM within <30 months (Lakshman et al., 

2018) it is feasible to implement exercise training until disease progression. Clinical trials comparing 

time-to-progression in high-risk SMM patients randomly allocated to structured exercise training or 

non-exercise training groups during ‘watchful waiting’ are required to understand the effects and 

mechanisms of exercise training on clinical cancer risk in humans. Prior to conducting long-term 

exercise intervention trials in high-risk SMM with time-to-progression as the primary outcome, 

short-term pilot trials must evaluate the safety of progressive exercise training for patients with 

MGUS and SMM. Furthermore, pilot trials provide the opportunity to determine the preliminary 

efficacy of exercise prescriptions to alter purported anti-cancer mechanisms of exercise. 

Exercise-induced modulation of immune regulation and competency is purported to explain observed 

reductions to clinical cancer risk across anatomical locations in physically active individuals by 

enhancing cancer immunoediting (Koelwyn et al., 2015). Cancer immunoediting occurs across three 

phases of elimination, equilibrium, and escape (Dunn et al., 2002). Preclinical cancers are eradicated 

during the ‘elimination’ phase and contained in a dormant state during the ‘equilibrium’ phase, due 

to the elimination of immunogenic cancer cells. Clinical cancers are diagnosed upon the ‘escape’ of 

sculpted cancers with reduced immunogenicity from immune control (Dunn et al., 2002). During 

elimination and equilibrium phases of cancer immunoediting, cancer-specific T cells recognise and 

eliminate immunogenic cancer cells upon interaction between their T cell receptor and major 

histocompatibility complex (MHC)-1 expressing cancer antigens on the immunogenic cancer cell 

(Chen & Mellman, 2013). T cell dysfunction – including senescence, anergy, and exhaustion – within 

the tumour microenvironment diminishes the immune response to cancer (Crespo et al., 2013). 

Alleviation of T cell dysfunction may explain the reduced risk of clinical cancer in physically active 

individuals, by restoring the ability of cancer-specific T cells to eliminate immunogenic cancer cells. 

Next, three theories from the field of exercise immunology that may underpin improvements to 

immune regulation and competency in physically active persons are discussed. 

Three theories of exercise-induced immune enhancement were identified in Section 2.4 of this thesis, 

which may underlie the lower risk of clinically diagnosed cancers in physically active individuals. 

Indeed, the processes of cancer immunoediting may be enhanced by: 1) acute exercise 

immunosurveillance, 2) resolution of T cell exhaustion and anergy, and 3) amelioration of T cell 

senescence and increased T cell stemness, in physically active individuals. Theory one postulates 

that acute bouts of vigorous intensity exercise stimulate a profound mobilisation of cytotoxic, late-

differentiated effector immune cells (e.g., natural killer (NK) cells, effector memory T cells) into the 

circulation (Campbell et al., 2009) which enact cancer cell killing when transferred to in vitro cancer 
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models (Bigley et al., 2014) and may infiltrate tumours to suppress cancer cell growth (Pedersen et 

al., 2016) (Section 2.4.4). However, blood samples and bone marrow biopsies were not collected 

after a bout of exercise to examine the acute exercise immunosurveillance hypothesis in MGUS and 

SMM in the present trial. The remaining theories of exercise-induced immune enhancement 

investigated herein appear to coalesce via immunoregulatory myokines, such as interleukin (IL)-15, 

to improve the elimination of immunogenic cancer cells during the elimination and equilibrium 

phases of immunoediting, as discussed next. 

The second exercise immunology theory that may explain the reduced risk of clinical cancer in 

physically active individuals is the resolution of T cell exhaustion and anergy. Immunoregulatory 

receptors, programmed cell death protein (PD)-1 and cytotoxic T lymphocyte-associated protein 

(CTLA)-4, are commonly overexpressed in exhausted and anergic T cells, respectively (Crespo et 

al., 2013) and are the targets of anti-PD1 and anti-CTLA4 immune checkpoint inhibitor therapies 

that are used to treat multiple cancers (Vaddepally et al., 2020). Anergy describes T cells that are 

sub-optimally activated, due to T regulatory (TREG) cells expressing CTLA4 binding to CD80/CD86 

on antigen-presenting cells with higher affinity than CD28 expressed by effector cells (Wing et al., 

2019). Indeed, the central role for TREG cells in inducing T cell anergy is illustrated in the primary 

mechanism of anti-CTLA4 immunotherapy, whereby CTLA4+CD4+ TREG cells are depleted via 

antibody-dependent cellular cytotoxicity (Quezada & Peggs, 2019; Sobhani et al., 2021). Exhaustion 

is a distinct form of T cell dysfunction induced in the presence of chronic antigen stimulation and 

immunosuppressive cytokines produced by TREG cells in the tumour microenvironment (Crespo et 

al., 2013; Jiang et al., 2015). T cell exhaustion is characterised by surface expression of PD1+ on T 

cells, which binds to programmed cell death-ligand 1 (PDL1) expressed on cancer cells to suppress 

effector function upon tumour antigen recognition (Crespo et al., 2013). Prior cross-sectional studies 

have investigated the effects of physical activity on PD1+ T cells and TREG cells in humans, and 

emerging evidence in rodents illustrates the effects of exercise-induced reductions to exhausted and 

regulatory T cells on cancer growth, as discussed next. 

One cross-sectional study to date has investigated associations between physical activity level and T 

cell exhaustion. Indeed, a higher physical activity level was associated with a reduced proportion of 

PD1+CD4+ T cells in blood (Gustafson et al., 2017). Furthermore, evidence from rodent models of 

cancer demonstrates that reductions in tumour PD1+CD8+ T cells explain the suppression of tumour 

growth in exercising rodents (Berrueta et al., 2018). There is currently a dearth of intervention studies 

exploring the effects of exercise training on the frequency of PD1+ T cells in blood in humans. In 

contrast, a larger array of studies have measured associations between physical activity level and 

TREG cells in blood. Some studies show that individuals with a higher physical activity level had 

fewer TREG cells in blood (Duggal et al., 2018; Hampras et al., 2012), whereas others showed similar 

frequencies or proportions of TREG cells in those with a higher vs. lower physical activity level 

(Gustafson et al., 2017; Handzlik et al., 2013; Minuzzi et al., 2017). Mixed findings are also present 

in exercise intervention trials in humans, with one trial showing that TREG cells in blood increased 
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following 12 weeks of tai chi chuan training (Yeh et al., 2006) and another showing that TREG cells 

decreased following 20 weeks of moderate-high intensity aerobic and resistance exercise (Andersson 

et al., 2020). In rodent models of cancer, exercise-induced reductions to tumour-infiltrating TREG 

cells accompanied reductions in tumour growth compared to non-exercising rodents (Hagar et al., 

2019; Zhang et al., 2016). Despite multiple studies examining associations between physical activity 

and blood TREG cells in humans, and the effects of exercise training on TREG cells in humans and 

rodents, the effects of exercise on CTLA4+CD4+ TREG cells have not been explored. Exercise-induced 

resolution of T cell anergy and exhaustion appear to be mediated via immunoregulatory IL-15. 

Indeed, increases to skeletal muscle-derived IL-15 in physically active individuals (Bartlett & 

Duggal, 2020; Duggal et al., 2018) inhibit TREG suppressive functions which may reduce T cell 

anergy (Ahmed et al., 2009) and may reduce T cell exhaustion (Saito et al., 2020). Furthermore, as 

discussed next, the third exercise immunology theory likely coalesces with theory two via IL-15 

myokine, to explain reductions to clinical cancer risk in physically active persons. 

Amelioration of T cell senescence and increases to T cell stemness represent the third theory of 

exercise-induced immune enhancement. Immunosenescence describes age-associated immune 

dysfunction, particularly affecting T cells, that compromises host protection against diseases, 

including cancer (Fulop et al., 2016; Ginaldi et al., 2001). Features of T cell immunosenescence 

include proportional increases to late-differentiated memory T cells and decreases to the proportion 

of naïve T cells (Aspinall & Andrew, 2000; Fueloep et al., 2013). As such, reductions to senescent 

T cells and increases to naïve T cells may improve immune responses to cancer. Prior cross-sectional 

evidence suggests that a higher physical activity level is associated with reduced senescent T cell 

proportion in blood (Minuzzi et al., 2018; Spielmann et al., 2011). The ‘immune space’ hypothesis 

is commonly cited in exercise immunology studies to explain the observation that physically active 

individuals exhibit fewer senescent T cells (Simpson, 2011; Simpson & Guy, 2010). The ‘immune 

space’ hypothesis is comprised of three main parts, the first of which is the mobilisation and 

redistribution of senescent T cells to peripheral tissues to conduct immunosurveillance, as described 

by the acute exercise immunosurveillance theory above. Secondly, after conducting 

immunosurveillance, senescent T cells are purported to undergo apoptosis in peripheral tissues upon 

encounter with pro-apoptotic signals. Thirdly, apoptosis of senescent T cells is hypothesised to create 

‘immune space’ for the generation of new T naïve cells via a negative-feedback loop (Simpson, 2011; 

Simpson & Guy, 2010). Aspects relating to part two and three of the ‘immune space’ hypothesis are 

disputed (Turner, 2016), making way for other hypotheses to explain reductions to T cell 

immunosenescence in physically active individuals, which appear to coalesce with other exercise 

immunology theories via IL-15. 

The action of immunoregulatory myokine IL-15, which is present at higher concentrations in the 

blood of physically active individuals (Bartlett & Duggal, 2020; Duggal et al., 2018) may underpin 

reductions to senescent T cells. Indeed, IL-15 has been shown to upregulate telomerase in CD8+ T 

cells (Li et al., 2005; Watkinson et al., 2020) which may avert T cell replicative senescence in 
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physically active individuals. Furthermore, IL-15 may underpin increases to naïve T cells observed 

in individuals with a higher physical activity level. Indeed, prior cross-sectional studies show that 

individuals with a higher physical activity level exhibit higher proportions of naïve T cells in blood 

(Bartlett & Duggal, 2020; Spielmann et al., 2011) and that IL-15 is positively associated with the 

proportion of naïve T cells in blood (Bartlett & Duggal, 2020). A recent study demonstrated that 

central and effector memory T cells are induced to a ‘naïve-revertant’ memory phenotype in the 

presence of IL-15 (Frumento et al., 2020). It is possible that naïve T cells observed in higher 

proportions in physically active individuals – commonly assumed to be newly generated in thymic 

or extrathymic tissues – may instead be ‘naïve-revertant’ memory T cells. ‘Naïve-revertant’ memory 

T cells differentiate and acquire effector functions more quickly than naïve T cells upon antigen re-

encounter, and undergo multiple cycles of phenotypic reversion (Frumento et al., 2020). The 

multipotent and self-renewing features of ‘naïve-revertant’ T cells indicate characteristics of 

stemness, which are protective against cancer (Crespo et al., 2013). Few trials to date have measured 

the effects of exercise training on T cell senescence, as reviewed elsewhere (Dinh et al., 2017). 

Furthermore, prior studies which showed that naïve T cells were increased following a period of 

exercise training (Dinh et al., 2019; Philippe et al., 2019; Shimizu et al., 2008; Shimizu et al., 2011) 

may require re-appraisal considering the identification of ‘naïve-revertant’ memory T cells.  

In addition to compromising anti-cancer immunity, immunosenescence is implicated in the process 

of ‘inflammaging’, which describes age-associated inflammatory dysregulation (Cevenini et al., 

2010; Franceschi & Campisi, 2014). Biomarkers of ‘inflammaging’ commonly implicated in 

increasing the risk of morbidity and mortality in older people include C-reactive protein (CRP), IL-

6, IL-1β and tumour-necrosis factor (TNF)-α (De Martinis et al., 2006). As MGUS typically develops 

in individuals aged >50 years and is most prevalent in older adults aged >85 years (Kyle et al., 2006), 

reductions to immunosenescence and subsequently ‘inflammaging’ may reduce the risk of morbidity 

and mortality. Furthermore, IL-6 and its soluble receptor (sIL-6R), CRP, TNF-α, and IL-1β are 

implicated in the pathogenesis of MGUS and SMM (Allegra et al., 2019; Musolino et al., 2017). As 

discussed above, a higher physical activity level is associated with reductions to senescent T cell 

proportion in blood (Minuzzi et al., 2018; Spielmann et al., 2011), which may result in reductions to 

‘inflammaging’. Next, prior studies examining the effects of physical activity and exercise training 

on inflammatory dysregulation are discussed. 

A multitude of studies have investigated the effects of physical activity or exercise training on 

inflammatory dysregulation. Overall, cross-sectional studies have shown that a higher physical 

activity level is associated with lower concentrations of certain inflammatory biomarkers in blood, 

but these findings are not replicated in exercise intervention trials. Indeed, prior research shows that 

older adults with a higher physical activity level (>1-2 hours/week of moderate intensity activity) 

exhibit lower IL-6 and CRP in blood compared to those with a lower physical activity level (<1 

hour/week of light intensity activity) (Elosua et al., 2005). However, associations between a higher 

physical activity level and lower concentrations of TNF-α, IL-1β, and sIL-6R are lacking (Kitahara 
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et al., 2014; Minuzzi et al., 2019). Furthermore, 12 months of aerobic exercise training appears to 

have no effect on CRP (Beavers et al., 2010; Campbell et al., 2008; Nicklas et al., 2008), IL-6 

(Beavers et al., 2010; Campbell et al., 2009; Friedenreich et al., 2012b), TNF-α (Beavers et al., 2010; 

Friedenreich et al., 2012b), and sIL-6R (Beavers et al., 2010) in blood in healthy individuals. The 

modulation of inflammatory dysregulation via exercise training warrants investigation in MGUS and 

SMM, due to elevated concentrations of inflammatory biomarkers compared to healthy adults 

(Bosseboeuf et al., 2017) and the role of inflammation in MGUS and SMM pathogenesis (Allegra et 

al., 2019; Musolino et al., 2017).  

Clinical trials measuring the short-term effects of exercise training on T cell exhaustion, anergy, 

senescence, and stemness are required prior to studies investigating the effects and mechanisms of 

exercise on time-to-progression from high-risk SMM to MM. Indeed, there is currently a lack of 

exercise intervention trials that measure changes to T cell exhaustion, anergy, and senescence in 

humans. Furthermore, in light of prior evidence – in one patient diagnosed with SMM – which 

suggested that SMM disease activity can be reversed by exercise training (Boullosa et al., 2013), it 

was pertinent to evaluate whether such effects were replicable in a representative group of MGUS 

and SMM patients, and to conduct preliminary analysis with the aim of identifying potential 

underlying mechanisms. The aim of this trial was to determine the effects of short-term exercise 

training on T cell exhaustion, anergy, senescence, and stemness, and inflammatory biomarkers in 

blood in MGUS and SMM.  

5.3 Methods 

5.3.1 Trial design 

This single-arm trial involved measurement visits performed in week 0 (pre-exercise training) and 

week 17 (post-exercise training), separated by a 16-week exercise programme. The trial was 

conducted predominantly at the Royal United Hospital Bath NHS Foundation Trust, incorporating 

one screening visit, two measurement visits and 32 exercise sessions, with two additional 

measurement visits at the University of Bath. Participants received usual care throughout the trial 

and were instructed to maintain their habitual behaviours, including physical activity and medication 

use. The protocol was approved by the NHS Research Ethics Committee (reference 18/LO/1034, 20th 

July 2018) and University of Bath Research Ethics Approval Committee for Health (reference EP 

17/18 210, 29th August 2018). The trial was prospectively registered (ISRCTN 65527208). 

5.3.2 Participants 

Seventy clinically-eligible individuals diagnosed with MGUS or SMM according to International 

Myeloma Working Group guidelines (Rajkumar et al., 2014) and aged >18 years were identified by 

the healthcare team at the Royal United Hospital Bath and mailed recruitment materials. Recruitment 

initially prioritised those with more advanced disease according to risk stratification models for 

MGUS (Rajkumar et al., 2005) and SMM (Mateos et al., 2020). Briefly, bone marrow plasma cell 

percentage, M-protein concentration and isotype, and serum FLC ratio were accessed from medical 



152 

 

records and used to risk stratify patients. High-risk SMM patients were prioritised for enrolment 

initially, followed by subsequent risk groups, with low-risk MGUS patients approached last, due to 

the anticipated involvement of high-risk SMM patients in future trials measuring the effects of 

exercise training on time-to-progression to MM. During a follow-up phone call, trial screening and 

consent procedures were arranged for individuals interested in enrolling. Individuals who declined 

to participate were asked to identify their primary barrier to accessing the trial. Participants that 

expressed interest in enrolling onto the trial (N=20) were screened for participation by a 

haematologist, and were excluded from the trial if they presented with: 1) World Health Organisation 

performance status >1, 2) pregnancy, 3) contraindication to exercise identified by physical activity 

readiness questionnaire, 4) cognitive impairment deemed a risk for participation in the trial, 5) 

inability to understand explanations or provide informed consent and, 6) any condition or behaviour 

that would introduce personal risk or bias into the trial. Twenty participants provided written 

informed consent in the presence of a haematologist.  

5.3.3 Physiological measurements 

5.3.3.1 Body composition 

Body composition was estimated using a whole-body dual-energy x-ray absorptiometry (DEXA) 

scan. DEXA scans were performed fasted, without footwear and in light clothing. Participants 

consumed 500 mL of water and voided their bladder prior to the scan and were positioned supine on 

the scanning table (Discovery, Hologic, Bedford, UK) with feet equally spaced and arms with an 

even gap from the trunk. Whole-body composition analysis was performed with regions sectioned 

as recommended (Hologic, Bedford, UK). Body mass index (BMI) was calculated from height, 

measured using a stadiometer, and body mass, measured using electronic scales, using the equation: 

body mass (kg) ÷ height (m)2. 

5.3.3.2 Cardiorespiratory fitness 

Resting heart rate was measured using an automated sphygmomanometer in a seated position after 

25 minutes of seated rest. A progressive, incline-based, multi-stage test was performed on a treadmill 

(LE300CE, H/P/Cosmos, Traunstein, Germany). Speed was kept constant and, after a five-minute 

warm up at 0%, the gradient increased by 3% every three minutes until volitional fatigue (Thompson 

et al., 2010). Heart rate was recorded continuously via electrocardiogram (ECG) (Vyntus, Vyaire 

Medical, Basingstoke, UK) and oxygen uptake via indirect calorimetry (Vmax Vyntus, Vyaire 

Medical, Basingstoke, UK). At the end of each three-minute stage, rating of perceived exertion (RPE) 

was reported on a 6-20 scale and blood pressure was measured using an automated 

sphygmomanometer. Breath-by-breath gas exchange data were cleaned to ten-second averages 

(SentrySuite, Vyntus, Vyaire Medical, Basingstoke, UK) and peak oxygen uptake (V̇O2PEAK) was 

calculated from 30-second moving averages (Excel, Microsoft, Washington, USA) as the highest 

oxygen uptake recorded over a 30-second period during exercise (Mezzani, 2017). Maximal exertion 

was verified by meeting two of the following secondary criteria: 1) heart rate greater than/equal to 

age-predicted maximum [220–age (years)], 2) respiratory exchange ratio ≥1.10, 3) RPE ≥19, or 4) 
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an increment in V̇O2 ≤5 mL.kg-1.min-1 in response to increased gradient (Thompson et al., 2010). 

Secondary criteria for maximal exertion were achieved in 83% of exercise tests. 

5.3.3.3 Habitual physical activity 

Physical activity was measured prior to the first laboratory measurement visit, and after completion 

of the 16-week exercise training programme using a physical activity monitor (BodyMedia Core, 

BodyMedia Inc., Pittsburgh, PA, USA) positioned over the triceps muscle of the left arm. A 

minimum of five days including Saturday and Sunday with ≥80% average daily wear time was 

required for inclusion in analysis (Peacock et al., 2015; Scheers et al., 2012). Energy expenditure 

was estimated by integrating device measures of accelerometery, heat flux, galvanic skin response, 

skin temperature, and near body ambient temperature, plus sex, age, body mass, and height, using 

proprietary algorithms (SenseWear Pro 8.0, algorithm v5.2, BodyMedia Inc., Pittsburgh, PA, USA). 

Non-wear time was assigned estimated basal metabolic rate (Schofield, 1985). Estimated basal 

metabolic rate was subtracted from measured total daily energy expenditure to calculate total daily 

active energy expenditure (AEE). Self-reported physical activity level was measured using the 

international physical activity questionnaire (IPAQ) short form. Daily minutes of vigorous, moderate 

and walking activity reported were truncated to 180 minutes, as recommended, and total metabolic 

equivalent of task (MET)-hours/week were calculated by summing MET-hours/week for vigorous 

intensity (8 METs), moderate intensity (4 METs) and walking (3.3 METs) activity (IPAQ, 2005).  

5.3.4 Biomarker analysis 

5.3.4.1 Blood processing 

Venous blood samples were collected between 08:30 and 10:30 following a ≥10-hour fast without 

food or caffeine, ≥24 hours without alcohol intake, and ≥20 hours without strenuous exercise. 

Participants rested in a seated position for 25 minutes prior to blood sampling. Whole blood collected 

in an untreated syringe was dispensed into K3EDTA-coated tubes (1.6 mg/mL of blood, Sarstedt, 

Numbrect, Germany) and serum-separator tubes containing a clotting activator (Sarstedt, Numbrect, 

Germany). A small aliquot of whole blood mixed with K3EDTA was reserved for whole blood 

counts, performed in triplicate using a coulter counter (KX-21N Haematology Analyser, Sysmex 

Ltd, Milton Keynes, UK). The remaining whole blood mixed with K3EDTA was centrifuged 

immediately at 3000 × g for 10 minutes at 4OC. Plasma was extracted and stored immediately on dry 

ice prior to freezing at −80OC until analysis. Whole blood in serum separator tubes was allowed to 

clot for 15 minutes at room temperature prior to centrifugation at 3000 × g for 10 minutes at 4OC. 

Serum was extracted and stored immediately on dry ice prior to freezing at −80OC until analysis. 

Whole blood collected in syringes treated with sodium heparin (Wockhardt, Wrexham, UK) at a 

concentration of 5 IU/mL of blood was maintained at room temperature for isolation of peripheral 

blood mononuclear cells (PBMCs) within 2 hours of blood collection.  
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5.3.4.2 Peripheral blood mononuclear cell isolation and cryopreservation 

PBMCs were isolated via density gradient centrifugation. Briefly, whole blood was diluted two-fold 

in Roswell Park Memorial Institute (RPMI)-1640 media (Sigma-Aldrich, Dorset, UK), layered over 

Ficoll-Paque (Sigma-Aldrich, Dorset, UK) and centrifuged at 500 × g for 25 minutes without braking. 

PBMCs were removed, washed twice in RPMI-1640 and quantified using a haemocytometer. 

PBMCs were cryopreserved in 70% RPMI-1640, 20% foetal calf serum (FCS) and 10% dimethyl 

sulfoxide (DMSO) at −80OC in a controlled-rate freezing container (Nalgene Mr Frosty, 

ThermoFisher Scientific, Paisley, UK) for 24 hours, prior to freezing at −150OC until analysis. 

5.3.4.3 Flow cytometry 

Cryopreserved PBMCs were thawed, washed, and quantified using a haemocytometer. After resting 

overnight at 37OC and 5% CO2 for 14-16 hours, quantification was repeated. Viability was 

determined using a fixable viability stain (FVS620, BD Biosciences, California, USA). After 

blocking non-specific antibody binding (Human Fc Block, BD Biosciences, California, USA), 0.5 x 

106 cells in 100 µL buffer (500 mL phosphate-buffered saline (PBS), 10 mL FCS, 2 mL EDTA) were 

stained with titrated volumes of anti-CD3 (AF700), anti-CD4 (PE-Cy7), anti-CD8 (APC-H7), anti-

CD45RA (BB515), anti-CD27 (BV480), anti-CD57 (APC), anti-PD1 (BB700), anti-CTLA4 (PE), 

and anti-KLRG1 (BV421). Staining was performed for 20 minutes, light-protected at room 

temperature. Compensation beads (CompBead, Anti-Mouse Igκ/Negative Control, BD Biosciences, 

California, USA) were single-stained for each fluorophore following the same procedure. Samples 

were analysed using a FACS Aria III and FACS Diva software (BD Biosciences, California, USA). 

Cell populations were defined using Flow Jo v10.6.2. A representative gating plot is shown 

(Appendix 13). Absolute cell frequencies were computed by first multiplying the percentage of cells 

within the CD3+ gate by the lymphocyte count obtained via the Coulter principle. Cell frequencies 

for subsequent gated daughter subpopulations were calculated by multiplying their proportion within 

the appropriate parent population – derived from Flow Jo analysis – by the computed frequency of 

that parent population (Turner et al., 2016a; Turner et al., 2016b). A schematic and worked example 

for these calculations is shown in Appendix 14. 

5.3.4.4 Plasma biomarkers 

Plasma sIL-6Rα was measured (Human IL-6 sR Quantikine Kit, Biotechne, Abingdon, UK) 

following manufacturer’s instructions. Samples were diluted 1:200 and analysed in duplicate 

(coefficient of variation (CV) = 3.2%). Plasma concentrations of IL-1 receptor agonist (IL-1RA) (V-

PLEX Human Cytokine Panel 2, Mesoscale Discovery, Maryland, USA), IL-15, IL-16, IL-17A, 

vascular endothelial growth factor (VEGF) (V-PLEX Human Cytokine Panel 1, Mesoscale 

Discovery, Maryland, USA), IL-1β, IL-4, IL-6, IL-8, IL-10, IL-12p70, and TNF-α (V-PLEX Human 

Proinflammatory Panel 1, Mesoscale Discovery, Maryland, USA) were measured according to 

manufacturer’s instructions. Samples were diluted 1:4 (Human Cytokine Panel 2) or 1:2 (Human 

Cytokine Panel 1, Human Proinflammatory Panel 1) in diluent and assayed in duplicate (CV for 

detectable analytes = 7.6%). 
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5.3.4.5 Serum biomarkers 

Serum CRP and FLC were measured by turbidimetry (Freelite®, The Binding Site, UK) using a 

Cobas® Modular (Roche Hitachi Diagnostics, Basel, Switzerland). Protein electrophoresis and 

densitometry (Interlab, Rome, Italy) were used to quantify M-protein concentration. 

5.3.5 Exercise programme  

Participants completed a 16-week exercise programme involving two supervised and one home-

based exercise session per week. Supervised exercise sessions incorporated aerobic and resistance 

components, and home-based exercise was a weekly walk. Adherence to supervised exercise sessions 

was measured via an exercise record card, and adherence to home-based exercise was measured via 

an exercise diary. 

5.3.5.1 Supervised aerobic exercise 

Supervised exercise sessions commenced with a five-minute warm-up on a treadmill (Matrix Tx1, 

Matrix, Stoke-on-Trent, UK) at 0% incline and a self-selected speed. Aerobic training was performed 

for 30 minutes as three, ten-minute walking bouts. Each bout involved an eight-minute uphill-

walking exercise interval at intensities prescribed at different percentages of V̇O2PEAK, assessed 

during the baseline cardiopulmonary exercise test, followed by two minutes of active recovery at 0% 

incline. The intensity of the exercise interval was 40-50% V̇O2PEAK in weeks 1-2, 50-60% V̇O2PEAK 

in weeks 3-6, 60-70% V̇O2PEAK in weeks 7-10, and 70-80% V̇O2PEAK in weeks 11-16. Heart rate was 

continuously monitored (Polar H10, Polar, Kempele, Finland) and RPE was recorded using a 6-20 

scale at the end of each eight-minute exercise interval. Compliance to supervised exercise intensity 

was reported as the proportion of sessions performed at the target heart rate, measured using a chest-

based heart rate monitor (Polar H10, Polar, Kempele, Finland). 

5.3.5.2 Supervised resistance exercise 

Two sets of six resistance exercises targeting major muscle groups were performed using resistance 

bands in supervised sessions. Submaximal sets of 15 repetitions were performed in weeks 1-2, 

followed by progressive reductions in the ‘repetition-maximum’ prescription from 12 repetition-

maximum in weeks 3-6, to ten repetition-maximum in weeks 7-10, and eight repetition-maximum in 

weeks 11-16. Thicker resistance bands were used for lower repetition-maximum prescriptions.  

5.3.5.3 Home-based exercise 

Home-based exercise involved a 40-minute moderate intensity walk, prescribed at RPE 12-14/20 and 

recorded using a fitness tracker, which measured exercise duration, and heart rate via 

photoplethysmography (Polar A370, Polar, Kempele, Finland). The 40-minute duration was selected 

to increase the weekly aerobic exercise volume to 100 minutes/week of moderate-vigorous intensity 

physical activity, where 60 minutes/week were performed in supervised sessions, in line with WHO 

recommendations for 75-150 minutes/week at a moderate-vigorous intensity. Home-based exercise 

intensity was reported as a percentage of baseline V̇O2PEAK using heart rate measured by the fitness 

tracker. Participants were provided with balance exercises (NHS Balance Exercises for Older Adults) 
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and flexibility exercises to perform daily. Flexibility exercises were static stretches of the pectorals, 

deltoids, triceps, latissimus dorsi, adductors, gastrocnemius, quadriceps, and hamstrings. 

5.3.6 Statistical analysis 

Statistical analysis was performed using GraphPad Prizm (version 8.0.0, GraphPad Software, 

California USA) with statistical significance accepted at P<.05. All data are presented as median ± 

interquartile range (IQR). Pre- to post-exercise training change scores were tested for normality using 

a Shapiro-Wilk test. Normally distributed variables were analysed for pre- to post-exercise training 

changes using paired-samples T tests, and non-normally distributed variables were analysed for pre- 

to post-exercise training changes using Wilcoxon signed-rank tests. Effect sizes were calculated for 

normally distributed data only, using the following equation: Cohen’s d = ((Mean post − mean pre) 

÷ (√ (standard deviation pre2) + (standard deviation post2)). Cohen’s d effect sizes were interpreted 

according to guidelines; small effect d=0.2, moderate effect d=0.5 and large effect d=0.8 (Cohen, 

1988). Correlational analysis was performed using Pearson’s r, unless data were non-normally 

distributed or contained outlier(s) – identified via the robust regression and outlier removal (ROUT) 

method with false discovery rate set at 1% (Motulsky & Brown, 2006) – which were analysed using 

Spearman’s r (Mukaka, 2012). 

5.4 Results 

5.4.1 Baseline characteristics  

Fifteen of twenty participants that enrolled completed the trial, representing 25% drop-out. Two 

participants withdrew following baseline measurements due to anxiety (N=1) and ECG abnormality 

identified during maximal exercise testing (N=1), respectively. Three patients withdrew during the 

exercise intervention, due to time constraints (N=1), disease progression to MM (N=1), and 

complications of type 1 diabetes (N=1), respectively. Eight males and seven females (age: 63 ± 8 

years, height: 1.72 ± 0.13 m, body mass: 80.4 ± 31.4 kg, BMI: 27.3 ± 8.7 kg.m-2) completed the trial. 

Three participants enrolled had an MGUS diagnosis and N=12 had an SMM diagnosis. The M-

protein isotype – comprised of an immunoglobulin heavy chain (e.g., IgG, IgA, or IgM) and light 

chain (e.g., kappa or lambda) is shown in Table 5.1. One participant had a diagnosis of kappa light 

chain SMM, characterised by the absence of heavy chain involvement (i.e., no intact M-protein) and 

predominance of kappa FLC in serum. Two participants displayed bi-clonal M-protein phenotypes. 

The disease risk stratification at trial entry, which reflects the risk of disease progression to MM, is 

shown in Table 5.1. 

5.4.2 Adherence and compliance to the exercise programme 

Adherence to supervised exercise sessions was 91 ± 6% and adherence to the home-based weekly 

walk was 88 ± 37%. The prescribed supervised treadmill exercise intensity was achieved in 75 ± 

23% of sessions. The intensity of home-based weekly walks was 73 ± 9% V̇O2PEAK. 
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Table 5.1. Participant characteristics. 

Age (years) 63 ± 8 

BMI (kg.m-2) 27.3 ± 8.7 

Sex (N/15)  

 Male 

 Female 

N=8 

N=7 

MGUS M-protein isotype (N/3)  

 IgG Kappa N=1 

 IgG Lambda N=1 

 Bi-clonal IgA Kappa N=1 

MGUS risk stratification (N/3)1  

 High-intermediate risk N=1 

 Low-intermediate risk N=1 

 Low risk N=1 

SMM M-protein isotype (N/12)  

 IgG Kappa N=5 

 IgG Lambda N=3 

 IgA Kappa N=2 

 Bi-clonal IgA Lambda + IgG Lambda N=1 

 Kappa light chain only N=1 

SMM risk stratification (N/12)2  

 High risk N=3 

 Intermediate risk N=3 

 Low risk N=6 

Data are median ± IQR. IgG or IgA, and kappa or lambda indicate the involved, clonal 

immunoglobulin heavy chain and light chain, respectively, of the neoplastic plasma cell. BMI = Body 

mass index; MGUS = Monoclonal gammopathy of undetermined significance; SMM = Smouldering 

multiple myeloma. 1MGUS risk stratification (Rajkumar et al., 2005); 2SMM risk stratification 

(Mateos et al., 2020). 

 

5.4.3 Immunophenotypes 

5.4.3.1 Whole blood counts 

The frequency of leukocytes, lymphocytes, neutrophils, and mixed monocytes, eosinophils, and 

basophils, was unchanged from pre- to post-exercise training (all P>.05, d<0.2) (Table 5.2).   

 

Table 5.2. Change to leukocyte proportions and frequencies from pre- to post-exercise training. 

Cell frequency (×109/L) 

Pre- 

exercise 

training 

Post-

exercise 

training  

Change 
P 

statistic 

Effect 

size 

Leukocytes  6.17 ± 2.64 5.53 ± 1.31 0.40 ± 0.72 .463 − 

Neutrophils  4.00 ± 1.90 3.37 ± 0.82 0.07 ± 1.22 .874 0.0 

Lymphocytes  1.67 ± 0.60 1.55 ± 0.46 0.07 ± 0.52 .943 0.0 

Monocytes, eosinophils, basophils  0.58 ± 0.17 0.50 ± 0.38 0.07 ± 0.32 .542 0.1 

Data are median ± IQR. N = 15. Sysmex KX-21N three-part leukocyte differential classified cells 

according to size: large = neutrophils, medium-sized = lymphocytes, small = mixed monocytes, 

eosinophils, and basophils. Cohen’s d effect sizes were calculated for normally distributed data only, 

as calculations for Cohen’s d are based on mean as the measure of central tendency, which does not 

appropriately reflect non-normal data distribution. 
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5.4.3.2 CD3+ T cells, and CD4+ helper and CD8+ cytotoxic subsets 

There were no pre- to post-exercise training changes to CD3+, CD4+ or CD8+ T cell frequency (Table 

5.3). Subsets expressed as cell proportions also showed no change from pre- to post-exercise training 

(all P>.05, d<0.2), apart from CD8+ T cells which reduced by 0.9 ± 1.5% (P=.021) from pre- to post-

exercise training (Appendix 15). 

5.4.3.3 CD4+ and CD8+ T cell memory subsets 

There were no changes from pre- to post-exercise training to the frequency of CD4+ or CD8+ naïve 

T cells (TNA) (all P>.05, d<0.2) (Table 5.3). There was also no change to the frequency of CD4+ or 

CD8+ central memory (TCM), effector memory (TEM) or terminally-differentiated effector memory 

cells re-expressing CD45RA+ (TEMRA) (all P>.05, d<0.2) (Table 5.3). T cell memory subsets 

expressed as cell proportions also showed no change from pre- to post-exercise training (all P>.05, 

d<0.2) (Appendix 15). 

 

Table 5.3. Change to CD4+ and CD8+ T cell frequencies from pre- to post-exercise training. 

Cell frequency (cells/μL) 
Pre-exercise 

training 

Post-exercise 

training 
Change 

P 

statistic 

Effect 

size 

CD3+  1396 ± 561 1364 ± 560 115 ± 468 .977 − 

CD3+CD4+  1000 ± 490 1117 ± 465 97 ± 381 .913 − 

 CD4+ TNA 416 ± 308 401 ± 264 5 ± 108 .897 0.0 

 CD4+ TCM 603 ± 255 549 ± 370 60 ± 194 .789 0.1 

 CD4+ TEM 63 ± 35 65 ± 28 3 ± 22 .934 0.0 

 CD4+ TEMRA 6 ± 5 5 ± 7 0 ± 2 .354 0.0 

CD3+CD8+ 174 ± 97 175 ± 63 9 ± 55 .581 0.1 

 CD8+ TNA 102 ± 56 98 ± 54 5 ± 26 .934 − 

 CD8+ TCM 66 ± 46 59 ± 50 2 ± 17 .600 − 

 CD8+ TEM 8 ± 5 8 ± 6 0 ± 2 .600 − 

 CD8+ TEMRA 19 ± 32 16 ± 25 −2 ± 6 .169 − 

Data are median ± IQR. All N=15. TNA = naïve T cell; TCM = central memory T cell; TEM = effector 

memory T cell; TEMRA = terminally-differentiated effector memory cell re-expressing CD45RA+. 

Lymphocyte viability was 96.4% (range 92.7% to 99.1%). Cohen’s d effect sizes were calculated for 

normally distributed data only, as calculations for Cohen’s d are based on mean as the measure of 

central tendency, which does not appropriately reflect non-normal data distribution. 

5.4.3.4 T cell immunosenescence 

There were no changes from pre- to post-exercise training to CD57+CD4+ or CD57+CD8+ T cell 

frequency (Figure 5.1A and C). The frequency of CD57+CD4+ TEMRA cells was reduced by 136 ± 656 

cells/mL (P=.026) from pre- to post-exercise training (Figure 5.1B). There were no changes from 

pre- to post-exercise training to the frequency of CD57+CD4+ TNA, TCM or TEM (Figure 5.1B), or 

CD57+CD8+ TNA, TCM, TEM, or TEMRA (Figure 5.1D) (all P>.05, d<0.2). When senescent T cells were 

expressed as cell proportions, there was a pre- to-post exercise training reduction to CD57+CD4+ 

TEMRA (−3.0 ± 3.3%, P=.004, d=0.2) and no change to CD57+CD4+ T cells and CD57+CD4+ TNA, 

TCM, or TEM (all P>.05, d<0.2) (Appendix 16). Pre- to post-exercise training reductions to the 

proportion of CD57+CD8+ T cells (−2.8 ± 5.4%, P=.048, d=0.2) and CD57+CD8+ TNA (−1.8 ± 3.0%, 
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P=.034, d=0.2) were revealed when data were expressed as proportions, but there were no changes 

to CD57+CD8+ TCM, TEM, or TEMRA proportion (all P>.05) (Appendix 16). 

 

Figure 5.1. Change to CD57+CD4+ and CD57+CD8+ T cell frequency from pre- to post-exercise 

training.  

(A) Pre-exercise and post-exercise training CD57+CD4+ T cell frequency with individual changes.  

(B) Pre- to post-exercise training change to frequencies of CD57+CD4+ TNA, TCM, TEM, and TEMRA.  

(C) Pre-exercise and post-exercise training CD57+CD8+ T cell frequency with individual changes. 

(D) Pre- to post-exercise training change to frequencies of CD57+CD4+ TNA, TCM, TEM, and TEMRA. 

Block bars are median and error bars are IQR. Individual data are open circles and dotted lines.  

* indicates statistically significant change P<.05. All N=15. TNA = naïve T cell; TCM = central 

memory T cell; TEM = effector memory T cell TEMRA = terminally-differentiated effector memory T 

cell re-expressing CD45RA+. Lymphocyte viability was 96.4% (range 92.7% to 99.1%). 

 



160 

 

There were no changes from pre- to post-exercise training to the frequency of KLRG1+CD4+ or 

KLRG1+CD8+ T cells (Figure 5.2A and C), KLRG1+CD4+ TNA, TCM, TEM, or TEMRA (Figure 5.2B), 

or KLRG1+CD8+ TNA, TCM, TEM, or TEMRA (Figure 5.2D) (all P>.05, d<0.2). KLRG1+ T cells 

expressed as cell proportions also showed no change from pre- to post-exercise training (all P>.05, 

d<0.2) (Appendix 16). 

 

Figure 5.2. Change to KLRG1+CD4+ and KLRG1+CD8+ T cell frequency from pre- to post-exercise 

training.  

(A) Pre-exercise and post-exercise training KLRG1+CD4+ T cell frequency with individual changes.  

(B) Pre- to post-exercise training change to frequencies of KLRG1+CD4+ TNA, TCM, TEM, and TEMRA. 

(C) Pre-exercise and post-exercise training KLRG1+CD8+ T cell frequency with individual changes. 

(D) Pre- to post-exercise training change to frequencies of KLRG1+CD4+ TNA, TCM, TEM, and TEMRA. 

Block bars are median and error bars are IQR. Individual data are open circles and dotted lines.  

All N=15. TNA = naïve T cell; TCM = central memory T cell; TEM = effector memory T cell TEMRA = 

terminally-differentiated effector memory T cell re-expressing CD45RA+. Lymphocyte viability was 

96.4% (range 92.7% to 99.1%). 
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5.4.3.5 T cell anergy and exhaustion 

There were no pre- to post-exercise training changes to the frequency of CTLA4+CD4+ T cells (5 ± 

3 vs. 5 ± 3 cells/μL, P=.625, d=0.1), or PD1+CD4+ and PD1+CD8+ T cells (both P>.05, d<0.2, Figure 

5.3). When expressed as cell proportions, there was an increase to PD1+CD8+ TEMRA (1.3 ± 1.7%, 

P=.049), but all other PD1+CD4+ and PD1+CD8+ T cell memory subsets, and CTLA4+CD4+ T cells, 

showed no proportional changes from pre- to post-exercise training (Appendix 16). 

 

Figure 5.3. Change to PD1+CD4+ and PD1+CD8+ T cell frequency from pre- to post-exercise training.  

(A) Pre-exercise and post-exercise training PD1+CD4+ T cell frequency with individual changes.  

(B) Pre- to post-exercise training change to frequencies of PD1+CD4+ TNA, TCM, TEM, and TEMRA.  

(C) Pre-exercise and post-exercise training PD1+CD8+ T cell frequency with individual changes. 

(D) Pre- to post-exercise training change to frequencies of PD1+CD4+ TNA, TCM, TEM, and TEMRA. 

Block bars are median and error bars are IQR. Individual data are open circles and dotted lines.  

All N=15. TNA = naïve T cell; TCM = central memory T cell; TEM = effector memory T cell TEMRA = 

terminally-differentiated effector memory T cell re-expressing CD45RA+. Lymphocyte viability was 

96.4% (range 92.7% to 99.1%). 
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5.4.4 Inflammatory biomarkers 

5.4.4.1 Biomarkers of systemic basal inflammation 

Plasma IL-1β was undetectable in 100% of baseline and follow-up samples. IL-6 was undetectable 

in 20% of baseline samples and 47% of follow-up samples. Plasma IL-6, sIL-6Rα, and TNF-α, and 

serum CRP were unchanged from pre- to post-exercise training (all P>.05, d<0.2) (Figure 5.4). 

5.4.4.2 Anti-inflammatory biomarkers 

Plasma IL-10 was undetectable in 97% of samples at baseline and follow-up. IL-4 was undetectable 

in 97% and 100% of samples at baseline and follow-up, respectively. Plasma IL-1RA was unchanged 

from pre- to post-exercise training (P>.05, d<0.2) (Figure 5.4). 

5.4.4.3 Other biomarkers 

Plasma IL-12p70 was undetectable in 100% of baseline and follow-up samples. Plasma IL-17A 

undetectable in 75% and 87% of baseline and follow-up samples, respectively. There were no pre- 

to post-exercise training changes to plasma IL-8, VEGF, IL-15, or IL-16 (all P>.05, d<0.2) (Figure 

5.4). 

 

Figure 5.4. Percentage change to plasma inflammatory biomarkers from pre- to post-exercise 

training. 

Block bars are median percentage change from pre- to post-exercise training and error bars are 

IQR. Individual changes are shown in open circles. All N=15, excluding IL-1RA (N=10). All 

biomarkers are measured in plasma, except for CRP which was measured in serum. IL = Interleukin; 

RA = Receptor antagonist; CRP = C-reactive protein; VEGF = Vascular endothelial growth factor; 

sIL-6Rα = Soluble IL-6 receptor alpha; TNF-α = Tumour necrosis factor alpha. 
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5.4.5 Associations between compliance to the exercise programme vs. pre- to post-exercise 

training changes to immunophenotypes 

Correlational analyses between adherence and compliance to the exercise programme and pre- to 

post-exercise training changes to T cell phenotypes are shown in Appendix 17. Adherence to 

supervised exercise sessions and compliance to supervised exercise intensity were not associated 

with pre- to post-exercise training changes to T cell phenotypes (all P>.05, Appendix 17). Higher 

adherence to home-based exercise was associated with a pre- to post-exercise training reduction to 

the frequency of CD4+ TEM (Spearman’s r = −0.575, P=.028, N=15) and the frequency of CD8+ TEM 

(Spearman’s r = −0.516, P=.052, N=15) (Appendix 17). Higher home-based exercise intensity was 

associated with pre- to post-exercise increase to the frequency of CD4+ T cells (Spearman’s r = 0.522, 

P=.048, N=15) and the frequency of CD57+CD4+ T cells (Spearman’s r = 0.513, P=.052, N=15) 

(Appendix 17). No other correlations were identified between home-based exercise adherence or 

home-based exercise intensity and T cell phenotypes (all P>.05, Appendix 17). 

5.4.6 Associations between pre- to post-exercise training changes to physical activity level, 

cardiorespiratory fitness, or body composition vs. immunophenotypes 

Correlational analyses between pre- to post-exercise training changes to physical activity level, 

cardiorespiratory fitness, and body composition, and pre- to post-exercise training changes to 

immunophenotypes are shown in Appendix 18. The median pre- to post-exercise training changes to 

physical activity level, cardiorespiratory fitness and body composition are shown in Section 3.4.2. 

5.4.6.1 Habitual physical activity 

A pre- to post-exercise training increase to self-reported physical activity was associated with a pre- 

to post-exercise training increase to CD4+ T cell proportion (Spearman’s r = 0.564, P=.048, N=13) 

(Figure 5.5A) and reduction to CD8+ T cell proportion (Spearman’s r = −0.667, P=.015, N=13) 

(Figure 5.5B), suggesting that physical activity may contribute to normalising the CD4/CD8 T cell 

ratio in MGUS and SMM. Within CD4+ T cells, an increase to self-reported physical activity level 

was associated with a pre- to post-exercise training reduction to the proportion of CTLA4+CD4+ T 

cells (Pearson’s r = −0.573, P=.041, N=13) (Figure 5.5C) and CD4+ TEMRA proportion (Spearman’s 

r = −0.643, P=.022, N=13) and frequency (Pearson’s r = −0.584, P=.052, N=13) (Figure 5.5D), and 

which indicated that physical activity was associated with reduced T cell anergy and terminally-

differentiated CD4+ T cells. 

Within CD8+ T cells, an increase to device-measured physical activity from pre- to post-exercise 

training was associated with a pre- to post-exercise training increase to KLRG1+CD8+ T cell 

proportion (Pearson’s r = 0.635, P=.020, N=13) and frequency (Pearson’s r = 0.595, P=.032, N=13) 

(Figure 5.5F) which indicated that physical activity was associated with increased CD8+ T cell 

senescence, in contrast to previous reports (Minuzzi et al., 2018; Spielmann et al., 2011). No 

associations between pre- to post-exercise training changes to physical activity and exhausted or 

naïve T cells were identified (all P>.05) (Appendix 18). 
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Figure 5.5. Scatterplots depicting correlations between pre- to post-exercise training changes to PA 

and purported anti-cancer mechanisms of exercise. 

Pre- to post-exercise training change to self-reported physical activity measured via IPAQ short form: 

(A) vs. pre- to post-exercise training change to CD4+ T cell proportion (rS = 0.564, P=.048) 

(B) vs. pre- to post-exercise training change to CD8+ T cell proportion (rS = −0.667, P=.015) 

(C) vs. pre- to post-exercise training change to CTLA4+CD4+ T cell proportion (rP = −0.573, P=.041) 

(D) vs. pre- to post-exercise training change to CD4+ TEMRA frequency (rP = −0.584, P=.052) 

(E) vs. pre- to post-exercise training change to TNF-a (rS = 0.654, P=.018) 

Pre- to post-exercise training change physical activity measured by BodyMedia core device: 

(F) vs. pre- to post-exercise training change to KLRG1+CD8+ T cell frequency (rP = 0.595, P=.032) 

All N=13 pairs. rS = Spearman’s r; rP = Pearson’s r; PA = Physical activity; MET-hours/week = 

Metabolic equivalent of task (MET) hours per week; CTLA4 = Cytotoxic T lymphocyte-associated 

protein 4; TEMRA = Effector memory T cells re-expressing CD45RA+; TNF = Tumour necrosis 

factor; KLRG1 = Killer cell lectin-like receptor subfamily G member 1; AEE = Active energy 

expenditure.  



165 

 

5.4.6.2 Cardiorespiratory fitness 

A pre- to post-exercise training increase to V̇O2PEAK was associated with a pre- to post-exercise 

training increase to CD8+ TCM frequency (Spearman’s r = 0.601, P=.043, N=12) (Appendix 18). No 

associations between pre- to post-exercise training changes to cardiorespiratory fitness and T cell 

senescence, exhaustion, or anergy were identified (all P>.05) (Appendix 18). 

5.4.6.3 Body composition 

A pre- to post-exercise training reduction to BMI was associated with a pre- to post-exercise training 

increase to CD8+ TCM proportion (Pearson’s r = −0.517, P=.049, N=15) (Appendix 18). No 

associations between pre- to post-exercise training changes to body composition and T cell 

senescence, exhaustion, or anergy were identified (all P>.05) (Appendix 18). 

5.4.7 Associations between compliance to the exercise programme vs. pre- to post-exercise 

training changes to inflammatory biomarkers 

Correlational analyses between adherence and compliance to the exercise programme and pre- to 

post-exercise training changes to inflammatory biomarkers are shown in Appendix 19. Higher 

adherence to supervised exercise sessions was associated with pre- to post-exercise training 

reductions to sIL-6Rα (Pearson’s r = −0.507, P=.054, N=15) (Appendix 19). Compliance to 

supervised exercise intensity, home-based exercise session adherence, and home-based exercise 

intensity were not associated with pre- to post-exercise training changes to inflammatory biomarkers 

(all P>.05, Appendix 19). 

5.4.8 Associations between pre- to post-exercise training changes to physical activity level, 

cardiorespiratory fitness, or body composition vs. inflammatory biomarkers 

Correlational analyses between pre- to post-exercise training changes to physical activity level, 

cardiorespiratory fitness, and body composition, and pre- to post-exercise training changes to 

inflammatory biomarkers are shown in Appendix 20.  

A reduction to body fat percentage from pre- to post-exercise training was associated with a pre- to 

post-exercise training reduction to TNF-α (Spearman’s r = 0.539, P=.050, N=14) (Appendix 20), 

indicating that alteration to body composition was associated with resolution of inflammatory 

dysregulation. Furthermore, a reduction to resting heart rate from pre- to post-exercise training was 

associated with a pre- to post-exercise training reduction to TNF-α (Spearman’s r = 0.654, P=.010, 

N=15) and IL-8 (Spearman’s r = 0.711, P=.004, N=15) (Appendix 20), illustrating that increased 

fitness was associated with resolution of inflammatory dysregulation. However, in contrast, an 

increase to self-reported physical activity from pre- to post-exercise training was associated with a 

pre- to post-exercise training increase to plasma TNF-α (Spearman’s r = 0.654, P=.018, N=13) 

(Figure 5.5E) suggesting that physical activity increased inflammatory dysregulation. No 

associations between pre- to post-exercise training change to physical activity level, 

cardiorespiratory fitness or body composition and IL-6, sIL-6Rα, CRP, VEGF, IL-15, or IL-16 were 

identified (Appendix 20).  
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5.4.9 Associations between pre- to post-exercise training changes to immunophenotypes vs. 

inflammatory biomarkers 

Correlational analyses between pre- to post-exercise training changes to immunophenotypes and 

inflammatory biomarkers are shown in Appendix 21. 

It was hypothesised that reductions to T cells expressing senescence features from pre- to post-

exercise training would be associated with reductions to inflammatory biomarkers, due to previously-

identified associations between immunosenescence and inflammaging (Cevenini et al., 2010; 

Franceschi & Campisi, 2014). However, in contradiction to the hypothesis, a reduction to the 

frequency of KLRG1+CD4+ T cells from pre- to post-exercise training was associated with a pre- to 

post-exercise training increase to IL-6 (Pearson’s r = −0.689, P=.005, N=15) and sIL-6Rα (Pearson’s 

r = −0.585, P=.022, N=15) (Appendix 21). Furthermore, a pre- to post-exercise training reduction to 

the frequency of KLRG1+CD8+ T cells was associated with a pre- to post-exercise training increase 

to sIL-6Rα (Pearson’s r = −0.587, P=.022, N=15), and a reduction to the frequency of CD57+CD4+ 

T cells from pre- to post-exercise training was associated with a pre- to post-exercise training increase 

to IL-6 (Spearman’s r = −0.561, P=.032, N=15) (Appendix 21). These associations suggest that 

reductions to immunosenescence were not associated with reductions to inflammatory dysregulation. 

Based on previous evidence, it was hypothesised that increases to IL-15 from pre- to post-exercise 

training would be associated with increases to TNA cells and reductions to TCM and TEM cells, in line 

with the phenotypic reversion of memory T cells to ‘naïve-revertant T cells’ in response to IL-15 

(Frumento et al., 2020). In the present trial, an increase to IL-15 from pre- to post-exercise training 

was associated with a pre- to post-exercise training increase to CD8+ TNA proportion (Pearson’s r = 

0.683, P=.005, N=15) (Figure 5.6A) and reduction to CD4+ TEM frequency (Spearman’s r = −0.511, 

P=.054, N=15) (Figure 5.6B). Furthermore, based on previous research, pre- to post-exercise training 

increases to IL-15 were anticipated to be associated with reductions to T cells expressing CD57+, 

KLRG1+ (Li et al., 2005; Watkinson et al., 2020), CTLA4+ and PD1+ (Perna et al., 2013). In the 

present trial, a pre- to post-exercise training increase to IL-15 was associated with a pre- to post-

exercise training reduction to KLRG1+CD4+ T cell proportion (Pearson’s r = −0.663, P=.007, N=15) 

and frequency (Pearson’s r = −0.756, P=.001, N=15) (Figure 5.6C), and a reduction to the frequency 

of CTLA4+CD4+ T cells (Pearson’s r = −0.657, P=.008, N=15) (Figure 5.6D). Pre- to post-exercise 

training changes to IL-15 were not associated with CD57+ or PD1+ T cells (all P>.05) (Appendix 

21).
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Figure 5.6. Scatterplots depicting 

correlations between pre- to post-

exercise training changes to IL-15 

and T cell phenotypes. 

Pre- to post-exercise training change 

to plasma IL-15: 

(A) vs. pre- to post-exercise training 

change to CD8+TNA proportion (rP = 

0.683, P=.005) 

(B) vs. pre- to post-exercise training 

change to CD4+ TEM frequency (rS = 

−0.511, P=.054) 

(C) vs. pre- to post-exercise training 

change to KLRG1+ CD4+ T cell 

frequency (rP = −0.756, P=.001) 

(D) vs. pre- to post-exercise training 

change to CTLA4+CD4+ frequency 

(rP = −0.657, P=.008) 

All N=15 pairs. rS = Spearman’s r; rP 

= Pearson’s r; TNA = Naïve T cell; 

TEM = Effector memory T cell; 

KLRG1 = Killer cell lectin-like 

receptor subfamily G member 1; 

CTLA4 = Cytotoxic T lymphocyte-

associated protein 4. 
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5.4.10 Associations between pre- to post-exercise training changes to immunophenotypes or 

inflammatory biomarkers vs. MGUS and SMM disease activity. 

The median pre- to post-exercise training changes to MGUS and SMM disease activity biomarkers 

are shown in Chapter 4 (Section 4.4.3). It should be noted that there was no statistically significant 

reduction to M-protein (−0.5 ± 5.3%, P=.903) or involved FLC (2.0 ± 17.1%, P=.839) from pre- to 

post-exercise training. However, in light of the variation in pre- to post-exercise training changes to 

M-protein (−1.9 to +4.9 g/L) and involved FLC (−74.00 to +104.94 mg/L), preliminary analysis was 

performed with the aim of identifying potential mechanisms that may explain the range of individual 

changes to disease activity from pre- to post-exercise training. 

A pre- to post-exercise training reduction to M-protein was associated with a pre- to post-exercise 

training reduction to the proportion of KLRG1+CD4+ TEMRA cells (Spearman’s r = 0.557, P=.041, 

N=14) (Figure 5.7A), in line with the hypothesis that reductions to T cell senescence may be 

associated with reductions to cancer development. However, a pre- to post-exercise training 

reduction to involved FLC was associated with a pre- to post-exercise training increase to the 

frequency of CTLA4+CD4+ T cells (Spearman’s r = −0.561, P=.050, N=13) (Figure 5.7B) and 

CD57+CD8+ T cells (Spearman’s r = −0.621, P=.027, N=13) (Figure 5.7C), which suggests that 

reductions to senescent and anergic T cells are associated with increased disease activity, in 

contradiction to purported anti-cancer mechanisms of exercise. These correlations must be 

interpreted in the context of the statistically non-significant pre- to post-exercise training changes to 

M-protein and involved FLC (Section 4.4.3). No other associations between immunophenotypes or 

inflammatory biomarkers and disease activity biomarkers were identified (Appendix 22).
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Figure 5.7. Scatterplots depicting correlations between pre- to post-exercise training changes to disease 

activity biomarkers and purported anti-cancer mechanisms of exercise. 

Pre- to post-exercise training change to M-protein: 

(A) vs. pre- to post-exercise training change to KLRG1+CD4+ T cell proportion (rS = 0.557, P=.041, N=14) 

Pre- to post-exercise training change to iFLC: 

(B) vs. pre- to post-exercise training change to CTLA4+CD4+ T cell frequency (rS = −0.561, P=.050, N=13)  

(C) vs. pre- to post-exercise training change to CD57+ CD8+ T cell frequency (rS = −0.621, P=.027, N=13)  

rS = Spearman’s r; rP = Pearson’s r; M-protein = Monoclonal protein; KLRG1 = Killer cell lectin-like 

receptor subfamily G member 1; iFLC = Involved free light chain; CTLA4 = Cytotoxic T lymphocyte-

associated protein 4 



170 

 

5.5 Discussion 

The primary aim of this pilot trial was to determine the effects of exercise training on purported anti-

cancer mechanisms of exercise in MGUS and SMM. Understanding the preliminary effects of 

exercise training on anti-cancer mechanisms is valuable for the design of future trials exploring the 

effects and mechanisms of exercise training on time-to-progression from MGUS and SMM to MM. 

Furthermore, the trial herein aimed to identify whether short-term exercise-induced changes to 

purported anti-cancer mechanisms were associated with reductions to MGUS and SMM disease 

activity, as implied in a prior case study of one patient with SMM where disease activity was reversed 

by exercise training (Boullosa et al., 2013). The principal finding of this pilot trial was that immune 

competency and inflammatory dysregulation were largely unchanged by 16 weeks of progressive 

exercise training in MGUS and SMM. Indeed, there were no pre- to post-exercise training reductions 

to inflammatory biomarkers, T cells with features of senescence, exhaustion and anergy, or increases 

to naïve T cells. Furthermore, there were no consistent associations between pre- to post-exercise 

training reductions to MGUS and SMM disease activity biomarkers and changes to purported anti-

cancer mechanisms. 

Exercise-induced enhancement of immunoediting has previously been proposed as an anti-cancer 

mechanism (Koelwyn et al., 2015). In the present trial, T cell exhaustion and anergy, and T cell 

senescence and stemness were measured in blood, representing two of three leading theories 

identified in Chapter 2 which may underpin enhanced immunoediting and reduced clinical cancer 

risk in physically active individuals. The theory not addressed in the experimental chapters was acute 

exercise immunosurveillance, which would require phenotyping of immune cells in blood and within 

the bone marrow tumour microenvironment pre- and post-acute exercise in MGUS and SMM. 

Indeed, the acute exercise immunosurveillance hypothesis describes the mobilisation of cytotoxic 

effector cells into the circulation following an acute bout of vigorous intensity exercise (Campbell et 

al., 2009) followed by the redistribution of cytotoxic effector cells to tumour sites to conduct 

immunosurveillance and eliminate immunogenic cancer cells (Kruger et al., 2008; Pedersen et al., 

2016). It may be inferred that acute exercise immunosurveillance in response to vigorous intensity 

exercise did not result in immune-elimination of cancer cells in MGUS and SMM, as disease activity 

was unchanged following a 16-week exercise programme which included 20 vigorous intensity 

exercise sessions (Chapter 4). However, due to the low immunogenicity of MGUS and SMM 

(Nakamura et al., 2020), the acute exercise immunosurveillance hypothesis cannot be ruled out as a 

potential mechanism to explain the reduced risk of clinically diagnosed cancer in physically active 

individuals based on the findings presented herein. 

The first theory from the field of exercise immunology explored was that exercise training resolves 

T cell exhaustion and anergy. The frequency of PD1+ T cells in blood was unchanged from pre- to 

post-exercise training in patients with MGUS and SMM in the present trial. To the author’s 

knowledge, this is the first trial to measure change to the frequency of PD1+ T cells in blood following 

exercise training in humans. Furthermore, only one prior cross-sectional study is available, which 
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found lower circulating proportions of PD1+CD4+, but not PD1+CD8+, T cells in individuals with a 

higher physical activity level (Gustafson et al., 2017). In addition, herein, there was no pre- to post-

exercise training change to the frequency of blood CTLA4+CD4+ T cells in patients with MGUS and 

SMM, suggesting that exercise training did not reduce T cell anergy. Whilst CTLA4+ is transiently 

expressed on CD8+ T cells upon activation (Perez-Garcia et al., 2013), CTLA4+CD8+ T cells were 

not enumerated in the present trial due to the predominant, and constitutive, expression on CD4+ T 

cells (Chan et al., 2014). Furthermore, CTLA4+CD4+ T cells represent a population of TREG cells that 

mediate the anti-cancer effects of anti-CTLA4 immunotherapy (Quezada & Peggs, 2019; Sobhani et 

al., 2021). In the present trial, an increase in self-reported physical activity from pre- to post-exercise 

training was associated with a reduction to the proportion of CTLA4+CD4+ T cells in blood. This 

association reflects prior cross-sectional studies showing that individuals with a higher self-reported 

physical activity level exhibit lower proportions of TREG cells (CD4+CD25+FoxP3+) in blood (Duggal 

et al., 2018; Hampras et al., 2012). There is currently an absence of studies examining CTLA4+ TREG 

cells in the context of physical activity or structured exercise training for further comparisons. 

The second exercise immunology theory examined herein suggests that clinical cancer risk is reduced 

in physically active individuals via reductions to senescent T cells and increases to T cell stemness. 

In the present trial, the frequency of blood T cells expressing senescence markers CD57+ or KLRG1+ 

was largely unchanged from pre- to post-exercise training in MGUS and SMM. This finding aligns 

with a prior exercise intervention trial showing no difference in the change to the frequency of 

CD57+CD8+ T cells between groups allocated to either six weeks of resistance training or a passive 

stretching control (Dinh et al., 2019). Furthermore, another prior trial showed that reductions to the 

frequency of KLRG1+CD4+ T cells after four weeks of aerobic exercise only occurred when training 

was performed in hypoxic conditions (Wang et al., 2011). In the present trial, only CD57+CD4+ 

TEMRA cells were shown to reduce from pre- to post-exercise training in MGUS and SMM. It has 

previously been suggested that the exercise-induced amelioration of T cell immunosenescence is 

explained by the ‘immune space’ hypothesis. The ‘immune space’ hypothesis postulates that 

senescent T cells are preferentially mobilised and redistributed to peripheral tissues to conduct 

immunosurveillance following acute exercise, and then undergo apoptosis in response to apoptotic 

stimuli in tissues (Simpson, 2011; Simpson & Guy, 2010). The findings presented in the present trial 

dispute the ‘immune space’ hypothesis as, broadly, senescent T cell frequency and proportion was 

unchanged from pre- to post-exercise training. Furthermore, selective reductions to senescent CD4+ 

T cells in the present trial contradicts the hypothesis that the immune cell subsets which undergo 

preferential mobilisation and redistribution following acute exercise undergo apoptosis (Simpson, 

2011; Simpson & Guy, 2010). Indeed, CD8+ T cells are mobilised to a greater extent than CD4+ T 

cells in response to acute exercise (Campbell et al., 2009). Furthermore, rodent studies suggest that 

T cells are redistributed to the lungs, Peyer’s patches, and bone marrow following acute exercise to 

conduct immunosurveillance (Kruger et al., 2008). Subsequently, within 24 hours of acute exercise, 

T cells – particularly CD8+ T cells – undergo apoptosis within peripheral tissues (Kruger et al., 2009). 
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As such, it appears unlikely that reductions to CD57+CD4+ TEMRA cells from pre- to post-exercise 

training in the present trial are explained by the ‘immune space’ hypothesis.  

The final aspect of the ‘immune space’ hypothesis is the generation of TNA cells to fill the ‘immune 

space’ generated by the deletion of senescent T cells following a bout of exercise (Simpson, 2011; 

Simpson & Guy, 2010). Indeed, rodent studies have shown that acute exercise mobilises 

haematopoietic progenitor cells into blood, which may be driven by the presence of apoptotic T cells 

(Mooren & Krueger, 2015). Therefore, it might be expected – in line with the ‘immune space’ 

hypothesis – that the reduction to CD57+CD4+ TEMRA cells observed in the present trial would be 

accompanied by an increase to TNA cells. However, there was no pre- to post-exercise training change 

to the frequency or proportion of TNA cells in the present trial. One prior trial identified TNA as 

CD45RO−CCR7+ – which is similar to CD45RA+CD27+ utilised herein – and showed that three 

weeks of walking exercise increased CD8+ TNA in blood in men aged ~57 years with prediabetes 

(Philippe et al., 2019). The findings of the present trial may differ from the aforementioned trial due 

to differences in exercise prescription, the inclusion of both men and women, or differences in the 

effects of exercise training on TNA in those with prediabetes vs. precancerous MGUS and SMM. 

Other exercise intervention trials have defined TNA as CD45RA+ (Fairey et al., 2005; Raso et al., 

2007; Woods et al., 1999) or CD28+ (Dinh et al., 2019; Kapasi et al., 2003; Shimizu et al., 2008; 

Shimizu et al., 2011) which limits the direct comparisons that can be drawn with the findings herein. 

Regardless, prior exercise intervention trials have shown increases in (Dinh et al., 2019; Shimizu et 

al., 2008; Shimizu et al., 2011) or no change to (Fairey et al., 2005; Kapasi et al., 2003; Raso et al., 

2007; Woods et al., 1999) TNA cells, demonstrating the lack of consensus in the literature and 

requirement for further trials in future. 

In addition to the effects of exercise training on senescent T cells, subsequent effects on inflammatory 

dysregulation were explored, due to the role of immunosenescence in the development of age-

associated systemic inflammation, known as ‘inflammaging’ (Cevenini et al., 2010; Franceschi & 

Campisi, 2014). As MGUS and SMM typically develop in adults aged >50 years and are most 

prevalent among those aged >85 years (Kyle et al., 2006), and inflammatory dysregulation is 

implicated in MM pathogenesis (Allegra et al., 2019; Musolino et al., 2017) reductions to systemic 

inflammation are potentially relevant to patients with MGUS and SMM. Prior evidence suggests that 

many of the inflammatory biomarkers measured in the present trial – including IL-1β, IL-4, IL-6, IL-

8, IL-10, IL-12p70, IL-15, IL-17A, VEGF, and TNF-α – are present in higher concentrations in serum 

in MGUS, SMM and MM compared to healthy controls (Bosseboeuf et al., 2017). However, IL-1β, 

IL-4, IL-10, IL-12p70, and IL-17A were undetected in plasma of MGUS and SMM patients in the 

present trial. A prior study that measured plasma inflammatory cytokines in healthy adults of a 

similar age and using the same assay as in the present study found that IL-4, IL-10 and IL-12p70 

were detected in the majority of samples, whereas IL-1β was only detected in a third of samples 

(Koelman, Pivovarova-Ramich, Pfeiffer, Grune, & Aleksandrova, 2019). As such, undetectable IL-

1β appears to be common to adults aged ~60 years. However, the inability to detect IL-4, IL-10, IL-
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12p70, and IL-17A in the present trial cannot be attributed to older age or plasma cell neoplasia. 

Furthermore, concentrations of IL-6, IL-8, IL-15, VEGF, and TNF-α measured in plasma in the 

present trial were lower than shown previously in serum of MGUS, SMM and MM patients 

(Bosseboeuf et al., 2017). The reason for the disparity between findings is not known, but could be 

attributed to differences in assay procedures, plasma cell disease severity, or the burden of other 

inflammatory comorbidities. 

In the present trial, exercise training did not alter blood inflammatory biomarkers in MGUS and 

SMM, which may be attributed to the relative absence of inflammatory dysregulation in the 

participants herein when compared to previous reports in MGUS, SMM and MM (Bosseboeuf et al., 

2017). Prior studies showed similar findings, whereby 12 months of aerobic exercise training had no 

effect on CRP (Beavers et al., 2010; Campbell et al., 2008; Nicklas et al., 2008), IL-6 (Beavers et al., 

2010; Campbell et al., 2009; Friedenreich et al., 2012b), TNF-α (Beavers et al., 2010; Friedenreich 

et al., 2012b), sIL-6R, IL-1RA, IL-15 (Beavers et al., 2010), and VEGF (Voss et al., 2013) in healthy 

individuals. However, a prior study showed that IL-8 concentration was ~10% lower in older adults 

that performed 12 months of aerobic exercise training compared to matched individuals that received 

health education for 12 months (Beavers et al., 2010). Reductions to inflammatory biomarkers 

following structured exercise training may occur via reductions to adipose tissue containing pro-

inflammatory immune cells (Trim et al., 2018) or via reductions in senescent immune cells with a 

senescence-associated secretory phenotype (Cevenini et al., 2010; Franceschi & Campisi, 2014). 

However, pre- to post-exercise training changes to body fat percentage and senescent T cell 

frequency were not associated with change to inflammatory biomarkers in the present trial. 

An emerging hypothesis is that theories purported to underpin enhanced immune competency in 

physically active individuals coalesce via immunoregulatory mytokines, such as IL-15. As such, 

associations between pre- to post-exercise training changes to IL-15, and changes to T cell 

exhaustion, anergy, senescence, and stemness were explored. An increase to IL-15 was associated 

with a reduction to blood CTLA4+CD4+ T cell frequency, which may be attributed to the role of IL-

15 to blunt suppressive functions of TREG cells (Ahmed et al., 2009). In addition, a pre- to post-

exercise training increase to IL-15 was associated with an increase to CD8+ TNA proportion and a 

reduction to CD4+ TEM frequency in blood in MGUS and SMM. Similarly, a prior study identified a 

positive association between IL-15 and the proportion of naïve CD4+ T cells in blood (Bartlett & 

Duggal, 2020). Furthermore, evidence suggests that IL-15 induces effector memory T cells to a 

‘naïve-revertant’ memory phenotype (Frumento et al., 2020) which may underpin the association 

between pre- to post-exercise training increase to IL-15, and increase to TNA cell proportion and 

reduction to TEM cell frequency. Moreover, a pre- to post-exercise training increase to IL-15 was 

associated with a reduction to the frequency and proportion of KLRG1+CD4+ T cells. IL-15 has been 

shown to upregulate telomerase in CD8+ T cells, however the effects in CD4+ T cells are less clear 

(Li et al., 2005; Watkinson et al., 2020). Increases in telomerase in CD4+ T cells may instead occur 

in response to IL-7 (Yang, An, & Weng, 2008) which is elevated in physically active individuals 
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(Duggal et al., 2018) but was not measured herein. IL-15 is expressed by skeletal muscle (Nielsen et 

al., 2007) suggesting that increases to skeletal muscle mass may be implicated in the elevations to 

basal IL-15 in physically active people (Duggal et al., 2018; Bartlett & Duggal, 2020). In the present 

trial, lean soft-tissue mass measured via DEXA was unchanged from pre- to post-exercise training 

(Section 3.4.2.4), which may explain the lack of change to IL-15, and subsequently T cells, in blood. 

Furthermore, in previous studies, it was shown that a single bout of resistance exercise (Riechman et 

al., 2004) and vigorous intensity aerobic exercise (Tamura et al., 2011) acutely elevated IL-15 in 

blood post-exercise. In absence of changes to T cells in blood herein, it appears that either the 

exercise prescription did not induce acute elevations to IL-15 after each exercise session and/or basal 

increases to IL-15 in response to muscle hypertrophy are required to improve immune competency. 

Further investigations are required to explore the mechanisms underpinning improvements to 

immune regulation and competency following a period of exercise training. 

Preliminary analysis was conducted to explore whether changes to purported anti-cancer mechanisms 

were associated with changes to MGUS and SMM disease activity from pre- to post-exercise 

training. Indeed, a prior case study – in one patient with SMM – showed that exercise training can 

reverse disease activity of monoclonal gammopathies (Boullosa et al., 2013). In contrast to the 

aforementioned case study, there was no effect of exercise training on disease activity biomarkers of 

MGUS and SMM in the present trial (Section 4.4.3.1). However, the presence of individual variation 

in pre- to post-exercise training changes to disease biomarkers (Section 4.4.3.2) was utilised to 

examine potential underlying mechanisms. Pre- to post-exercise training reductions to M-protein 

were associated with reductions to the proportion of KLRG1+CD4+ TEMRA cells, suggesting that 

exercise-induced reductions to senescent T cells are associated with reductions to MGUS and SMM 

disease activity. However, reductions to involved FLC from pre- to post-exercise training were 

associated with increases to CTLA4+CD4+ T cells and CD57+CD8+ T cells, suggesting that increases 

to T cell senescence and anergy mediate reductions to disease activity in MGUS and SMM. The latter 

finding contradicts mechanisms purported to explain reductions to clinical cancer risk in physically 

active persons discussed above. However, such findings should be interpreted with caution, due to 

the modest changes to disease activity and immunophenotypes in the present trial. 

This pilot work paves the way for a future study exploring the effects of exercise training on time-

to-progression from high-risk SMM to MM. Studies of this design can test the hypothesis that the 

lower risk of clinical cancer in physically active individuals is explained by mechanisms that delay 

the evolution from pre-cancer to clinical cancer, such as improved immune competency to enhance 

the elimination of immunogenic cancer cells. Considering issues with detecting inflammatory 

biomarkers in plasma, future trials in high-risk SMM could conduct mechanistic analysis on bone 

marrow aspirates (i.e., the tumour microenvironment). Furthermore, the tumour microenvironment 

is inherently immunosuppressive and induces T cell anergy and exhaustion (Crespo et al., 2013) 

which may facilitate detection of changes to exhausted and anergic T cell frequency following 

exercise training. In addition, bone marrow aspirates would allow for measurement of tissue-resident 
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memory T cells, which play a key role in cancer immunosurveillance (Park, Gebhardt, & Mackay, 

2019b), are elevated in bone marrow of MGUS patients compared to MM (Bailur et al., 2019), and 

may be upregulated in physically active individuals via higher circulating IL-7 and IL-15 (Duggal et 

al., 2018; Szabo et al., 2019).  

The lack of a non-exercising control group in this trial prevents interpretation of the effects of 

exercise training on immune competency and inflammatory biomarkers in the context of changes 

that occur over 16 weeks of usual care in MGUS and SMM. Furthermore, a relatively small number 

of participants were enrolled into the trial, however a range of ages (32-74 years) and both men and 

women were represented. Another limitation of the present trial was the phenotyping of T cells 

following cryopreservation. While prior research suggests that CD4+ TNA, TCM, TEM, and TEMRA 

proportions are stable in cryopreserved vs. fresh PBMCs, proportional increases to CD8+ TNA and 

TCM proportions, and reductions to TEM proportion occur following 12 months of cryopreservation 

(Tompa, Nilsson-Bowers, & Faresjo, 2018). Similarly, PD1+CD4+ T cells are stable, but PD1+CD8+ 

T cells reduce following cryopreservation of PBMCs (Campbell et al., 2009). As such, the influence 

of cryopreservation should be considered when interpreting the results. In addition, assays with 

greater sensitivity are required to detect basal plasma IL-1β, IL-4, IL-10, IL-12p70, and IL-17A in 

MGUS and SMM. 

5.6 Conclusion 

Progressive exercise training did not reduce the frequency of exhausted, anergic, or senescent T cells 

– with the exception of CD57+CD4+ TEMRA cells – and did not increase the frequency of naïve T cells 

in blood in MGUS and SMM. Furthermore, circulating concentrations of inflammatory biomarkers 

were unchanged from pre- to post-exercise training. Associations between pre- to post-exercise 

training changes to IL-15 and TNA, TCM, anergic, and senescent T cells highlights a role for exercise-

induced increases to immunoregulatory cytokines in orchestrating enhancements to immune 

competency, which warrant further exploration. In light of the absence of changes to disease activity 

from pre- to post-exercise training (Chapter 4), few associations were identified between change to 

disease activity biomarkers and change to immunological or inflammatory biomarkers. Therefore, 

short-term exercise training appears to exert limited effects on disease activity and purported 

mechanisms, and instead longer-term trials are needed. Future studies measuring the effects of 

exercise training on time-to-progression from high-risk SMM to MM, alongside comprehensive 

assessments of immune regulation and competency, will elucidate anti-cancer mechanisms of 

exercise training.  
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6 General discussion 

6.1 Overall findings 

The overall aim of this thesis was to evaluate the feasibility and safety of progressive exercise training 

in monoclonal gammopathy of undetermined significance (MGUS) and smouldering multiple 

myeloma (SMM). Furthermore, the effects of exercise training on biomarkers of MGUS and SMM 

disease activity were examined, given that a prior case study showed that exercise training reversed 

SMM disease activity in one patient (Boullosa et al., 2013). In addition, the preliminary efficacy of 

exercise training to alter purported anti-cancer mechanisms in MGUS and SMM was explored. The 

overall findings of the work presented herein were that a 16-week progressive exercise training 

programme was feasible and safe for individuals with MGUS and SMM, and improved physical and 

psychological health outcomes. However, the 16-week exercise programme did not alter disease 

activity, disease-related comorbidities, immune competency, or inflammatory dysregulation in 

MGUS and SMM. 

6.2 Progressive exercise training was feasible and safe for patients with MGUS and SMM 

The absence of serious adverse events and low prevalence of grade 1 adverse events in the present 

trial demonstrated that progressive exercise training was safe for patients with MGUS and SMM. 

This finding is in agreement with previous trials showing that exercise training is safe for patients 

with the most advanced stage of plasma cell cancer, multiple myeloma (MM) (Groeneveldt et al., 

2013; Koutoukidis et al., 2020; Larsen et al., 2019). When compared to the prevalence of grade 3+ 

adverse events associated with anti-cancer therapies, which have been used to treat high-risk SMM 

in the context of clinical trials (Kim et al., 2020), exercise training appears to represent a low-toxicity 

healthcare intervention in MGUS and SMM. 

Approximately 50% of MGUS and SMM patients monitored at the Royal United Hospital Bath were 

deemed ineligible for the trial, predominantly due to the presence of high-risk comorbidities and 

contraindications to exercise. The most common comorbidities which precluded participation in the 

trial were cardiac disease (34%), mobility limitations (23%), and orthopaedic limitations (11%). The 

prevalence of complex comorbidities can likely be attributed to MGUS and SMM almost exclusively 

developing in adults aged >50 years (Kyle et al., 2006; Landgren et al., 2017). Conservative 

screening procedures were employed in the present trial due to the requirement for participants to 

complete a highly-prescriptive and supervised exercise intervention which progressed to vigorous 

intensities with the aim of engaging anti-cancer mechanisms of exercise. Future trials with more 

inclusive screening criteria are required to evaluate the safety of exercise and/or physical activity 

interventions for general health benefits in patients with MGUS and SMM prior to implementation. 

Only 28% of clinically-eligible MGUS and SMM patients enrolled into the trial, and 57% of patients 

that declined to participate reported travel and time limitations as the primary barriers to accessing 

the trial. The Royal United Hospital Bath has a broad catchment of ~500,000 people residing across 

a large geographical area. Conducting a trial requiring frequent hospital visits for supervised exercise 
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sessions revealed site-specific limitations, including limited parking and public transport links for a 

hospital located on the outskirts of Bath city centre which serves sparse rural communities. A similar 

rate of uptake was seen in a recent randomised-controlled exercise intervention trial recruiting MM 

survivors with stable disease, where uptake of clinically-eligible patients was 34% (Koutoukidis et 

al., 2020). Furthermore, in this prior study, 62% of patients who declined to take part in the exercise 

intervention cited extra time and travel commitments as barriers to enrolling (Koutoukidis et al., 

2020). However, other exercise trials in MM have enrolled >60% of clinically-eligible patients 

(Groeneveldt et al., 2013; Larsen et al., 2019). These prior trials involved just one session per week 

for three months then one session per month for three months (Groeneveldt et al., 2013) or eight 

sessions across a ten-week intervention (Larsen et al., 2019), compared to 32 sessions across 16 

weeks in the present trial, which may explain differences in uptake. 

The retention rate in the present trial was 75%. Similar retention rates have been reported for ten-

week (80%) (Larsen et al., 2019) and six-month (76%) (Groeneveldt et al., 2013; Koutoukidis et al., 

2020) exercise interventions in MM. In the present trial, two participants withdrew after baseline 

measurements, one due to anxiety and one due to a cardiac abnormality identified on 

electrocardiogram during baseline exercise testing. Two participants withdrew during the exercise 

programme due to time limitations and complications of type 1 diabetes, respectively. One 

participant was excluded during the intervention due to disease progression to MM. This highlights 

the potential for future trials to investigate the effects of exercise training on time-to-progression 

from high-risk SMM to MM, as 5% of participants who enrolled onto the trial progressed to active 

MM. 

The combination of supervised and home-based exercise training was deemed feasible in the present 

trial. Adherence to both supervised and home-based exercise sessions was approximately 90%. 

However, there was greater variation in adherence to home-based exercise sessions (range 25-100%) 

compared to supervised exercise sessions (range 72-100%). Exercise programmes implemented in 

MM revealed higher adherence to supervised exercise sessions (86-99%) than home-based exercise 

sessions (73-89%) (Groeneveldt et al., 2013; Larsen et al., 2019). Herein, as adherence rates for both 

supervised and home-based exercise training were high, future trials can implement either, or a 

combination of, supervised and home-based exercise sessions in MGUS and SMM. Furthermore, the 

maximum tolerated dose of exercise intensity for supervised and home-based aerobic exercise was 

~70% V̇O2PEAK, suggesting that exercise prescriptions engaging purported anti-cancer mechanisms 

of exercise are feasible without supervision. Progressive resistance exercises for the upper and lower 

body performed with elastic resistance bands were safe for patients with MGUS and SMM. However, 

elastic resistance bands provided insufficient load for exercise prescriptions below ten repetition-

maximum. Administering external resistance via elastic resistance bands is safe, cheap, and can be 

implemented in a home-based setting, however, was inappropriate for high-load, low-repetition 

exercise prescriptions in MGUS and SMM. Together, these findings may inform the utilisation of 



178 

 

home-based exercise interventions that engage purported anti-cancer mechanisms of exercise during 

long-term trials performed until disease progression to MM in high-risk SMM patients. 

6.3 Progressive exercise training did not reverse MGUS and SMM disease activity 

Progressive exercise training performed for 16 weeks did not reduce biomarkers of MGUS and SMM 

disease activity, which contradicts prior evidence in one patient diagnosed with SMM showing 

reductions to M-protein following exercise training (Boullosa et al., 2013). Indeed, in the present 

trial, pre- to post-exercise training changes to monoclonal (M)-protein and involved serum free light 

chain (FLC) did not exceed expected variation (Katzmann et al., 2011) or meet treatment response 

criteria for anti-cancer therapy in MM (Kumar et al., 2016). Furthermore, β2 microglobulin and the 

frequency of circulating plasma cells in blood were unchanged from pre- to post-exercise training. 

With reference to safety outcomes, it is reassuring that structured exercise training did not exacerbate 

disease activity in MGUS and SMM. Furthermore, the inability of exercise training to reverse MGUS 

and SMM disease activity may provide insights into the anti-cancer mechanisms of exercise. 

Only one prior study to date has measured change to the disease activity of asymptomatic monoclonal 

gammopathies following exercise training. Indeed, it has been shown that M-protein reduced by 27% 

after four years of vigorous intensity, multi-modal exercise training in one patient with SMM 

(Boullosa et al., 2013). Analysis of published data revealed that the decrease in M-protein after the 

first year of training (coefficient of variation (CV) = 10.8%) (Boullosa et al., 2013) exceeded 

expected long-term variation in M-protein (CV = 8.1%) (Katzmann et al., 2011). However, in line 

with the findings of the present trial, no other annual changes to M-protein following further exercise 

training exceeded expected variation. The present trial represents a more robust appraisal of the 

effects of exercise training on disease activity in MGUS and SMM, due to recruiting a representative 

group of patients aged ~60 years, whereas the case study patient was aged 44 years and had an elite 

sporting background (Boullosa et al., 2013). Furthermore, a comprehensive analysis of disease 

activity biomarkers was reported in the present study, providing consistent evidence that disease 

activity was unaltered by progressive exercise training in MGUS and SMM. 

Prior evidence shows that MM risk is reduced by 17% in individuals with a higher self-reported 

physical activity level (Moore et al., 2016). Furthermore, individuals adhering to World Health 

Organisation (WHO) physical activity guidelines have 14% lower risk of MM than individuals 

performing no physical activity (Matthews et al., 2019). As MM is preceded by MGUS and SMM 

(Landgren et al., 2009; Weiss et al., 2009) these studies could be interpreted to show that physical 

activity improves progression-free survival in MGUS and SMM. However, long-term exercise 

intervention trials performed until disease progression in high-risk SMM are required to explore this 

hypothesis. In the present trial, it was shown that exercise training did not reverse MGUS and SMM 

disease activity. Furthermore, it can be inferred from previous studies showing no association 

between physical activity level and risk of other cancer precursor conditions (Boutron-Ruault et al., 

2001; Hilal et al., 2016; Lam et al., 2018) and the commonly asymptomatic haematological 
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malignancy, lymphocytic leukaemia (Moore et al., 2016), that physical activity cannot prevent 

MGUS and SMM arising. Together, these findings suggest that anti-cancer mechanisms which avert 

the progression from preclinical MGUS and SMM explain the observed reductions in MM risk in 

physically active persons. 

The finding that short-term exercise training cannot reverse MGUS and SMM disease activity aligns 

with the theory of cancer immunoediting, whereby cancer cells with low immunogenicity persist 

undetected and are not eliminated by effector immune cells, such as natural killer (NK) cells or 

cytotoxic CD8+ T cells (Dunn et al., 2002). MGUS and SMM are detectable manifestations of the 

equilibrium phase of immunoediting, whereby immunogenic plasma cells are eradicated, but plasma 

cells with low immunogenicity persist undetected (Nakamura et al., 2020). As such, disease activity 

of MGUS and SMM cannot be reversed, due to the inability of effector immune cells to eliminate 

the remaining ‘edited’ plasma cells with low immunogenicity. In the presence of immunosuppression 

and/or additional driver mutations, clonal plasma cells escape immune control and develop into the 

clinical cancer MM (Nakamura et al., 2020). However, in those with enhanced immune competency, 

new mutations resulting in the expression of novel tumour antigens by clonal plasma cells in MGUS 

and SMM may be detected and eliminated by effector immune cells, preventing progression to MM. 

Future studies that randomly allocate high-risk SMM patients to structured exercise training or non-

exercising groups during ‘watchful waiting’ until disease progression, are required to explore this 

hypothesis. 

6.4 Progressive exercise training did not improve disease-related comorbidities in patients with 

MGUS and SMM 

Exercise training did not improve disease-related comorbidities that are mechanistically driven by 

the underlying plasma cell neoplasia in patients with MGUS and SMM. Indeed, ‘CRAB’ features- 

hypercalcaemia, renal insufficiency, anaemia, and bone lesions – measured herein via blood 

biomarkers of anaemia and renal function, and bone mineral density measured by dual-energy x-ray 

absorptiometry (DEXA) were unchanged from pre- to post-exercise training. Additionally, immune 

suppression attributed to clonal plasma cell expansion – known as ‘immunoparesis’ – measured via 

circulating polyclonal immunoglobulins did not change. However, polyclonal B cell frequencies 

increased from pre- to post-exercise training, suggesting that exercise training may overcome aspects 

of immunosuppression in MGUS and SMM. 

Erythrocyte count, haemoglobin, and haematocrit were unchanged from pre- to post-exercise training 

in MGUS and SMM. Prior research suggests that short-term exercise training increases 

erythropoiesis (Bizjak et al., 2020) which may not occur in MGUS and SMM without reductions to 

disease activity, due to expansions of clonal plasma cells suppressing bone marrow production of 

erythrocytes (Bouchnita et al., 2016). In addition, renal function measured via serum creatinine and 

estimated glomerular filtration rate (eGFR) was unchanged by progressive exercise training in 

MGUS and SMM. The lack of change to circulating M-protein from pre- to post-exercise training 
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likely precluded changes to creatinine and eGFR – which were largely normal at baseline in this trial 

– due to deposition of M-protein and FLC in kidneys compromising renal function in MGUS and 

SMM (Merlini & Stone, 2006).  

Bone mineral density was unchanged from pre- to post-exercise training in MGUS and SMM at the 

whole-body level and within specific regions where bone lesions develop in MM (Roodman, 2008). 

Prior evidence suggests that walking-based exercise can only limit the rate of progressive losses of 

bone mineral density (Benedetti et al., 2018) which may contribute to explaining these findings. A 

prior single-arm study which implemented a whole-body vibration intervention also showed no 

change to tibial bone mineral density in MGUS (Seefried et al., 2020). However, in a rodent model, 

mechanical loading of the tibia increased bone formation and decreased bone resorption alongside 

reductions in MM tumour growth (Rummler et al., 2021) suggesting that reductions in disease burden 

may be required to increase bone density in MGUS and SMM. Maintenance of bone mineral density 

was shown to be a favourable outcome of exercise training in haematological cancer survivors, where 

exercise training maintained bone mineral density compared to deteriorations that occurred in 

patients allocated to a non-exercising group (Furzer et al., 2016). Avoiding reductions to bone 

mineral density may be favourable in MGUS and SMM, due to the 28% increased risk of death when 

fractures are present at MM diagnosis (Thorsteinsdottir et al., 2020). 

Immunoparesis of polyclonal immunoglobulins was present in 60% of participants at baseline, which 

has previously been identified as a risk factor for progression to MM in both MGUS (Landgren et 

al., 2019) and SMM (Perez-Persona et al., 2007; Sorrig et al., 2016). Herein, progressive exercise 

training did not increase uninvolved IgA, IgG, or IgM in MGUS and SMM patients without an IgA, 

IgG, or IgM M-protein, respectively. Similarly, prior studies have shown that 12-15 weeks of aerobic 

exercise training had no effect on basal serum IgA, IgG, and IgM concentrations in individuals 

without MGUS or SMM (Mitchell et al., 1996; Nehlsen-Cannarella et al., 1991). No participants in 

the present trial exhibited immunoparesis of uninvolved FLC. While uninvolved FLC was unchanged 

from pre- to post-exercise training, a positive association was identified between pre- to post-exercise 

training reduction to resting heart rate and reduction to uninvolved FLC. Similar findings were shown 

in a prior study, where healthy endurance trained older adults exhibited lower polyclonal FLC in 

blood than healthy, but less active, age-matched counterparts (Heaney et al., 2016). Associations 

between increased fitness and reduced polyclonal FLC in healthy older adults in the aforementioned 

study, and in MGUS and SMM patients in the present trial who did not display immunoparesis of 

uninvolved FLC, are thought to reflect lower systemic inflammation (Heaney et al., 2016).  

Suppression of polyclonal memory and immature B cells was present in >65% of participants in the 

present trial, when compared to age-specific reference ranges derived from healthy individuals 

(Blanco et al., 2018). When compared to other studies in MGUS and SMM, similar frequencies of 

polyclonal immature and naïve B cells were reported herein (Paiva et al., 2011). There was a modest 

pre- to post-exercise training increase to the frequency and proportion of total polyclonal B cells in 



181 

 

peripheral blood, driven by an increase to the frequency of polyclonal memory and naïve B cells. 

Similarly, a prior study showed that physically active older adults exhibited higher proportions of 

naïve B cells in blood than age-matched counterparts with a lower physical activity level (Duggal et 

al., 2018). Furthermore, an increase to the proportion of polyclonal naïve B cells from pre- to post-

exercise training was associated with an increase to polyclonal IgM in MGUS and SMM patients in 

the present trial. Immunoparesis of polyclonal IgM in newly-diagnosed MM is associated with 

shorter overall and progression-free survival compared to those with IgM within the normal range 

(Heaney et al., 2018). Taken together, exercise-induced increases to polyclonal naïve B cells in blood 

may in-turn be associated with an increase to polyclonal IgM, with downstream prognostic impact 

upon disease progression to MM. 

6.5 Progressive exercise training improved physical and psychological health outcomes in 

patients with MGUS and SMM 

Progressive exercise training reduced blood pressure and waist circumference, and increased 

functional fitness (e.g., balance, strength), exercise capacity, aspects of health-related quality of life 

(e.g., energy and fatigue, physical function) and self-reported physical activity in patients with 

MGUS and SMM. However, there was no change to sleep quality, flexibility, peak oxygen uptake 

(V̇O2PEAK), ventilatory threshold, DEXA-measured body composition or device-measured physical 

activity level from pre- to post-exercise training in patients with MGUS and SMM. 

Prior studies that implemented exercise training in MM have shown increases from baseline to leg 

strength (23-40%) measured using a ten repetition-maximum assessment (Groeneveldt et al., 2013; 

Koutoukidis et al., 2020) which were of similar magnitude to the improvement to 30-second sit-to-

stand test performance in the present trial (~40%). Furthermore, improvements to grip strength (~7%) 

and energy and fatigue scores (~10%) herein were similar to improvements of 6% and 8% for grip 

strength and fatigue, respectively, in a previous study that implemented exercise training in MM 

(Groeneveldt et al., 2013). Reductions to blood pressure and waist circumference, plus increases in 

self-reported physical activity are relevant to MGUS and SMM patients, due to the increased risk of 

cardiovascular disease compared to age-matched individuals without MGUS (Bida et al., 2009). 

Furthermore, better performance in functional balance and strength tests is associated with reduced 

risk of fractures, independent of bone mineral density (Khazzani et al., 2009) which is relevant to 

MGUS where fracture risk is elevated compared to age-matched counterparts without MGUS (Bida 

et al., 2009; Veronese et al., 2018). Finally, as quality of life predicts overall survival in newly-

diagnosed MM (Shilpa et al., 2014) improving aspects of quality of life via exercise training in 

MGUS and SMM may have prognostic implications upon disease progression. 

There was no change to ventilatory threshold or V̇O2PEAK following exercise training in MGUS and 

SMM. This finding is in agreement with prior exercise intervention studies in MM, which showed 

no change to V̇O2PEAK from pre- to post-exercise training (Groeneveldt et al., 2013; Koutoukidis et 

al., 2020). The absence of change to disease activity in the present trial may preclude improvements 
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to V̇O2PEAK in MGUS and SMM. Indeed, the accumulation of clonal plasma cells suppresses bone 

marrow erythropoiesis (Bouchnita et al., 2016) and oxygen carrying capacity of blood is a limiting 

factor to V̇O2PEAK (Bassett & Howley, 2000). In support of this speculation, disease activity 

biomarkers, erythrocyte count, and haemoglobin were unchanged by exercise training in the present 

trial. Maximum work rate achieved during maximal exercise testing increased by ~37% from pre- to 

post-exercise training in MGUS and SMM. Prior studies in MM have implemented submaximal 

exercise testing to estimate V̇O2PEAK, and thus have not measured maximum work rate (Groeneveldt 

et al., 2013; Koutoukidis et al., 2020). As such, another prominent finding of this trial is that exercise 

testing performed to volitional exhaustion on a treadmill is feasible and safe in MGUS and SMM. 

Increases to maximal work rate from pre- to post-exercise training without increases to V̇O2PEAK or 

ventilatory threshold may be explained by accelerated V̇O2 kinetics (Hickson, Bomze, & Holloszy, 

1978), reductions to V̇O2 slow component (Carter et al., 2000), or improvements to mechanical 

efficiency (Broskey et al., 2015). 

Body composition measured via DEXA was unchanged from pre- to post-exercise training in MGUS 

and SMM. Prior studies in MM have also shown that body fat percentage and lean mass measured 

via bioelectrical impedance analysis were unchanged following exercise training (Koutoukidis et al., 

2020). In relation to the risk of developing active MM, prior evidence demonstrated that a higher 

physical activity level – independent of body mass index (BMI) – reduces the risk of MM (Moore et 

al., 2016). In contrast, a study which found that an elevated mid-life BMI increased the risk of 

progression from MGUS to MM did not adjust associations for physical activity level (Thordardottir 

et al., 2017). Taken together, increasing physical activity level may be more important than avoiding 

or reversing overweight and obesity for reducing MM risk. In the present trial, the combination of 

two 30-minute supervised treadmill walks – performed at a vigorous intensity from week seven 

onwards – plus one 40-minute home-based walk performed at a moderate intensity, equalled 100 

minutes of moderate-vigorous intensity physical activity per week. Observational evidence 

demonstrates that individuals meeting WHO physical activity guidelines – 75 minutes of vigorous 

or 150 minutes of moderate intensity physical activity per week – exhibit 14% lower risk of MM 

than individuals performing no physical activity (Matthews et al., 2019). The effects of the exercise 

programme implemented herein, which was anchored to WHO physical activity guidelines, on risk 

of MM requires further investigation in an exercise intervention trial measuring time-to-progression 

from high-risk SMM to MM.  

6.6 Progressive exercise training did not improve immune competency in patients with MGUS 

and SMM 

A comprehensive review of the literature (Chapter 2) identified three theories from the field of 

exercise immunology that may explain how a high physical activity level reduces the risk of clinical 

cancer: 1) acute exercise immunosurveillance, 2) reductions to T cell senescence and increases to T 

cell stemness, 3) amelioration of T cell exhaustion and anergy. In the present trial, the effects of a 
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16-week progressive exercise programme on T cell senescence, stemness, exhaustion and anergy in 

blood was measured by flow cytometry in MGUS and SMM. 

Overall, there were no pre- to post-exercise training changes to T cell senescence, stemness, 

exhaustion, or anergy in MGUS and SMM. The absence of changes to the aforementioned 

immunophenotypes may be explained by the lack of change to lean soft-tissue mass and plasma IL-

15. Indeed, IL-15 is expressed in skeletal muscle (Nielsen et al., 2007) and physically active 

individuals exhibit higher IL-15 in blood at rest (Duggal et al., 2018; Bartlett & Duggal, 2020), thus 

exercise-induced increases to skeletal muscle mass may be a prerequisite for improvements to 

immune competency mediated by IL-15. Alternatively, the exercise prescription implemented in the 

present trial may have been insufficient to stimulate acute increases to IL-15 output from skeletal 

muscle, as shown previously following vigorous intensity aerobic exercise (Tamura et al., 2011) and 

resistance exercise (Riechman et al, 2004) which may contribute to enhancing immune competency 

in physically active individuals. Furthermore, as disease activity was unchanged from pre- to post-

exercise training (Section 6.3), it appears that acute exercise immunosurveillance following each 

bout of vigorous intensity exercise – which commenced from week seven when the intensity of 

supervised treadmill walks reached >64% V̇O2PEAK (Garber et al., 2011) – did not result in the 

elimination of clonal plasma cells. However, due to the low immunogenicity of cancer cells in stable 

MGUS and SMM (Nakamura et al., 2020), the role of acute exercise immunosurveillance in reducing 

clinical cancer risk by eliminating cancer cells that become immunogenic upon the acquisition of 

further mutations cannot be discounted. To fully elucidate the mechanisms that explain the observed 

reduction to clinical cancer risk in physically active individuals, purported anti-cancer mechanisms 

must be measured in a trial that also measures clinical cancer incidence. For example, a trial that 

measures time-to-progression from high-risk SMM to MM in groups randomly allocated to 

structured exercise training or non-exercising groups during ‘watchful waiting’. Prior to such studies, 

it was pertinent to explore the preliminary efficacy of exercise training to alter purported anti-cancer 

mechanisms in MGUS and SMM. 

6.6.1 Exercise training did not resolve T cell immunosenescence or increase T cell stemness in 

blood in patients with MGUS and SMM 

The proportion and frequency of CD8+ T cells expressing CD57+ or KLRG1+ was unchanged from 

pre- to post-exercise training in the present trial. Previously, the ‘immune space’ hypothesis has been 

used to explain observations of lower senescent T cell proportions in blood in physically active 

individuals. Indeed, the ‘immune space’ hypothesis postulates that senescent T cells are 

preferentially mobilised and redistributed to peripheral tissues to conduct immunosurveillance 

following acute exercise, and then undergo apoptosis to create ‘immune space’ for the generation of 

naïve T cells (Simpson, 2011; Simpson & Guy, 2010). A prior study showed that CD8+ T cells exhibit 

a larger proportional mobilisation than CD4+ T cells following acute exercise (Campbell et al., 2009). 

Therefore, if the ‘immune space’ hypothesis underpins reductions to T cell immunosenescence, 

reductions to CD8+ T cells expressing senescence features would be expected following a period of 
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regular, vigorous intensity, exercise training. Instead, in the present trial, only CD57+CD4+ 

terminally-differentiated effector memory cells re-expressing CD45RA (TEMRA) exhibited a pre- to 

post-exercise training reduction in frequency and proportion. 

Reductions to CD57+CD4+ TEMRA cells from pre- to post-exercise training may occur due to enhanced 

immunoregulation via interleukin (IL)-15. Indeed, previous research has shown that IL-15 induces 

central and effector memory T cells to a ‘naïve-revertant’ memory phenotype (Frumento et al., 2020). 

In the present trial, a pre- to post-exercise training increase to IL-15 was associated with a reduction 

to the frequency and proportion of KLRG1+CD4+ T cells, suggesting a role for IL-15 in exercise-

induced amelioration of immunosenescence. Furthermore, an increase to IL-15 from pre- to post-

exercise training was associated with an increase to CD8+ naïve T cell (TNA) proportion and a 

decrease to CD4+ effector memory T cell frequency. This finding is in agreement with a recent study 

showing a positive correlation between serum IL-15 concentration and CD4+ TNA proportion in an 

analysis of individuals with a higher vs. lower physical activity level (Bartlett & Duggal, 2020). 

However, despite identifying these preliminary associations between changes to immunoregulatory 

cytokines and immunophenotypes, there were no pre- to post-exercise training changes to plasma 

IL-15, TNA cells, or senescent T cells – with the exception of CD57+CD4+ TEMRA cells – in the present 

trial. 

Few prior studies have measured the effects of exercise training on T cell senescence (Dinh et al., 

2017). One study showed that six weeks of resistance exercise reduced the frequency of CD57+CD8+ 

T cells from baseline, but a similar change was also seen in the control group which performed 

passive stretching (Dinh et al., 2019). Another study suggested that aerobic exercise training must be 

performed in hypoxic conditions – 15% oxygen, compared with 21% in normoxic conditions – in 

order to reduce KLRG1+CD4+ T cells (Wang et al., 2011). An array of studies have investigated the 

effects of exercise training on the proportion or frequency of TNA cells, with mixed results. Indeed, 

prior trials have shown that exercise training increases (Dinh et al., 2019; Philippe et al., 2019; 

Shimizu et al., 2008) or has no effect on (Dinh et al., 2019; Kapasi et al., 2003; Raso et al., 2007; 

Woods et al., 1999) TNA cells in blood. Only one of the aforementioned trials (Philippe et al., 2019) 

utilised appropriate antibody combinations to identify TNA cells (Appay et al., 2008; Maecker et al., 

2012). There is a need for future trials to explore the effects of exercise training on naïve and 

senescent T cells. 

6.6.2 Exercise training did not ameliorate T cell exhaustion and anergy in blood in patients 

with MGUS and SMM 

The proportion and frequency of cytotoxic T lymphocyte-associated protein (CTLA)-4+CD4+ T cells 

in blood was unchanged from pre- to post-exercise training in MGUS and SMM. CTLA4+CD4+ T 

regulatory (TREG) cells are the predominant target of anti-CTLA4 immunotherapy for cancer 

(Quezada & Peggs, 2019; Sobhani et al., 2021), representing a potential target for the 

immunomodulatory effects of exercise training to improve immune-elimination of cancer cells and 
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reduce clinical cancer risk. There is a lack of existing trials that measure CTLA4+CD4+ TREG cells in 

the context of physical activity or exercise training, but prior exercise intervention trials have 

measured total TREG cells. For example, a recent exercise intervention trial has shown that aerobic 

and resistance exercise performed for 20 weeks reduced the proportion and frequency of TREG cells 

in blood of patients with rheumatoid arthritis (Andersson et al., 2020). In contrast, an increase to the 

proportion of TREG cells was shown following a 12-week tai chi chuan intervention in healthy adults 

aged 55 years (Yeh et al., 2006). However, the use of CD4+CD25+ to identify TREG cells in the 

aforementioned study likely captured activated T cells which also express CD25+ (Yeh et al., 2006). 

A larger number of studies have explored cross-sectional differences in TREG cells in blood between 

individuals with a higher or lower physical activity level. Indeed, it has been shown that a higher 

physical activity level is associated with a lower proportion of CD4+ TREG cells in blood (Duggal et 

al., 2018; Hampras et al., 2012). In the present study, an increase to self-reported physical activity 

from pre- to post-exercise training was associated with a reduction to the proportion of CTLA4+CD4+ 

T cells in blood, providing preliminary evidence that increases to habitual physical activity resulting 

from a period of structured exercise training may reduce T cell anergy. However, other studies show 

no difference in TREG proportion within the CD4+ T cell pool according to physical activity level 

(Handzlik et al., 2013; Minuzzi et al., 2017) or higher circulating TREG frequency in athletes with 

higher cardiorespiratory fitness (Weinhold et al., 2016). 

Pre- to post-exercise training reductions to the frequency of CTLA4+CD4+ T cells in blood were 

associated with increases to IL-15. Previous research has shown that IL-15 preferentially supports 

the function and survival of effector T cells above TREG cells (Perna et al., 2013). In addition, 

functional effector T cells produce interferon (IFN)-γ, which has been shown to induce the 

downregulation of immunosuppressive forkhead box protein-3 (FoxP3) by TREG cells and the 

acquisition of Th1 effector functions, such as IFN-γ production (Gratz & Campbell, 2014; Sawant & 

Vignali, 2014). As well as alleviating T cell anergy, reductions to the immunosuppressive functions 

of TREG cells may result in downstream reductions to exhausted T cells as immunosuppressive 

cytokines are implicated in inducing T cell exhaustion (Jiang et al., 2015). The proportion and 

frequency of T cells expressing programmed cell death protein (PD)-1+ in blood was also unchanged 

from pre- to post-exercise training in MGUS and SMM. To the author’s knowledge, no trials to date 

have measured changes to T cell exhaustion in response to exercise training in humans, but a prior 

cross-sectional study showed that a high physical activity level was associated with lower proportions 

of PD1+CD4+ T cells (Gustafson et al., 2017). Additional studies are required to determine the effects 

of structured exercise training on CTLA4+ and PD1+ T cells in blood and within the tumour 

microenvironment. 

6.7 Progressive exercise training did not resolve inflammatory dysregulation in patients with 

MGUS and SMM 

There were no changes from pre- to post-exercise training to biomarkers of inflammation in MGUS 

and SMM. A multitude of inflammatory biomarkers– including IL-1β, IL-1 receptor agonist (IL-
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1RA), IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-15, IL-17A, vascular endothelial growth factor (VEGF) 

and tumour necrosis factor (TNF)-α – have previously been shown to be elevated in serum in MGUS, 

SMM, and MM compared to healthy individuals (Bosseboeuf et al., 2017). However, in the present 

trial, IL-1β, IL-4, IL-10, IL-12p70, and IL-17A were undetected in plasma of MGUS and SMM 

patients, and plasma concentrations of IL-6, IL-8, IL-15, VEGF, and TNF-α were lower compared 

to the prior study (Bosseboeuf et al., 2017). The reason for the disparity between trials may be 

attributed to differences in assay procedures, plasma cell disease severity, or the burden of other 

inflammatory comorbidities. 

Inflammatory biomarkers IL-1β, IL-4, IL-6, IL-8, IL-10, IL-17A, VEGF, TNF-α, IL-16, soluble IL-

6 receptor (sIL-6R), and C-reactive protein (CRP) are pro-tumorigenic in MGUS and MM (Allegra 

et al., 2019; Musolino et al., 2017). Many pro-tumorigenic cytokines in MGUS and MM coalesce 

via IL-6, which is essential for MM development (Hilbert et al., 1995). For example, IL-6 enacts 

trans-signalling via sIL-6R (Wolf et al., 2014) which is associated with increased risk of MM 

(Birmann et al., 2012). Production of IL-6 by stromal cells in the bone marrow microenvironment in 

MM is induced by TNF-α (Carter et al., 1990; Hideshima et al., 2001), IL-1β (Donovan et al., 1998), 

and IL-17A (Prabhala et al., 2016). Furthermore, IL-6 stimulates the production of CRP (Bataille & 

Klein, 1992), IL-10 (Kovacs, 2010), and VEGF (Dankbar et al., 2000) which enact IL-6-independent 

pro-tumorigenic signalling in MM.  

Reductions to pro-tumour inflammatory markers may be advantageous to blunt the progression of 

MGUS and SMM, however, there were no pre- to post-exercise training reductions to these 

biomarkers in the present study. Prior trials have also shown no change to CRP (Beavers et al., 2010; 

Campbell et al., 2008; Nicklas et al., 2008), IL-6 (Beavers et al., 2010; Campbell et al., 2009; 

Friedenreich et al., 2012b), TNF-α (Beavers et al., 2010; Friedenreich et al., 2012b), sIL-6R (Beavers 

et al., 2010), or VEGF (Voss et al., 2013) following 12 months of exercise training in healthy 

individuals. Cross-sectional studies reveal lower CRP and IL-6 concentrations in individuals with a 

higher physical activity level (Elosua et al., 2005; Lavin et al., 2020). However, there appears to be 

no association between physical activity level and TNF-α or sIL-6R (Elosua et al., 2005; Kitahara et 

al., 2014). Furthermore, a prior study found that a higher physical activity level was associated with 

higher IL-1β, IL-4, and IL-10 in plasma when compared to age-matched counterparts with a lower 

physical activity level (Minuzzi et al., 2019). Participation in structured exercise training over longer 

periods (e.g., >1 year) may reveal effects akin to those seen in individuals that have accumulated a 

lifetime of physical activity. 

Clinical trials of IL-1RA (Lust et al., 2009; Lust et al., 2016), IL-12 (Lacy et al., 2009), and IL-15 

(Romee et al., 2018) therapies have been conducted in SMM and MM with the aim of reducing the 

risk of disease progression or relapse. However, these therapies present challenges due to treatment 

toxicities. As such, low-toxicity interventions to increase IL-1RA, IL-12, and IL-15 may be 

beneficial for patients with MGUS and SMM. There were no pre- to post-exercise training increases 



187 

 

to IL-1RA, IL-12, or IL-15 in MGUS and SMM in the present trial. Similarly, prior studies have 

shown no change to IL-1RA or IL-15 from pre- to post-exercise training (Beavers et al., 2010). 

However, observational studies have shown that circulating concentrations of IL-15 (Bartlett & 

Duggal, 2020; Duggal et al., 2018) and IL-1RA (Minuzzi et al., 2019) are higher in more physically 

active individuals. As cross-sectional studies often lack appropriate control for confounding factors, 

such as adiposity or latent virus infection, which may drive associations between physical activity 

and reduced inflammatory dysregulation, future studies of long-term (e.g., >1 year) exercise training 

are required to determine causality. 

6.8 Implications 

Demonstrating the feasibility and safety of progressive exercise training in MGUS and SMM patients 

will enable future trials to measure the effects of exercise training on clinical cancer risk using this 

unique clinical model. High-risk SMM has an average time-to-progression to MM of <30 months 

(Lakshman et al., 2018) but International Myeloma Working Group care guidelines do not advocate 

treatment with conventional anti-cancer therapies to avert disease progression (Kyle et al., 2010). 

These characteristics overcome previously identified limitations to conducting trials that investigate 

the effects of exercise training on cancer risk in humans, including the unpredictable time-course of 

cancer development and the impractical nature of delivering long-term exercise interventions until 

cancer diagnosis (Ballard-Barbash et al., 2009). Furthermore, MGUS affects >4% of adults aged >50 

years in the general population (Dispenzieri et al., 2010; Kyle et al., 2006) which provides a large 

population of patients to recruit for a trial exploring the effects of exercise training on clinical cancer 

risk. Such a trial would randomly allocate patients with high-risk SMM to either structured exercise 

training or non-exercising groups during ‘watchful waiting’ and measure time-to-progression to MM 

as the primary outcome. 

Anti-cancer mechanisms underpinning the reduced risk of clinically diagnosed cancer in physically 

active individuals are not well-defined, due to a lack of experimental trials measuring anti-cancer 

mechanisms and cancer risk in individuals that perform structured exercise training. The unique 

clinical model presented herein will allow anti-cancer mechanisms of exercise training to be 

revealed, by measuring change to purported mechanisms alongside time-to-progression from high-

risk SMM to MM. A comprehensive review of available evidence for anti-cancer mechanisms of 

exercise revealed that enhanced immunoregulation via IL-7 and IL-15 myokines in physically active 

persons may result in a myriad of improvements to anti-cancer immunity. For example, IL-7 and IL-

15 appear to reduce T cell senescence, exhaustion, and anergy, increase naïve T cells, and maintain 

tissue-resident memory T cells. As such, exercise prescriptions enhancing skeletal muscle output of 

IL-7 and IL-15 may be most effective at reducing clinical cancer risk. 

The finding that progressive exercise training is safe and does not exacerbate disease activity 

provides evidence for clinicians to recommend exercise training to promote general health for 

individuals with MGUS and SMM. Indeed, numerous comorbidities associated with MGUS and 
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SMM can be prevented or managed via exercise training. For example, cardiovascular disease is 

more prevalent in MGUS than age-matched counterparts without MGUS (Bida et al., 2009) and 

cardiovascular disease risk factors including elevated diastolic blood pressure and waist 

circumference, plus a low physical activity level (Banks et al., 2020) were improved from pre- to 

post-exercise training in MGUS and SMM in the present trial. Furthermore, it was shown that an 

exercise programme anchored to WHO physical activity guidelines was safe and feasible for 

individuals with MGUS and SMM, and the risk of MM is reduced by 14% in those meeting WHO 

physical activity guidelines (Matthews et al., 2019). Therefore, structured exercise training can be 

recommended to increase habitual physical activity level towards WHO guidelines to attain 

associated protective effects. 

6.9 Limitations, considerations, and future research 

This pilot trial only enrolled N=15 participants, due to the prevalence of contraindications to vigorous 

intensity, treadmill-based exercise training, and due to barriers associated with time and travel which 

prevented some clinically-eligible individuals accessing the trial. Future trials implementing an 

entirely home-based exercise programme may succeed in recruiting individuals who cited time 

limitations and issues with transportation as barriers to enrolling. In contrast, to involve MGUS and 

SMM patients presenting with comorbidities that increase the risk of acute events during exercise – 

particularly at vigorous intensities – a medically-supervised hospital-based intervention may be 

preferred for safety reasons. 

Due to recruitment issues, a randomised-controlled trial design could not be pursued, and a single-

arm trial of progressive exercise training was implemented. The single-arm trial design precluded 

interpretation of the effects of exercise training in relation to changes that occur without intervention, 

i.e., during ‘watchful waiting’ usual care, in MGUS and SMM. For example, in a prior study, 

maintenance of bone mineral density in haematological cancer survivors allocated to an exercising 

group was favourable when compared to deteriorations in bone mineral density in the non-exercising 

group (Furzer et al., 2016). Such comparisons are not possible with the single-arm trial design utilised 

herein, meaning that beneficial effects of exercise training to maintain health and function are 

potentially underrepresented. Furthermore, where measurements did change from pre- to post-

exercise training in the present trial, changes cannot be definitively attributed to the exercise 

programme due to the lack of a non-exercising control group. Future trials should randomly allocate 

participants to an exercising group or non-exercising group to overcome these limitations. 

Future trials should collect tissue samples, e.g., bone marrow aspirates, to facilitate the detection of 

biomarkers that are prevalent within the tumour microenvironment. Indeed, pre- to post-exercise 

training reductions to the frequency of exhausted or anergic T cells may be more pronounced in the 

tumour microenvironment compared to blood, due to immunosuppressive signalling and chronic 

antigen stimulation that induce exhaustion and anergy in the presence of cancer cells (Crespo et al., 
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2013). Furthermore, additional anti-cancer mechanisms can be explored in tissues, including the role 

of exercise to enhance the function of tissue-resident memory T cells. 

The findings herein demonstrate that future trials measuring the effects of exercise training on time-

to-progression from high-risk SMM to MM can implement aerobic exercise up to 70% V̇O2PEAK and 

progressive resistance exercise with the aim of stimulating purported anti-cancer mechanisms of 

exercise to reduce clinical cancer risk. Furthermore, the findings of the present trial indicate that 

home-based exercise interventions may be favourable in MGUS and SMM, and unsupervised aerobic 

exercise can reach intensities comparable to those achieved under supervision. The preliminary 

efficacy of progressive exercise training to reduce T cell senescence justifies further studies exploring 

the anti-immunosenescence effects of exercise in the context of cancer risk. Furthermore, 

comprehensive phenotyping of exhausted T cells (e.g., T cell immunoglobulin and mucin-domain-

containing molecule (TIM)-3+, lymphocyte activation gene (LAG)-3+, PD-1 ligand+) and TREG cells 

(e.g., CTLA4+FoxP3+CD25+CD127Lo) may reveal that exercise training can restore the function of 

dysregulated T cells and effector:regulatory T cell ratio. In addition, measurements of dysfunctional 

T cells within the tumour microenvironment, as opposed to in blood, will provide greater insight into 

immune competency proximal to tumours, which likely determines the development of clinical 

cancer. Finally, future studies should measure IL-7 and IL-15 to explore the central role of 

immunoregulatory myokines in enhancing immune competency and reducing clinical cancer risk in 

individuals that perform structured exercise training. 

6.10 Overall conclusions 

This trial provides a framework for future studies to explore the anti-cancer effects and mechanisms 

of exercise training in humans using the unique clinical model presented by MGUS and SMM. The 

feasibility and safety of progressive aerobic and resistance exercise training – prescribed to target 

improvements in immune competency – was shown in MGUS and SMM. Evaluation of the safety 

of targeted exercise prescriptions in MGUS and SMM was a prerequisite for long-term exercise 

intervention trials measuring time-to-progression in high-risk SMM. The relatively-short time-to-

progression from high-risk SMM to MM (Lakshman et al., 2018), plus the absence of anti-cancer 

therapies to avert disease progression (Kyle et al., 2010), provides a unique opportunity to examine 

the effects of exercise training on clinical cancer risk in humans. 

A review of existing literature revealed that enhanced immune regulation and competency may 

represent a universal anti-cancer mechanism of exercise training. Indeed, increases to 

immunoregulatory myokines IL-7 and IL-15 in physically active individuals (Duggal et al., 2018) 

may exert diverse effects to enhance immune competency by inducing ‘naïve-revertant’ memory T 

cells to develop from late-differentiated T cells (Frumento et al., 2020), maintaining tissue-resident 

memory T cells (Szabo et al., 2019), upregulating telomerase in T cells to avert senescence (Li et al., 

2005; Watkinson et al., 2020), and by reducing TREG cell proportions (Perna et al., 2013). Herein, 

blood measurements of naïve, senescent, exhausted, and anergic T cells, plus IL-15 were conducted 
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before and after a 16-week exercise training programme in MGUS and SMM. Overall, exercise 

training did not induce reductions to T cell senescence, exhaustion, or anergy, or increases to T cell 

stemness – represented by TNA – in blood in MGUS and SMM. The lack of change to T cell 

immunophenotypes was likely explained by the absence of an increase to IL-15, secondary to 

unchanged skeletal muscle mass, which expresses IL-15 (Nielsen et al., 2007). Alternatively, the 

exercise prescription may have provided an insufficient stimulus for acute post-exercise increases 

IL-15, which have previously been shown to occur after vigorous intensity aerobic (Tamura et al., 

2011) and resistance (Riechman et al., 2004) exercise, and may contribute to improving immune 

competency in physically active individuals. Furthermore, inflammatory biomarkers associated with 

MGUS and MM pathogenesis were unchanged by exercise training. Measuring changes to immune 

competency in exercise intervention trials with time-to-progression from high-risk SMM to MM as 

the primary outcome will unveil universal anti-cancer mechanisms of exercise training. 

In the present trial, exercise training did not alter disease activity of MGUS and SMM, which likely 

precluded improvements to anaemia, renal function, bone mineral density, and immunoparesis which 

are mechanistically driven by the clonal plasma cell neoplasia. The inability of exercise training to 

reverse disease activity of MGUS and SMM contradicts evidence from a prior case study in one 

patient with SMM which showed a reduction to M-protein after four years of exercise training 

(Boullosa et al., 2013). Existing evidence suggests that cancer precursors (Boutron-Ruault et al., 

2001; Hilal et al., 2016; Lam et al., 2018) are not prevented by physical activity, but clinical cancer 

risk is reduced in those with a higher physical activity level (Moore et al., 2016). With the addition 

of the evidence presented herein that precursor disease cannot be reversed by exercise training, it 

appears that the anti-cancer mechanisms of exercise training act to avert the progression from 

preclinical to clinically diagnosed cancer. Indeed, enhancing immune competency to maintain 

preclinical cancer in the equilibrium phase of immunoediting may delay or prevent progression to 

clinically diagnosed cancer. 

Despite the lack of disease-specific benefits measured, progressive exercise training reduced blood 

pressure and waist circumference, and increased exercise capacity, functional fitness, quality of life, 

and self-reported physical activity level in MGUS and SMM. Furthermore, an exercise training 

programme that complied with WHO physical activity guidelines was feasible and safe in MGUS 

and SMM. As a result, haematologists can recommend exercise training to MGUS and SMM patients 

to improve general health, which is relevant due to the high prevalence of comorbidities in MGUS 

and SMM (Bida et al., 2009) and to reduce MM risk, which is 14% lower in those achieving WHO 

physical activity guidelines (Matthews et al., 2019). 
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7 Appendices 

Appendix 1. Correlations between exercise programme adherence or compliance vs. pre- to post-

exercise training change to secondary outcome measures of physical activity, body composition, 

cardiovascular health, quality of life, and fitness. 

 
Supervised  

Adherence (%) 

Supervised 

Intensity 

Compliance (%) 

Home-based 

Adherence (%) 

Home-based 

Intensity 

(%V̇O2PEAK) 

AEE 0.637* 0.227 0.312 0.282 

MET-h/week 0.002 -0.116 -0.063 -0.016 

BMI -0.213 0.398 0.078 -0.291 

Body fat % 0.361 0.083 0.461 -0.036 

BMD 0.194 0.538* -0.233 -0.215 

SBP 0.027 0.269 0.093 -0.445 

DBP -0.009 0.459 0.102 -0.463 

SWL 0.030 -0.310 -0.202 0.172 

V̇O2PEAK -0.190 0.002 -0.123 0.509 

8ft up-and-go -0.409 -0.760* -0.007 -0.174 

30s sit-to-stand 0.199 0.669* 0.617* 0.010 

Data are Pearson’s r or Spearman’s r. * indicates statistical significance P<.05. AEE = Active 

energy expenditure measured by BodyMedia Core device; MET-h/week = Metabolic equivalent of 

task (MET) hours per week of self-reported physical activity; BMI = Body mass index; BMD = Bone 

mineral density; SBP = Systolic blood pressure; DBP = Diastolic blood pressure; SWL = 

Satisfaction with life scale; V̇O2PEAK = Peak oxygen uptake. Variables listed in the left-most column 

were selected due to previously-identified associations with MM risk (physical activity (Matthews et 

al., 2019; Moore et al., 2016), body composition (Thordardottir et al., 2017)) and  common 

comorbidities in MGUS and SMM (cardiovascular disease = blood pressure, body composition, 

physical activity (Banks et al., 2020); fracture risk = bone mineral density (Marshall, Johnell, & 

Wedel, 1996), functional fitness (Khazzani et al., 2009); depression = satisfaction with life score 

(Rissanen et al., 2011)). The most representative measurements with each category were selected for 

correlational analysis, to limit the number of analyses performed.
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Appendix 2. Correlations between pre- to post-exercise training changes to secondary outcome measures of physical activity, body composition, cardiovascular health, 

quality of life and fitness. 

 Physical activity Body composition CV Health QoL Fitness 

 AEE 
MET-

h/week 
BMI 

Body fat 

% 
BMD SBP DBP SWL V̇O2PEAK 

8ft up-

and-go 

30s sit-to-

stand 

AEE − -0.047 0.124 0.468 0.084 0.140 0.396 0.121 0.022 -0.427 0.273 

MET-h/week  − 0.392 0.266 0.135 -0.235 0.154 0.031 0.036 0.330 -0.445 

BMI   − 0.669* -0.170 0.388 0.638* -0.277 -0.334 -0.009 -0.078 

Body fat %    − -0.335 0.066 0.395 -0.348 -0.079 0.090 0.193 

BMD     − -0.269 0.155 -0.047 0.247 -0.689* -0.078 

SBP      − 0.352 0.119 -0.729* -0.293 0.170 

DBP       − 0.063 -0.137 -0.167 0.318 

SWL        − 0.182 -0.096 -0.419 

VO2PEAK         − -0.131 0.082 

8ft up-and-go          − -0.410 

30s sit-to-stand           − 

Grip strength            

Data are Pearson’s r or Spearman’s r. * indicates statistical significance P<.05. AEE = Active energy expenditure measured by BodyMedia Core device; MET-h/week = 

Metabolic equivalent of task (MET) hours per week of self-reported physical activity; BMI = Body mass index; BMD = Bone mineral density; SBP = Systolic blood pressure; 

DBP = Diastolic blood pressure; SWL = Satisfaction with life scale; V̇O2PEAK = Peak oxygen uptake; CV = Cardiovascular; QoL = Quality of life. Variables listed in the 

table were selected due to previously-identified associations with MM risk (physical activity (Matthews et al., 2019; Moore et al., 2016), BMI (Thordardottir et al., 2017)) 

and common comorbidities in MGUS and SMM (cardiovascular disease = blood pressure, BMI/body composition, physical activity (Banks et al., 2020); fracture risk = bone 

mineral density (Marshall et al., 1996), 8ft up-and-go and sit-to-stand test performance (Khazzani et al., 2009); depression = satisfaction with life score (Rissanen et al., 

2011)). The most representative measurements with each category were selected for correlational analysis, to limit the number of analyses performed.
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Appendix 3. Polyclonal B cell gating strategy. 

 

 

From top left: 1) Time gating quality control to exclude events acquired during unstable fluidics. 2) 

Gating on lymphocyte morphology. 3) Gating on single lymphocytes. 4) Gating on living 

lymphocytes. 5) Gating on CD3− cells. 6) Gating on CD3−CD19+ B cells. 7) Gating on 

CD3−CD19+CD27− and CD3−CD19+CD27+ B cells. 7) Gating on CD3−CD19+CD27−CD10− naïve 

B cells and CD3−CD19+CD27−CD10+ immature B cells. 8) Gating on CD3−CD19+CD27+CD38− 

memory B cells and CD3−CD19+CD27+CD38+ plasmablasts/plasma cells. Gating strategy based on 

literature identifying CD19, CD27, CD38, and CD10 as the minimum combination of markers to 

identify B cells subsets (Caraux et al., 2010). Gating strategy used in previous exercise immunology 

study (Turner et al., 2016a). 
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Appendix 4. Circulating plasma cell gating strategy. 

 

From top left: 1) Time gating quality control to exclude events acquired during unstable fluidics. 2) 

Gating on lymphocyte morphology. 3) Gating on single lymphocytes. 4) Gating on living 

lymphocytes. 5) Gating on CD38+CD138+ plasma cells. 6) Gating kappa vs. lambda isotype 

(participant displayed had a diagnosis of IgA kappa SMM).
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CD3− cell frequency = lymphocyte count × CD3− proportion within live lymphocytes population   1200 cells/μL × 30% = 360 CD3− cells/μL 

CD19+ B cell frequency = CD3− cell frequency × CD19+ proportion within CD3− population   360 cells/μL × 50% = 180 CD19+ B cells/μL 

Memory B cell frequency = CD19+ B cell frequency × memory B cell proportion within CD19+ population 180 cells/μL × 20% = 36 memory B cells/μL 

        

       Box B 

         Plasma cell frequency = lymphocyte count × plasma proportion within live lymphocytes population  1200 cells/μL × 0.1% = 1.2 plasma cells/μL 

 Kappa+ plasma cell frequency = plasma cell frequency × kappa+ proportion within plasma cell population  1.2 cells/μL × 10% = 0.12 kappa+ plasma cells/μL

  

 

Schematics and worked examples for calculating the absolute frequencies of polyclonal B cell subsets (Box A) and circulating plasma cells (Box B). Lymphocyte count was 

determined in fresh whole blood collected in an EDTA-treated tube via the Coulter method. The proportion of each cell subtype was determined in cryopreserved peripheral 

blood mononuclear cells using Flow Jo software (v10.6.2). The lymphocyte count derived via the Coulter method was assigned to the ‘live lymphocytes’ gate in Flow Jo (see 

Appendix 3 & 4) and the first calculation utilised CD3− cells for polyclonal B cells or CD38+CD138+ plasma cells for circulating plasma cells. 

 

Appendix 5. Schematic and worked example for calculating absolute cell frequencies for B cell subsets and circulating plasma cells. 

Box A 
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Appendix 6. Interpretation of change in disease biomarkers according to expected variation. 

 

M-protein Involved FLC Erythrocyte count Haemoglobin Haematocrit 

Historical 

data 

points 

(N) 

Historical 

CV (%) 

Pre-

post 

CV 

(%) 

Published 

CV (%) 

Historical 

data 

points 

(N) 

Historical 

CV (%) 

Pre-

post 

CV 

(%) 

Published 

CV (%) 

Pre-post 

CV (%) 

Published 

CV (%) 

Pre-post 

CV (%) 

Published 

CV (%) 

Pre-post 

CV (%) 

Published 

CV (%) 

1 6 6.6 −5.0 8.1 5 10.3 −2.4 28.4 +5.6 2.87 +4.9 2.59 +6.7 2.74 

2 4 5.6 +2.9 8.1 2 19.9 +18.5 28.4 −13.9 2.84 −17.3 2.81 −14.1 2.73 

3 6 2.1 −2.0 8.1 3 7.3 −10.9 28.4 −14.7 2.87 −18.6 2.59 −14.8 2.74 

4 5 5.8 +0.5 8.1 3 23.5 +1.7 28.4 +2.2 2.87 −0.4 2.59 −0.9 2.74 

5 7 6.3 −3.0 8.1 5 17.5 +0.5 28.4 +1.2 2.87 −0.3 2.59 +0.4 2.74 

6 7 10.6 −5.1 8.1 7 15.2 +2.2 28.4 −2.1 2.87 −6.3 2.59 −5.1 2.74 

7 10 7.8 +10.2 8.1 - - - 28.4 +3.8 2.87 +5.5 2.59 +2.8 2.74 

8 4 6.8 0.0 8.1 - - +10.3 28.4 −8.3 2.87 −11.3 2.59 −8.2 2.74 

9 6 8.2 −1.3 8.1 - - −9.8 28.4 +4.3 2.87 +2.0 2.59 +3.0 2.74 

10 4 4.0 −4.3 8.1 4 11.9 +1.4 28.4 −1.2 2.87 0.0 2.59 −2.8 2.74 

11 - - - 8.1 3 10.0 −10.5 28.4 +3.2 2.87 −5.3 2.59 −2.8 2.74 

12 3 2.8 +2.4 8.1 3 14.0 +15.9 28.4 +17.8 2.87 +16.8 2.59 +18.2 2.74 

13 2 4.6 +0.9 8.1 - - - 28.4 −4.6 2.87 −3.5 2.59 −4.8 2.74 

14 4 4.7 −0.7 8.1 4 7.4 −4.6 28.4 +17.6 2.87 +17.0 2.59 +17.6 2.74 

15 8 27.1 +11.3 8.1 8 30.9 +24.3 28.4 +25.6 2.87 +30.8 2.59 +26.0 2.74 

M-protein and involved FLC historical CV calculated from routine disease monitoring data for each participant. Published CV for expected variation includes biological 

variation and analytical variation (Katzmann et al., 2011); Erythrocyte count, haemoglobin, and haematocrit CV for normal variation (Lacher et al., 2012). Pre-post = Pre- 

to post-exercise training; CV = Coefficient of variation.
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Appendix 7. Correlations between exercise programme adherence or compliance vs. pre- to post-

exercise training change to disease activity, CRAB features and immunoparesis. 

 
Supervised  

Adherence (%) 

Supervised 

Intensity 

Compliance (%) 

Home-based 

Adherence 

(%) 

Home-based 

Intensity 

(%V̇O2PEAK) 

M-protein −0.260 −0.044 0.023 −0.251 

Involved FLC −0.118 −0.033 0.141 −0.518 

FLC difference −0.084 0.006 0.130 −0.435 

β2 microglobulin 0.018 −0.024 0.275 −0.203 

cPC (cells/μL) −0.760* −0.477 −0.050 0.126 

Creatinine −0.491 −0.389 −0.003 0.408 

eGRF 0.482 0.405 0.005 −0.443 

Erythrocytes 0.304 −0.238 0.320 0.036 

Haemoglobin 0.237 −0.258 0.351 0.011 

Haematocrit 0.293 −0.234 0.314 0.000 

Upper limb BMD −0.313 0.252 −0.438 0.080 

Rib BMD −0.086 0.153 0.241 0.086 

Thoracic spine BMD −0.011 0.683* 0.110 −0.460 

Lumbar spine BMD 0.171 0.192 0.264 −0.085 

Pelvis BMD 0.436 0.265 0.011 0.183 

Lower limb BMD 0.096 −0.430 −0.146 0.199 

Total BMD 0.237 0.498 −0.196 −0.207 

Polyclonal IgA 0.144 0.262 0.067 −0.537 

Polyclonal IgM −0.048 0.194 −0.038 0.058 

Uninvolved FLC 0.095 0.024 0.034 −0.559* 

Total B cells (%) 0.224 −0.092 0.310 0.091 

Total B cells (cells/μL) −0.097 −0.227 0.000 −0.005 

Memory B cells (%) −0.506 0.372 −0.368 −0.280 

Memory B cells (cells/μL) −0.419 −0.101 0.000 0.333 

Immature B cells (%) 0.246 −0.130 0.039 0.464 

Immature B cells (cells/μL) 0.380 −0.368 0.025 0.686* 

Naïve B cells (%) 0.375 0.046 0.201 −0.112 

Naïve B cells (cells/μL) 0.054 −0.151 0.100 −0.148 

Data are Pearson’s or Spearman’s r. * indicates statistically significant association P>.05. cPC = 

Circulating plasma cells; eGFR = Estimated glomerular filtration rate; BMD = Bone mineral 

density.
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Appendix 8. Correlations between pre- to post-exercise training changes to body composition, fitness or physical activity vs. disease biomarkers or CRAB features. 

Change to clinical 

features 

Baseline clinical and demographic features Change to body composition Change to fitness Change to physical activity 

Age 
Diagnosis % 

BMPC 

Baseline 

M-protein 

Baseline 

iFLC 
BMI Body fat % RHR V̇O2PEAK MET-h/week AEE 

M-protein −0.041 −0.345 0.119 −0.235 −0.189 −0.460 −0.403 −0.431 −0.284 −0.551 

Involved FLC −0.064 −0.289 0.077 −0.357 −0.116 −0.392 −0.289 −0.430 −0.161 −0.455 

FLC difference −0.069 −0.297 0.084 −0.335 −0.149 −0.406 −0.322 −0.418 −0.147 −0.355 

β2 microglobulin 0.193 0.065 0.017 −0.317 0.433 0.461 0.251 −0.189 0.369 −0.284 

cPC (cells/μL) −0.050 0.044 0.238 0.357 0.126 −0.214 −0.142 0.286 −0.429 −0.929# 

Creatinine 0.056 0.071 −0.063 0.288 −0.010 0.054 0.247 0.288 −0.222 −0.157 

eGRF −0.114 −0.045 0.136 −0.292 0.124 0.076 −0.152 −0.308 0.316 0.165 

Erythrocytes 0.144 0.357 0.183 −0.066 −0.381 −0.204 −0.327 −0.453 −0.280 0.292 

Haemoglobin 0.244 0.294 0.223 −0.036 −0.401 −0.254 −0.380 −0.425 −0.318 0.225 

Haematocrit 0.127 0.386 0.221 −0.033 −0.355 −0.190 −0.317 −0.474 −0.314 0.307 

Upper limb BMD −0.463 0.216 0.191 0.601* 0.669* 0.287 −0.101 −0.238 −0.407 −0.103 

Rib BMD 0.437 0.379 0.249 0.140 −0.010 0.001 0.004 0.074 0.039 0.367 

Thoracic spine BMD 0.271 −0.121 0.068 −0.112 0.305 0.099 0.430 0.094 0.467 −0.090 

Lumbar spine BMD 0.086 0.342 0.419 0.315 0.235 0.379 0.287 0.187 −0.266 0.336 

Pelvis BMD −0.302 −0.004 0.141 −0.042 −0.366 −0.169 −0.360 0.509 −0.335 0.286 

Lower limb BMD 0.013 −0.287 −0.192 −0.301 −0.525* −0.214 −0.094 0.169 0.170 0.128 

Total BMD −0.143 −0.239 −0.290 −0.294 −0.173 −0.278 0.141 0.354 0.231 0.194 

Data are Pearson’s r or Spearman’s r. * indicates statistically significant association P<.05. FLC = Free light chain; cPC = Circulating plasma cells; eGFR = estimated 

glomerular filtration rate; BMD = Bone mineral density; BMPC = Bone marrow plasma cell; BMI = Body mass index; RHR = Resting heart rate; V̇O2PEAK = Peak oxygen 

uptake; MET-h/week = Metabolic equivalent of task hours of self-reported physical activity; AEE = Active energy expenditure measured using BodyMedia device. 

Physiological measurements selected represent a gold-standard measure of body composition, physical activity and cardiorespiratory fitness (DEXA body fat percentage, 

V̇O2PEAK, device measured total physical activity) and an accessible proxy measure (BMI, resting heart rate, self-reported physical activity).
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Appendix 9. Correlations between pre- to post-exercise training changes to disease activity vs. CRAB 

features and immunoparesis. 

Change in 

clinical features 

M-

protein 

Involved 

FLC 

β2 Micro-

globulin. 

Polyclonal 

IgA 

Polyclonal 

IgM 

Uninvolved 

FLC 

M-protein − 0.772* −0.043 − − − 

Involved FLC 0.772* − 0.433 − − − 

β2 

microglobulin 
−0.043 0.433 − − − − 

cPC (cells/μL) 0.429 −0.107 0.050 − − − 

Creatinine 0.020 −0.450 −0.131 − − − 

eGRF −0.124 0.353 0.197 − − − 

Erythrocytes 0.167 0.115 −0.050 − − − 

Haemoglobin 0.227 0.129 −0.020 − − − 

Haematocrit 0.183 0.050 −0.010 − − − 

Upper limb 

BMD 
0.029 −0.044 0.382 − − − 

Rib BMD 0.000 −0.033 −0.116 − − − 

Thoracic spine 

BMD 
−0.138 −0.210 0.290 − − − 

Lumbar spine 

BMD 
−0.366 −0.720* −0.247 − − − 

Pelvis BMD −0.168 0.231 −0.232 − − − 

Lower limb 

BMD 
0.090 −0.066 −0.509 − − − 

Total BMD −0.123 0.192 −0.252 − − − 

Polyclonal IgA 0.127 0.479 0.340 − − − 

Polyclonal IgM −0.256 −0.309 −0.457 − − − 

Uninvolved 

FLC 
0.053 0.352 0.416 − − − 

Total B cells 

(%) 
−0.143 −0.679 −0.466 −0.310 0.286 0.330 

Total B cells 

(cells/μL) 
−0.381 −0.536 −0.184 0.063 0.524 0.383 

Memory B cells 

(%) 
0.238 0.250 0.197 −0.295 −0.636 −0.295 

Memory B cells 

(cells/μL) 
−0.286 −0.607 0.263 −0.076 0.384 0.224 

Immature B 

cells (%) 
−0.048 0.200 −0.197 −0.475 −0.687* −0.475 

Immature B 

cells (cells/μL) 
−0.048 −0.393 −0.293 −0.607 −0.458 −0.429 

Naïve B cells 

(%) 
−0.619 −0.393 −0.101 0.693 0.761* 0.693 

Naïve B cells 

(cells/μL) 
−0.333 −0.571 −0.281 0.188 0.535 0.447 

Data are Pearson’s r or Spearman’s r. * indicates statistically significant association P<.05. FLC 

= Free light chain; cPC = Circulating plasma cells; eGFR = estimated glomerular filtration rate; 

BMD = Bone mineral density. 
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Appendix 10. Long-term follow-up of self-reported physical activity and involved FLC after the 

exercise intervention. 

 

 

 

 

Self-reported physical activity – measured using IPAQ short form – is shown in green lines, involved 

FLC is shown in black dashed lines. The intervention period is highlighted in blue. PA = Physical 

activity; MET-h/week = Metabolic equivalent of task (MET) hours per week of activity.  
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Appendix 11. Pre- to post-exercise training change to polyclonal B cell proportions.  

 

Block bars are median and error bars are IQR. Individual data are open circles. * indicates 

statistically significant change P<.05. All N=9. Lymphocyte viability was 95.5% (range 90.3% to 

98.5%).  
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Appendix 12. Correlations between pre- to post-exercise training changes to body composition, fitness, or physical activity vs. immunoparesis. 

Change to clinical features 

Baseline clinical and demographic features Change to body composition Change to fitness Change to physical activity 

Age 
Diagnosis 

% BMPC 

Baseline 

M-protein 

Baseline 

iFLC 
BMI Body fat % RHR V̇O2PEAK MET-h/week AEE 

Polyclonal IgA 0.023 −0.472 −0.199 −0.855* 0.056 0.238 0.362 0.159 0.507 −0.209 

Polyclonal IgM −0.071 0.382 0.324 0.160 −0.063 −0.224 −0.400 0.097 −0.147 0.181 

Uninvolved FLC −0.066 −0.538 −0.319 −0.714* 0.123 0.316 0.548* 0.105 0.390 −0.390 

Total B cells (%) −0.050 0.070 0.226 −0.071 −0.077 0.252 0.428 −0.028 0.393 0.545 

Total B cells (cells/μL) −0.160 0.411 0.332 −0.538 0.159 0.369 0.416 −0.163 0.521 0.274 

Memory B cells (%) −0.101 −0.359 −0.447 0.321 0.235 −0.165 0.101 −0.050 −0.741 −0.590 

Memory B cells (cells/μL) −0.445 0.560 0.417 0.357 0.592 0.668 0.522 0.166 0.799* −0.026 

Immature B cells (%) 0.215 −0.348 −0.516 0.255 −0.512 −0.569 −0.163 0.495 −0.148 −0.047 

Immature B cells (cells/μL) 0.160 −0.140 −0.429 0.250 −0.656 −0.381 −0.142 0.679 0.393 0.000 

Naïve B cells (%) 0.143 0.035 0.064 −0.571 0.081 0.458 0.224 −0.040 0.717 0.575 

Naïve B cells (cells/μL) −0.059 0.280 0.258 −0.500 0.061 0.306 0.374 −0.245 0.408 0.390 

Data are Pearson’s r or Spearman’s r. * indicates statistically significant association P<.05. FLC = Free light chain; BMPC = Bone marrow plasma cell; iFLC = Involved 

free light chain; BMI = Body mass index; RHR = Resting heart rate; V̇O2PEAK = Peak oxygen uptake; MET-h/week = Metabolic equivalent of task hours of self-reported 

physical activity; AEE = Active energy expenditure measured using BodyMedia device. Physiological measurements selected represent a gold-standard measure of body 

composition, physical activity and cardiorespiratory fitness (DEXA body fat percentage, VO2PEAK, device measured total physical activity) and an accessible proxy measure 

(BMI, resting heart rate, self-reported physical activity). 
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Appendix 13. T cell gating strategy. 

 

From top left: 1) Time gating quality control to exclude events acquired during unstable fluidics. 2) 

Gating on lymphocyte morphology. 3) Gating on single lymphocytes. 4) Gating on living 

lymphocytes. 5) Gating on CD3+ T cells. 6) Gating on CD4+ and CD8+ T cells. 7) Gating on TEMRA, 

TNA, TCM and TEM within CD4+ T cells (left) and CD8+ T cells (right). Histograms showing 

representative gating of CTLA4, PD1, CD57 or KLRG1. TEMRA = Terminally-differentiated effector 

memory T cells re-expressing CD45RA; TNA = Naïve T cells; TCM = Central memory T cells; TEM = 

Effector memory T cells; CTLA4 = Cytotoxic T lymphocyte-associated protein 4; PD1 = 

Programmed cell death protein 1; KLRG1 = Killer cell lectin-like receptor subfamily G member 1.
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CD3+ T cell frequency = lymphocyte count × CD3+ proportion within live lymphocytes population  1200 cells/μL × 70% = 840 CD3+ T cells/μL 

CD4+ T cell frequency = CD3+ T cell frequency × CD4+ proportion within CD3+ population   840 cells/μL × 60% = 504 CD4+ T cells/μL 

CD4+ TNA cell frequency = CD4+ T cell frequency × TNA proportion within CD4+ population   504 cells/μL × 40% = 202 CD4+ TNA/μL 

CD57+CD4+ TNA cell frequency = CD4+ TNA cell frequency × CD57+ proportion within CD4+ TNA population 202 cells/μL × 0.5% = 1 CD57+CD4+TNA/μL 

 

Schematics and worked examples for calculating the absolute frequencies of T cell subsets (Box A). Lymphocyte count was determined in fresh whole blood collected in an 

EDTA-treated tube via the Coulter method. The proportion of each cell subtype was determined in cryopreserved peripheral blood mononuclear cells using Flow Jo software 

(v10.6.2). The lymphocyte count derived via the Coulter method was assigned to the ‘live lymphocytes’ gate in Flow Jo (see Appendix 13) and the first calculation utilised 

CD3+ T cells.

Appendix 14. Schematic and worked example for calculating absolute cell frequencies for T cell subsets. 

Box A 
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Appendix 15. Change to CD3+, CD4+, and CD8+ T cell proportions from pre- to post-exercise 

training. 

Cell subset 
Pre-exercise 

training (%) 

Post-exercise 

training (%) 
Change 

P 

statistic 

Effect 

size 

CD3+  86.0 ± 6.6 86.4 ± 6.5 0.2 ± 4.5 .870 0.0 

CD3+CD4+  80.9 ± 8.5 82.5 ± 8.2 0.9 ± 2.0 .066 − 

 CD4+ TNA 39.1 ± 12.2 39.7 ± 9.0 0.0 ± 4.4 .770 0.0 

 CD4+ TCM 55.5 ± 15.8 52.9 ± 9.5 0.9 ± 3.5 .472 0.0 

 CD4+ TEM 6.5 ± 4.9 6.4 ± 2.9 0.1 ± 0.8 .828 − 

 CD4+ TEMRA 0.5 ± 0.5 0.5 ± 0.4 0.0 ± 0.2 .148 − 

CD3+CD8+ 14.9 ± 8.9 13.9 ± 8.4 −0.9 ± 1.5 .021 − 

 CD8+ TNA 52.1 ± 25.7 48.7 ± 24.3 0.7 ± 4.3 .417 0.0 

 CD8+ TCM 27.7 ± 19.6 31.0 ± 23.3 0.6 ± 5.8 .290 0.1 

 CD8+ TEM 3.4 ± 2.4 3.8 ± 2.3 0.1 ± 0.5 .614 − 

 CD8+ TEMRA 9.7 ± 9.6 9.1 ± 11.3 −1.0 ± 2.1 .107 0.1 

Data are median ± IQR. All N=15. TNA = naïve T cell; TCM = central memory T cell; TEM = effector 

memory T cell TEMRA = terminally-differentiated effector memory T cell re-expressing CD45RA+. 

Cohen’s d effect sizes were calculated for normally distributed data only, as calculations for Cohen’s 

d are based on mean as the measure of central tendency, which does not appropriately reflect non-

normal data distribution. 
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Appendix 16. Change to CD4+ and CD8+ T cells expressing CD57+, KRLG1+, PD1+ or CTLA4+ from 

pre- to post-exercise training. 

Cell subset 
Pre-exercise 

training (%) 

Post-exercise 

training (%) 

Change 

(%) 

P 

statistic 

Effect 

size 

CD4+ 

CD57+ 4.5 ± 2.0 4.2 ± 2.9 0.9 ± 2.0 .511 − 

KLRG1+ 8.3 ± 9.2 10.6 ± 6.8 0.1 ± 2.2 .417 0.1 

PD1+ 13.5 ± 8.7 13.7 ± 7.5 −0.1 ± 2.3 .639 0.0 

CTLA4+ 0.5 ± 0.4 0.5 ± 0.3 0.0 ± 0.2 .294 0.3 

CD4+ TNA 

CD57+ 0.9 ± 0.5 0.9 ± 0.8 0.0 ± 0.3 .900 0.0 

KLRG1+ 4.0 ± 5.7 4.9 ± 4.5 0.1 ± 1.1 .983 0.0 

PD1+ 2.3 ± 1.8 2.3 ± 1.7 −0.1 ± 0.3 .564 0.0 

CD4+ TCM 

CD57+ 4.7 ± 1.9 5.2 ± 3.0 −0.2 ± 1.3 .395 0.1 

KLRG1+ 12.1 ± 11.6 12.3 ± 9.4 0.1 ± 2.0 .250 0.1 

PD1+ 21.6 ± 13.9 19.9 ± 13.0 −0.4 ± 1.1 .357 0.0 

CD4+ TEM 

CD57+ 11.3 ± 5.8 12.1 ± 5.7 0.0 ± 2.3 .865 − 

KLRG1+ 24.0 ± 20.4 20.0 ± 14.4 0.3 ± 3.6 .463 0.1 

PD1+ 26.5 ± 15.5 25.9 ± 13.3 −0.6 ± 3.1 .280 0.1 

CD4+ TEMRA 

CD57+ 23.3 ± 24.3 20.3 ± 21.4 −3.0 ± 3.3 .004 0.2 

KLRG1+ 38.2 ± 49.8 37.2 ± 50.1 1.1 ± 5.8  .794 0.0 

PD1+ 18.1 ± 18.6 17.6 ± 19.3 0.3 ± 4.2 .685 0.0 

CD8+ 

CD57+ 22.9 ± 16.7 18.5 ± 15.4 −2.8 ± 5.4 .048 0.2 

KLRG1+ 47.9 ± 18.4 43.7 ± 14.8 −2.7 ± 6.3 .393 0.1 

PD1+ 13.8 ± 17.1 16.5 ± 13.1 0.4 ± 4.0 .442 0.1 

CD8+ TNA 

CD57+ 14.2 ± 12.7 12.8 ± 6.9 −1.8 ± 3.0 .034 0.3 

KLRG1+ 39.5 ± 17.3 36.2 ± 15.5 −1.7 ± 5.0 .330 − 

PD1+ 9.6 ± 11.8 9.9 ± 11.9 0.3 ± 2.3  .923 − 

CD8+ TCM 

CD57+ 18.4 ± 8.6 18.1 ± 7.7 −1.4 ± 6.6 .114 0.2 

KLRG1+ 45.2 ± 25.2 42.9 ± 20.6 −1.8 ± 8.6 .725 0.0 

PD1+ 30.7 ± 20.4 28.7 ± 15.8 −0.2 ± 6.2 .689 − 

CD8+ TEM 

CD57+ 21.5 ± 16.5 18.9 ± 12.3 −1.8 ± 3.8 .121 − 

KLRG1+ 48.3 ± 27.6 42.4 ± 17.9 −0.7 ± 6.7 .383 0.1 

PD1+ 20.3 ± 21.1 19.1 ± 15.4 0.6 ± 6.9 .720 − 

CD8+ TEMRA 

CD57+ 73.9 ± 28.8 63.2 ± 28.3 −2.9 ± 9.3 .426 0.1 

KLRG1+ 70.3 ± 22.4 68.1 ± 19.4 −1.0 ± 8.7 .530 0.1 

PD1+ 5.4 ± 10.6 6.0 ± 8.9 1.3 ± 1.7 .049 − 

Data are median ± IQR. All N=15. TNA = naïve T cell; TCM = central memory T cell; TEM = effector 

memory T cell TEMRA = terminally-differentiated effector memory T cell re-expressing CD45RA+; 

KLRG1 = Killer cell lectin-like receptor G1; PD1 = Programmed cell death protein 1; CTLA4 = 

Cytotoxic T-lymphocyte-associated protein 4. Cohen’s d effect sizes were calculated for normally 

distributed data only, as calculations for Cohen’s d are based on mean as the measure of central 

tendency, which does not appropriately reflect non-normal data distribution. 
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Appendix 17. Correlations between compliance to exercise programme vs. pre- to post-exercise 

training changes to immunophenotype. 

  
Supervised  

Adherence 

(%) 

Supervised 

Intensity 

Compliance 

(%) 

Home-based 

Adherence 

(%) 

Home-based 

Intensity 

(%V̇O2PEAK) 

Total CD3+ 
Proportion -0.192 -0.038 -0.411 0.100 

Frequency -0.107 -0.270 -0.211 0.505 

Total CD4+ 
Proportion -0.187 -0.042 -0.253 0.192 

Frequency -0.172 -0.365 -0.204 0.522* 

CD4+CD57+ 
Proportion -0.130 -0.416 -0.374 0.400 

Frequency -0.290 -0.505 -0.509 0.513* 

CD4+CTLA4+ 
Proportion 0.010 0.299 -0.169 0.032 

Frequency -0.155 0.079 -0.356 0.255 

CD4+KLRG1+ 
Proportion 0.469 -0.129 0.217 0.285 

Frequency 0.270 -0.258 -0.084 0.303 

CD4+PD1+ 
Proportion -0.002 -0.119 -0.169 -0.005 

Frequency -0.131 -0.285 -0.251 0.215 

CD4+TNA 
Proportion 0.125 0.423 0.363 -0.210 

Frequency -0.106 0.020 -0.106 0.271 

CD4+TCM 
Proportion -0.173 -0.431 -0.293 0.261 

Frequency -0.289 -0.354 -0.451 0.386 

CD4+TEM 
Proportion 0.063 -0.305 -0.314 0.047 

Frequency -0.292 -0.344 -0.575* 0.268 

CD4+TEMRA 
Proportion 0.280 -0.441 0.309 -0.026 

Frequency 0.099 -0.387 0.175 0.093 

Total CD8+ 
Proportion 0.255 0.010 0.313 -0.169 

Frequency -0.129 -0.068 -0.273 0.281 

CD8+CD57+ 
Proportion 0.087 -0.085 0.044 -0.146 

Frequency -0.216 -0.136 -0.309 0.249 

CD8+KLRG1+ 
Proportion 0.311 0.110 -0.029 0.088 

Frequency 0.037 0.082 -0.142 0.176 

CD8+PD1+ 
Proportion 0.007 -0.148 -0.120 -0.252 

Frequency -0.020 -0.065 -0.226 0.088 

CD8+TNA 
Proportion -0.040 0.175 0.167 -0.234 

Frequency -0.250 -0.143 -0.149 0.175 

CD8+TCM 
Proportion -0.156 -0.392 -0.306 0.334 

Frequency -0.114 -0.249 -0.164 0.424 

CD8+TEM 
Proportion -0.110 -0.021 -0.257 -0.266 

Frequency -0.274 -0.011 -0.516* 0.131 

CD8+TEMRA 
Proportion 0.260 0.186 0.407 -0.064 

Frequency 0.107 0.195 0.138 -0.039 

Data are Pearson’s r or Spearman’s r. * indicates statistically significant association P<.05. N=15 

pairs. CTLA4 = Cytotoxic T lymphocyte antigen-4; KLRG1 = Killer cell lectin-like receptor 

subfamily G member-1; PD1 = Programmed cell death protein-1; TNA = Naïve T cell; TCM = Central 

memory T cell; TEM = Effector memory T cell; TEMRA = Terminally-differentiated effector memory T 

cell re-expressing CD45RA+.  
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Appendix 18. Correlations between pre- to post-exercise training changes to body composition, 

fitness, and physical activity vs. immunophenotype. 

 
BMI 

Body fat 

% 
V̇O2PEAK RHR AEE 

MET-h 

/week 

Total CD3+ 
Proportion 0.066 -0.091 0.126 0.118 -0.181 0.189 

Frequency 0.034 0.147 0.329 -0.156 0.006 0.473 

Total CD4+ 
Proportion 0.167 0.167 0.077 0.117 -0.407 0.564* 

Frequency 0.059 0.134 0.315 -0.218 -0.082 0.462 

CD4+CD57+ 
Proportion 0.115 0.120 0.284 0.158 -0.111 0.234 

Frequency 0.018 0.037 0.189 -0.150 -0.247 0.291 

CD4+CTLA4+ 
Proportion -0.305 -0.453 0.195 -0.381 0.104 -0.573* 

Frequency -0.371 -0.473 0.384 -0.349 0.035 -0.354 

CD4+KLRG1+ 
Proportion -0.453 -0.060 0.028 -0.404 0.385 -0.312 

Frequency -0.438 -0.144 0.167 -0.356 0.225 0.085 

CD4+PD1+ 
Proportion -0.269 -0.179 0.339 0.067 0.142 -0.236 

Frequency 0.077 0.020 0.210 -0.188 -0.170 0.357 

CD4+TNA 
Proportion 0.372 0.290 -0.315 0.015 0.043 0.015 

Frequency 0.302 0.289 0.182 -0.119 0.058 0.437 

CD4+TCM 
Proportion -0.337 -0.258 0.372 0.033 -0.084 0.110 

Frequency -0.188 -0.130 0.258 -0.048 -0.022 0.179 

CD4+TEM 
Proportion -0.224 -0.168 0.301 -0.298 -0.157 -0.044 

Frequency -0.157 -0.231 0.210 -0.421 -0.214 0.099 

CD4+TEMRA 
Proportion -0.242 0.023 0.015 -0.041 0.101 -0.634* 

Frequency -0.378 -0.130 0.048 -0.250 0.185 -0.548* 

Total CD8+ 
Proportion -0.191 -0.132 -0.112 -0.096 0.333 -0.667* 

Frequency 0.051 0.175 0.419 0.125 0.413 0.010 

CD8+CD57+ 
Proportion 0.303 0.261 -0.267 -0.159 0.332 -0.131 

Frequency 0.399 0.319 0.224 -0.011 0.247 0.022 

CD8+KLRG1+ 
Proportion 0.098 0.288 0.243 0.057 0.635* -0.437 

Frequency 0.089 0.216 0.382 0.169 0.595* -0.112 

CD8+PD1+ 
Proportion -0.097 0.071 0.466 0.335 -0.034 -0.430 

Frequency -0.084 -0.121 0.336 -0.122 0.066 -0.418 

CD8+TNA 
Proportion 0.325 0.272 0.127 0.415 0.355 0.082 

Frequency 0.358 0.244 0.459 0.036 0.154 0.066 

CD8+TCM 
Proportion -0.517* -0.292 0.420 -0.014 -0.517 0.113 

Frequency -0.048 0.103 0.601* -0.116 0.181 -0.170 

CD8+TEM 
Proportion -0.321 -0.207 -0.116 -0.325 -0.476 -0.215 

Frequency -0.168 -0.323 0.273 -0.478 -0.033 -0.126 

CD8+TEMRA 
Proportion 0.263 0.170 -0.517 -0.347 0.324 -0.170 

Frequency 0.399 0.451 -0.126 -0.047 0.440 0.039 

Data are Pearson’s r or Spearman’s r. * indicates statistically significant association P<.05. N=15 

pairs, except for body fat percentage (N=14), V̇O2PEAK (N=12) and AEE (N=13). CTLA4 = Cytotoxic 

T lymphocyte antigen-4; KLRG1 = Killer cell lectin-like receptor subfamily G member-1; PD1 = 

Programmed cell death protein-1; TNA = Naïve T cell; TCM = Central memory T cell; TEM = Effector 

memory T cell; TEMRA = Terminally-differentiated effector memory T cell re-expressing CD45RA+; 

BMI = Body mass index; V̇O2PEAK = Peak oxygen uptake; RHR = Resting heart rate; AEE = Active 

energy expenditure measured by SenseWear; MET-h/week = Total physical activity measured by 

International Physical Activity Questionnaire short form. 
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Appendix 19. Correlations between compliance to exercise programme vs. pre- to post-exercise 

training changes to immunophenotype. 

 
Supervised  

Adherence (%) 

Supervised 

Intensity 

Compliance (%) 

Home-based 

Adherence (%) 

Home-based 

Intensity 

(%V̇O2PEAK) 

CRP 0.311 0.265 0.346 0.056 

TNF-α 0.134 0.052 0.233 -0.098 

IL-6 -0.235 0.319 0.062 -0.241 

sIL-6Rα -0.507* -0.334 -0.146 0.013 

IL-1RA -0.184 -0.414 -0.006 0.390 

VEGF 0.305 -0.306 0.324 0.038 

IL-8 0.042 0.206 0.000 -0.263 

IL-15 0.064 0.209 0.175 -0.290 

IL-16 -0.051 0.014 0.175 -0.141 

Data are Pearson’s r or Spearman’s r. * indicates statistically significant association P<.05. N=15 

pairs, expect for IL-1RA (N=10). CRP = C-reactive protein; TNF-α = Tumour necrosis factor alpha. 

IL = Interleukin; RA = Receptor agonist; sIL-6Rα = Soluble IL-6 receptor alpha; VEGF = Vascular 

endothelial growth factor.  
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Appendix 20. Correlations between pre- to post-exercise training changes to body composition, 

fitness, and physical activity vs. inflammatory biomarkers. 

 
BMI Body fat % V̇O2PEAK RHR AEE 

MET-h 

/week 

CRP 0.237 0.434 0.249 0.305 0.151 0.328 

TNF-α 0.252 0.539* 0.126 0.654* 0.011 0.654* 

IL-6 0.393 0.087 0.452 0.407 -0.226 0.150 

sIL-6Rα -0.028 -0.195 -0.054 0.081 -0.510 0.124 

IL-1RA -0.354 -0.085 0.361 -0.201 -0.463 -0.217 

VEGF 0.136 0.213 -0.119 -0.020 0.082 0.286 

IL-8 0.157 0.306 0.035 0.711* -0.100 0.412 

IL-15 0.494 0.425 0.025 0.455 0.149 0.034 

IL-16 -0.025 -0.015 -0.118 0.035 -0.170 -0.313 

Data are Pearson’s r or Spearman’s r. * indicates statistically significant association P<.05. N=15 

pairs, except for IL-1RA (N=10); Body fat percentage (N=14); V̇O2PEAK (N=12); AEE (N=13). BMI 

= Body mass index; RHR = Resting heart rate; V̇O2PEAK = Peak oxygen uptake; AAE =Active energy 

expenditure (device-measured physical activity); MET-h/week = Metabolic equivalent of task hours 

per week (self-reported physical activity); CRP = C-reactive protein; TNF-α = Tumour necrosis 

factor alpha. IL = Interleukin; RA = Receptor agonist; sIL-6Rα = Soluble IL-6 receptor alpha; 

VEGF = Vascular endothelial growth factor. 
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Appendix 21. Select correlations between pre- to post-exercise training change to inflammatory 

biomarkers vs. immunophenotype. 

Cell subset IL-15 CRP TNF-α IL-6 sIL-6Rα 

CD4+CD57+ 
Proportion -0.207 -0.010 -0.254 -0.254 0.007 

Frequency -0.489 -0.229 -0.300 -0.561* 0.050 

CD4+KLRG1+ 
Proportion -0.663* -0.329 -0.372 -0.745* -0.619* 

Frequency -0.756* -0.335 -0.354 -0.689* -0.585* 

CD4+CTLA4+ 
Proportion -0.433 − − − − 

Frequency -0.657* − − − − 

CD4+PD1+ 
Proportion -0.321 − − − − 

Frequency -0.343 − − − − 

CD4+ TNA 
Proportion 0.433 − − − − 

Frequency -0.242 − − − − 

CD4+ TCM 
Proportion -0.290 − − − − 

Frequency -0.403 − − − − 

CD4+ TEM 
Proportion -0.201 − − − − 

Frequency -0.511* − − − − 

CD4+ TEMRA 
Proportion -0.055 − − − − 

Frequency -0.370 − − − − 

CD8+CD57+ 
Proportion -0.213 -0.143 -0.063 -0.273 -0.486 

Frequency -0.250 -0.401 -0.286 -0.314 -0.332 

CD8+KLRG1+ 
Proportion 0.113 -0.134 -0.307 -0.246 -0.585* 

Frequency -0.208 -0.372 -0.400 -0.314 -0.587* 

CD8+PD1+ 
Proportion 0.342 − − − − 

Frequency -0.200 − − − − 

CD8+ TNA 
Proportion 0.683* − − − − 

Frequency -0.154 − − − − 

CD8+ TCM 
Proportion -0.284 − − − − 

Frequency -0.400 − − − − 

CD8+ TEM 
Proportion -0.168 − − − − 

Frequency -0.500 − − − − 

CD8+ TEMRA 
Proportion -0.314 − − − − 

Frequency -0.229 − − − − 

Data are Pearson’s r or Spearman’s r. * indicates statistically significant association P<.05. All 

N=15 pairs. CRP = C-reactive protein; TNF-α = Tumour necrosis factor alpha. IL = Interleukin; 

sIL-6Rα = Soluble IL-6 receptor alpha; KLRG1 = Killer cell lectin-like receptor subfamily G 

member 1. 
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Appendix 22. Heatmaps displaying correlations between pre- to post-exercise training changes to 

disease biomarkers vs. purported anti-cancer mechanisms of exercise training. 
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(A) Pre- to post-exercise training changes to disease biomarkers vs. CD57+ T cells. 

(B) Pre- to post-exercise training changes to disease biomarkers vs. KLRG1+ T cells. 

(C) Pre- to post-exercise training changes to disease biomarkers vs. PD1+ T cells.  

(D) Pre- to post-exercise training changes to disease biomarkers vs. CTLA4+ T cells. 

(E) Pre- to post-exercise training changes to disease biomarkers vs. inflammatory biomarkers in 

plasma (excluding CRP in serum).  

Data are Spearman’s r. Statistically significant correlations (P<.05) are highlighted with a bold 

border. Darker red = larger inverse correlation coefficient. Darker blue = larger positive 

correlation coefficient. Within panels A-D, correlation coefficients were calculated for 

immunophenotypes expressed as cell proportions (%) and cell frequencies (cells/μL). Disease 

activity was measured as M-protein (N=14) and involved FLC (N=13) in serum.  

FLC = Free light chain; KLRG1 = Killer cell lectin-like receptor subfamily G member 1; PD1 = 

Programmed cell death protein 1; CTLA4 = Cytotoxic T lymphocyte-associated protein 4; IL = 

Interleukin; TNA = Naïve T cell; TCM = Central memory T cell; TEM = Effector memory T cell; TEMRA 

= Terminally-differentiated effector memory T cell re-expressing CD45RA+; CRP = C-reactive 

protein; TNF-α = Tumour necrosis factor alpha. IL = Interleukin; sIL-6Rα = Soluble IL-6 receptor 

alpha; VEGF = Vascular endothelial growth factor. 



214 

 

8 Reference list 

Abnet, C. C. (2007). Carcinogenic food contaminants. Cancer Investigation, 25(3), 189-196. 

doi:10.1080/07357900701208733 

Abramson, J. L., & Vaccarino, V. (2002). Relationship between physical activity and inflammation 

among apparently healthy middle-aged and older us adults. Archives of Internal Medicine, 

162(11), 1286-1292. doi:10.1001/archinte.162.11.1286 

ADA. (2020). Classification and diagnosis of diabetes: Standards of medical care in diabetes-2020. 

Diabetes Care, 43, S14-S31. doi:10.2337/dc20-S002 

Ahmed, M. B., Hmida, N. B., Moes, N., Buyse, S., Abdeladhim, M., Louzir, H., & Cerf-Bensussan, 

N. (2009). IL-15 renders conventional lymphocytes resistant to suppressive functions of 

regulatory t cells through activation of the phosphatidylinositol 3-kinase pathway. Journal 

of Immunology, 182(11), 6763-6770. doi:10.4049/jimmunol.0801792 

Ahtiainen, J. P., Pakarinen, A., Alen, M., Kraemer, W. J., & Hakkinen, K. (2003). Muscle 

hypertrophy, hormonal adaptations during strength training in strength-trained and strength 

development and untrained men. European Journal of Applied Physiology, 89(6), 555-563. 

doi:10.1007/s00421-003-0833-3 

Ainsworth, B. E., Haskell, W. L., Herrmann, S. D., Meckes, N., Bassett, D. R., Jr., Tudor-Locke, C., 

 Greer, J. L., Vezina, J., Whitt-Glover, M. C., & Leon, A. S. (2011). 2011 compendium of 

 physical activities: A second update of codes and met values. Medicine and Science in Sports 

 and Exercise, 43(8), 1575-1581. doi:10.1249/MSS.0b013e31821ece12 

Akbar, A. N., & Henson, S. M. (2011). Are senescence and exhaustion intertwined or unrelated 

processes that compromise immunity? Nature Reviews Immunology, 11(4), 289-295. 

doi:10.1038/nri2959 

Alessa, H. B., Chomistek, A. K., Hankinson, S. E., Barnett, J. B., Rood, J., Matthews, C. E., Rimm, 

E. B., Willett, W. C., Hu, F. B., & Tobias, D. K. (2017). Objective measures of physical 

activity and cardiometabolic and endocrine biomarkers. Medicine and Science in Sports and 

Exercise, 49(9), 1817-1825. doi:10.1249/mss.0000000000001287 

Alessio, H. M., Schweitzer, N. B., Snedden, A. M., Callahan, P., & Hagerman, A. E. (2009). 

Revisiting influences on tumor development: Focusing on laboratory housing. Journal of the 

American Association for Laboratory Animal Science, 48(3), 258-262.  

Alexandrakis, M. G., Goulidaki, N., Pappa, C. A., Boula, A., Psarakis, F., Neonakis, I., & Tsirakis, 

G. (2015). Interleukin-10 induces both plasma cell proliferation and angiogenesis in multiple 

myeloma. Pathology & Oncology Research, 21(4), 929-934. doi:10.1007/s12253-015-9921-

z 

Allegra, A., Innao, V., Allegra, A. G., Pugliese, M., Di Salvo, E., Ventura-Spagnolo, E., Musolino, 

C., & Gangemi, S. (2019). Lymphocyte subsets and inflammatory cytokines of monoclonal 

gammopathy of undetermined significance and multiple myeloma. International Journal of 

Molecular Sciences, 20(11). doi:10.3390/ijms20112822 

Allen, N. E., Appleby, P. N., Davey, G. K., & Key, T. J. (2002). Lifestyle and nutritional 

determinants of bioavailable androgens and related hormones in british men. Cancer Causes 

& Control, 13(4), 353-363. doi:10.1023/a:1015238102830 

Alrasheed, N., Lee, L., Ghorani, E., Henry, J. Y., Conde, L., Chin, M., Galas-Filipowicz, D., Furness, 

A. J. S., Chavda, S. J., Richards, H., De-Silva, D., Cohen, O. C., Patel, D., Brooks, A., 

Rodriguez-Justo, M., Pule, M., Herrero, J., Quezada, S. A., & Yong, K. L. (2020). Marrow-

infiltrating regulatory t cells correlate with the presence of dysfunctional cd4(+)pd-1(+) cells 

and inferior survival in patients with newly diagnosed multiple myeloma. Clinical Cancer 

Research, 26(13), 3443-3454. doi:10.1158/1078-0432.CCR-19-1714 

Andersson, S. E. M., Lange, E., Kucharski, D., Svedlund, S., Onnheim, K., Bergquist, M., Josefsson, 

E., Lord, J. M., Martensson, I.-L., Mannerkorpi, K., & Gjertsson, I. (2020). Moderate- to 

high intensity aerobic and resistance exercise reduces peripheral blood regulatory cell 

populations in older adults with rheumatoid arthritis. Immunity & Ageing, 17(1). 

doi:10.1186/s12979-020-00184-y 

ANSI. (2002). The objectives and uses of Association of Advanceent of Medical Instruments 

standards and recommended practices: Cardiac monitors, heart rate meters, and alarms. 

American National Standards Institute/ Association of Advanceent of Medical Instruments 

standards and recommended practices: Cardiac monitors, heart rate meters, and alarms. 



215 

 

https://docplayer.net/34982183-Aami-american-national-standard-cardiac-monitors-

heart-rate-meters-and-alarms-ansi-aami-ec13-2002.html.  

Appay, V., van Lier, R. A. W., Sallusto, F., & Roederer, M. (2008). Phenotype and function of human 

t lymphocyte subsets: Consensus and issues. Cytometry Part A, 73A(11), 975-983. 

doi:10.1002/cyto.a.20643 

Arai, M. H., Duarte, A. J. S., & Natale, V. M. (2006). The effects of long-term endurance training 

on the immune and endocrine systems of elderly men: The role of cytokines and anabolic 

hormones. Immunity & Ageing, 3, 9-9. doi:10.1186/1742-4933-3-9 

Arem, H., Moore, S. C., Patel, A., Hartge, P., de Gonzalez, A. B., Visvanathan, K., Campbell, P. T., 

Freedman, M., Weiderpass, E., Adami, H. O., Linet, M. S., Lee, I. M., & Matthews, C. E. 

(2015). Leisure time physical activity and mortality a detailed pooled analysis of the dose-

response relationship. Jama Internal Medicine, 175(6), 959-967. 

doi:10.1001/jamainternmed.2015.0533 

Ari, Z., Kutlu, N., Uyanik, B. S., Taneli, F., Buyukyazi, G., & Tavli, T. (2004). Serum testosterone, 

growth hormone, and insulin-like growth factor-1 levels, mental reaction time, and maximal 

aerobic exercise in sedentary and long-term physically trained elderly males. International 

Journal of Neuroscience, 114(5), 623-637. doi:10.1080/00207450490430499 

Arikawa, A. Y., Thomas, W., Gross, M., Smith, A., Phipps, W. R., Kurzer, M. S., & Schmitz, K. H. 

(2013). Aerobic training reduces systemic oxidative stress in young women with elevated 

levels of f-2-isoprostanes. Contemporary Clinical Trials, 34(2), 212-217. 

doi:10.1016/j.cct.2012.11.003 

Arnarson, A., Geirsdottir, O. G., Ramel, A., Jonsson, P. V., & Thorsdottir, I. (2015). Insulin-like 

growth factor-1 and resistance exercise in community dwelling old adults. Journal of 

Nutrition Health & Aging, 19(8), 856-860. doi:10.1007/s12603-015-0547-3 

Ashcraft, K. A., Peace, R. M., Betof, A. S., Dewhirst, M. W., & Jones, L. W. (2016). Efficacy and 

mechanisms of aerobic exercise on cancer initiation, progression, and metastasis: A critical 

systematic review of in vivo preclinical data. Cancer Research, 76(14), 4032-4050. 

doi:10.1158/0008-5472.can-16-0887 

Aspinall, R., & Andrew, D. (2000). Thymic involution in aging. Journal of Clinical Immunology, 

20(4), 250-256. doi:10.1023/a:1006611518223 

Atanackovic, D., Hildebrandt, Y., Templin, J., Cao, Y., Keller, C., Panse, J., Meyer, S., Reinhard, 

H., Bartels, K., Lajmi, N., Sezer, O., Zander, A. R., Marx, A. H., Uhlig, R., Zustin, J., 

Bokemeyer, C., & Kroeger, N. (2012). Role of interleukin 16 in multiple myeloma. Journal 

of the National Cancer Institute, 104(13), 1005-1020. doi:10.1093/jnci/djs257 

Atanackovic, D., Luetkens, T., Hildebrandt, Y., Arfsten, J., Bartels, K., Horn, C., Stahl, T., Cao, Y., 

Zander, A. R., Bokemeyer, C., & Kroeger, N. (2009). Longitudinal analysis and prognostic 

effect of cancer-testis antigen expression in multiple myeloma. Clinical Cancer Research, 

15(4), 1343-1352. doi:10.1158/1078-0432.Ccr-08-0989 

ATS & ACCP. (2003). American Thoracic Society/American College of Chest Physicians statement 

on cardiopulmonary exercise testing. American Journal of Respiratory and Critical Care 

Medicine, 167(2), 211-277. doi:10.1164/rccm.167.2.211 

Aune, D., Keum, N., Giovannucci, E., Fadnes, L. T., Boffetta, P., Greenwood, D. C., Tonstad, S., 

Vatten, L. J., Riboli, E., & Norat, T. (2018). Dietary intake and blood concentrations of 

antioxidants and the risk of cardiovascular disease, total cancer, and all-cause mortality: A 

systematic review and dose-response meta-analysis of prospective studies. American 

Journal of Clinical Nutrition, 108(5), 1069-1091. doi:10.1093/ajcn/nqy097 

Autenrieth, C. S., Baumert, J., Baumeister, S. E., Fischer, B., Peters, A., Doering, A., & Thorand, B. 

(2011). Association between domains of physical activity and all-cause, cardiovascular and 

cancer mortality. European Journal of Epidemiology, 26(2), 91-99. doi:10.1007/s10654-

010-9517-6 

Azizbeigi, K., Stannard, S. R., Atashak, S., & Haghighi, M. M. (2014). Antioxidant enzymes and 

oxidative stress adaptation to exercise training: Comparison of endurance, resistance, and 

concurrent training in untrained males. Journal of Exercise Science & Fitness, 12(1), 1-6. 

doi:10.1016/j.jesf.2013.12.001 

Bacurau, A. V. N., Belmonte, M. A., Navarro, F., Moraes, M. R., Pontes, F. L., Jr., Pesquero, J. L., 

Araujo, R. C., & Bacurau, R. F. P. (2007). Effect of a high-intensity exercise training on the 

metabolism and function of macrophages and lymphocytes of walker 256 tumor-bearing rats. 

Experimental Biology and Medicine, 232(10), 1289-1299. doi:10.3181/0704-rm-93 

https://docplayer.net/34982183-Aami-american-national-standard-cardiac-monitors-heart-rate-meters-and-alarms-ansi-aami-ec13-2002.html
https://docplayer.net/34982183-Aami-american-national-standard-cardiac-monitors-heart-rate-meters-and-alarms-ansi-aami-ec13-2002.html


216 

 

Bacurau, R. F. P., Belmonte, M. A., Seelaender, M. C. L., & Rosa, L. (2000). Effect of a moderate 

intensity exercise training protocol on the metabolism of macrophages and lymphocytes of 

tumour-bearing rats. Cell Biochemistry and Function, 18(4), 249-258.  

Baibas, N., Bamia, C., Vassilopoulou, E., Sdrolias, J., Trichopoulou, A., & Trichopoulos, D. (2003). 

Dietary and lifestyle factors in relation to plasma insulin-like growth factor i in a general 

population sample. European Journal of Cancer Prevention, 12(3), 229-234. 

doi:10.1097/00008469-200306000-00010 

Bailur, J. K., McCachren, S. S., Doxie, D. B., Shrestha, M., Pendleton, K., Nooka, A. K., Neparidze, 

N., Parker, T. L., Bar, N., Kaufman, J. L., Hofmeister, C. C., Boise, L. H., Lonial, S., Kemp, 

M. L., Dhodapkar, K. M., & Dhodapkar, M. V. (2019). Early alterations in stem-

like/marrow-resident t cells and innate and myeloid cells in preneoplastic gammopathy. 

Journal of Clinical Investigation Insight, 4(11). doi:10.1172/jci.insight.127807 

Balady, G. J., Arena, R., Sietsema, K., Myers, J., Coke, L., Fletcher, G. F., Forman, D., Franklin, B., 

Guazzi, M., Gulati, M., Keteyian, S. J., Lavie, C. J., Macko, R., Mancini, D., Milani, R. V., 

Amer Heart Assoc Exercise, C., Council Epidemiology, P., Council Peripheral Vasc, D., & 

Interdisciplinary Council, Q. (2010). Clinician's guide to cardiopulmonary exercise testing 

in adults a scientific statement from the american heart association. Circulation, 122(2), 191-

225. doi:10.1161/CIR.0b013e3181e52e69 

Baldursdottir, T. R., Love, T. J., Gislason, G. K., Bjorkholm, M., Mellqvist, U.-H., Lund, S. H., 

Blimark, C. H., Turesson, I., Hultcrantz, M., Landgren, O., & Kristinsson, S. Y. (2020). 

Autoimmune disease is associated with a lower risk of progression in monoclonal 

gammopathy of undetermined significance. European Journal of Haematology. 

doi:10.1111/ejh.13563 

Ballard-Barbash, R., Hunsberger, S., Alciati, M. H., Blair, S. N., Goodwin, P. J., McTiernan, A., 

Wing, R., & Schatzkin, A. (2009). Physical activity, weight control, and breast cancer risk 

and survival: Clinical trial rationale and design considerations. Journal of the National 

Cancer Institute, 101(9), 630-643. doi:10.1093/jnci/djp068 

Banks, E., Welsh, J., Joshy, G., Martin, M., Paige, E., & Korda, R. J. (2020). Comparison of 

cardiovascular disease risk factors, assessment and management in men and women, 

including consideration of absolute risk: A nationally representative cross-sectional study. 

BMJ Open, 10(12). doi:10.1136/bmjopen-2020-038761 

Barocas, D. A., Motley, S., Cookson, M. S., Chang, S. S., Penson, D. F., Dai, Q., Milne, G., Roberts, 

L. J., II, Morrow, J., Concepcion, R. S., Smith, J. A., Jr., & Fowke, J. H. (2011). Oxidative 

stress measured by urine f2-isoprostane level is associated with prostate cancer. Journal of 

Urology, 185(6), 2102-2107. doi:10.1016/j.juro.2011.02.020 

Bartlett, D. B., & Duggal, N. A. (2020). Moderate physical activity associated with a higher 

naive/memory t-cell ratio in healthy old individuals: Potential role of il15. Age and Ageing, 

49(3), 368-373. doi:10.1093/ageing/afaa035 

Bassett, D. R., & Howley, E. T. (2000). Limiting factors for maximum oxygen uptake and 

determinants of endurance performance. Medicine and Science in Sports and Exercise, 

32(1), 70-84. doi:10.1097/00005768-200001000-00012 

Bataille, R., & Klein, B. (1992). C-reactive protein-levels as a direct indicator of interleukin-6 levels 

in humans invivo. Arthritis and Rheumatism, 35(8), 982-983. doi:10.1002/art.1780350824 

Baxmann, A. C., Ahmed, M. S., Marques, N. C., Menon, V. B., Pereira, A. B., Kirsztajn, G. M., & 

Heilberg, I. P. (2008). Influence of muscle mass and physical activity on serum and urinary 

creatinine and serum cystatin c. Clinical Journal of the American Society of Nephrology, 

3(2), 348-354. doi:10.2215/cjn.02870707 

Baxter, R. C. (1994). Insulin-like growth-factor binding-proteins in the human circulation - a review. 

Hormone Research, 42(4-5), 140-144. doi:10.1159/000184186 

Baxter, R. C. (2014). Igf binding proteins in cancer: Mechanistic and clinical insights. Nature 

Reviews Cancer, 14(5), 329-341. doi:10.1038/nrc3720 

Bay, M. L., Unterrainer, N., Stagaard, R., Pedersen, K. S., Schauer, T., Staffeldt, M. M., Christensen, 

J. F., Hojman, P., Pedersen, B. K., & Gehl, J. (2020). Voluntary wheel running can lead to 

modulation of immune checkpoint molecule expression. Acta Oncologica, 1-8. 

doi:10.1080/0284186x.2020.1817550 

Beavers, K. M., Hsu, F.-C., Isom, S., Kritchevsky, S. B., Church, T., Goodpaster, B., Pahor, M., & 

Nicklas, B. J. (2010). Long-term physical activity and inflammatory biomarkers in older 



217 

 

adults. Medicine and Science in Sports and Exercise, 42(12), 2189-2196. 

doi:10.1249/MSS.0b013e3181e3ac80 

Beck, B. R., Daly, R. M., Singh, M. A. F., & Taaffe, D. R. (2017). Exercise and sports science 

australia (essa) position statement on exercise prescription for the prevention and 

management of osteoporosis. Journal of Science and Medicine in Sport, 20(5), 438-445. 

doi:10.1016/j.jsams.2016.10.001 

Bell, K. J. L., Del Mar, C., Wright, G., Dickinson, J., & Glasziou, P. (2015). Prevalence of incidental 

prostate cancer: A systematic review of autopsy studies. International Journal of Cancer, 

137(7), 1749-1757. doi:10.1002/ijc.29538 

Benedetti, M. G., Furlini, G., Zati, A., & Mauro, G. L. (2018). The effectiveness of physical exercise 

on bone density in osteoporotic patients. BioMed Research International, 2018. 

doi:10.1155/2018/4840531 

Bermon, S., Ferrari, P., Bernard, P., Altare, S., & Dolisi, C. (1999). Responses of total and free 

insulin-like growth factor-i and insulin-like growth factor binding protein-3 after resistance 

exercise and training in elderly subjects. Acta Physiologica Scandinavica, 165(1), 51-56.  

Berrueta, L., Bergholz, J., Munoz, D., Muskaj, I., Badger, G. J., Shukla, A., Kim, H. J., Zhao, J. J., 

& Langevin, H. M. (2018). Stretching reduces tumor growth in a mouse breast cancer model. 

Nature Scientific Reports, 8(1), 7864. doi:10.1038/s41598-018-26198-7 

Beyer, M., Kochanek, M., Giese, T., Endl, E., Weihrauch, M. R., Knolle, P. A., Classen, S., & 

Schultze, J. L. (2006). In vivo peripheral expansion of naive cd4(+)cd25(high) foxp3(+) 

regulatory t cells in patients with multiple myeloma. Blood, 107(10), 3940-3949. 

doi:10.1182/blood-2005-09-3671 

Bianco, T. M., Abdalla, D. R., Desiderio, C. S., Thys, S., Simoens, C., Bogers, J.-P., Murta, E. F. C., 

& Michelin, M. A. (2017). The influence of physical activity in the anti-tumor immune 

response in experimental breast tumor. Immunology Letters, 190, 148-158. 

doi:10.1016/j.imlet.2017.08.007 

Bida, J. P., Kyle, R. A., Therneau, T. M., Melton, L. J., Plevak, M. F., Larson, D. R., Dispenzieri, 

A., Katzmann, J. A., & Rajkumar, S. V. (2009). Disease associations with monoclonal 

gammopathy of undetermined significance: A population-based study of 17,398 patients. 

Mayo Clinic Proceedings, 84(8), 685-693. doi:10.4065/84.8.685 

Bigley, A. B., Rezvani, K., Chew, C., Sekine, T., Pistillo, M., Crucian, B., Bollard, C. M., & 

Simpson, R. J. (2014). Acute exercise preferentially redeploys nk-cells with a highly-

differentiated phenotype and augments cytotoxicity against lymphoma and multiple 

myeloma target cells. Brain Behavior and Immunity, 39, 160-171. 

doi:10.1016/j.bbi.2013.10.030 

Bingham, S. A., & Cummings, J. H. (1989). Effect of exercise and physical-fitness on large intestinal 

function. Gastroenterology, 97(6), 1389-1399. doi:10.1016/0016-5085(89)90381-8 

Birmann, B. M., Neuhouser, M. L., Rosner, B., Albanes, D., Buring, J. E., Giles, G. G., Lan, Q., Lee, 

I. M., Purdue, M. P., Rothman, N., Severi, G., Yuan, J.-M., Anderson, K. C., Pollak, M., 

Rifai, N., Hartge, P., Landgren, O., Lessin, L., Virtamo, J., Wallace, R. B., Manson, J. E., & 

Colditz, G. A. (2012). Prediagnosis biomarkers of insulin-like growth factor-1, insulin, and 

interleukin-6 dysregulation and multiple myeloma risk in the multiple myeloma cohort 

consortium. Blood, 120(25), 4929-4937. doi:10.1182/blood-2012-03-417253 

Bizjak, D. A., Tomschi, F., Bales, G., Nader, E., Romana, M., Connes, P., Bloch, W., & Grau, M. 

(2020). Does endurance training improve red blood cell aging and hemorheology in 

moderate-trained healthy individuals? Journal of Sport and Health Science, 9(6), 595-603. 

doi:10.1016/j.jshs.2019.02.002 

Bjelakovic, G., Nagorni, A., Nikolova, D., Simonetti, R. G., Bjelakovic, M., & Gluud, C. (2006). 

Meta-analysis: Antioxidant supplements for primary and secondary prevention of colorectal 

adenoma. Alimentary Pharmacology & Therapeutics, 24(2), 281-291. doi:10.1111/j.1365-

2036.2006.02970.x 

Bjelakovic, G., Nikolova, D., Simonetti, R. G., & Gluud, C. (2004). Antioxidant supplements for 

prevention of gastrointestinal cancers: A systematic review and meta-analysis. Lancet, 

364(9441), 1219-1228. doi:10.1016/s0140-6736(04)17138-9 

Blanco, E., Perez-Andres, M., Arriba-Mendez, S., Contreras-Sanfeliciano, T., Criado, I., Pelak, O., 

Serra-Caetano, A., Romero, A., Puig, N., Remesal, A., Canizales, J. T., Lopez-Granados, E., 

Kalina, T., Sousa, A. E., van Zelm, M., van der Burg, M., van Dongen, J. J. M., Orfao, A., 

& EuroFlow, P. I. D. G. (2018). Age-associated distribution of normal b-cell and plasma cell 



218 

 

subsets in peripheral blood. Journal of Allergy and Clinical Immunology, 141(6), 2208-+. 

doi:10.1016/j.jaci.2018.02.017 

Blankenstein, T., Coulie, P. G., Gilboa, E., & Jaffee, E. M. (2012). The determinants of tumour 

immunogenicity. Nature Reviews Cancer, 12(4), 307-313. doi:10.1038/nrc3246 

Blimark, C., Holmberg, E., Mellqvist, U.-H., Landgren, O., Bjoekholm, M., Hultcrantz, M., 

Kjellander, C., Turesson, I., & Kristinsson, S. Y. (2015). Multiple myeloma and infections: 

A population-based study on 9253 multiple myeloma patients. Haematologica, 100(1), 107-

113. doi:10.3324/haematol.2014.107714 

Borst, S. E., Vincent, K. R., Lowenthal, D. T., & Braith, R. W. (2002). Effects of resistance training 

on insulin-like growth factor and its binding proteins in men and women aged 60 to 85. 

Journal of the American Geriatrics Society, 50(5), 884-888. doi:10.1046/j.1532-

5415.2002.50215.x 

Bosseboeuf, A., Allain-Maillet, S., Mennesson, N., Tallet, A., Rossi, C., Garderet, L., Caillot, D., 

Moreau, P., Piver, E., Girodon, F., Perreault, H., Brouard, S., Nicot, A., Bigot-Corbel, E., 

Hermouet, S., & Harb, J. (2017). Pro-inflammatory state in monoclonal gammopathy of 

undetermined significance and in multiple myeloma is characterized by low sialylation of 

pathogen-specific and other monoclonal immunoglobulins. Frontiers in Immunology, 8. 

doi:10.3389/fimmu.2017.01347 

Bouchnita, A., Eymard, N., Moyo, T. K., Koury, M. J., & Volpert, V. (2016). Bone marrow 

infiltration by multiple myeloma causes anemia by reversible disruption of erythropoiesis. 

American Journal of Hematology, 91(4), 371-378. doi:10.1002/ajh.24291 

Boullosa, D. A., Abreu, L., Tonello, L., Hofmann, P., & Leicht, A. S. (2013). Exercise is medicine: 

Case report of a woman with smoldering multiple myeloma. Medicine and Science in Sports 

and Exercise, 45(7), 1223-1228. doi:10.1249/MSS.0b013e3182880359 

Boutron-Ruault, M. C., Senesse, P., Meance, S., Belghiti, C., & Faivre, J. (2001). Energy intake, 

body mass index, physical activity, and the colorectal adenoma-carcinoma sequence. 

Nutrition and Cancer, 39(1), 50-57. doi:10.1207/S15327914nc391_7 

Bouzid, M. A., Filaire, E., Matran, R., Robin, S., & Fabre, C. (2018). Lifelong voluntary exercise 

modulates age-related changes in oxidative stress. International Journal of Sports Medicine, 

39(1), 21-28. doi:10.1055/s-0043-119882 

Bouzid, M. A., Hammouda, O., Matran, R., Robin, S., & Fabre, C. (2014). Low intensity aerobic 

exercise and oxidative stress markers in older adults. Journal of Aging and Physical Activity, 

22(4), 536-542. doi:10.1123/japa.2013-0037 

Bouzid, M. A., Hammouda, O., Matran, R., Robin, S., & Fabre, C. (2015). Influence of physical 

fitness on antioxidant activity and malondialdehyde level in healthy older adults. Applied 

Physiology Nutrition and Metabolism, 40(6), 582-589. doi:10.1139/apnm-2014-0417 

Broskey, N. T., Boss, A., Fares, E.-J., Greggio, C., Gremion, G., Schluter, L., Hans, D., Kreis, R., 

Boesch, C., & Amati, F. (2015). Exercise efficiency relates with mitochondrial content and 

function in older adults. Physiological Reports, 3(6). doi:10.14814/phy2.12418 

Brown, J. C., & Gilmore, L. A. (2020). Physical activity reduces the risk of recurrence and mortality 

in cancer patients. Exercise and Sport Sciences Reviews, 48(2), 67-73. 

doi:10.1249/jes.0000000000000214 

Busquets-Cortes, C., Capo, X., Bibiloni, M. d. M., Martorell, M., Ferrer, M. D., Argelich, E., Bouzas, 

C., Carreres, S., Tur, J. A., Pons, A., & Sureda, A. (2018). Peripheral blood mononuclear 

cells antioxidant adaptations to regular physical activity in elderly people. Nutrients, 10(10). 

doi:10.3390/nu10101555 

Buysse, D. J., Reynolds, C. F., Monk, T. H., Berman, S. R., & Kupfer, D. J. (1989). The pittsburgh 

sleep quality index - a new instrument for psychiatric practice and research. Psychiatry 

Research, 28(2), 193-213. doi:10.1016/0165-1781(89)90047-4 

Calle, E. E., & Kaaks, R. (2004). Overweight, obesity and cancer: Epidemiological evidence and 

proposed mechanisms. Nature Reviews Cancer, 4(8), 579-591. doi:10.1038/nrc1408 

Campbell, D. E., Tustin, N. B., Riedel, E., Tustin, R., III, Taylor, J., Murray, J., & Douglas, S. D. 

(2009). Cryopreservation decreases receptor pd-1 and ligand pd-l1 coinhibitory expression 

on peripheral blood mononuclear cell-derived t cells and monocytes. Clinical and Vaccine 

Immunology, 16(11), 1648-1653. doi:10.1128/cvi.00259-09 

Campbell, J. P., Heaney, J. L. J., Pandya, S., Afzal, Z., Kaiser, M., Owen, R., Child, J. A., Cairns, D. 

A., Gregory, W., Morgan, G. J., Jackson, G. H., Bunce, C. M., & Drayson, M. T. (2017). 

Response comparison of multiple myeloma and monoclonal gammopathy of undetermined 



219 

 

significance to the same anti-myeloma therapy: A retrospective cohort study. Lancet 

Haematology, 4(12), E584-E594. doi:10.1016/s2352-3026(17)30209-0 

Campbell, J. P., Riddell, N. E., Burns, V. E., Turner, M., van Zanten, J. J., Drayson, M. T., & Bosch, 

J. A. (2009). Acute exercise mobilises cd8+ t lymphocytes exhibiting an effector-memory 

phenotype. Brain Behavior and Immunity, 23(6), 767-775. doi:10.1016/j.bbi.2009.02.011 

Campbell, K. L., Campbell, P. T., Ulrich, C. M., Wener, M., Alfano, C. M., Foster-Schubert, K., 

Rudolph, R. E., Potter, J. D., & McTiernan, A. (2008). No reduction in c-reactive protein 

following a 12-month randomized controlled trial of exercise in men and women. Cancer 

Epidemiology Biomarkers & Prevention, 17(7), 1714-1718. doi:10.1158/1055-9965.epi-08-

0088 

Campbell, K. L., Foster-Schubert, K. E., Alfano, C. M., Wang, C.-C., Wang, C.-Y., Duggan, C. R., 

Mason, C., Imayama, I., Kong, A., Xiao, L., Bain, C. E., Blackburn, G. L., Stanczyk, F. Z., 

& McTiernan, A. (2012). Reduced-calorie dietary weight loss, exercise, and sex hormones 

in postmenopausal women: Randomized controlled trial. Journal of Clinical Oncology, 

30(19), 2314-2326. doi:10.1200/jco.2011.37.9792 

Campbell, K. L., Winters-Stone, K. M., Wiskemann, J., May, A. M., Schwartz, A. L., Courneya, K. 

S., Zucker, D. S., Matthews, C. E., Ligibel, J. A., Gerber, L. H., Morris, G. S., Patel, A. V., 

Hue, T. F., Perna, F. M., & Schmitz, K. H. (2019). Exercise guidelines for cancer survivors: 

Consensus statement from international multidisciplinary roundtable. Medicine and Science 

in Sports and Exercise, 51(11), 2375-2390. doi:10.1249/mss.0000000000002116 

Campbell, P. T., Campbell, K. L., Wener, M. H., Wood, B. L., Potter, J. D., McTiernan, A., & Ulrich, 

C. M. (2009). A yearlong exercise intervention decreases crp among obese postmenopausal 

women. Medicine and Science in Sports and Exercise, 41(8), 1533-1539. 

doi:10.1249/MSS.0b013e31819c7feb 

Campbell, P. T., Gross, M. D., Potter, J. D., Schmitz, K. H., Duggan, C., McTiernan, A., & Ulrich, 

C. M. (2010). Effect of exercise on oxidative stress: A 12-month randomized, controlled 

trial. Medicine and Science in Sports and Exercise, 42(8), 1448-1453. 

doi:10.1249/MSS.0b013e3181cfc908 

Caraux, A., Klein, B., Paiva, B., Bret, C., Schmitz, A., Fuhler, G. M., Bos, N. A., Johnsen, H. E., 

Orfao, A., Perez-Andres, M., & Myeloma Stem Cell, N. (2010). Circulating human b and 

plasma cells. Age-associated changes in counts and detailed characterization of circulating 

normal cd138(-) and cd138(+) plasma cells. Haematologica, 95(6), 1016-1020. 

doi:10.3324/haematol.2009.018689 

Carrega, P., & Ferlazzo, G. (2012). Natural killer cell distribution and trafficking in human tissues. 

Frontiers in Immunology, 3. doi:10.3389/fimmu.2012.00347 

Carter, A., Merchav, S., Silviandraxler, I., & Tatarsky, I. (1990). The role of interleukin-1 and tumor 

necrosis factor-alpha in human multiple-myeloma. British Journal of Haematology, 74(4), 

424-431. doi:10.1111/j.1365-2141.1990.tb06330.x 

Carter, H., Jones, A. M., Barstow, T. J., Burnley, M., Williams, C., & Doust, J. H. (2000). Effect of 

endurance training on oxygen uptake kinetics during treadmill running. Journal of Applied 

Physiology, 89(5), 1744-1752.  

Celada, L. J., Kropski, J. A., Herazo-Maya, J. D., Luo, W., Creecy, A., Abad, A. T., Chioma, O. S., 

Lee, G., Hassell, N. E., Shaginurova, G. I., Wang, Y., Johnson, J. E., Kerrigan, A., Mason, 

W. R., Baughman, R. P., Ayers, G. D., Bernard, G. R., Culver, D. A., Montgomery, C. G., 

Maher, T. M., Molyneaux, P. L., Noth, I., Mutsaers, S. E., Prele, C. M., Peebles, R. S., Jr., 

Newcomb, D. C., Kaminski, N., Blackwell, T. S., Van Kaer, L., & Drake, W. P. (2018). Pd-

1 up-regulation on cd4(+) t cells promotes pulmonary fibrosis through stat3-mediated il-17a 

and tgf-beta 1 production. Science Translational Medicine, 10(460). 

doi:10.1126/scitranslmed.aar8356 

Celis-Morales, C. A., Perez-Bravo, F., Ibanez, L., Salas, C., Bailey, M. E. S., & Gill, J. M. R. (2012). 

Objective vs. Self-reported physical activity and sedentary time: Effects of measurement 

method on relationships with risk biomarkers. PLoS One, 7(5). 

doi:10.1371/journal.pone.0036345 

Cevenini, E., Caruso, C., Candore, G., Capri, M., Nuzzo, D., Duro, G., Rizzo, C., Colonna-Romano, 

G., Lio, D., Di Carlo, D., Palmas, M. G., Scurti, M., Pini, E., Franceschi, C., & Vasto, S. 

(2010). Age-related inflammation: The contribution of different organs, tissues and systems. 

How to face it for therapeutic approaches. Current Pharmaceutical Design, 16(6), 609-618. 

doi:10.2174/138161210790883840 



220 

 

Chalmers, Z. R., Connelly, C. F., Fabrizio, D., Gay, L., Ali, S. M., Ennis, R., Schrock, A., Campbell, 

B., Shlien, A., Chmielecki, J., Huang, F., He, Y., Sun, J., Tabori, U., Kennedy, M., Lieber, 

D. S., Roels, S., White, J., Otto, G. A., Ross, J. S., Garraway, L., Miller, V. A., Stephens, P. 

J., & Frampton, G. M. (2017). Analysis of 100,000 human cancer genomes reveals the 

landscape of tumor mutational burden. Genome Medicine, 9. doi:10.1186/s13073-017-0424-

2 

Chan, D. V., Gibson, H. M., Aufiero, B. M., Wilson, A. J., Hafner, M. S., Mi, Q. S., & Wong, H. K. 

(2014). Differential ctla-4 expression in human cd4(+) versus cd8(+) t cells is associated 

with increased nfat1 and inhibition of cd4(+) proliferation. Genes and Immunity, 15(1), 25-

32. doi:10.1038/gene.2013.57 

Chan, M.-F., Dowsett, M., Folkerd, E., Bingham, S., Wareham, N., Luben, R., Welch, A., & Khaw, 

K.-T. (2007). Usual physical activity and endogenous sex hormones in postmenopausal 

women: The european prospective investigation into cancer - norfolk population study. 

Cancer Epidemiology Biomarkers & Prevention, 16(5), 900-905. doi:10.1158/1055-

9965.epi-06-0745 

Chen, C., Weiss, N. S., Stanczyk, F. Z., Lewis, S. K., DiTommaso, D., Etzioni, R., Barnett, M. J., & 

Goodman, G. E. (2003). Endogenous sex hormones and prostate cancer risk: A case-control 

study nested within the carotene and retinol efficacy trial. Cancer Epidemiology Biomarkers 

& Prevention, 12(12), 1410-1416.  

Chen, D. S., & Mellman, I. (2013). Oncology meets immunology: The cancer-immunity cycle. 

Immunity, 39(1), 1-10. doi:10.1016/j.immuni.2013.07.012 

Chen, H.-T., Chung, Y.-C., Chen, Y.-J., Ho, S.-Y., & Wu, H.-J. (2017). Effects of different types of 

exercise on body composition, muscle strength, and igf-1 in the elderly with sarcopenic 

obesity. Journal of the American Geriatrics Society, 65(4), 827-832. doi:10.1111/jgs.14722 

Chen, X., Song, M., Zhang, B., & Zhang, Y. (2016). Reactive oxygen species regulate t cell immune 

response in the tumor microenvironment. Oxidative Medicine and Cellular Longevity, 2016. 

doi:10.1155/2016/1580967 

Cherry, B. M., Costello, R., Zingone, A., Burris, J., Korde, N., Manasanch, E., Kwok, M., 

Annunziata, C., Roschewski, M. J., Engels, E. A., & Landgren, O. (2013). Immunoparesis 

and monoclonal gammopathy of undetermined significance are disassociated in advanced 

age. American Journal of Hematology, 88(2), 89-92. doi:10.1002/ajh.23355 

Cho, K. O., Jo, Y. J., Song, B. K., Oh, J. W., & Kim, Y. S. (2013). Colon transit time according to 

physical activity and characteristics in south korean adults. World Journal of 

Gastroenterology, 19(4), 550-555. doi:10.3748/wjg.v19.i4.550 

Church, T. S., Earnest, C. P., Thompson, A. M., Priest, E. L., Rodarte, R. Q., Saunders, T., Ross, R., 

& Blair, S. N. (2010). Exercise without weight loss does not reduce c-reactive protein: The 

inflame study. Medicine and Science in Sports and Exercise, 42(4), 708-716. 

doi:10.1249/MSS.0b013e3181c03a43 

Cieri, N., Camisa, B., Cocchiarella, F., Forcato, M., Oliveira, G., Provasi, E., Bondanza, A., 

Bordignon, C., Peccatori, J., Ciceri, F., Lupo-Stanghellini, M. T., Mavilio, F., Mondino, A., 

Bicciato, S., Recchia, A., & Bonini, C. (2013). Il-7 and il-15 instruct the generation of human 

memory stem t cells from naive precursors. Blood, 121(4), 573-584. doi:10.1182/blood-

2012-05-431718 

Clemmons, D. R. (2018). Role of igf-binding proteins in regulating igf responses to changes in 

metabolism. Journal of Molecular Endocrinology, 61(1), T139-T169. doi:10.1530/jme-18-

0016 

Cohen, J. (1988). Statistical power analysis for the behavioral sciences. New York, NY: Routledge 

Academic.  

Colbert, L. H., Visser, M., Simonsick, E. M., Tracy, R. P., Newman, A. B., Kritchevsky, S. B., Pahor, 

M., Taaffe, D. R., Brach, J., Rubin, S., & Harris, T. B. (2004). Physical activity, exercise, 

and inflammatory markers in older adults: Findings from the health, aging and body 

composition study. Journal of the American Geriatrics Society, 52(7), 1098-1104. 

doi:10.1111/j.1532-5415.2004.52307.x 

Coleman, E. A., Coon, S., Hall-Barrow, J., Richards, K., Gaylor, D., & Stewart, B. (2003). Feasibility 

of exercise during treatment for multiple myeloma. Cancer Nursing, 26(5), 410-419. 

doi:10.1097/00002820-200310000-00012 

Coleman, E. A., Coon, S. K., Kennedy, R. L., Lockhart, K. D., Stewart, C. B., Anaissie, E. J., & 

Barlogie, B. (2008). Effects of exercise in combination with epoetin alfa during high-dose 



221 

 

chemotherapy and autologous peripheral blood stem cell transplantation for multiple 

myeloma. Oncology Nursing Forum, 35(3), E53-61. doi:10.1188/08.onf.e53-e61 

Coleman, E. A., Goodwin, J. A., Kennedy, R., Coon, S. K., Richards, K., Enderlin, C., Stewart, C. 

B., McNatt, P., Lockhart, K., & Anaissie, E. J. (2012). Effects of exercise on fatigue, sleep, 

and performance: A randomized trial. Oncology Nursing Forum, 39(5), 468-477. 

doi:10.1188/12.Onf.468-477 

Compton, C. (2020). Cancer initiation, promotion, and progression and the acquisition of key 

behavioral traits. In Cancer: The enemy from within: A comprehensive textbook of cancer’s 

causes, complexities and consequences (pp. 25-48). Springer International Publishing. 

Cormie, P., Newton, R. U., Spry, N., Joseph, D., Taaffe, D. R., & Galvão, D. A. (2013). Safety and 

efficacy of resistance exercise in prostate cancer patients with bone metastases. Prostate 

Cancer and Prostatic Diseases, 16(4), 328-335. doi:10.1038/pcan.2013.22 

Cornel, A. M., Mimpen, I. L., & Nierkens, S. (2020). Mhc class i downregulation in cancer: 

Underlying mechanisms and potential targets for cancer immunotherapy. Cancers, 12(7). 

doi:10.3390/cancers12071760 

Cornelissen, V. A., & Smart, N. A. (2013). Exercise training for blood pressure: A systematic review 

and meta-analysis. Journal of the American Heart Association, 2(1). 

doi:10.1161/jaha.112.004473 

Cosgrove, C., Galloway, S. D., Neal, C., Hunter, A. M., McFarlin, B. K., Spielmann, G., & Simpson, 

R. J. (2012). The impact of 6-month training preparation for an ironman triathlon on the 

proportions of naive, memory and senescent t cells in resting blood. European Journal of 

Applied Physiology, 112(8), 2989-2998. doi:10.1007/s00421-011-2273-9 

Costa, F., Vescovini, R., Marchica, V., Storti, P., Notarfranchi, L., Dalla Palma, B., Toscani, D., 

Burroughs-Garcia, J., Catarozzo, M. T., Sammarelli, G., & Giuliani, N. (2020). Pd-l1/pd-1 

pattern of expression within the bone marrow immune microenvironment in smoldering 

myeloma and active multiple myeloma patients. Frontiers in Immunology, 11, 613007-

613007. doi:10.3389/fimmu.2020.613007 

Crespo, J., Sun, H., Welling, T. H., Tian, Z., & Zou, W. (2013). T cell anergy, exhaustion, 

senescence, and stemness in the tumor microenvironment. Current Opinion in Immunology, 

25(2), 214-221. doi:10.1016/j.coi.2012.12.003 

Cuzick, J., Sestak, I., Forbes, J. F., Dowsett, M., Cawthorn, S., Mansel, R. E., Loibl, S., Bonanni, B., 

Evans, D. G., Howell, A., & Investigators, I.-I. (2020). Use of anastrozole for breast cancer 

prevention (ibis-ii): Long-term results of a randomised controlled trial. Lancet, 395(10218), 

117-122. doi:10.1016/s0140-6736(19)32955-1 

D'Orsogna, L. J., Roelen, D. L., Doxiadis, I. I. N., & Claas, F. H. J. (2012). Tcr cross-reactivity and 

allorecognition: New insights into the immunogenetics of allorecognition. Immunogenetics, 

64(2), 77-85. doi:10.1007/s00251-011-0590-0 

Dadi, S., Chhangawala, S., Whitlock, B. M., Franklin, R. A., Luo, C. T., Oh, S. A., Toure, A., 

Pritykin, Y., Huse, M., Leslie, C. S., & Li, M. O. (2016). Cancer immunosurveillance by 

tissue-resident innate lymphoid cells and innate-like t cells. Cell, 164(3), 365-377. 

doi:10.1016/j.cell.2016.01.002 

Dallal, C. M., Lacey, J. V., Jr., Pfeiffer, R. M., Bauer, D. C., Falk, R. T., Buist, D. S. M., Cauley, J. 

A., Hue, T. F., LaCroix, A. Z., Tice, J. A., Veenstra, T. D., Xu, X., Brinton, L. A., & Grp, 

B. F. R. (2016). Estrogen metabolism and risk of postmenopausal endometrial and ovarian 

cancer: The b similar to fit cohort. Hormones & Cancer, 7(1), 49-64. doi:10.1007/s12672-

015-0237-y 

Dalle-Donne, I., Rossi, R., Colombo, R., Giustarini, D., & Milzani, A. (2006). Biomarkers of 

oxidative damage in human disease. Clinical Chemistry, 52(4), 601-623. 

doi:10.1373/clinchem.2005.061408 

Dankbar, B., Padro, T., Leo, R., Feldmann, B., Kropff, M., Mesters, R. M., Serve, H., Berdel, W. E., 

& Kienast, J. (2000). Vascular endothelial growth factor and interleukin-6 in paracrine 

tumor-stromal cell interactions in multiple myeloma. Blood, 95(8), 2630-2636.  

Dankner, R., Shanik, M. H., Keinan-Boker, L., Cohen, C., & Chetrit, A. (2012). Effect of elevated 

basal insulin on cancer incidence and mortality in cancer incident patients. Diabetes Care, 

35(7), 1538-1543. doi:10.2337/dc11-1513 

de Lima, C., Alves, L. E., Iagher, F., Machado, A. F., Bonatto, S. J., Kuczera, D., de Souza, C. F., 

Pequito, D. C., Muritiba, A. L., Nunes, E. A., & Fernandes, L. C. (2008). Anaerobic exercise 

reduces tumor growth, cancer cachexia and increases macrophage and lymphocyte response 



222 

 

in walker 256 tumor-bearing rats. European Journal of Applied Physiology, 104(6), 957-

964. doi:10.1007/s00421-008-0849-9 

De Martinis, M., Franceschi, C., Monti, D., & Ginaldi, L. (2006). Inflammation markers predicting 

frailty and mortality in the elderly. Experimental and Molecular Pathology, 80(3), 219-227. 

doi:10.1016/j.yexmp.2005.11.004 

De Souza, M. J., Toombs, R. J., Scheid, J. L., O'Donnell, E., West, S. L., & Williams, N. I. (2010). 

High prevalence of subtle and severe menstrual disturbances in exercising women: 

Confirmation using daily hormone measures. Human Reproduction, 25(2), 491-503. 

doi:10.1093/humrep/dep411 

Decensi, A., Robertson, C., Viale, G., Pigatto, F., Johansson, H., Kisanga, E. R., Veronesi, P., Torrisi, 

R., Cazzaniga, M., Mora, S., Sandri, M. T., Pelosi, G., Luini, A., Goldhirsch, A., Lien, E. 

A., & Veronesi, U. (2003). A randomized trial of low-dose tamoxifen on breast cancer 

proliferation and blood estrogenic biomarkers. Journal of the National Cancer Institute, 

95(11), 779-790. doi:10.1093/jnci/95.11.779 

DeLellis, K., Rinaldi, S., Kaaks, R. J., Kolonel, L. N., Henderson, B., & Le Marchand, L. (2004). 

Dietary and lifestyle correlates of plasma insulin-like growth factor-i (igf-i) and igf binding 

protein-3 (igfbp-3): The multiethnic cohort. Cancer Epidemiology Biomarkers & 

Prevention, 13(9), 1444-1451.  

Dengel, D. R., Galecki, A. T., Hagberg, J. M., & Pratley, R. E. (1998). The independent and 

combined effects of weight loss and aerobic exercise on blood pressure and oral glucose 

tolerance in older men. American Journal of Hypertension, 11(12), 1405-1412. 

doi:10.1016/s0895-7061(98)00185-x 

Dethlefsen, C., Lillelund, C., Midtgaard, J., Andersen, C., Pedersen, B. K., Christensen, J. F., & 

Hojman, P. (2016). Exercise regulates breast cancer cell viability: Systemic training 

adaptations versus acute exercise responses. Breast Cancer Research and Treatment, 159(3), 

469-479. doi:10.1007/s10549-016-3970-1 

Devries, M. C., Hamadeh, M. J., Glover, A. W., Raha, S., Samjoo, I. A., & Tarnopolsky, M. A. 

(2008). Endurance training without weight loss lowers systemic, but not muscle, oxidative 

stress with no effect on inflammation in lean and obese women. Free Radical Biology and 

Medicine, 45(4), 503-511. doi:10.1016/j.freeradbiomed.2008.04.039 

Deyhle, M. R., & Hyldahl, R. D. (2018). The role of t lymphocytes in skeletal muscle repair from 

traumatic and contraction-induced injury. Frontiers in Physiology, 9. 

doi:10.3389/fphys.2018.00768 

Dhabhar, F. S. (2014). Effects of stress on immune function: The good, the bad, and the beautiful. 

Immunologic Research, 58(2-3), 193-210. doi:10.1007/s12026-014-8517-0 

Dhodapkar, M. V. (2016). Mgus to myeloma: A mysterious gammopathy of underexplored 

significance. Blood, 128(23), 2599-2606. doi:10.1182/blood-2016-09-692954 

Diener, E., Emmons, R. A., Larsen, R. J., & Griffin, S. (1985). The satisfaction with life scale. 

Journal of Personality Assessment, 49(1), 71-75. doi:10.1207/s15327752jpa4901_13 

Dinarello, C. A. (2018). Overview of the il-1 family in innate inflammation and acquired immunity. 

Immunological Reviews, 281(1), 8-27. doi:10.1111/imr.12621 

Dinh, H. C., Bautmans, I., Beyer, I., Onyema, O. O., Liberman, K., De Dobbeleer, L., Renmans, W., 

Vander Meeren, S., Jochmans, K., Delaere, A., Knoop, V., & Njemini, R. (2019). Six weeks 

of strength endurance training decreases circulating senescence-prone t-lymphocytes in 

cytomegalovirus seropositive but not seronegative older women. Immunity & Ageing, 16. 

doi:10.1186/s12979-019-0157-8 

Dinh, H. C., Beyer, I., Mets, T., Onyema, O. O., Njemini, R., Renmans, W., De Waele, M., Jochmans, 

K., Vander Meeren, S., & Bautmans, I. (2017). Effects of physical exercise on markers of 

cellular immunosenescence: A systematic review. Calcified Tissue International, 100(2), 

193-215. doi:10.1007/s00223-016-0212-9 

Dispenzieri, A., Katzmann, J. A., Kyle, R. A., Larson, D. R., Melton, L. J., Colby, C. L., Therneau, 

T. M., Clark, R., Kumar, S. K., Bradwell, A., Fonseca, R., Jelinek, D. F., & Rajkumar, S. V. 

(2010). Prevalence and risk of progression of light-chain monoclonal gammopathy of 

undetermined significance: A retrospective population-based cohort study. Lancet, 

375(9727), 1721-1728. doi:10.1016/S0140-6736(10)60482-5 

Dobson, J. L., McMillan, J., & Li, L. (2014). Benefits of exercise intervention in reducing 

neuropathic pain. Frontiers in Cellular Neuroscience, 8, 102. doi:10.3389/fncel.2014.00102 



223 

 

Dogra, P., Rancan, C., Ma, W., Toth, M., Senda, T., Carpenter, D. J., Kubota, M., Matsumoto, R., 

Thapa, P., Szabo, P. A., Poon, M. M. L., Li, J., Arakawa-Hoyt, J., Shen, Y., Fong, L., Lanier, 

L. L., & Farber, D. L. (2020). Tissue determinants of human nk cell development, function, 

and residence. Cell, 180(4). doi:10.1016/j.cell.2020.01.022 

Done, A. J., & Traustadottir, T. (2016). Aerobic exercise increases resistance to oxidative stress in 

sedentary older middle-aged adults. A pilot study. Age, 38(5-6), 505-512. 

doi:10.1007/s11357-016-9942-x 

Donovan, K. A., Lacy, M. Q., Kline, M. P., Ahmann, G. J., Heimbach, J. K., Kyle, R. A., & Lust, J. 

A. (1998). Contrast in cytokine expression between patients with monoclonal gammopathy 

of undetermined significance or multiple myeloma. Leukemia, 12(4), 593-600. 

doi:10.1038/sj.leu.2400873 

Dorgan, J. F., Longcope, C., Franz, C., Stanczyk, F. Z., Chang, L. C., Stephenson, H. E., Falk, R. T., 

Kahle, L., Miller, R., Tangrea, J. A., Campbell, W. S., Schatzkin, A., Key, T. J., Allen, D. 

S., Fentiman, L. S., Moore, J. W., Wang, D. Y., Dowsett, M., Thomas, H. V., Hankinson, S. 

E., Toniolo, P. G., Akhmedkhanov, A., Koenig, K., Shore, R. E., Zeleniuch-Jacquotte, A., 

Berrino, F., Muti, P., Micheli, A., Krogh, V., Sieri, S., Pala, V., Venturelli, E., Secreto, G., 

Barrett-Connor, E., Laughlin, G. A., Kabuto, M., Akiba, S., Stevens, R. G., Neriishi, K., 

Land, C. E., Cauley, J. A., Kuller, L. H., Helzlsouer, K. J., Alberg, A. J., Bush, T. L., 

Comstock, G. W., Gordon, G. B., Miller, S. R., Endogenous Hormones Breast Canc, C., & 

Nurses Hlth Study Res, G. (2002). Endogenous sex hormones and breast cancer in 

postmenopausal women: Reanalysis of nine prospective studies. Journal of the National 

Cancer Institute, 94(8), 606-616.  

Douglas, J. B., Silverman, D. T., Pollak, M. N., Tao, Y., Soliman, A. S., & Stolzenberg-Solomon, R. 

Z. (2010). Serum igf-i, igf-ii, igfbp-3, and igf-i/igfbp-3 molar ratio and risk of pancreatic 

cancer in the prostate, lung, colorectal, and ovarian cancer screening trial. Cancer 

Epidemiology Biomarkers & Prevention, 19(9), 2298-2306. doi:10.1158/1055-9965.epi-10-

0400 

Drummond, A. E., & Fuller, P. J. (2010). The importance of er beta signalling in the ovary. Journal 

of Endocrinology, 205(1), 15-23. doi:10.1677/joe-09-0379 

Duggal, N. A., Niemiro, G., Harridge, S. D. R., Simpson, R. J., & Lord, J. M. (2019). Can physical 

activity ameliorate immunosenescence and thereby reduce age-related multi-morbidity? 

Nature Reviews Immunology. doi:10.1038/s41577-019-0177-9 

Duggal, N. A., Pollock, R. D., Lazarus, N. R., Harridge, S., & Lord, J. M. (2018). Major features of 

immunesenescence, including reduced thymic output, are ameliorated by high levels of 

physical activity in adulthood. Aging Cell, 17(2). doi:10.1111/acel.12750 

Dunn, G. P., Bruce, A. T., Ikeda, H., Old, L. J., & Schreiber, R. D. (2002). Cancer immunoediting: 

From immunosurveillance to tumor escape. Nature Immunology, 3(11), 991-998. 

doi:10.1038/ni1102-991 

Dunn, G. P., Old, L. J., & Schreiber, R. D. (2004). The immunobiology of cancer 

immunosurveillance and immunoediting. Immunity, 21(2), 137-148. 

doi:10.1016/j.immuni.2004.07.017 

Edwards, J., Wilmott, J. S., Madore, J., Gide, T. N., Quek, C., Tasker, A., Ferguson, A., Chen, J., 

Hewavisenti, R., Hersey, P., Gebhardt, T., Weninger, W., Britton, W. J., Saw, R. P. M., 

Thompson, J. F., Menzies, A. M., Long, G. V., Scolyer, R. A., & Palendira, U. (2018). 

Cd103(+) tumor-resident cd8(+) t cells are associated with improved survival in 

immunotherapy-naive melanoma patients and expand significantly during anti-pd-1 

treatment. Clinical Cancer Research, 24(13), 3036-3045. doi:10.1158/1078-0432.Ccr-17-

2257 

Efremova, M., Finotello, F., Rieder, D., & Trajanoski, Z. (2017). Neoantigens generated by 

individual mutations and their role in cancer immunity and immunotherapy. Frontiers in 

Immunology, 8. doi:10.3389/fimmu.2017.01679 

Elosua, R., Bartali, B., Ordovas, J. M., Corsi, A. M., Lauretani, F., Ferrucci, L., & InChianti, I. 

(2005). Association between physical activity, physical performance, and inflammatory 

biomarkers in an elderly population: The inchianti study. Journals of Gerontology Series A 

- Biological Sciences and Medical Sciences, 60(6), 760-767. doi:10.1093/gerona/60.6.760 

Elosua, R., Molina, L., Fito, M., Arquer, A., Sanchez-Queseda, J. L., Covas, M. I., Ordonez-Llanos, 

J., & Marrugat, J. (2003). Response of oxidative stress biomarkers to a 16-week aerobic 



224 

 

physical activity program, and to acute physical activity, in healthy young men and women. 

Atherosclerosis, 167(2), 327-334. doi:10.1016/s0021-9150(03)00018-2 

Eschke, R.-C. K.-R., Lampit, A., Schenk, A., Javelle, F., Steindorf, K., Diel, P., Bloch, W., & 

Zimmer, P. (2019). Impact of physical exercise on growth and progression of cancer in 

rodents-a systematic review and meta-analysis. Frontiers in Oncology, 9. 

doi:10.3389/fonc.2019.00035 

Fairey, A. S., Courneya, K. S., Field, C. J., Bell, G. J., Jones, L. W., & Mackey, J. R. (2005). 

Randomized controlled trial of exercise and blood immune function in postmenopausal 

breast cancer survivors. Journal of Applied Physiology, 98(4), 1534-1540. 

doi:10.1152/japplphysiol.00566.2004 

FAO/WHO/UNU. (2004). Human energy requirements: Report of a joint FOA/WHO/UNU expert 

consultation. http://www.fao.org/3/y5686e/y5686e00.html.  

Farahani, H., Mahmoudi, T., Asadi, A., Nobakht, H., Dabiri, R., & Hamta, A. (2019). Insulin 

resistance and colorectal cancer risk: The role of elevated plasma resistin levels. Journal of 

gastrointestinal cancer. doi:10.1007/s12029-019-00260-7 

Farinha, J. B., De Carvalho, N. R., Steckling, F. M., De Vargas, L. D. S., Courtes, A. A., Stefanello, 

S. T., Martins, C. C., Bresciani, G., Dos Santos, D. L., & Antunes Soares, F. A. (2015). An 

active lifestyle induces positive antioxidant enzyme modulation in peripheral blood 

mononuclear cells of overweight/obese postmenopausal women. Life Sciences, 121, 152-

157. doi:10.1016/j.lfs.2014.11.022 

Felson, D. T., Zhang, Y. Q., Hannan, M. T., & Anderson, J. J. (1993). Effects of weight and body-

mass index on bone-mineral density in men and women - the framingham-study. Journal of 

Bone and Mineral Research, 8(5), 567-573. doi:10.1002/jbmr.5650080507 

Feyler, S., von Lilienfeld-Toal, M., Jarmin, S., Marles, L., Rawstron, A., Ashcroft, A. J., Owen, R. 

G., Selby, P. J., & Cook, G. (2009). Cd4(+)cd25(+)foxp3(+) regulatory t cells are increased 

whilst cd3(+)cd4(-)cd8(-)alpha beta tcr+ double negative t cells are decreased in the 

peripheral blood of patients with multiple myeloma which correlates with disease burden. 

British Journal of Haematology, 144(5), 686-695. doi:10.1111/j.1365-2141.2008.07530.x 

Finak, G., Langweiler, M., Jaimes, M., Malek, M., Taghiyar, J., Korin, Y., Raddassi, K., Devine, L., 

Obermoser, G., Pekalski, M. L., Pontikos, N., Diaz, A., Heck, S., Villanova, F., Terrazzini, 

N., Kern, F., Qian, Y., Stanton, R., Wang, K., Brandes, A., Ramey, J., Aghaeepour, N., 

Mosmann, T., Scheuermann, R. H., Reed, E., Palucka, K., Pascual, V., Blomberg, B. B., 

Nestle, F., Nussenblatt, R. B., Brinkman, R. R., Gottardo, R., Maecker, H., & McCoy, J. P. 

(2016). Standardizing flow cytometry immunophenotyping analysis from the human 

immunophenotyping consortium. Scientific Reports, 6. doi:10.1038/srep20686 

Fischer, C. P., Berntsen, A., Perstrup, L. B., Eskildsen, P., & Pedersen, B. K. (2007). Plasma levels 

of interleukin-6 and c-reactive protein are associated with physical inactivity independent of 

obesity. Scandinavian Journal of Medicine & Science in Sports, 17(5), 580-587. 

doi:10.1111/j.1600-0838.2006.00602.x 

Fisher, K. J., & Li, F. Z. (2004). A community-based walking trial to improve neighborhood quality 

of life in older adults: A multilevel analysis. Annals of Behavioral Medicine, 28(3), 186-194. 

doi:10.1207/s15324796abm2803_7 

Forrester, J. V., Xu, H., Lambe, T., & Cornall, R. (2008). Immune privilege or privileged immunity? 

Mucosal Immunology, 1(5), 372-381. doi:10.1038/mi.2008.27 

Fortner, R. T., Tworoger, S. S., Wu, T., & Eliassen, A. H. (2013). Plasma florescent oxidation 

products and breast cancer risk: Repeated measures in the nurses' health study. Breast 

Cancer Research and Treatment, 141(2), 307-316. doi:10.1007/s10549-013-2673-0 

Fraile-Bermudez, A. B., Kortajarena, M., Zarrazquin, I., Maquibar, A., Yanguas, J. J., Sanchez-

Fernandez, C. E., Gil, J., Irazusta, A., & Ruiz-Litago, F. (2015). Relationship between 

physical activity and markers of oxidative stress in independent community-living elderly 

individuals. Experimental Gerontology, 70, 26-31. doi:10.1016/j.exger.2015.07.005 

Franceschi, C., & Campisi, J. (2014). Chronic inflammation (inflammaging) and its potential 

contribution to age-associated diseases. Journals of Gerontology Series A - Biological 

Sciences and Medical Sciences, 69, S4-S9. doi:10.1093/gerona/glu057 

Frank, L. L., Sorensen, B. E., Yasui, Y., Tworoger, S. S., Schwartz, R. S., Ulrich, C. M., Irwin, M. 

L., Rudolph, R. E., Rajan, K. B., Stanczyk, F., Bowen, D., Weigle, D. S., Potter, J. D., & 

McTiernan, A. (2005). Effects of exercise on metabolic risk variables in overweight 

http://www.fao.org/3/y5686e/y5686e00.html


225 

 

postmenopausal women: A randomized clinical trial. Obesity Research, 13(3), 615-625. 

doi:10.1038/oby.2005.66 

Friedenreich, C. M., Derksen, J. W. G., Speidel, T., Brenner, D. R., Heer, E., Courneya, K. S., & 

Cook, L. S. (2020). Case-control study of endogenous sex steroid hormones and risk of 

endometrial cancer. Cancer Causes & Control, 31(2), 161-171. doi:10.1007/s10552-019-

01260-5 

Friedenreich, C. M., Langley, A. R., Speidel, T. P., Lau, D. C. W., Courneya, K. S., Csizmadi, I., 

Magliocco, A. M., Yasui, Y., & Cook, L. S. (2012a). Case-control study of markers of insulin 

resistance and endometrial cancer risk. Endocrine-Related Cancer, 19(6), 785-792. 

doi:10.1530/erc-12-0211 

Friedenreich, C. M., Neilson, H. K., Woolcott, C. G., McTiernan, A., Wang, Q., Ballard-Barbash, 

R., Jones, C. A., Stanczyk, F. Z., Brant, R. F., Yasui, Y., Irwin, M. L., Campbell, K. L., 

McNeely, M. L., Karvinen, K. H., & Courneya, K. S. (2011a). Changes in insulin resistance 

indicators, igfs, and adipokines in a year-long trial of aerobic exercise in postmenopausal 

women. Endocrine-Related Cancer, 18(3), 357-369. doi:10.1530/erc-10-0303 

Friedenreich, C. M., Neilson, H. K., Woolcott, C. G., Wang, Q., Yasui, Y., Brant, R. F., Stanczyk, 

F. Z., Campbell, K. L., & Courneya, K. S. (2011b). Mediators and moderators of the effects 

of a year-long exercise intervention on endogenous sex hormones in postmenopausal 

women. Cancer Causes & Control, 22(10), 1365-1373. doi:10.1007/s10552-011-9809-5 

Friedenreich, C. M., Neilson, H. K., Woolcott, C. G., Wang, Q., Stanczyk, F. Z., McTiernan, A., 

Jones, C. A., Irwin, M. L., Yasui, Y., & Courneya, K. S. (2012b). Inflammatory marker 

changes in a yearlong randomized exercise intervention trial among postmenopausal women. 

Cancer Prevention Research, 5(1), 98-108. doi:10.1158/1940-6207.capr-11-0369 

Friedenreich, C. M., O'Reilly, R., Shaw, E., Stanczyk, F. Z., Yasui, Y., Brenner, D. R., & Courneya, 

K. S. (2016a). Inflammatory marker changes in postmenopausal women after a year-long 

exercise intervention comparing high versus moderate volumes. Cancer Prevention 

Research, 9(2), 196-203. doi:10.1158/1940-6207.capr-15-0284 

Friedenreich, C. M., & Orenstein, M. R. (2002). Physical activity and cancer prevention: Etiologic 

evidence and biological mechanisms. Journal of Nutrition, 132(11), 3456S-3464S.  

Friedenreich, C. M., Pialoux, V., Wang, Q., Shaw, E., Brenner, D. R., Waltz, X., Conroy, S. M., 

Johnson, R., Woolcott, C. G., Poulin, M. J., & Courneya, K. S. (2016b). Effects of exercise 

on markers of oxidative stress: An ancillary analysis of the alberta physical activity and 

breast cancer prevention trial. BMJ Open Sport & Exercise Medicine, 2(1), e000171-

e000171.  

Friedenreich, C. M., Woolcott, C. G., McTiernan, A., Ballard-Barbash, R., Brant, R. F., Stanczyk, F. 

Z., Terry, T., Boyd, N. F., Yaffe, M. J., Irwin, M. L., Jones, C. A., Yasui, Y., Campbell, K. 

L., McNeely, M. L., Karvinen, K. H., Wang, Q., & Courneya, K. S. (2010). Alberta physical 

activity and breast cancer prevention trial: Sex hormone changes in a year-long exercise 

intervention among postmenopausal women. Journal of Clinical Oncology, 28(9), 1458-

1466. doi:10.1200/jco.2009.24.9557 

Frumento, G., Verma, K., Croft, W., White, A., Zuo, J., Nagy, Z., Kissane, S., Anderson, G., Moss, 

P., & Chen, F. E. (2020). Homeostatic cytokines drive epigenetic reprogramming of 

activated t cells into a "naive-memory'' phenotype. Iscience, 23(4). 

doi:10.1016/j.isci.2020.100989 

Fueloep, T., Larbi, A., & Pawelec, G. (2013). Human t cell aging and the impact of persistent viral 

infections. Frontiers in Immunology, 4. doi:10.3389/fimmu.2013.00271 

Fulop, T., Dupuis, G., Witkowski, J. M., & Larbi, A. (2016). The role of immunosenescence in the 

development of age-related diseases. Clinical and Translational Investigation, 68(2), 84-91.  

Furuya-Kanamori, L., Bell, K. J. L., Clark, J., Glasziou, P., & Doi, S. A. R. (2016). Prevalence of 

differentiated thyroid cancer in autopsy studies over six decades: A meta-analysis. Journal 

of Clinical Oncology, 34(30), 3672-+. doi:10.1200/jco.2016.67.7419 

Furzer, B. J., Ackland, T. R., Wallman, K. E., Petterson, A. S., Gordon, S. M., Wright, K. E., & 

Joske, D. J. L. (2016). A randomised controlled trial comparing the effects of a 12-week 

supervised exercise versus usual care on outcomes in haematological cancer patients. 

Supportive Care in Cancer, 24(4), 1697-1707. doi:10.1007/s00520-015-2955-7 

Galvão, D. A., Hayne, D., Frydenberg, M., Chambers, S. K., Taaffe, D. R., Spry, N., Scuffham, P. 

A., Ware, R. S., Hart, N. H., & Newton, R. U. (2018). Can exercise delay transition to active 



226 

 

therapy in men with low-grade prostate cancer? A multicentre randomised controlled trial. 

BMJ Open, 8(4), e022331. doi:10.1136/bmjopen-2018-022331 

Galvão, D. A., & Newton, R. U. (2005). Review of exercise intervention studies in cancer patients. 

Journal of Clinical Oncology, 23(4), 899-909. doi:10.1200/jco.2005.06.085 

Galvão, D. A., Taaffe, D. R., Spry, N., & Newton, R. U. (2007). Exercise can prevent and even 

reverse adverse effects of androgen suppression treatment in men with prostate cancer. 

Prostate Cancer and Prostatic Diseases, 10(4), 340-346. doi:10.1038/sj.pcan.4500975 

Ganusov, V. V., & De Boer, R. J. (2007). Do most lymphocytes in humans really reside in the gut? 

Trends in Immunology, 28(12), 514-518. doi:10.1016/j.it.2007.08.009 

Garber, C. E., Blissmer, B., Deschenes, M. R., Franklin, B. A., Lamonte, M. J., Lee, I. M., Nieman, 

D. C., Swain, D. P., & Amer Coll Sports, M. (2011). Quantity and quality of exercise for 

developing and maintaining cardiorespiratory, musculoskeletal, and neuromotor fitness in 

apparently healthy adults: Guidance for prescribing exercise. Medicine and Science in Sports 

and Exercise, 43(7), 1334-1359. doi:10.1249/MSS.0b013e318213fefb 

Garcia-Lopez, D., Hakkinen, K., Cuevas, M. J., Lima, E., Kauhanen, A., Mattila, M., Sillanpaa, E., 

Ahtiainen, J. P., Karavirta, L., Almar, M., & Gonzalez-Gallego, J. (2007). Effects of strength 

and endurance training on antioxidant enzyme gene expression and activity in middle-aged 

men. Scandinavian Journal of Medicine & Science in Sports, 17(5), 595-604. 

doi:10.1111/j.1600-0838.2006.00620.x 

Gasteiger, G., Fan, X., Dikiy, S., Lee, S. Y., & Rudensky, A. Y. (2015). Tissue residency of innate 

lymphoid cells in lymphoid and nonlymphoid organs. Science, 350(6263), 981-985. 

doi:10.1126/science.aac9593 

Geisler, J., Helle, H., Ekse, D., Duong, N. K., Evans, D. B., Nordbo, Y., Aas, T., & Lonning, P. E. 

(2008). Letrozole is superior to anastrozole in suppressing breast cancer tissue and plasma 

estrogen levels. Clinical Cancer Research, 14(19), 6330-6335. doi:10.1158/1078-0432.ccr-

07-5221 

Giannopoulos, K., Kaminska, W., Hus, I., & Dmoszynska, A. (2012). The frequency of t regulatory 

cells modulates the survival of multiple myeloma patients: Detailed characterisation of 

immune status in multiple myeloma. British Journal of Cancer, 106(3), 546-552. 

doi:10.1038/bjc.2011.575 

Gilgen-Ammann, R., Schweizer, T., & Wyss, T. (2019). Rr interval signal quality of a heart rate 

monitor and an ecg holter at rest and during exercise. European Journal of Applied 

Physiology, 119(7), 1525-1532. doi:10.1007/s00421-019-04142-5 

Ginaldi, L., Loreto, M. F., Corsi, M. P., Modesti, M., & De Martinis, M. (2001). Immunosenescence 

and infectious diseases. Microbes and Infection, 3(10), 851-857. doi:10.1016/s1286-

4579(01)01443-5 

Giovannucci, E., Ascherio, A., Rimm, E. B., Colditz, G. A., Stampfer, M. J., & Willett, W. C. (1995). 

Physical-activity, obesity, and risk for colon-cancer and adenoma in men. Annals of Internal 

Medicine, 122(5), 327-334. doi:10.7326/0003-4819-122-5-199503010-00002 

Giovannucci, E., Pollak, M. N., Platz, E. A., Willett, W. C., Stampfer, M. J., Majeed, N., Colditz, G. 

A., Speizer, F. E., & Hankinson, S. E. (2000). A prospective study of plasma insulin-like 

growth factor-1 and binding protein-3 and risk of colorectal neoplasia in women. Cancer 

Epidemiology Biomarkers & Prevention, 9(4), 345-349.  

Goh, J., Tsai, J., Bammler, T. K., Farin, F. M., Endicott, E., & Ladiges, W. C. (2013). Exercise 

training in transgenic mice is associated with attenuation of early breast cancer growth in a 

dose-dependent manner. PLoS One, 8(11). doi:10.1371/journal.pone.0080123 

Golombick, T., Diamond, T. H., Manoharan, A., & Ramakrishna, R. (2012). Monoclonal 

gammopathy of undetermined significance, smoldering multiple myeloma, and curcumin: A 

randomized, double-blind placebo-controlled cross-over 4g study and an open-label 8g 

extension study. American Journal of Hematology, 87(5), 455-460. doi:10.1002/ajh.23159 

Gonsalves, W. I., Rajkumar, S. V., Dispenzieri, A., Dingli, D., Timm, M. M., Morice, W. G., Lacy, 

M. Q., Buadi, F. K., Go, R. S., Leung, N., Kapoor, P., Hayman, S. R., Lust, J. A., Russell, 

S. J., Zeldenrust, S. R., Hwa, L., Kourelis, T. V., Kyle, R. A., Gertz, M. A., & Kumar, S. K. 

(2017). Quantification of circulating clonal plasma cells via multiparametric flow cytometry 

identifies patients with smoldering multiple myeloma at high risk of progression. Leukemia, 

31(1), 130-135. doi:10.1038/leu.2016.205 

Graff, R. M., Kunz, H. E., Agha, N. H., Baker, F. L., Laughlin, M., Bigley, A. B., Markofski, M. M., 

LaVoy, E. C., Katsanis, E., Bond, R. A., Bollard, C. M., & Simpson, R. J. (2018). Beta2-



227 

 

adrenergic receptor signaling mediates the preferential mobilization of differentiated subsets 

of cd8+ t-cells, nk-cells and non-classical monocytes in response to acute exercise in 

humans. Brain, Behavior & Immunity. doi:10.1016/j.bbi.2018.08.017 

Gratz, I. K., & Campbell, D. J. (2014). Organ-specific and memory treg cells: Specificity, 

development function, and maintenance. Frontiers in Immunology, 5. 

doi:10.3389/fimmu.2014.00333 

Gregersen, H., Ibsen, J. S., Mellemkjoer, L., Dahlerup, J. F., Olsen, J. H., & Sorensen, H. T. (2001). 

Mortality and causes of death in patients with monoclonal gammopathy of undetermined 

significance. British Journal of Haematology, 112(2), 353-357. doi:10.1046/j.1365-

2141.2001.02533.x 

Greten, F. R., & Grivennikov, S. I. (2019). Inflammation and cancer: Triggers, mechanisms, and 

consequences. Immunity, 51(1), 27-41. doi:10.1016/j.immuni.2019.06.025 

Grodin, J. M., Siiteri, P. K., & Macdonald, P. C. (1973). Source of estrogen production in 

postmenopausal women. Journal of Clinical Endocrinology & Metabolism, 36(2), 207-214. 

doi:10.1210/jcem-36-2-207 

Groeneveldt, L., Mein, G., Garrod, R., Jewell, A. P., Van Someren, K., Stephens, R., D'Sa, S. P., & 

Yong, K. L. (2013). A mixed exercise training programme is feasible and safe and may 

improve quality of life and muscle strength in multiple myeloma survivors. BMC Cancer, 

13. doi:10.1186/1471-2407-13-31 

Gu, J., Ajani, J. A., Hawk, E. T., Ye, Y., Lee, J. H., Bhutani, M. S., Hofstetter, W. L., Swisher, S. 

G., Wang, K. K., & Wu, X. (2010). Genome-wide catalogue of chromosomal aberrations in 

barrett's esophagus and esophageal adenocarcinoma: A high-density single nucleotide 

polymorphism array analysis. Cancer Prevention Research, 3(9), 1176-1186. 

doi:10.1158/1940-6207.Capr-09-0265 

Guo, Y.-Z., Pan, L., Du, C.-J., Ren, D.-Q., & Xie, X.-M. (2013). Association between c-reactive 

protein and risk of cancer: A meta-analysis of prospective cohort studies. Asian Pacific 

Journal of Cancer Prevention, 14(1), 243-248. doi:10.7314/apjcp.2013.14.1.243 

Gustafson, M. P., DiCostanzo, A. C., Wheatley, C. M., Kim, C. H., Bornschlegl, S., Gastineau, D. 

A., Johnson, B. D., & Dietz, A. B. (2017). A systems biology approach to investigating the 

influence of exercise and fitness on the composition of leukocytes in peripheral blood. Joural 

for Immunotherapy of Cancer, 5, 30. doi:10.1186/s40425-017-0231-8 

Hagar, A., Wang, Z., Koyama, S., Serrano, J. A., Melo, L., Vargas, S., Carpenter, R., & Foley, J. 

(2019). Endurance training slows breast tumor growth in mice by suppressing treg cells 

recruitment to tumors. BMC Cancer, 19. doi:10.1186/s12885-019-5745-7 

Hakuno, F., & Takahashi, S.-I. (2018). Igf1 receptor signaling pathways. Journal of Molecular 

Endocrinology, 61(1), T69-T86. doi:10.1530/jme-17-0311 

Haley, J. S., Hibler, E. A., Zhou, S., Schmitz, K. H., & Sturgeon, K. M. (2020). Dose-dependent 

effect of aerobic exercise on inflammatory biomarkers in a randomized controlled trial of 

women at high risk of breast cancer. Cancer, 126(2), 329-336. doi:10.1002/cncr.32530 

Hallek, M., Cheson, B. D., Catovsky, D., Caligaris-Cappio, F., Dighiero, G., Doehner, H., Hillmen, 

P., Keating, M., Montserrat, E., Chiorazzi, N., Stilgenbauer, S., Rai, K. R., Byrd, J. C., 

Eichhorst, B., O'Brien, S., Robak, T., Seymour, J. F., & Kipps, T. J. (2018). Iwcll guidelines 

for diagnosis, indications for treatment, response assessment, and supportive management 

of cll. Blood, 131(25), 2745-2760. doi:10.1182/blood-2017-09-806398 

Hamer, M., Sabia, S., Batty, G. D., Shipley, M. J., Tabak, A. G., Singh-Manoux, A., & Kivimaki, 

M. (2012). Physical activity and inflammatory markers over 10 years follow-up in men and 

women from the whitehall ii cohort study. Circulation, 126(8), 928-933. 

doi:10.1161/circulationaha.112.103879 

Hampras, S. S., Nesline, M., Wallace, P. K., Odunsi, K., Furlani, N., Davis, W., & Moysich, K. B. 

(2012). Predictors of immunosuppressive regulatory t lymphocytes in healthy women. 

Journal of Cancer Epidemiology, 2012. doi:10.1155/2012/191090 

Handzlik, M. K., Shaw, A. J., Dungey, M., Bishop, N. C., & Gleeson, M. (2013). The influence of 

exercise training status on antigen-stimulated il-10 production in whole blood culture and 

numbers of circulating regulatory t cells. European Journal of Applied Physiology, 113(7), 

1839-1848. doi:10.1007/s00421-013-2614-y 

Hashimoto, M., Im, S. J., Araki, K., & Ahmed, R. (2019). Cytokine-mediated regulation of cd8 t-

cell responses during acute and chronic viral infection. Cold Spring Harbor Perspectives in 

Biology, 11(1). doi:10.1101/cshperspect.a028464 



228 

 

Haugen, F., Norheim, F., Lian, H., Wensaas, A. J., Dueland, S., Berg, O., Funderud, A., Skalhegg, 

B. S., Raastad, T., & Drevon, C. A. (2010). IL-7 is expressed and secreted by human skeletal 

muscle cells. American Journal of Physiology-Cell Physiology, 298(4), C807-C816. 

doi:10.1152/ajpcell.00094.2009 

Hawkins, V. N., Foster-Schubert, K., Chubak, J., Sorensen, B., Ulrich, C. M., Stancyzk, F. Z., 

Plymate, S., Stanford, J., White, E., Potter, J. D., & McTiernan, A. (2008). Effect of exercise 

on serum sex hormones in men: A 12-month randomized clinical trial. Medicine and Science 

in Sports and Exercise, 40(2), 223-233. doi:10.1249/mss.0b013e31815bbba9 

Hayashi, N., Yamaoka-Endo, M., Someya, N., & Fukuba, Y. (2012). Blood flow in non-muscle 

tissues and organs during exercise: Nature of splanchnic and ocular circulation. Journal of 

Physical Fitness and Sports Medicine, 1(2), 281-286. doi:10.7600/jpfsm.1.281 

Haydar, Z. R., Blackman, M. R., Tobin, J. D., Wright, J. G., & Fleg, J. L. (2000). The relationship 

between aerobic exercise capacity and circulating igf-1 levels in healthy men and women. 

Journal of the American Geriatrics Society, 48(2), 139-145. doi:10.1111/j.1532-

5415.2000.tb03904.x 

Hayes, L. D., Herbert, P., Sculthorpe, N. F., & Grace, F. M. (2017). Exercise training improves free 

testosterone in lifelong sedentary aging men. Endocrine Connections, 6(5), 306-310. 

doi:10.1530/ec-17-0082 

Heaney, J. L. J., Campbell, J. P., Iqbal, G., Cairns, D., Richter, A., Child, J. A., Gregory, W., Jackson, 

G., Kaiser, M., Owen, R., Davies, F., Morgan, G., Dunn, J., & Drayson, M. T. (2018). 

Characterisation of immunoparesis in newly diagnosed myeloma and its impact on 

progression-free and overall survival in both old and recent myeloma trials. Leukemia, 32(8), 

1727-1738. doi:10.1038/s41375-018-0163-4 

Heaney, J. L. J., Phillips, A. C., Drayson, M. T., & Campbell, J. P. (2016). Serum free light chains 

are reduced in endurance trained older adults: Evidence that exercise training may reduce 

basal inflammation in older adults. Experimental Gerontology, 77, 69-75. 

doi:10.1016/j.exger.2016.02.011 

Heikkilae, K., Harris, R., Lowe, G., Rumley, A., Yarnell, J., Gallacher, J., Ben-Shlomo, Y., Ebrahim, 

S., & Lawlor, D. A. (2009). Associations of circulating c-reactive protein and interleukin-6 

with cancer risk: Findings from two prospective cohorts and a meta-analysis. Cancer Causes 

& Control, 20(1), 15-26. doi:10.1007/s10552-008-9212-z 

Helmersson, J., & Basu, S. (2001). F-2-isoprostane and prostaglandin f-2 alpha metabolite excretion 

rate and day to day variation in healthy humans. Prostaglandins Leukotrienes and Essential 

Fatty Acids, 65(2), 99-102. doi:10.1054/plef.2001.0295 

Herrero, A. B., Garcia-Gomez, A., Garayoa, M., Corchete, L. A., Hernandez, J. M., Miguel, J. S., & 

Gutierrez, N. C. (2016). Effects of il-8 up-regulation on cell survival and osteoclastogenesis 

in multiple myeloma. American Journal of Pathology, 186(8), 2171-2182. 

doi:10.1016/j.ajpath.2016.04.003 

Hetemaki, N., Savolainen-Peltonen, H., Tikkanen, M. J., Wang, F., Paatela, H., Hamalainen, E., 

Turpeinen, U., Haanpaa, M., Vihma, V., & Mikkola, T. S. (2017). Estrogen metabolism in 

abdominal subcutaneous and visceral adipose tissue in postmenopausal women. Journal of 

Clinical Endocrinology & Metabolism, 102(12), 4588-4595. doi:10.1210/jc.2017-01474 

Hickson, R. C., Bomze, H. A., & Holloszy, J. O. (1978). Faster adjustment of o-2 uptake to energy 

requirement of exercise in trained state. Journal of Applied Physiology, 44(6), 877-881.  

Hidaka, A., Sasazuki, S., Goto, A., Sawada, N., Shimazu, T., Yamaji, T., Iwasaki, M., Inoue, M., 

Noda, M., Tajiri, H., Tsugane, S., & Grp, J. S. (2015). Plasma insulin, c-peptide and blood 

glucose and the risk of gastric cancer: The japan public health center-based prospective 

study. International Journal of Cancer, 136(6), 1402-1410. doi:10.1002/ijc.29098 

Hideshima, T., Chauhan, D., Schlossman, R., Richardson, P., & Anderson, K. C. (2001). The role of 

tumor necrosis factor alpha in the pathophysiology of human multiple myeloma: Therapeutic 

applications. Oncogene, 20(33), 4519-4527. doi:10.1038/sj.onc.1204623 

Hilal, J., El-Serag, H. B., Ramsey, D., Ngyuen, T., & Kramer, J. R. (2016). Physical activity and the 

risk of barrett's esophagus. Diseases of the Esophagus, 29(3), 248-254. 

doi:10.1111/dote.12336 

Hilbert, D. M., Kopf, M., Mock, B. A., Kohler, G., & Rudikoff, S. (1995). Interleukin-6 is essential 

for in-vivo development of b-lineage neoplasms. Journal of Experimental Medicine, 182(1), 

243-248. doi:10.1084/jem.182.1.243 



229 

 

Hillsdon, M., Foster, C., & Thorogood, M. (2005). Interventions for promoting physical activity. 

Cochrane Database of Systematic Reviews. doi:10.1002/14651858.CD003180.pub.2 

Holbrook, J., Lara-Reyna, S., Jarosz-Griffiths, H., & McDermott, M. (2019). Tumour necrosis factor 

signalling in health and disease. F1000Research, 8. doi:10.12688/f1000research.17023.1 

Hollingsworth, R. E., & Jansen, K. (2019). Turning the corner on therapeutic cancer vaccines. Nature 

Partner Journals Vaccines, 4. doi:10.1038/s41541-019-0103-y 

Hsing, A. W., Chua, S., Gao, Y. T., Gentzschein, E., Chang, L., Deng, J., & Stanczyk, F. Z. (2001). 

Prostate cancer risk and serum levels of insulin and leptin: A population-based study. 

Journal of the National Cancer Institute, 93(10), 783-789. doi:10.1093/jnci/93.10.783 

Huang, S., Signal, V., Sarfati, D., Shaw, C., Stanley, J., McGlynn, K., & Gurney, J. (2018). Physical 

activity and risk of testicular cancer: A systematic review. BMC Cancer, 18. 

doi:10.1186/s12885-018-4093-3 

Hubbard, R., Venn, A., Lewis, S., & Britton, J. (2000). Lung cancer and cryptogenic fibrosing 

alveolitis - a population-based cohort study. American Journal of Respiratory and Critical 

Care Medicine, 161(1), 5-8. doi:10.1164/ajrccm.161.1.9906062 

Huggins, C., & Hodges, C. V. (1941). Studies on prostatic cancer. I. The effect of castration, of 

estrogen and of androgen injection on serum phosphatases in metastatic carcinoma of the 

prostate. Cancer Res, 1(4), 293-297.  

Ighodaro, O. M., & Akinloye, O. A. (2018). First line defence antioxidants-superoxide dismutase 

(sod), catalase (cat) and glutathione peroxidase (gpx): Their fundamental role in the entire 

antioxidant defence grid. Alexandria Journal of Medicine, 54(4), 287-293. 

doi:10.1016/j.ajme.2017.09.001 

Ikuyama, T., Watanabe, T., Minegishi, Y., & Osanai, H. (1993). Effect of voluntary exercise on 3'-

methyl-4-dimethylaminoazobenzene-induced hepatomas in male jc1-wistar rats. 

Proceedings of the Society for Experimental Biology and Medicine, 204(2), 211-215.  

Il'yasova, D., Colbert, L. H., Harris, T. B., Newman, A. B., Bauer, D. C., Satterfield, S., & 

Kritchevsky, S. B. (2005). Circulating levels of inflammatory markers and cancer risk in the 

health aging and body composition cohort. Cancer Epidemiology Biomarkers & Prevention, 

14(10), 2413-2418. doi:10.1158/1055-9965.epi-05-0316 

Im, S. J., Hashimoto, M., Gerner, M. Y., Lee, J., Kissick, H. T., Urger, M. C. B., Shan, Q., Hale, J. 

S., Lee, J., Nasti, T. H., Sharpe, A. H., Freeman, G. J., Germain, R. N., Nakaya, H. I., Xue, 

H.-H., & Ahmed, R. (2016). Defining cd8(+) t cells that provide the proliferative burst after 

pd-1 therapy. Nature, 537(7620). doi:10.1038/nature19330 

Imamoto, T., Suzuki, H., Yano, M., Kawamura, K., Kamiya, N., Araki, K., Komiya, A., Nihei, N., 

Naya, Y., & Ichikawa, T. (2008). The role of testosterone in the pathogenesis of prostate 

cancer. International Journal of Urology, 15(6), 472-480. doi:10.1111/j.1442-

2042.2008.02074.x 

IPAQ. (2005). Guidelines for data processing and analysis fo the international physical activity 

(ipaq)-short and long forms. https://sites.google.com/site/theipaq/scoring-protocol.  

Jiang, T., Shi, T., Zhang, H., Hu, J., Song, Y., Wei, J., Ren, S., & Zhou, C. (2019). Tumor 

neoantigens: From basic research to clinical applications. Journal of Hematology & 

Oncology, 12(1). doi:10.1186/s13045-019-0787-5 

Jiang, X. J., Wang, J., Deng, X. Y., Xiong, F., Ge, J. S., Xiang, B., Wu, X., Ma, J., Zhou, M., Li, X. 

L., Li, Y., Li, G. Y., Xiong, W., Guo, C., & Zeng, Z. Y. (2019). Role of the tumor 

microenvironment in pd-l1/pd-1-mediated tumor immune escape. Molecular Cancer, 18. 

doi:10.1186/s12943-018-0928-4 

Jiang, Y., Li, Y., & Zhu, B. (2015). T-cell exhaustion in the tumor microenvironment. Cell Death & 

Disease, 6. doi:10.1038/cddis.2015.162 

Jones, A. M., Grassi, B., Christensen, P. M., Krustrup, P., Bangsbo, J., & Poole, D. C. (2011). Slow 

component of (v) over doto(2) kinetics: Mechanistic bases and practical applications. 

Medicine and Science in Sports and Exercise, 43(11), 2046-2062. 

doi:10.1249/MSS.0b013e31821fcfc1 

Jones, D. P. (2006). Redefining oxidative stress. Antioxidants & Redox Signaling, 8(9-10), 1865-

1879. doi:10.1089/ars.2006.8.1865 

Jones, L. W., Antonelli, J., Masko, E. M., Broadwater, G., Lascola, C. D., Fels, D., Dewhirst, M. W., 

Dyck, J. R. B., Nagendran, J., Flores, C. T., Betof, A. S., Nelson, E. R., Pollak, M., Dash, R. 

C., Young, M. E., & Freedland, S. J. (2012). Exercise modulation of the host-tumor 

https://sites.google.com/site/theipaq/scoring-protocol


230 

 

interaction in an orthotopic model of murine prostate cancer. Journal of Applied Physiology, 

113(2), 263-272. doi:10.1152/japplphysiol.01575.2011 

Judd, H. L., Shamonki, I. M., Frumar, A. M., & Lagasse, L. D. (1982). Origin of serum estradiol in 

post-menopausal women. Obstetrics and Gynecology, 59(6), 680-686.  

Jung, H.-K., Kim, D.-Y., & Moon, I.-H. (2003). Effects of gender and menstrual cycle on colonic 

transit time in healthy subjects. The Korean Journal of Internal Medicine, 18(3), 181-186.  

Juul, A. (2003). Serum levels of insulin-like growth factor i and its binding proteins in health and 

disease. Growth Hormone & IGF Research, 13(4), 113-170. doi:10.1016/s1096-

6374(03)00038-8 

Kadakia, R., & Josefson, J. (2016). The relationship of insulin-like growth factor 2 to fetal growth 

and adiposity. Hormone Research in Paediatrics, 85(2), 75-82. doi:10.1159/000443500 

Kapasi, Z. F., Ouslander, J. G., Schnelle, J. F., Kutner, M., & Fahey, J. L. (2003). Effects of an 

exercise intervention on immunologic parameters in frail elderly nursing home residents. 

Journals of Gerontology – Series A Biolomedical Sciences and Medical Sciences, 58(7), 636-

643. doi:10.1093/gerona/58.7.m636 

Katzmann, J. A., Clark, R. J., Abraham, R. S., Bryant, S., Lymp, J. F., Bradwell, A. R., & Kyle, R. 

A. (2002). Serum reference intervals and diagnostic ranges for free kappa and free lambda 

immunoglobulin light chains: Relative sensitivity for detection of monoclonal light chains. 

Clinical Chemistry, 48(9), 1437-1444.  

Katzmann, J. A., Snyder, M. R., Rajkumar, S. V., Kyle, R. A., Therneau, T. M., Benson, J. T., & 

Dispenzieri, A. (2011). Long-term biological variation of serum protein electrophoresis m-

spike, urine m-spike, and monoclonal serum free light chain quantification: Implications for 

monitoring monoclonal gammopathies. Clinical Chemistry, 57(12), 1687-1692. 

doi:10.1373/clinchem.2011.171314 

Keane, C., Gould, C., Jones, K., Hamm, D., Talaulikar, D., Ellis, J., Vari, F., Birch, S., Han, E., 

Wood, P., Le-Cao, K.-A., Green, M. R., Crooks, P., Jain, S., Tobin, J., Steptoe, R. J., & 

Gandhi, M. K. (2017). The t-cell receptor repertoire influences the tumor microenvironment 

and is associated with survival in aggressive b-cell lymphoma. Clinical Cancer Research, 

23(7), 1820-1828. doi:10.1158/1078-0432.Ccr-16-1576 

Kelley, G. A., Kelley, K. S., & Tran, Z. V. (2001). Walking and resting blood pressure in adults: A 

meta-analysis. Preventive Medicine, 33(2), 120-127. doi:10.1006/pmed.2001.0860 

Key, T. J., Appleby, P. N., Reeves, G. K., Travis, R. C., Alberg, A. J., Barricarte, A., Berrino, F., 

Krogh, V., Sieri, S., Brinton, L. A., Dorgan, J. F., Dossus, L., Dowsett, M., Eliassen, A. H., 

Fortner, R. T., Hankinson, S. E., Helzlsouer, K. J., Hoffman-Bolton, J., Comstock, G. W., 

Kaaks, R., Kahle, L. L., Koenig, K., Zeleniuch-Jacquotte, A., Muti, P., Overvad, K., Peeters, 

P. H. M., Riboli, E., Rinaldi, S., Rollison, D. E., Stanczyk, F. Z., Trichopoulos, D., Tworoger, 

S. S., & Vineis, P. (2013). Sex hormones and risk of breast cancer in premenopausal women: 

A collaborative reanalysis of individual participant data from seven prospective studies. 

Lancet Oncology, 14(10), 1009-1019. doi:10.1016/s1470-2045(13)70301-2 

Khazzani, H., Allali, F., Bennani, L., Ichchou, L., El Mansouri, L., Abourazzak, F. E., Abouqal, R., 

& Hajjaj-Hassouni, N. (2009). The relationship between physical performance measures, 

bone mineral density, falls, and the risk of peripheral fracture: A cross-sectional analysis. 

BMC Public Health, 9. doi:10.1186/1471-2458-9-297 

Kim, E. B., Yee, A. J., & Raje, N. (2020). Treatment of smoldering multiple myeloma: Ready for 

prime time? Cancers, 12(5). doi:10.3390/cancers12051223 

Kim, Y. S., Song, B. K., Oh, J. S., & Woo, S. S. (2014). Aerobic exercise improves gastrointestinal 

motility in psychiatric inpatients. World Journal of Gastroenterology, 20(30), 10577-10584. 

doi:10.3748/wjg.v20.i30.10577 

Kineman, R. D., del Rio-Moreno, M., & Sarmento-Cabral, A. (2018). Understanding the tissue-

specific roles of igf1/igf1r in regulating metabolism using the cre/loxp system. Journal of 

Molecular Endocrinology, 61(1), T187-T198. doi:10.1530/jme-18-0076 

King, J. W., Thomas, S., Corsi, F., Gao, L., Dina, R., Gillmore, R., Pigott, K., Kaisary, A., Stauss, 

H. J., & Waxman, J. (2009). Il15 can reverse the unresponsiveness of wilms' tumor antigen-

specific ctl in patients with prostate cancer. Clinical Cancer Research, 15(4), 1145-1154. 

doi:10.1158/1078-0432.Ccr-08-1821 

Kitahara, C. M., Trabert, B., Katki, H. A., Chaturvedi, A. K., Kemp, T. J., Pinto, L. A., Moore, S. 

C., Purdue, M. P., Wentzensen, N., Hildesheim, A., & Shiels, M. S. (2014). Body mass 

index, physical activity, and serum markers of inflammation, immunity, and insulin 



231 

 

resistance. Cancer Epidemiology Biomarkers & Prevention, 23(12), 2840-2849. 

doi:10.1158/1055-9965.epi-14-0699-t 

Kleiner, G., Marcuzzi, A., Zanin, V., Monasta, L., & Zauli, G. (2013). Cytokine levels in the serum 

of healthy subjects. Mediators of Inflammation, 2013. doi: 10.1155/2013/434010. 

Kline, M., Donovan, K., Wellik, L., Lust, C., Jin, W., Moon-Tasson, L., Xiong, Y., Witzig, T. E., 

Kumar, S., Rajkumar, S. V., & Lust, J. A. (2007). Cytokine and chemokine profiles in 

multiple myeloma; significance of stromal interaction and correlation of il-8 production with 

disease progression. Leukemia Research, 31(5), 591-598. doi:10.1016/j.leukres.2006.06.012 

Koelman, L., Pivovarova-Ramich, O., Pfeiffer, A. F. H., Grune, T., & Aleksandrova, K. (2019). 

Cytokines for evaluation of chronic inflammatory status in ageing research: Reliability and 

phenotypic characterisation. Immunity & Ageing, 16. doi:10.1186/s12979-019-0151-1 

Koelwyn, G. J., Wennerherg, E., Demria, S., & Jones, L. W. (2015). Exercise in regulation of 

inflammation-immune axis function in cancer initiation and progression. Oncology-New 

York, 29(12).  

Kohut, M. L., McCann, D. A., Russell, D. W., Konopka, D. N., Cunnick, J. E., Franke, W. D., 

Castillo, M. C., Reighard, A. E., & Vanderah, E. (2006). Aerobic exercise, but not 

flexibility/resistance exercise, reduces serum il-18, crp, and il-6 independent of beta-

blockers, bmi, and psychosocial factors in older adults. Brain, Behavior & Immunity, 20(3), 

201-209. doi:10.1016/j.bbi.2005.12.002 

Korde, N., Roschewski, M., Zingone, A., Kwok, M., Manasanch, E. E., Bhutani, M., Tageja, N., 

Kazandjian, D., Mailankody, S., Wu, P., Morrison, C., Costello, R., Zhang, Y., Burton, D., 

Mulquin, M., Zuchlinski, D., Lamping, L., Carpenter, A., Wall, Y., Carter, G., Cunningham, 

S. C., Gounden, V., Sissung, T. M., Peer, C., Maric, I., Calvo, K. R., Braylan, R., Yuan, C., 

Stetler-Stevenson, M., Arthur, D. C., Kong, K. A., Weng, L., Faham, M., Lindenberg, L., 

Kurdziel, K., Choyke, P., Steinberg, S. M., Figg, W., & Landgren, O. (2015). Treatment with 

carfilzomib-lenalidomide-dexamethasone with lenalidomide extension in patients with 

smoldering or newly diagnosed multiple myeloma. JAMA Oncology, 1(6), 746-754. 

doi:10.1001/jamaoncol.2015.2010 

Kossman, D. A., Williams, N. I., Domchek, S. M., Kurzer, M. S., Stopfer, J. E., & Schmitz, K. H. 

(2011). Exercise lowers estrogen and progesterone levels in premenopausal women at high 

risk of breast cancer. Journal of Applied Physiology, 111(6), 1687-1693. 

doi:10.1152/japplphysiol.00319.2011 

Kotsakis, A., Kallergi, G., Aggouraki, D., Lyristi, Z., Koinis, F., Lagoudaki, E., Koutsopoulos, A., 

Georgoulias, V., & Vetsika, E.-K. (2019). Cd8(+) pd-1(+) t-cells and pd-l1(+) circulating 

tumor cells in chemotherapy-naive non-small cell lung cancer: Towards their clinical 

relevance? Therapeutic Advances in Medical Oncology, 11. 

doi:10.1177/1758835919853193 

Koutoukidis, D. A., Land, J., Hackshaw, A., Heinrich, M., McCourt, O., Beeken, R. J., Philpott, S., 

DeSilva, D., Rismani, A., Rabin, N., Popat, R., Kyriakou, C., Papanikolaou, X., Mehta, A., 

Paton, B., Fisher, A., & Yong, K. L. (2020). Fatigue, quality of life and physical fitness 

following an exercise intervention in multiple myeloma survivors (mascot): An exploratory 

randomised phase 2 trial utilising a modified zelen design. British Journal of Cancer, 123(2), 

187-195. doi:10.1038/s41416-020-0866-y 

Kovacs, E. (2010). Interleukin-6 leads to interleukin-10 production in several human multiple 

myeloma cell lines. Does interleukin-10 enhance the proliferation of these cells? Leukemia 

Research, 34(7), 912-916. doi:10.1016/j.leukres.2009.08.012 

Kozakiewicz, M., Rowinski, R., Kornatowski, M., Dabrowski, A., Kedziora-Kornatowska, K., & 

Strachecka, A. (2019). Relation of moderate physical activity to blood markers of oxidative 

stress and antioxidant defense in the elderly. Oxidative Medicine and Cellular Longevity, 

2019. doi:10.1155/2019/5123628 

Kraemer, W. J., Hakkinen, K., Newton, R. U., Nindl, B. C., Volek, J. S., McCormick, M., Gotshalk, 

L. A., Gordon, S. E., Fleck, S. J., Campbell, W. W., Putukian, M., & Evans, W. J. (1999). 

Effects of heavy-resistance training on hormonal response patterns in younger vs. older men. 

Journal of Applied Physiology, 87(3), 982-992.  

Kraemer, W. J., Hatfield, D. L., Comstock, B. A., Fragala, M. S., Davitt, P. M., Cortis, C., Wilson, 

J. M., Lee, E. C., Newton, R. U., Dunn-Lewis, C., Hakkinen, K., Szivak, T. K., Hooper, D. 

R., Flanagan, S. D., Looney, D. P., White, M. T., Volek, J. S., & Maresh, C. M. (2014). 

Influence of hmb supplementation and resistance training on cytokine responses to resistance 



232 

 

exercise. Journal of the American College of Nutrition, 33(4), 247-255. 

doi:10.1080/07315724.2014.911669 

Kristinsson, S. Y., Bjorkholm, M., Andersson, T. M. L., Eloranta, S., Dickman, P. W., Goldin, L. R., 

Blimark, C., Mellqvist, U. H., Wahlin, A., Turesson, I., & Landgren, O. (2009). Patterns of 

survival and causes of death following a diagnosis of monoclonal gammopathy of 

undetermined significance: A population-based study. Haematologica, 94(12), 1714-1720. 

doi:10.3324/haematol.2009.010066 

Kristinsson, S. Y., Tang, M., Pfeiffer, R. M., Bjorkholm, M., Goldin, L. R., Blimark, C., Mellqvist, 

U. H., Wahlin, A., Turesson, I., & Landgren, O. (2012). Monoclonal gammopathy of 

undetermined significance and risk of infections: A population-based study. Haematologica, 

97(6), 854-858. doi:10.3324/haematol.2011.054015 

Kruger, K., Frost, S., Most, E., Voelker, K., Pallauf, J., & Mooren, F. C. (2009). Exercise affects 

tissue lymphocyte apoptosis via redox-sensitive and fas-dependent signaling pathways. 

American Journal of Physiology-Regulatory Integrative and Comparative Physiology, 

296(5), R1518-R1527. doi:10.1152/ajpregu.90994.2008 

Kruger, K., Lechtermann, A., Fobker, M., Voelker, K., & Mooren, F. C. (2008). Exercise-induced 

redistribution of t lymphocytes is regulated by adrenergic mechanisms. Brain Behavior & 

Immunity, 22(3), 324-338. doi:10.1016/j.bbi.2007.08.008 

Kumagai, H., Yoshikawa, T., Zempo-Miyaki, A., Myoenzono, K., Tsujimoto, T., Tanaka, K., & 

Maeda, S. (2018). Vigorous physical activity is associated with regular aerobic exercise-

induced increased serum testosterone levels in overweight/obese men. Hormone and 

Metabolic Research, 50(1), 73-79. doi:10.1055/s-0043-117497 

Kumagai, H., Zempo-Miyaki, A., Yoshikawa, T., Tsujimoto, T., Tanaka, K., & Maeda, S. (2016). 

Increased physical activity has a greater effect than reduced energy intake on lifestyle 

modification-induced increases in testosterone. Journal of Clinical Biochemistry and 

Nutrition, 58(1), 84-89. doi:10.3164/jcbn.15-48 

Kumar, S., Paiva, B., Anderson, K. C., Durie, B., Landgren, O., Moreau, P., Munshi, N., Lonial, S., 

Bladé, J., Mateos, M. V., Dimopoulos, M., Kastritis, E., Boccadoro, M., Orlowski, R., 

Goldschmidt, H., Spencer, A., Hou, J., Chng, W. J., Usmani, S. Z., Zamagni, E., Shimizu, 

K., Jagannath, S., Johnsen, H. E., Terpos, E., Reiman, A., Kyle, R. A., Sonneveld, P., 

Richardson, P. G., McCarthy, P., Ludwig, H., Chen, W., Cavo, M., Harousseau, J. L., 

Lentzsch, S., Hillengass, J., Palumbo, A., Orfao, A., Rajkumar, S. V., Miguel, J. S., & Avet-

Loiseau, H. (2016). International myeloma working group consensus criteria for response 

and minimal residual disease assessment in multiple myeloma. Lancet Oncol, 17(8), e328-

e346. doi:10.1016/S1470-2045(16)30206-6 

Kumar, S. K., Dispenzieri, A., Lacy, M. Q., Gertz, M. A., Buadi, F. K., Pandey, S., Kapoor, P., 

Dingli, D., Hayman, S. R., Leung, N., Lust, J., McCurdy, A., Russell, S. J., Zeldenrust, S. 

R., Kyle, R. A., & Rajkumar, S. V. (2014). Continued improvement in survival in multiple 

myeloma: Changes in early mortality and outcomes in older patients. Leukemia, 28(5), 1122-

1128. doi:10.1038/leu.2013.313 

Kumari, S., Badana, A. K., Mohan, M. G., Shailender, G., & Malla, R. (2018). Reactive oxygen 

species: A key constituent in cancer survival. Biomarker Insights, 13. 

doi:10.1177/1177271918755391 

Kyle, R. A., Durie, B. G., Rajkumar, S. V., Landgren, O., Blade, J., Merlini, G., Kröger, N., Einsele, 

H., Vesole, D. H., Dimopoulos, M., San Miguel, J., Avet-Loiseau, H., Hajek, R., Chen, W. 

M., Anderson, K. C., Ludwig, H., Sonneveld, P., Pavlovsky, S., Palumbo, A., Richardson, 

P. G., Barlogie, B., Greipp, P., Vescio, R., Turesson, I., Westin, J., Boccadoro, M., & Group, 

I. M. W. (2010). Monoclonal gammopathy of undetermined significance (mgus) and 

smoldering (asymptomatic) multiple myeloma: Imwg consensus perspectives risk factors for 

progression and guidelines for monitoring and management. Leukemia, 24(6), 1121-1127. 

doi:10.1038/leu.2010.60 

Kyle, R. A., Remstein, E. D., Therneau, T. M., Dispenzieri, A., Kurtin, P. J., Hodnefield, J. M., 

Larson, D. R., Plevak, M. F., Jelinek, D. F., Fonseca, R., Melton, L. J., III, & Rajkumar, S. 

V. (2007). Clinical course and prognosis of smoldering (asymptomatic) multiple myeloma. 

New England Journal of Medicine, 356(25), 2582-2590. doi:10.1056/NEJMoa070389 

Kyle, R. A., Therneau, T. M., Rajkumar, S. V., Larson, D. R., Plevak, M. F., Offord, J. R., 

Dispenzieri, A., Katzmann, J. A., & Melton, L. J. (2006). Prevalence of monoclonal 



233 

 

gammopathy of undetermined significance. New England Journal of Medicine, 354(13), 

1362-1369. doi:10.1056/NEJMoa054494 

Kyle, R. A., Therneau, T. M., Rajkumar, S. V., Offord, J. R., Larson, D. R., Plevak, M. F., & Melton, 

L. (2002). A long-term study of prognosis in monoclonal gammopathy of undetermined 

significance. New England Journal of Medicine, 346(8), 564-569. 

doi:10.1056/NEJMoa01133202 

Lacey, J. V., Potischman, N., Madigan, M. P., Berman, M. L., Mortel, R., Twiggs, L. B., Barrett, R. 

J., Wilbanks, G. D., Lurain, J. R., Fillmore, C. M., Sherman, M. E., & Brinton, L. A. (2004). 

Insulin-like growth factors, insulin-like growth factor-binding proteins, and endometrial 

cancer in postmenopausal women: Results from a US case-control study. Cancer 

Epidemiology Biomarkers & Prevention, 13(4), 607-612.  

Lacher, D. A., Barletta, J., & Hughes, J. P. (2012). Biological variation of hematology tests based on 

the 1999-2002 national health and nutrition examination survey. National Health and 

Scientific Reports, 54, 1-10.  

Lacy, M. Q., Jacobus, S., Blood, E. A., Kay, N. E., Rajkumar, S. V., & Greipp, P. R. (2009). Phase 

ii study of interleukin-12 for treatment of plateau phase multiple myeloma (e1a96): A trial 

of the eastern cooperative oncology group. Leukemia Research, 33(11), 1485-1489. 

doi:10.1016/j.leukres.2009.01.020 

Lakshman, A., Rajkumar, S. V., Buadi, F. K., Binder, M., Gertz, M. A., Lacy, M. Q., Dispenzieri, 

A., Dingli, D., Fonder, A. L., Hayman, S. R., Hobbs, M. A., Gonsalves, W. I., Hwa, Y. L., 

Kapoor, P., Leung, N., Go, R. S., Lin, Y., Kourelis, T. V., Warsame, R., Lust, J. A., Russell, 

S. J., Zeldenrust, S. R., Kyle, R. A., & Kumar, S. K. (2018). Risk stratification of smoldering 

multiple myeloma incorporating revised imwg diagnostic criteria. Blood Cancer Journal, 8. 

doi:10.1038/s41408-018-0077-4 

Lam, S., Alexandre, L., Luben, R., & Hart, A. R. (2018). The association between physical activity 

and the risk of symptomatic barrett's oesophagus: A uk prospective cohort study. European 

Journal of Gastroenterology & Hepatology, 30(1), 71-75. 

doi:10.1097/meg.0000000000000998 

Landgren, O. (2017). Serum protein markers of clonal heterogeneity in myeloma. Lancet 

Haematology, 4(12), E565-E566.  

Landgren, O., Graubard, B. I., Katzmann, J. A., Kyle, R. A., Ahmadizadeh, I., Clark, R., Kumar, S. 

K., Dispenzieri, A., Greenberg, A. J., Therneau, T. M., Melton, L. J., III, Caporaso, N., 

Korde, N., Roschewski, M., Costello, R., McQuillan, G. M., & Rajkumar, S. V. (2014). 

Racial disparities in the prevalence of monoclonal gammopathies: A population-based study 

of 12 482 persons from the national health and nutritional examination survey. Leukemia, 

28(7), 1537-1542. doi:10.1038/1eu.2014.34 

Landgren, O., Graubard, B. I., Kumar, S., Kyle, R. A., Katzmann, J. A., Murata, K., Costello, R., 

Dispenzieri, A., Caporaso, N., Mailankody, S., Korde, N., Hultcrantz, M., Therneau, T. M., 

Larson, D. R., Cerhan, J. R., & Rajkumar, S. V. (2017). Prevalence of myeloma precursor 

state monoclonal gammopathy of undetermined significance in 12 372 individuals 10-49 

years old: A population-based study from the national health and nutrition examination 

survey. Blood Cancer Journal, 7. doi:10.1038/bcj.2017.97 

Landgren, O., Hofmann, J. N., McShane, C. M., Santo, L., Hultcrantz, M., Korde, N., Mailankody, 

S., Kazandjian, D., Murata, K., Thoren, K., Ramanathan, L., Dogan, A., Rustad, E., Lu, S. 

X., Akhlaghi, T., Kristinsson, S. Y., Bjorkholm, M., Devlin, S., Purdue, M. P., Pfeiffer, R. 

M., & Turesson, I. (2019). Association of immune marker changes with progression of 

monoclonal gammopathy of undetermined significance to multiple myeloma. JAMA 

oncology, 5(9), 1293-1301. doi:10.1001/jamaoncol.2019.1568 

Landgren, O., Kyle, R. A., Pfeiffer, R. M., Katzmann, J. A., Caporaso, N. E., Hayes, R. B., 

Dispenzieri, A., Kumar, S., Clark, R. J., Baris, D., Hoover, R., & Rajkumar, S. V. (2009). 

Monoclonal gammopathy of undetermined significance (mgus) consistently precedes 

multiple myeloma: A prospective study. Blood, 113(22), 5412-5417. doi:10.1182/blood-

2008-12-194241 

Lang, K. S., Recher, M., Navarini, A. A., Harris, N. L., Lohning, M., Junt, T., Probst, H. C., 

Hengartner, H., & Zinkernagel, R. M. (2005). Inverse correlation between il-7 receptor 

expression and cd8 t cell exhaustion during persistent antigen stimulation. European Journal 

of Immunology, 35(3), 738-745. doi:10.1002/eji.200425828 



234 

 

Larsen, R. F., Jarden, M., Minet, L. R., Frolund, U. C., & Abildgaard, N. (2019). Supervised and 

home-based physical exercise in patients newly diagnosed with multiple myeloma-a 

randomized controlled feasibility study. Pilot and Feasibility Studies, 5, 130-130. 

doi:10.1186/s40814-019-0518-2 

Laukkanen, J. A., Rauramaa, R., Makikallio, T. H., Toriola, A. T., & Kurl, S. (2011). Intensity of 

leisure-time physical activity and cancer mortality in men. British Journal of Sports 

Medicine, 45(2), 125-129. doi:10.1136/bjsm.2008.056713 

Lavin, K. M., Perkins, R. K., Jemiolo, B., Raue, U., Trappe, S. W., & Trappe, T. A. (2020). Effects 

of aging and lifelong aerobic exercise on basal and exercise-induced inflammation. Journal 

of Applied Physiology, 128(1), 87-99. doi:10.1152/japplphysiol.00495.2019 

Lee, K.-H., Shu, X.-O., Gao, Y.-T., Ji, B.-T., Yang, G., Blair, A., Rothman, N., Zheng, W., Chow, 

W.-H., & Kang, D. (2010). Breast cancer and urinary biomarkers of polycyclic aromatic 

hydrocarbon and oxidative stress in the shanghai women's health study. Cancer 

Epidemiology Biomarkers & Prevention, 19(3), 877-883. doi:10.1158/1055-9965.epi-09-

1098 

Leung, N., Bridoux, F., Hutchison, C. A., Nasr, S. H., Cockwell, P., Fermand, J.-P., Dispenzieri, A., 

Song, K. W., Kyle, R. A., & Int Kidney Monoclonal, G. (2012). Monoclonal gammopathy 

of renal significance: When mgus is no longer undetermined or insignificant. Blood, 120(22), 

4292-4295. doi:10.1182/blood-2012-07-445304 

Levey, A. S., Stevens, L. A., Schmid, C. H., Zhang, Y., Castro, A. F., III, Feldman, H. I., Kusek, J. 

W., Eggers, P., Van Lente, F., Greene, T., Coresh, J., & Chronic Kidney Dis Epidemiology, 

C. (2009). A new equation to estimate glomerular filtration rate. Annals of Internal Medicine, 

150(9), 604-612. doi:10.7326/0003-4819-150-9-200905050-00006 

Li, L., Dong, M., & Wang, X.-G. (2016). The implication and significance of beta 2 microglobulin: 

A conservative multifunctional regulator. Chinese Medical Journal, 129(4), 448-455. 

doi:10.4103/0366-6999.176084 

Li, Y., Zhi, W., Wareski, P., & Weng, N. P. (2005). Il-15 activates telomerase and minimizes 

telomere loss and may preserve the replicative life span of memory cd8(+) t cells in vitiro. 

Journal of Immunology, 174(7), 4019-4024. doi:10.4049/jimmunol.174.7.4019 

Liehr, J. G. (2000). Is estradiol a genotoxic mutagenic carcinogen? Endocrine Reviews, 21(1), 40-

54. doi:10.1210/er.21.1.40 

Lira Ferrari, G. S., & Bucalen Ferrari, C. K. (2011). Exercise modulation of total antioxidant capacity 

(tac): Towards a molecular signature of healthy aging. Frontiers in Life Science, 5(3-4), 81-

90. doi:10.1080/21553769.2011.635008 

Lira, F. S., Tavares, F. L., Yamashita, A. S., Koyama, C. H., Alves, J., Caperuto, E. C., Batista, M. 

L., Jr., & Seelaender, M. (2008). Effect of endurance training upon lipid metabolism in the 

liver of cachectic tumour-bearing rats. Cell Biochemistry and Function, 26(6), 701-708. 

doi:10.1002/cbf.1495 

Liu, W., Putnam, A. L., Xu-yu, Z., Szot, G. L., Lee, M. R., Zhu, S., Gottlieb, P. A., Kapranov, P., 

Gingeras, T. R., Fazekas de St Groth, B., Clayberger, C., Soper, D. M., Ziegler, S. F., & 

Bluestone, J. A. (2006). Cd127 expression inversely correlates with foxp3 and suppressive 

function of human cd4(+) t reg cells. Journal of Experimental Medicine, 203(7), 1701-1711. 

doi:10.1084/jem.20060772 

Loft, S., Olsen, A., Moller, P., Poulsen, H. E., & Tjonneland, A. (2013). Association between 8-oxo-

7,8-dihydro-2 '-deoxyguanosine excretion and risk of postmenopausal breast cancer: Nested 

case-control study. Cancer Epidemiology Biomarkers & Prevention, 22(7), 1289-1296. 

doi:10.1158/1055-9965.epi-13-0229 

Loft, S., Svoboda, P., Kasai, H., Tjonneland, A., Vogel, U., Moller, P., Overvad, K., & Raaschou-

Nielsen, O. (2006). Prospective study of 8-oxo-7,8-dihydro-2 '-deoxyguanosine excretion 

and the risk of lung cancer. Carcinogenesis, 27(6), 1245-1250. doi:10.1093/carcin/bgi313 

Lomas, O. C., Mouhieddine, T. H., Tahri, S., & Ghobrial, I. M. (2020). Monoclonal gammopathy of 

undetermined significance (mgus)-not so asymptomatic after all. Cancers, 12(6). 

doi:10.3390/cancers12061554 

London, S. J., Yuan, J. M., Travlos, G. S., Gao, Y. T., Wilson, R. E., Ross, R. K., & Yu, M. C. 

(2002). Insulin-like growth factor i, igf-binding protein 3, and lung cancer risk in a 

prospective study of men in china. Journal of the National Cancer Institute, 94(10), 749-

754.  



235 

 

Lonial, S., Jacobus, S., Fonseca, R., Weiss, M., Kumar, S., Orlowski, R. Z., Kaufman, J. L., Yacoub, 

A. M., Buadi, F. K., O'Brien, T., Matous, J. V., Anderson, D. M., Emmons, R. V., Mahindra, 

A., Wagner, L. I., Dhodapkar, M. V., & Rajkumar, S. V. (2020). Randomized trial of 

lenalidomide versus observation in smoldering multiple myeloma. Journal of Clinical 

Oncology, 38(11). doi:10.1200/jco.19.01740 

Lu, C.-C., Chu, P.-Y., Hsia, S.-M., Wu, C.-H., Tung, Y.-T., & Yen, G.-C. (2017). Insulin induction 

instigates cell proliferation and metastasis in human colorectal cancer cells. International 

Journal of Oncology, 50(2), 736-744. doi:10.3892/ijo.2017.3844 

Lu, H. T., Ouyang, W. M., & Huang, C. S. (2006). Inflammation, a key event in cancer development. 

Molecular Cancer Research, 4(4), 221-233. doi:10.1158/1541-7786.mcr-05-0261 

Lukanova, A., Lundin, E., Toniolo, P., Micheli, A., Akhmedkhanov, A., Rinaldi, S., Muti, P., Lenner, 

P., Biessy, C., Krogh, V., Zeleniuch-Jacquotte, A., Berrino, F., Hallmans, G., Riboli, E., & 

Kaaks, R. (2002). Circulating levels of insulin-like growth factor-i and risk of ovarian cancer. 

International Journal of Cancer, 101(6), 549-554. doi:10.1002/ijc.10613 

Lukanova, A., Lundin, E., Zeleniuch-Jacquotte, A., Muti, P., Mure, A., Rinaldi, S., Dossus, L., 

Micheli, A., Arslan, A., Lenner, P., Shore, R. E., Krogh, V., Koenig, K. L., Riboli, E., 

Berrino, F., Hallmans, G., Stattin, P., Toniolo, P., & Kaaks, R. (2004). Body mass index, 

circulating levels of sex-steroid hormones, igf-i and igf-binding protein-3: A cross-sectional 

study in healthy women. European Journal of Endocrinology, 150(2), 161-171. 

doi:10.1530/eje.0.1500161 

Lust, J. A., Lacy, M. Q., Zeldenrust, S. R., Dispenzieri, A., Gertz, M. A., Witzig, T. E., Kumar, S., 

Hayman, S. R., Russell, S. J., Buadi, F. K., Geyer, S. M., Campbell, M. E., Kyle, R. A., 

Rajkumar, S. V., Greipp, P. R., Kline, M. P., Xiong, Y., Moon-Tasson, L. L., & Donovan, 

K. A. (2009). Induction of a chronic disease state in patients with smoldering or indolent 

multiple myeloma by targeting interleukin 1 beta-induced interleukin 6 production and the 

myeloma proliferative component. Mayo Clinic Proceedings, 84(2), 114-122. 

doi:10.4065/84.2.114 

Lust, J. A., Lacy, M. Q., Zeldenrust, S. R., Witzig, T. E., Moon-Tasson, L. L., Dinarello, C. A., & 

Donovan, K. A. (2016). Reduction in c-reactive protein indicates successful targeting of the 

il-1/il-6 axis resulting in improved survival in early stage multiple myeloma. American 

Journal of Hematology, 91(6), 571-574. doi:10.1002/ajh.24352 

Lutsenko, E. A., Carcamo, J. M., & Golde, D. W. (2002). Vitamin c prevents DNA mutation induced 

by oxidative stress. Journal of Biological Chemistry, 277(19), 16895-16899. 

doi:10.1074/jbc.M201151200 

Ma, J., Pollak, M. N., Giovannucci, E., Chan, J. M., Tao, Y. Z., Hennekens, C. H., & Stampfer, M. 

J. (1999). Prospective study of colorectal cancer risk in men and plasma levels of insulin-

like growth factor (igf)-i and igf-binding protein-3. Journal of the National Cancer Institute, 

91(7), 620-625. doi:10.1093/jnci/91.7.620 

Maatouk, I., He, S., Hummel, M., Hemmer, S., Hillengass, M., Goldschmidt, H., Hartmann, M., 

Herzog, W., & Hillengass, J. (2019). Patients with precursor disease exhibit similar 

psychological distress and mental hrqol as patients with active myeloma. Blood Cancer 

Journal, 9. doi:10.1038/s41408-019-0172-1 

Maecker, H. T., McCoy, J. P., & Nussenblatt, R. (2012). Standardizing immunophenotyping for the 

human immunology project. Nature Reviews Immunology, 12(3), 191-200. 

doi:10.1038/nri3158 

Mahnke, Y. D., Brodie, T. M., Sallusto, F., Roederer, M., & Lugli, E. (2013). The who's who of t-

cell differentiation: Human memory t-cell subsets. European Journal of Immunology, 

43(11), 2797-2809. doi:10.1002/eji.201343751 

Mahtouk, K., Moreaux, J., Hose, D., Rème, T., Meissner, T., Jourdan, M., Rossi, J. F., Pals, S. T., 

Goldschmidt, H., & Klein, B. (2010). Growth factors in multiple myeloma: A comprehensive 

analysis of their expression in tumor cells and bone marrow environment using affymetrix 

microarrays. BMC Cancer, 10, 198. doi:10.1186/1471-2407-10-198 

Mai, E. K., Haas, E.-M., Luecke, S., Loepprich, M., Kunz, C., Pritsch, M., Knaup-Gregori, P., Raab, 

M. S., Schlenzka, J., Bertsch, U., Hillengass, J., & Goldschmidt, H. (2018). A systematic 

classification of death causes in multiple myeloma. Blood Cancer Journal, 8. 

doi:10.1038/s41408-018-0068-5 



236 

 

Mann, P. B., Jiang, W., Zhu, Z., Wolfe, P., McTiernan, A., & Thompson, H. J. (2010). Wheel 

running, skeletal muscle aerobic capacity and 1-methyl-1-nitrosourea induced mammary 

carcinogenesis in the rat. Carcinogenesis, 31(7), 1279-1283. doi:10.1093/carcin/bgq063 

Manser, R. L., Dodd, M., Byrnes, G., Irving, L. B., & Campbell, D. A. (2005). Incidental lung cancers 

identified at coronial autopsy: Implications for overdiagnosis of lung cancer by screening. 

Respiratory Medicine, 99(4), 501-507. doi:10.1016/j.rmed.2004.08.017 

Manuel, M., Tredan, O., Bachelot, T., Clapisson, G., Courtier, A., Parmentier, G., Rabeony, T., 

Grives, A., Perez, S., Mouret, J.-F., Perol, D., Chabaud, S., Ray-Coquard, I., Labidi-Galy, I., 

Heudel, P., Pierga, J.-Y., Caux, C., Blay, J.-Y., Pasqual, N., & Menetrier-Caux, C. (2012). 

Lymphopenia combined with low tcr diversity (divpenia) predicts poor overall survival in 

metastatic breast cancer patients. Oncoimmunology, 1(4). doi:10.4161/onci.19545 

Marques, E. A., Mota, J., & Carvalho, J. (2012). Exercise effects on bone mineral density in older 

adults: A meta-analysis of randomized controlled trials. Age, 34(6), 1493-1515. 

doi:10.1007/s11357-011-9311-8 

Marshall, D., Johnell, O., & Wedel, H. (1996). Meta-analysis of how well measures of bone mineral 

density predict occurrence of osteoporotic fractures. British Medical Journal, 312(7041), 

1254-1259. doi:10.1136/bmj.312.7041.1254 

Mateos, M.-V., Kumar, S., Dimopoulos, M. A., Gonzalez-Calle, V., Kastritis, E., Hajek, R., 

Fernandez De Larrea, C., Morgan, G. J., Merlini, G., Goldschmidt, H., Geraldes, C., 

Gozzetti, A., Kyriakou, C., Garderet, L., Hansson, M., Zamagni, E., Fantl, D., Leleu, X., 

Kim, B.-S., Esteves, G., Ludwig, H., Usmani, S., Min, C.-K., Qi, M., Ukropec, J., Weiss, B. 

M., Rajkumar, S. V., Durie, B. G. M., & San-Miguel, J. (2020). International myeloma 

working group risk stratification model for smoldering multiple myeloma (smm). Blood 

Cancer Journal, 10(10). doi:10.1038/s41408-020-00366-3 

Matthews, C. E., Moore, S. C., Arem, H., Cook, M. B., Trabert, B., Hakansson, N., Larsson, S. C., 

Wolk, A., Gapstur, S. M., Lynch, B. M., Milne, R. L., Freedman, N. D., Huang, W.-Y., 

Berrington de Gonzalez, A., Kitahara, C. M., Linet, M. S., Shiroma, E. J., Sandin, S., Patel, 

A. V., & Lee, I. M. (2019). Amount and intensity of leisure-time physical activity and lower 

cancer risk. Journal of clinical oncology : official journal of the American Society of Clinical 

Oncology, JCO1902407-JCO1902407. doi:10.1200/jco.19.02407 

Mazzaschi, G., Madeddu, D., Falco, A., Bocchialini, G., Goldoni, M., Sogni, F., Armani, G., 

Lagrasta, C. A., Lorusso, B., Mangiaracina, C., Vilella, R., Frati, C., Alfieri, R., Ampollini, 

L., Veneziani, M., Silini, E. M., Ardizzoni, A., Urbanek, K., Aversa, F., Quaini, F., & Tiseo, 

M. (2018). Low pd-1 expression in cytotoxic cd8(+) tumor-infiltrating lymphocytes confers 

an immune-privileged tissue microenvironment in nsclc with a prognostic and predictive 

value. Clinical Cancer Research, 24(2), 407-419. doi:10.1158/1078-0432.Ccr-17-2156 

McClellan, J. L., Steiner, J. L., Day, S. D., Enos, R. T., Davis, M. J., Singh, U. P., & Murphy, E. A. 

(2014). Exercise effects on polyp burden and immune markers in the apc(min+) mouse 

model of intestinal tumorigenesis. International Journal of Oncology, 45(2), 861-868. 

doi:10.3892/ijo.2014.2457 

McCullough, M. L., Patel, A. V., Kushi, L. H., Patel, R., Willett, W. C., Doyle, C., Thun, M. J., & 

Gapstur, S. M. (2011). Following cancer prevention guidelines reduces risk of cancer, 

cardiovascular disease, and all-cause mortality. Cancer Epidemiology Biomarkers & 

Prevention, 20(6), 1089-1097. doi:10.1158/1055-9965.Epi-10-1173 

McFadden, C., Morgan, R., Rahangdale, S., Green, D., Yamasaki, H., Center, D., & Cruikshank, W. 

(2007). Preferential migration of t regulatory cells induced by il-16. Journal of Immunology, 

179(10), 6439-6445. doi:10.4049/jimmunol.179.10.6439 

McTiernan, A. (2008). Mechanisms linking physical activity with cancer. Nature Reviews Cancer, 

8(3), 205-211. doi:10.1038/nrc2325 

McTiernan, A. (2020). Dose finding in physical activity and cancer risk reduction. Journal of 

Clinical Oncology, JCO1903172-JCO1903172. doi:10.1200/jco.19.03172 

McTiernan, A., Friedenreich, C. M., Katzmarzyk, P. T., Powell, K. E., Macko, R., Buchner, D., 

Pescatello, L. S., Bloodgood, B., Tennant, B., Vaux-Bjerke, A., George, S. M., Troian, R. 

P., Piercy, K. L., Buchner, D. M., Campbell, W. W., DiPietro, L., Erickson, K. I., Hillman, 

C. H., Jakicic, J. M., Janz, K. F., King, A. C., Kraus, W. E., Macko, R. F., Marquez, D. X., 

McTieman, A., Pate, R. R., Whitt-Glover, M. C., & Phys Activity, G. (2019). Physical 

activity in cancer prevention and survival: A systematic review. Medicine and Science in 

Sports and Exercise, 51(6), 1252-1261. doi:10.1249/mss.0000000000001937 



237 

 

McTiernan, A., Sorensen, B., Yasui, Y., Tworoger, S. S., Ulrich, C. M., Irwin, M. L., Rudolph, R. 

E., Stanczyk, F. Z., Schwartz, R. S., & Potter, J. D. (2005). No effect of exercise on insulin-

like growth factor 1 and insulin-like growth factor binding protein 3 in postmenopausal 

women: A 12-month randomized clinical trial. Cancer Epidemiology Biomarkers & 

Prevention, 14(4), 1020-1021. doi:10.1158/1055-9965.epi-04-0834 

McTiernan, A., Tworoger, S. S., Ulrich, C. M., Yasui, Y., Irwin, M. L., Rajan, K. B., Sorensen, B., 

Rudolph, R. E., Bowen, D., Stanczyk, F. Z., Potter, J. D., & Schwartz, R. S. (2004). Effect 

of exercise on serum estrogens in postmenopausal women: A 12-month randomized clinical 

trial. Cancer Research, 64(8), 2923-2928. doi:10.1158/0008-5472.can-03-3393 

Melmed, S., Polonski, K., Larsen, P., & Kronenberg, H. (2016). Textbook of endocrinology. 13th 

edition. Philadelphia: Elsevier Saunders. 

Melton, L. J., Kyle, R. A., Achenbach, S. J., Oberg, A. L., & Rajkumar, S. V. (2005). Fracture risk 

with multiple myeloma: A population-based study. Journal of Bone and Mineral Research, 

20(3), 487-493. doi:10.1359/jbmr.041131 

Merlini, G., & Stone, M. J. (2006). Dangerous small b-cell clones. Blood, 108(8), 2520-2530. 

doi:10.1182/blood-2006-03-001164 

Mezzani, A. (2017). Cardiopulmonary exercise testing: Basics of methodology and measurements. 

Annals of the American Thoracic Society, 14, S3-S11. doi:10.1513/AnnalsATS.201612-

997FR 

Michaud, D. S., Wolpin, B., Giovannucci, E., Liu, S., Cochrane, B., Manson, J. E., Pollak, M. N., 

Ma, J., & Fuchs, C. S. (2007). Prediagnostic plasma c-pepticle and pancreatic cancer risk in 

men and women. Cancer Epidemiology Biomarkers & Prevention, 16(10), 2101-2109. 

doi:10.1158/1055-9965.epi-07-0182 

Michie, S., Ashford, S., Sniehotta, F. F., Dombrowski, S. U., Bishop, A., & French, D. P. (2011). A 

refined taxonomy of behaviour change techniques to help people change their physical 

activity and healthy eating behaviours: The calo-re taxonomy. Psychology & Health, 26(11), 

1479-1498. doi:10.1080/08870446.2010.540664 

Minuzzi, L. G., Chupel, M. U., Rama, L., Rosado, F., Munoz, V. R., Gaspar, R. C., Kuga, G. K., 

Furtado, G. E., Pauli, J. R., & Teixeir, A. M. (2019). Lifelong exercise practice and 

immunosenescence: Master athletes cytokine response to acute exercise. Cytokine, 115, 1-7. 

doi:10.1016/j.cyto.2018.12.006 

Minuzzi, L. G., Rama, L., Bishop, N. C., Rosado, F., Martinho, A., Paiva, A., & Teixeira, A. M. 

(2017). Lifelong training improves anti-inflammatory environment and maintains the 

number of regulatory t cells in masters athletes. European Journal of Applied Physiology, 

117(6), 1131-1140. doi:10.1007/s00421-017-3600-6 

Minuzzi, L. G., Rama, L., Chupel, M. U., Rosado, F., Dos Santos, J. V., Simpson, R., Martinho, A., 

Paiva, A., & Teixeira, A. M. (2018). Effects of lifelong training on senescence and 

mobilization of t lymphocytes in response to acute exercise. Exercise Immunology Review, 

24, 72-84.  

Mitchell, J. B., Paquet, A. J., Pizza, F. X., Starling, R. D., Holtz, R. W., & Grandjean, P. W. (1996). 

The effect of moderate aerobic training on lymphocyte proliferation. International Journal 

of Sports Medicine, 17(5), 384-389. doi:10.1055/s-2007-972865 

Moore, S. C., Lee, I. M., Weiderpass, E., Campbell, P. T., Sampson, J. N., Kitahara, C. M., Keadle, 

S. K., Arem, H., de Gonzalez, A. B., Hartge, P., Adami, H.-O., Blair, C. K., Borch, K. B., 

Boyd, E., Check, D. P., Fournier, A., Freedman, N. D., Gunter, M., Johannson, M., Khaw, 

K.-T., Linet, M. S., Orsini, N., Park, Y., Riboli, E., Robien, K., Schairer, C., Sesso, H., 

Spriggs, M., Van Dusen, R., Wolk, A., Matthews, C. E., & Patel, A. V. (2016). Association 

of leisure-time physical activity with risk of 26 types of cancer in 1.44 million adults. JAMA 

Internal Medicine, 176(6), 816-825. doi:10.1001/jamainternmed.2016.1548 

Moore, S. C., Peters, T. M., Ahn, J., Park, Y., Schatzkin, A., Albanes, D., Ballard-Barbash, R., 

Hollenbeck, A., & Leitzmann, M. F. (2008). Physical activity in relation to total, advanced, 

and fatal prostate cancer. Cancer Epidemiology Biomarkers & Prevention, 17(9), 2458-

2466. doi:10.1158/1055-9965.Epi-08-0403 

Mooren, F. C., & Krueger, K. (2015). Apoptotic lymphocytes induce progenitor cell mobilization 

after exercise. Journal of Applied Physiology, 119(2), 135-139. 

doi:10.1152/japplphysiol.00287.2015 

Moreira, V. M., da Silva Franco, C. C., Prates, K. V., Gomes, R. M., Praxedes de Moraes, A. M., 

Ribeiro, T. A., Martins, I. P., Previate, C., Pavanello, A., Ianoni Matiusso, C. C., Almeida, 



238 

 

D. L., Francisco, F. A., Malta, A., Tofolo, L. P., Silveira, S. d. S., Jacinto Saavedra, L. P., 

Machado, K., Olivieri da Silva, P. H., Fabricio, G. S., Palma-Rigo, K., de Souza, H. M., 

Silva, F. d. F., Biazi, G. R., Pereira, T. S., Vieira, E., Miranda, R. A., de Oliveira, J. C., da 

Costa Lima, L. D., Rinaldi, W., Ravanelli, M. I., & de Freitas Mathias, P. C. (2018). Aerobic 

exercise training attenuates tumor growth and reduces insulin secretion in walker 256 tumor-

bearing rats. Frontiers in Physiology, 9. doi:10.3389/fphys.2018.00465 

Morgentaler, A. (2006). Testosterone and prostate cancer: An historical perspective on a modern 

myth. European Urology, 50(5), 935-939. doi:10.1016/j.eururo.2006.06.034 

Morgentaler, A., & Traish, A. M. (2009). Shifting the paradigm of testosterone and prostate cancer: 

The saturation model and the limits of androgen-dependent growth. European Urology, 

55(2), 310-321. doi:10.1016/j.eururo.2008.09.024 

Moro-Garcia, M. A., Fernandez-Garcia, B., Echeverria, A., Rodriguez-Alonso, M., Manuel Suarez-

Garcia, F., Jose Solano-Jaurrieta, J., Lopez-Larrea, C., & Alonso-Arias, R. (2014). Frequent 

participation in high volume exercise throughout life is associated with a more differentiated 

adaptive immune response. Brain Behavior and Immunity, 39, 61-74. 

doi:10.1016/j.bbi.2013.12.014 

Morrison, J. C., Blanco, L. Z., Jr., Vang, R., & Ronnett, B. M. (2015). Incidental serous tubal 

intraepithelial carcinoma and early invasive serous carcinoma in the nonprophylactic setting 

analysis of a case series. American Journal of Surgical Pathology, 39(4), 442-453. 

doi:10.1097/pas.0000000000000352 

Mota, M. P., Peixoto, F. M., Soares, J. F., Figueiredo, P. A., Leitao, J. C., Gaivao, I., & Duarte, J. A. 

(2010). Influence of aerobic fitness on age-related lymphocyte DNA damage in humans: 

Relationship with mitochondria respiratory chain and hydrogen peroxide production. Age, 

32(3), 337-346. doi:10.1007/s11357-010-9138-8 

Motulsky, H. J., & Brown, R. E. (2006). Detecting outliers when fitting data with nonlinear 

regression - a new method based on robust nonlinear regression and the false discovery rate. 

BMC Bioinformatics, 7. doi:10.1186/1471-2105-7-123 

Mountjoy, M., Sundgot-Borgen, J. K., Burke, L. M., Ackerman, K. E., Blauwet, C., Constantini, N., 

Lebrun, C., Lundy, B., Melin, A. K., Meyer, N. L., Sherman, R. T., Tenforde, A. S., 

Torstveit, M. K., & Budgett, R. (2018). Ioc consensus statement on relative energy 

deficiency in sport (red-s): 2018 update. British Journal of Sports Medicine, 52(11), 687-

697. doi:10.1136/bjsports-2018-099193 

Mueller, A. M., Wang, N. X., Yao, J., Tan, C. S., Low, I. C. C., Lim, N., Tan, J., Tan, A., & Mueller-

Riemenschneider, F. (2019). Heart rate measures from wrist-worn activity trackers in a 

laboratory and free-living setting: Validation study. JMIR Mhealth and Uhealth, 7(10). 

doi:10.2196/14120 

Mukaka, M. M. (2012). Statistics corner: A guide to appropriate use of correlation coefficient in 

medical research. Malawi Medical Journal, 24(3), 69-71.  

Muller, M., den Tonkelaar, I., Thijssen, J. H. H., Grobbee, D. E., & van der Schouw, Y. T. (2003). 

Endogenous sex hormones in men aged 40-80 years. European Journal of Endocrinology, 

149(6), 583-589. doi:10.1530/eje.0.1490583 

Muller, R. L., Gerber, L., Moreira, D. M., Andriole, G., Castro-Santamaria, R., & Freedland, S. J. 

(2012). Serum testosterone and dihydrotestosterone and prostate cancer risk in the placebo 

arm of the reduction by dutasteride of prostate cancer events trial. European Urology, 62(5), 

757-764. doi:10.1016/j.eururo.2012.05.025 

Murach, K. A., & Bagley, J. R. (2016). Skeletal muscle hypertrophy with concurrent exercise 

training: Contrary evidence for an interference effect. Sports Medicine, 46(8), 1029-1039. 

doi:10.1007/s40279-016-0496-y 

Musolino, C., Allegra, A., Innao, V., Allegra, A. G., Pioggia, G., & Gangemi, S. (2017). 

Inflammatory and anti-inflammatory equilibrium, proliferative and antiproliferative balance: 

The role of cytokines in multiple myeloma. Mediators of Inflammation. 

doi:10.1155/2017/1852517 

Muti, P., Quattrin, T., Grant, B. J. B., Krogh, V., Micheli, A., Schunemann, H. J., Ram, M., 

Freudenheim, J. L., Sieri, S., Trevisan, M., & Berrino, F. (2002). Fasting glucose is a risk 

factor for breast cancer: A prospective study. Cancer Epidemiology Biomarkers & 

Prevention, 11(11), 1361-1368.  

Naeije, R., Vanderpool, R., Dhakal, B. P., Saggar, R., Saggar, R., Vachiery, J.-L., & Lewis, G. D. 

(2013). Exercise-induced pulmonary hypertension physiological basis and methodological 



239 

 

concerns. American Journal of Respiratory and Critical Care Medicine, 187(6), 576-583. 

doi:10.1164/rccm.201211-2090CI 

Nakamura, K., Smyth, M. J., & Martinet, L. (2020). Cancer immunoediting and immune 

dysregulation in multiple myeloma. Blood, 136(24), 2731-2740. 

doi:10.1182/blood.2020006540 

Nehlsen-Cannarella, S. L., Nieman, D. C., Balklamberton, A. J., Markoff, P. A., Chritton, D. B. W., 

Gusewitch, G., & Lee, J. W. (1991). The effects of moderate exercise training on immune-

response. Medicine and Science in Sports and Exercise, 23(1), 64-70.  

Newton, R. U., Galvao, D. A., Spry, N., Joseph, D., Chambers, S. K., Gardiner, R. A., Wall, B. A., 

Bolam, K. A., & Taaffe, D. R. (2019). Exercise mode specificity for preserving spine and 

hip bone mineral density in prostate cancer patients. Medicine and Science in Sports and 

Exercise, 51(4), 607-614. doi:10.1249/mss.0000000000001831 

Nicklas, B. J., Hsu, F.-C., Brinkley, T. J., Church, T., Goodpaster, B. H., Kritchevsky, S. B., & Pahor, 

M. (2008). Exercise training and plasma c-reactive protein and interleukin-6 in elderly 

people. Journal of the American Geriatrics Society, 56(11), 2045-2052. doi:10.1111/j.1532-

5415.2008.01994.x 

Nicklas, B. J., Ryan, A. J., Treuth, M. M., Harman, S. M., Blackman, M. R., Hurley, B. F., & Rogers, 

M. A. (1995). Testosterone, growth-hormone and igf-i responses to acute and chronic 

resistive exercise in men aged 55-70 years. International Journal of Sports Medicine, 16(7), 

445-450. doi:10.1055/s-2007-973035 

Nielsen, A. R., Mounier, R., Plomgaard, P., Mortensen, O. H., Penkowa, M., Speerschneider, T., 

Pilegaard, H., & Pedersen, B. K. (2007). Expression of interleukin-15 in human skeletal 

muscle - effect of exercise and muscle fibre type composition. Journal of Physiology, 584(1), 

305-312. doi:10.1113/jphysiol.2007.139618 

Nieman, D. C., Miller, A. R., Henson, D. A., Warren, B. J., Gusewitch, G., Johnson, R. L., Davis, J. 

M., Butterworth, D. E., Herring, J. L., & Nehlsencannarella, S. L. (1994). Effect of high-

intensity versus moderate-intensity exercise on lymphocyte subpopulations and proliferative 

response. International Journal of Sports Medicine, 15(4), 199-206. doi:10.1055/s-2007-

1021047 

Nieman, D. C., & Wentz, L. M. (2019). The compelling link between physical activity and the body's 

defense system. Journal of Sport and Health Science, 8(3), 201-217. 

doi:10.1016/j.jshs.2018.09.009 

Nishida, Y., Matsubara, T., Tobina, T., Shindo, M., Tokuyama, K., Tanaka, K., & Tanaka, H. (2010). 

Effect of low-intensity aerobic exercise on insulin-like growth factor-i and insulin-like 

growth factor-binding proteins in healthy men. International Journal of Endocrinology. 

doi:10.1155/2010/452820 

O'Donovan, G., Kearney, E. M., Nevill, A. M., Woolf-May, K., & Bird, S. R. (2005). The effects of 

24 weeks of moderate- or high-intensity exercise on insulin resistance. European Journal of 

Applied Physiology, 95(5-6), 522-528. doi:10.1007/s00421-005-0040-5 

Ogawa, K., Oka, J., Yamakawa, J., & Higuchi, M. (2003). Habitual exercise did not affect the balance 

of type 1 and type 2 cytokines in elderly people. Mechanisms of Ageing and Development, 

124(8-9), 951-956. doi:10.1016/s0047-6374(03)00167-2 

Olteanu, H., Wang, H.-Y., Chen, W., McKenna, R., & Karandikar, N. (2008). Immunophenotypic 

studies of monoclonal gammopathy of undetermined significance. BMC Clinical Pathology, 

8. doi:10.1186/1472-6890-8-13 

Paiva, B., Perez-Andres, M., Vidriales, M. B., Almeida, J., de las Heras, N., Mateos, M. V., Lopez-

Corral, L., Gutierrez, N. C., Blanco, J., Oriol, A., Hernandez, M. T., de Arriba, F., de Coca, 

A. G., Terol, M. J., de la Rubia, J., Gonzalez, Y., Martin, A., Sureda, A., Schmidt-Hieber, 

M., Schmitz, A., Johnsen, H. E., Lahuerta, J. J., Blade, J., San-Miguel, J. F., Orfao, A., Stu, 

G. E. M. G. E. M. C., Terapeuti, P. P. E., & Myeloma Stem Cell Network, M. (2011). 

Competition between clonal plasma cells and normal cells for potentially overlapping bone 

marrow niches is associated with a progressively altered cellular distribution in mgus vs 

myeloma. Leukemia, 25(4), 697-706. doi:10.1038/leu.2010.320 

Panda, A., Arjona, A., Sapey, E., Bai, F., Fikrig, E., Montgomery, R. R., Lord, J. M., & Shaw, A. C. 

(2009). Human innate immunosenescence: Causes and consequences for immunity in old 

age. Trends in Immunology, 30(7), 325-333. doi:10.1016/j.it.2009.05.004 

Pappa, C., Miyakis, S., Tsirakis, G., Sfiridaki, A., Alegakis, A., Kafousi, M., Stathopoulos, E. N., & 

Alexandrakis, M. G. (2007). Serum levels of interleukin-15 and interleukin-10 and their 



240 

 

correlation with proliferating cell nuclear antigen in multiple myeloma. Cytokine, 37(2), 171-

175. doi:10.1016/j.cyto.2007.02.022 

Parise, G., Phillips, S. M., Kaczor, J. J., & Tarnopolsky, M. A. (2005). Antioxidant enzyme activity 

is up-regulated after unilateral resistance exercise training in older adults. Free Radical 

Biology and Medicine, 39(2), 289-295. doi:10.1016/j.freeradbiomed.2005.03.024 

Park, J. Y., Mitrou, P. N., Luben, R., Khaw, K.-T., & Bingham, S. A. (2009). Is bowel habit linked 

to colorectal cancer? - results from the epic-norfolk study. European Journal of Cancer, 

45(1), 139-145. doi:10.1016/j.ejca.2008.10.002 

Park, S. L., Buzzai, A., Rautela, J., Hor, J. L., Hochheiser, K., Effern, M., McBain, N., Wagner, T., 

Edwards, J., McConville, R., Wilmott, J. S., Scolyer, R. A., Tueting, T., Palendria, U., 

Gyorki, D., Mueller, S. N., Huntington, N. D., Bedoui, S., Hoelzel, M., Mackay, L. K., 

Waithman, J., & Gebhardt, T. (2019a). Tissue-resident memory cd8(+) t cells promote 

melanoma-immune equilibrium in skin. Nature, 565(7739), 366-+. doi:10.1038/s41586-

018-0812-9 

Park, S. L., Gebhardt, T., & Mackay, L. K. (2019b). Tissue-resident memory t cells in cancer 

immunosurveillance. Trends in Immunology, 40(8), 735-747. doi:10.1016/j.it.2019.06.002 

Patel, A. V., Friedenreich, C. M., Moore, S. C., Hayes, S. C., Silver, J. K., Campbell, K. L., Winters-

Stone, K., Gerber, L. H., George, S. M., Fulton, J. E., Denlinger, C., Morris, G. S., Hue, T., 

Schmitz, K. H., & Matthews, C. E. (2019). American college of sports medicine roundtable 

report on physical activity, sedentary behavior, and cancer prevention and control. Medicine 

and Science in Sports and Exercise, 51(11), 2391-2402. 

doi:10.1249/mss.0000000000002117 

Paterni, I., Granchi, C., Katzenellenbogen, J. A., & Minutolo, F. (2014). Estrogen receptors alpha (er 

alpha) and beta (er beta): Subtype-selective ligands and clinical potential. Steroids, 90, 13-

29. doi:10.1016/j.steroids.2014.06.012 

Peacock, O. J., Western, M. J., Batterham, A. M., Stathi, A., Standage, M., Tapp, A., Bennett, P., & 

Thompson, D. (2015). Multidimensional individualised physical activity (mi-pact) - a 

technology-enabled intervention to promote physical activity in primary care: Study protocol 

for a randomised controlled trial. Trials, 16. doi:10.1186/s13063-015-0892-x 

Pedersen, B. K., & Febbraio, M. A. (2008). Muscle as an endocrine organ: Focus on muscle-derived 

interleukin-6. Physiological Reviews, 88(4), 1379-1406. doi:10.1152/physrev.90100.2007 

Pedersen, L., Idorn, M., Olofsson, G. H., Lauenborg, B., Nookaew, I., Hansen, R. H., Johannesen, 

H. H., Becker, J. C., Pedersen, K. S., Dethlefsen, C., Nielsen, J., Gehl, J., Pedersen, B. K., 

Straten, P. T., & Hojman, P. (2016). Voluntary running suppresses tumor growth through 

epinephrine- and il-6-dependent nk cell mobilization and redistribution. Cell Metabolism, 

23(3), 554-562. doi:10.1016/j.cmet.2016.01.011 

Pellegrini, M., Calzascia, T., Elford, A. R., Shahinian, A., Lin, A. E., Dissanayake, D., Dhanji, S., 

Nguyen, L. T., Gronski, M. A., Morre, M., Assouline, B., Lahl, K., Sparwasser, T., Ohashi, 

P. S., & Mak, T. W. (2009). Adjuvant il-7 antagonizes multiple cellular and molecular 

inhibitory networks to enhance immunotherapies. Nature Medicine, 15(5), 528-536. 

doi:10.1038/nm.1953 

Pellegrini, M., Calzascia, T., Toe, J. G., Preston, S. P., Lin, A. E., Elford, A. R., Shahinian, A., Lang, 

P. A., Lang, K. S., Morre, M., Assouline, B., Lahl, K., Sparwasser, T., Tedder, T. F., Paik, 

J.-h., DePinho, R. A., Basta, S., Ohashi, P. S., & Mak, T. W. (2011). Il-7 engages multiple 

mechanisms to overcome chronic viral infection and limit organ pathology. Cell, 144(4), 

601-613. doi:10.1016/j.cell.2011.01.011 

Perez-Garcia, A., Osca, G., Bosch-Vizcaya, A., Kelleher, N., Santos, N. Y., Rodriguez, R., Gonzalez, 

Y., Roncero, J. M., Coll, R., Serrando, M., Lloveras, N., Tuset, E., & Gallardo, D. (2013). 

Kinetics of the ctla-4 isoforms expression after t-lymphocyte activation and role of the 

promoter polymorphisms on ctla-4 gene transcription. Human Immunology, 74(9), 1219-

1224. doi:10.1016/j.humimm.2013.05.012 

Perez-Persona, E., Vidriales, M.-B., Mateo, G., Garcia-Sanz, R., Mateos, M.-V., de Coca, A. G., 

Galende, J., Martin-Nunez, G., Alonso, J. M., de las Heras, N., Hernandez, J. M., Martin, 

A., Lopez-Berges, C., Orfao, A., & San Miguel, J. F. (2007). New criteria to identify risk of 

progression in monoclonal gammopathy of uncertain significance and smoldering multiple 

myeloma based on multiparameter flow cytometry analysis of bone marrow plasma cells. 

Blood, 110(7), 2586-2592. doi:10.1182/blood-2007-05-088443 



241 

 

Perna, S. K., De Angelis, B., Pagliara, D., Hasan, S. T., Zhang, L., Mahendravada, A., Heslop, H. E., 

Brenner, M. K., Rooney, C. M., Dotti, G., & Savoldo, B. (2013). Interleukin 15 provides 

relief to ctls from regulatory t cell-mediated inhibition: Implications for adoptive t cell-based 

therapies for lymphoma. Clinical Cancer Research, 19(1), 106-117. doi:10.1158/1078-

0432.Ccr-12-2143 

Persoon, S., ChinApaw, M. J. M., Buffart, L. M., Liu, R. D. K., Wijermans, P., Koene, H. R., 

Minnema, M. C., Lugtenburg, P. J., Marijt, E. W. A., Brug, J., Nollet, F., & Kersten, M. J. 

(2017). Randomized controlled trial on the effects of a supervised high intensity exercise 

program in patients with a hematologic malignancy treated with autologous stem cell 

transplantation: Results from the exist study. PLoS One, 12(7). 

doi:10.1371/journal.pone.0181313 

Persson, C., Sasazuki, S., Inoue, M., Kurahashi, N., Iwasaki, M., Miura, T., Ye, W., Tsugane, S., & 

Grp, J. S. (2008). Plasma levels of carotenoids, retinol and tocopherol and the risk of gastric 

cancer in japan: A nested case-control study. Carcinogenesis, 29(5), 1042-1048. 

doi:10.1093/carcin/bgn072 

Pham, T.-M., Fujino, Y., Kikuchi, S., Tamakoshi, A., Yatsuya, H., Kubo, T., Matsuda, S., 

Yoshimura, T., & Grp, J. S. (2007a). A nested case-control study of stomach cancer 

incidence and serum superoxide dismutase activity in the japan collaborative cohort study in 

japan. Cancer Detection and Prevention, 31(6), 431-435. doi:10.1016/j.cdp.2007.10.012 

Pham, T.-M., Fujino, Y., Kikuchi, S., Tamakoshi, A., Yatsuya, H., Matsuda, S., Yoshimura, T., & 

Grp, J. S. (2007b). A nested case-control study of stomach cancer and serum insulin-like 

growth factor (igf)-1, igf-2 and igf-binding protein (igfbp)-3. European Journal of Cancer, 

43(10), 1611-1616. doi:10.1016/j.ejca.2007.04.014 

Philippe, M., Gatterer, H., Burtscher, M., Weinberger, B., Keller, M., Grubeck-Loebenstein, B., 

Fleckenstein, J., Alack, K., & Krueger, K. (2019). Concentric and eccentric endurance 

exercise reverse hallmarks of t-cell senescence in pre-diabetic subjects. Frontiers in 

Physiology, 10. doi:10.3389/fphys.2019.00684 

Phillips, M. D., Flynn, M. G., McFarlin, B. K., Stewart, L. K., & Timmerman, K. L. (2010). 

Resistance training at eight-repetition maximum reduces the inflammatory milieu in elderly 

women. Medicine and Science in Sports and Exercise, 42(2), 314-325. 

doi:10.1249/MSS.0b013e3181b11ab7 

Piguet, A.-C., Saran, U., Simillion, C., Keller, I., Terracciano, L., Reeves, H. L., & Dufour, J.-F. 

(2015). Regular exercise decreases liver tumors development in hepatocyte-specific pten-

deficient mice independently of steatosis. Journal of Hepatology, 62(6), 1296-1303. 

doi:10.1016/j.jhep.2015.01.017 

Pine, S. R., Mechanic, L. E., Enewold, L., Chaturvedi, A. K., Katki, H. A., Zheng, Y.-L., Bowman, 

E. D., Engels, E. A., Caporaso, N. E., & Harris, C. C. (2011). Increased levels of circulating 

interleukin 6, interleukin 8, c-reactive protein, and risk of lung cancer. Journal of the 

National Cancer Institute, 103(14), 1112-1122. doi:10.1093/jnci/djr216 

Piot, J. M., Royer, M., Schmidt-Tanguy, A., Hoppe, E., Gardembas, M., Bourree, T., Hunault, M., 

Francois, S., Boyer, F., Ifrah, N., Renier, G., Chevailler, A., Audran, M., Chappard, D., 

Libouban, H., Mabilleau, G., Legrand, E., & Bouvard, B. (2015). Factors associated with an 

increased risk of vertebral fracture in monoclonal gammopathies of undetermined 

significance. Blood Cancer Journal, 5. doi:10.1038/bcj.2015.71 

Podar, K., & Anderson, K. C. (2005). The pathophysiologic role of vegf in hematologic 

malignancies: Therapeutic implications. Blood, 105(4), 1383-1395. doi:10.1182/blood-

2004-07-2909 

Poehlman, E. T., & Copeland, K. C. (1990). Influence of physical-activity on insulin-like growth 

factor-i in healthy younger and older men. Journal of Clinical Endocrinology & Metabolism, 

71(6), 1468-1473. doi:10.1210/jcem-71-6-1468 

Pollak, M. (2008). Insulin and insulin-like growth factor signalling in neoplasia. Nature Reviews 

Cancer, 8(12), 915-928. doi:10.1038/nrc2536 

Poole, E. M., Lee, I. M., Ridker, P. M., Buring, J. E., Hankinson, S. E., & Tworoger, S. S. (2013). A 

prospective study of circulating c-reactive protein, interleukin-6, and tumor necrosis factor 

receptor 2 levels and risk of ovarian cancer. American Journal of Epidemiology, 178(8), 

1256-1264. doi:10.1093/aje/kwt098 



242 

 

Power, A. M., Talley, N. J., & Ford, A. C. (2013). Association between constipation and colorectal 

cancer: Systematic review and meta-analysis of observational studies. American Journal of 

Gastroenterology, 108(6), 894-903. doi:10.1038/ajg.2013.52 

Powers, S. K., Deminice, R., Ozdemir, M., Yoshihara, T., Bomkamp, M. P., & Hyatt, H. (2020). 

Exercise-induced oxidative stress: Friend or foe? Journal of Sport and Health Science. 

doi:10.1016/j.jshs.2020.04.001 

Prabhala, R. H., Fulciniti, M., Pelluru, D., Rashid, N., Nigroiu, A., Nanjappa, P., Pai, C., Lee, S., 

Prabhala, N. S., Bandi, R. L., Smith, R., Lazo-Kallanian, S. B., Valet, S., Raje, N., Gold, J. 

S., Richardson, P. G., Daley, J. F., Anderson, K. C., Ettenberg, S. A., Di Padova, F., & 

Munshi, N. C. (2016). Targeting il-17a in multiple myeloma: A potential novel therapeutic 

approach in myeloma. Leukemia, 30(2), 379-389. doi:10.1038/leu.2015.228 

Probst-Hensch, N. M., Pike, M. C., McKean-Cowdin, R., Stanczyk, F. Z., Kolonel, L. N., & 

Henderson, B. E. (2000). Ethnic differences in post-menopausal plasma oestrogen levels: 

High oestrone levels in japanese-american women despite low weight. British Journal of 

Cancer, 82(11), 1867-1870. doi:10.1054/bjoc.1999.1082 

Qiu, S., Cai, X., Wu, T., Sun, Z., Guo, H., Kirsten, J., Wendt, J., Steinacker, J. M., & Schumann, U. 

(2020). Objectively-measured light-intensity physical activity and risk of cancer mortality: 

A meta-analysis of prospective cohort studies. Cancer Epidemiology, Biomarkers & 

Prevention, 29(5), 1067-1073. doi:10.1158/1055-9965.epi-19-1446 

Quezada, S. A., & Peggs, K. S. (2019). Lost in translation: Deciphering the mechanism of action of 

anti-human ctla-4. Clinical Cancer Research, 25(4), 1130-1132. doi:10.1158/1078-

0432.Ccr-18-2509 

Rabban, J. T., Garg, K., Crawford, B., Chen, L.-m., & Zaloudek, C. J. (2014). Early detection of 

high-grade tubal serous carcinoma in women at low risk for hereditary breast and ovarian 

cancer syndrome by systematic examination of fallopian tubes incidentally removed during 

benign surgery. American Journal of Surgical Pathology, 38(6), 729-742. 

doi:10.1097/pas.0000000000000199 

Radak, Z., Chung, H. Y., & Goto, S. (2008). Systemic adaptation to oxidative challenge induced by 

regular exercise. Free Radical Biology and Medicine, 44(2), 153-159. 

doi:10.1016/j.freeradbiomed.2007.01.029 

Radak, Z., Gaal, D., Taylor, A. W., Kaneko, T., Tahara, S., Nakamoto, H., & Goto, S. (2002). 

Attenuation of the development of murine solid leukemia tumor by physical exercise. 

Antioxidants & Redox Signaling, 4(1), 213-219. doi:10.1089/152308602753625979 

Raja, K. R. M., Kubiczkova, L., Rihova, L., Piskacek, M., Vsianska, P., Hezova, R., Pour, L., & 

Hajek, R. (2012a). Functionally suppressive cd8 t regulatory cells are increased in patients 

with multiple myeloma: A cause for immune impairment. PLoS One, 7(11). 

doi:10.1371/journal.pone.0049446 

Raja, K. R. M., Rihova, L., Zahradova, L., Klincova, M., Penka, M., & Hajek, R. (2012b). Increased 

t regulatory cells are associated with adverse clinical features and predict progression in 

multiple myeloma. PLoS One, 7(10). doi:10.1371/journal.pone.0047077 

Rajkumar, S. V. (2012). Preventive strategies in monoclonal gammopathy of undetermined 

significance and smoldering multiple myeloma. American Journal of Hematology, 87(5), 

453-454. doi:10.1002/ajh.23204 

Rajkumar, S. V., Dimopoulos, M. A., Palumbo, A., Blade, J., Merlini, G., Mateos, M.-V., Kumar, 

S., Hillengass, J., Kastritis, E., Richardson, P., Landgren, O., Paiva, B., Dispenzieri, A., 

Weiss, B., Leleu, X., Zweegman, S., Lonial, S., Rosinol, L., Zamagni, E., Jagannath, S., 

Sezer, O., Kristinsson, S. Y., Caers, J., Usmani, S. Z., Lahuerta, J. J., Johnsen, H. E., Beksac, 

M., Cavo, M., Goldschmidt, H., Terpos, E., Kyle, R. A., Anderson, K. C., Durie, B. G. M., 

& San Miguel, J. F. (2014). International myeloma working group updated criteria for the 

diagnosis of multiple myeloma. Lancet Oncology, 15(12), E538-E548. doi:10.1016/s1470-

2045(14)70442-5 

Rajkumar, S. V., Kyle, R. A., Therneau, T. M., Melton, L. J., Bradwell, A. R., Clark, R. J., Larson, 

D. R., Plevak, M. F., Dispenzieri, A., & Katzmann, J. A. (2005). Serum free light chain ratio 

is an independent risk factor for progression in monoclonal gammopathy of undetermined 

significance. Blood, 106(3), 812-817. doi:10.1182/blood-2005-03-1038 

Rasmussen, S. M., Bilgrau, A. E., Schmitz, A., Falgreen, S., Bergkvist, K. S., Tramm, A. M., Baech, 

J., Jacobsen, C. L., Gaihede, M., Kjeldsen, M. K., Bodker, J. S., Dybkaer, K., Bogsted, M., 

& Johnsen, H. E. (2015). Stable phenotype of b-cell subsets following cryopreservation and 



243 

 

thawing of normal human lymphocytes stored in a tissue biobank. Cytometry Part B-Clinical 

Cytometry, 88(1), 40-49. doi:10.1002/cyto.b.21192 

Raso, V., Benard, G., Da Silva Duarte, AJ., & Natale, V. M. (2007). Effect of resistance training on 

immunological parameters of healthy elderly women. Medicine and Science in Sports and 

Exercise, 39(12), 2152-2159. doi:10.1249/mss.0b013e318156e9fa 

Rawson, E. S., Freedson, P. S., Osganian, S. K., Matthews, C. E., Reed, G., & Ockene, I. S. (2003). 

Body mass index, but not physical activity, is associated with c-reactive protein. Medicine 

and Science in Sports and Exercise, 35(7), 1160-1166. 

doi:10.1249/01.mss.0000074565.79230.ab 

Rawstron, A. C., Orfao, A., Beksac, M., Bezdickova, L., Broolmans, R. A., Bumbea, H., Dalva, K., 

Fuhler, G., Gratama, J., Hose, D., Kovarova, L., Lioznov, M., Mateo, G., Morilla, R., Mylin, 

A. K., Omede, P., Pellat-Deceunynck, C., Andres, M. P., Petrucci, M., Ruggeri, M., 

Rymkiewicz, G., Schmitz, A., Schreder, M., Seynaeve, C., Spacek, M., de Tute, R. M., Van 

Valckenborgh, E., Weston-Bell, N., Owen, R. G., Miguel, J. F. S., Sonneveld, P., Johnsen, 

H. E., & European Myeloma, N. (2008). Report of the european myeloma network on 

multiparametric flow cytometry in multiple myeloma and related disorders. Haematologica, 

93(3), 431-438. doi:10.3324/haematol.11080 

Ray, P. D., Huang, B.-W., & Tsuji, Y. (2012). Reactive oxygen species (ros) homeostasis and redox 

regulation in cellular signaling. Cellular Signalling, 24(5), 981-990. 

doi:10.1016/j.cellsig.2012.01.008 

Renehan, A. G., Zwahlen, M., Minder, C., O'Dwyer, S. T., Shalet, S. M., & Egger, M. (2004). 

Insulin-like growth factor (igf)-i, igf binding protein-3, and cancer risk: Systematic review 

and meta-regression analysis. Lancet, 363(9418), 1346-1353. doi:10.1016/s0140-

6736(04)16044-3 

Reuben, D. B., Judd-Hamilton, L., Harris, T. B., & Seeman, T. E. (2003). The associations between 

physical activity and inflammatory markers in high-functioning older persons: Macarthur 

studies of successful aging. Journal of the American Geriatrics Society, 51(8), 1125-1130. 

doi:10.1046/j.1532-5415.2003.51380.x 

Rezende, L. F. M. d., Sa, T. H. d., Markozannes, G., Rey-Lopez, J. P., Lee, I. M., Tsilidis, K. K., 

Ioannidis, J. P. A., & Eluf-Neto, J. (2018). Physical activity and cancer: An umbrella review 

of the literature including 22 major anatomical sites and 770000 cancer cases. British Journal 

of Sports Medicine, 52(13), 826-833. doi:10.1136/bjsports-2017-098391 

Riechman, S. E., Balasekaran, G., Roth, S. M., & Ferrell, R. E. (2004). Association of interleukin-

15 protein and interleukin-15 receptor genetic variation with resistance exercise training 

responses. Journal of Applied Physiology, 97(6), 2214-2219. 

doi:10.1152/japplphysiol.00491.2004 

Rikli, R. E., & Jones, C. J. (1999). Development and validation of a functional fitness test for 

community-residing older adults. Journal of Aging and Physical Activity, 7(2), 129-161. 

doi:10.1123/japa.7.2.129 

Rinaldi, S., Kaaks, R., Friedenreich, C. M., Key, T. J., Travis, R., Biessy, C., Slimani, N., Overvad, 

K., Ostergaard, J. N., Tjonneland, A., Olsen, A., Mesrine, S., Fournier, A., Dossus, L., 

Lukanova, A., Johnson, T., Boeing, H., Vigl, M., Trichopoulou, A., Benetou, V., 

Trichopoulos, D., Masala, G., Krogh, V., Tumino, R., Ricceri, F., Panico, S., Bueno-de-

Mesquita, H. B., Monninkhof, E. M., May, A. M., Weiderpass, E., Quiros, J. R., Travier, N., 

Molina-Montes, E., Amiano, P., Huerta, J. M., Ardanaz, E., Sund, M., Johansson, M., Khaw, 

K. T., Wareham, N., Scalbert, A., Gunter, M. J., Riboli, E., & Romieu, I. (2014). Physical 

activity, sex steroid, and growth factor concentrations in pre- and post-menopausal women: 

A cross-sectional study within the epic cohort. Cancer Causes & Control, 25(1), 111-124. 

doi:10.1007/s10552-013-0314-x 

Rissanen, T., Viinamaki, H., Honkalampi, K., Lehto, S. M., Hintikka, J., Saharinen, T., & Koivumaa-

Honkanen, H. (2011). Long term life dissatisfaction and subsequent major depressive 

disorder and poor mental health. Bmc Psychiatry, 11. doi:10.1186/1471-244x-11-140 

Robles Gil, M. C., Timon, R., Toribio, A. F., Munoz, D., Maynar, J. I., Caballero, M. J., & Maynar, 

M. (2012). Effects of aerobic exercise on urinary estrogens and progestagens in pre and 

postmenopausal women. European Journal of Applied Physiology, 112(1), 357-364. 

doi:10.1007/s00421-011-1982-4 

Rock, C. L., Thomson, C., Gansler, T., Gapstur, S. M., McCullough, M. L., Patel, A. V., Andrews, 

K. S., Bandera, E. V., Spees, C. K., Robien, K., Hartman, S., Sullivan, K., Grant, B. L., 



244 

 

Hamilton, K. K., Kushi, L. H., Caan, B. J., Kibbe, D., Black, J. D., Wiedt, T. L., McMahon, 

C., Sloan, K., & Doyle, C. (2020). American cancer society guideline for diet and physical 

activity for cancer prevention. CA: A Cancer Journal for Clinicians, 70(4), 245-271. 

doi:10.3322/caac.21591 

Roddam, A. W., Allen, N. E., Appleby, P., Key, T. J., & Endogenous Hormones Prostate, C. (2008). 

Endogenous sex hormones and prostate cancer: A collaborative analysis of 18 prospective 

studies. Journal of the National Cancer Institute, 100(3), 170-183. doi:10.1093/jnci/djm323 

Rodrigues Silva, L. C., de Araujo, A. L., Fernandes, J. R., Toledo Matias, M. d. S., Silva, P. R., 

Duarte, A. J. S., Garcez Leme, L. E., & Benard, G. (2016). Moderate and intense exercise 

lifestyles attenuate the effects of aging on telomere length and the survival and composition 

of t cell subpopulations. Age, 38(1). doi:10.1007/s11357-016-9879-0 

Romee, R., Cooley, S., Berrien-Elliott, M. M., Westervelt, P., Verneris, M. R., Wagner, J. E., 

Weisdorf, D. J., Blazar, B. R., Ustun, C., Defor, T. E., Vivek, S., Peck, L., DiPersio, J. F., 

Cashen, A. F., Kyllo, R., Musiek, A., Schaffer, A., Anadkat, M. J., Rosman, I., Miller, D., 

Egan, J. O., Jeng, E. K., Rock, A., Wong, H. C., Fehniger, T. A., & Miller, J. S. (2018). First-

in-human phase 1 clinical study of the il-15 superagonist complex alt-803 to treat relapse 

after transplantation. Blood, 131(23), 2515-2527. doi:10.1182/blood-2017-12-823757 

Roodman, G. D. (2008). Skeletal imaging and management of bone disease. American Society of 

Hematology Education Program, 313-319. doi:10.1182/asheducation-2008.1.313 

Rooney, B. V., Bigley, A. B., LaVoy, E. C., Laughlin, M., Pedlar, C., & Simpson, R. J. (2018). 

Lymphocytes and monocytes egress peripheral blood within minutes after cessation of 

steady state exercise: A detailed temporal analysis of leukocyte extravasation. Physiology & 

Behavior, 194, 260-267. doi:10.1016/j.physbeh.2018.06.008 

Ross, R., Janssen, I., Dawson, J., Kungl, A. M., Kuk, J. L., Wong, S. L., Nguyen-Duy, T. B., Lee, 

S., Kilpatrick, K., & Hudson, R. (2004). Exercise-induced reduction in obesity and insulin 

resistance in women: A randomized controlled trial. Obesity Research, 12(5), 789-798. 

doi:10.1038/oby.2004.95 

Rossi, D., Fangazio, M., De Paoli, L., Puma, A., Riccomagno, P., Pinto, V., Zigrossi, P., Ramponi, 

A., Monga, G., & Gaidano, G. (2010). Beta-2-microglobulin is an independent predictor of 

progression in asymptomatic multiple myeloma. Cancer, 116(9), 2188-2200. 

doi:10.1002/cncr.24959 

Rossner, P., Gammon, M. D., Terry, M. B., Agrawal, M., Zhang, F. F., Teitelbaum, S. L., Eng, S. 

M., Gaudet, M. M., Neugut, A. I., & Santella, R. M. (2006). Relationship between urinary 

15-f-2t isoprostane and 8-oxodeoxyguanosine levels and breast cancer risk. Cancer 

Epidemiology Biomarkers & Prevention, 15(4), 639-644. doi:10.1158/1055-9965.epi-05-

0554 

Rowinski, R., Kozakiewicz, M., Kedziora-Kornatowska, K., Huebner-Wozniak, E., & Kedziora, J. 

(2013). Markers of oxidative stress and erythrocyte antioxidant enzyme activity in older men 

and women with differing physical activity. Experimental Gerontology, 48(11), 1141-1146. 

doi:10.1016/j.exger.2013.07.010 

Rudman, D., & Mattson, D. E. (1994). Serum insulin-like growth factor-i in healthy older men in 

relation to physical-activity. Journal of the American Geriatrics Society, 42(1), 71-76. 

doi:10.1111/j.1532-5415.1994.tb06076.x 

Rummler, M., Ziouti, F., Bouchard, A. L., Brandl, A., Duda, G. N., Bogen, B., Beilhack, A., Lynch, 

M. E., Jundt, F., & Willie, B. M. (2021). Mechanical loading prevents bone destruction and 

exerts anti-tumor effects in the mopc315.Bm.Luc model of myeloma bone disease. Acta 

Biomaterialia, 119, 247-258. doi:10.1016/j.actbio.2020.10.041 

Rundqvist, H., Velica, P., Barbieri, L., Gameiro, P. A., Bargiela, D., Gojkovic, M., Mijwel, S., 

Reitzner, S. M., Wulliman, D., Ahlstedt, E., Ule, J., Ostman, A., & Johnson, R. S. (2020). 

Cytotoxic t-cells mediate exercise-induced reductions in tumor growth. eLife, 9. 

doi:10.7554/eLife.59996 

Saito, H., Shimizu, S., Kono, Y., Murakami, Y., Shishido, Y., Miyatani, K., Matsunaga, T., 

Fukumoto, Y., Ashida, K., & Fujiwara, Y. (2019). Pd-1 expression on circulating cd8(+) t-

cells as a prognostic marker for patients with gastric cancer. Anticancer Research, 39(1), 

443-448. doi:10.21873/anticanres.13132 

Saito, M., Inoue, S., Yamashita, K., Kakeji, Y., Fukumoto, T., & Kotani, J. (2020). Il-15 improves 

aging-induced persistent t cell exhaustion in mouse models of repeated sepsis. Shock, 53(2), 

228-235. doi:10.1097/shk.0000000000001352 



245 

 

Salomao, E. M., Toneto, A. T., Silva, G. O., & Gomes-Marcondes, M. C. C. (2010). Physical exercise 

and a leucine-rich diet modulate the muscle protein metabolism in walker tumor-bearing rats. 

Nutrition and Cancer, 62(8), 1095-1104. doi:10.1080/01635581.2010.492082 

Samet, J. M., Avila-Tang, E., Boffetta, P., Hannan, L. M., Olivo-Marston, S., Thun, M. J., & Rudin, 

C. M. (2009). Lung cancer in never smokers: Clinical epidemiology and environmental risk 

factors. Clinical Cancer Research, 15(18), 5626-5645. doi:10.1158/1078-0432.ccr-09-0376 

Sandow, J. (2009). Growth effects of insulin and insulin analogues. Archives of Physiology and 

Biochemistry, 115(2), 72-85. doi:10.1080/13813450902835690 

Sanoja-Flores, L., Flores-Montero, J., Perez-Andres, M., Puig, N., & Orfao, A. (2020). Detection of 

circulating tumor plasma cells in monoclonal gammopathies: Methods, pathogenic role, and 

clinical implications. Cancers, 12(6). doi:10.3390/cancers12061499 

Sarvas, J. L., Khaper, N., & Lees, S. J. (2013). The il-6 paradox: Context dependent interplay of 

socs3 and ampk. Journal of Diabetes & Metabolism. doi:10.4172/2155-6156.S13-003 

Sato, R., Helzlsouer, K. J., Alberg, A. J., Hoffman, S. C., Norkus, E. P., & Comstock, G. W. (2002). 

Prospective study of carotenoids, tocopherols, and retinoid concentrations and the risk of 

breast cancer. Cancer Epidemiology Biomarkers & Prevention, 11(5), 451-457.  

Savas, P., Virassamy, B., Ye, C., Salim, A., Mintoff, C. P., Caramia, F., Salgado, R., Byrne, D. J., 

Teo, Z. L., Dushyanthen, S., Byrne, A., Wein, L., Luen, S. J., Poliness, C., Nightingale, S. 

S., Skandarajah, A. S., Gyorki, D. E., Thornton, C. M., Beavis, P. A., Fox, S. B., Cuningham, 

K., Darcy, P. K., Speed, T. P., Mackay, L. K., Neeson, P. J., Loi, S., & Fdn Consortium Res 

Familial, B. (2018). Single-cell profiling of breast cancer t cells reveals a tissue-resident 

memory subset associated with improved prognosis. Nature Medicine, 24(7), 986-993. 

doi:10.1038/s41591-018-0078-7 

Sawamura, M., Murakami, H., & Tsuchiya, J. (1996). Tumor necrosis factor-alpha and interleukin 4 

in myeloma cell precursor differentiation. Leukemia & Lymphoma, 21(1-2), 31-36. 

doi:10.3109/10428199609067576 

Sawant, D. V., & Vignali, D. A. A. (2014). Once a treg, always a treg? Immunological Reviews, 

259(1), 173-191. doi:10.1111/imr.12173 

Scheers, T., Philippaerts, R., & Lefevre, J. (2012). Variability in physical activity patterns as 

measured by the sensewear armband: How many days are needed? European Journal of 

Applied Physiology, 112(5), 1653-1662. doi:10.1007/s00421-011-2131-9 

Schmitz, K. H., Lin, H., Sammel, M. D., Gracia, C. R., Nelson, D. B., Kapoor, S., DeBlasis, T. L., 

& Freeman, E. W. (2007). Association of physical activity with reproductive hormones: The 

penn ovarian aging study. Cancer Epidemiology Biomarkers & Prevention, 16(10), 2042-

2047. doi:10.1158/1055-9965.epi-07-0061 

Schmitz, K. H., Warren, M., Rundle, A. G., Williams, N. I., Gross, M. D., & Kurzer, M. S. (2008). 

Exercise effect on oxidative stress is independent of change in estrogen metabolism. Cancer 

Epidemiology Biomarkers & Prevention, 17(1), 220-223. doi:10.1158/1055-9965.epi-07-

0058 

Schmitz, K. H., Williams, N. I., Kontos, D., Domchek, S., Morales, K. H., Hwang, W.-T., Grant, L. 

L., DiGiovanni, L., Salvatore, D., Fenderson, D., Schnall, M., Galantino, M. L., Stopfer, J., 

Kurzer, M. S., Wu, S., Adelman, J., Brown, J. C., & Good, J. (2015). Dose-response effects 

of aerobic exercise on estrogen among women at high risk for breast cancer: A randomized 

controlled trial. Breast Cancer Research and Treatment, 154(2), 309-318. 

doi:10.1007/s10549-015-3604-z 

Schofield, W. N. (1985). Predicting basal metabolic rate, new standards and review of previous work. 

Human Nutrition Clinical Nutrition, 39(suppl 1), 5-41.  

Schuch, F. B., Vancampfort, D., Rosenbaum, S., Richards, J., Ward, P. B., Veronese, N., Solmi, M., 

Cadore, E. L., & Stubbs, B. (2016). Exercise for depression in older adults: A meta-analysis 

of randomized controlled trials adjusting for publication bias. Revista Brasileira De 

Psiquiatria, 38(3), 247-254. doi:10.1590/1516-4446-2016-1915 

Seddiki, N., Santner-Nanan, B., Martinson, J., Zaunders, J., Sasson, S., Landay, A., Solomon, M., 

Selby, W., Alexander, S. I., Nanan, R., Kelleher, A., & Fazekas de St Groth, B. (2006). 

Expression of interleukin (il)-2 and il-7 receptors discriminates between human regulatory 

and activated t cells. Journal of Experimental Medicine, 203(7), 1693-1700. 

doi:10.1084/jem.20060468 

Seefried, L., Genest, F., Stromsdorfer, J., Engelmann, B., Lapa, C., Jakob, F., Baumann, F. T., 

Sperlich, B., & Jundt, F. (2020). Impact of whole-body vibration exercise on physical 



246 

 

performance and bone turnover in patients with monoclonal gammopathy of undetermined 

significance. Journal of Bone Oncology, 25, 100323-100323. 

doi:10.1016/j.jbo.2020.100323 

Seidel, J. A., Otsuka, A., & Kabashima, K. (2018). Anti-pd-1 and anti-ctla-4 therapies in cancer: 

Mechanisms of action, efficacy, and limitations. Frontiers in Oncology, 8. 

doi:10.3389/fonc.2018.00086 

Shaw, A. C., Joshi, S., Greenwood, H., Panda, A., & Lord, J. M. (2010). Aging of the innate immune 

system. Current Opinion in Immunology, 22(4), 507-513. doi:10.1016/j.coi.2010.05.003 

Shephard, R. J. (2003). Adhesion molecules, catecholamines and leucocyte redistribution during and 

following exercise. Sports Medicine, 33(4), 261-284. doi:10.2165/00007256-200333040-

00002 

Shibutani, M., Maeda, K., Nagahara, H., Fukuoka, T., Nakao, S., Matsutani, S., Hirakawa, K., & 

Ohira, M. (2017). The prognostic significance of the tumor-infiltrating programmed cell 

death-1(+) to cd8(+) lymphocyte ratio in patients with colorectal cancer. Anticancer 

Research, 37(8), 4165-4172. doi:10.21873/anticanres.11804 

Shilpa, P., Kochuparambil, S. T., Thompson, C. A., Shanafelt, T. D., Buadi, F. K., Lacy, M. Q., 

Gertz, M. A., Dispenzieri, A., Dingli, D., Kapoor, P., Hayman, S. R., Hwa, L., Case, J. K., 

Rajkumar, V., & Kumar, S. (2014). Quality of life and outcomes in multiple myeloma 

patients. Blood, 124(21).  

Shimizu, K., Kimura, F., Akimoto, T., Akama, T., Tanabe, K., Nishijima, T., Kuno, S., & Kono, I. 

(2008). Effect of moderate exercise training on t-helper cell subpopulations in elderly people. 

Exercise Immunology Review, 14, 24-37.  

Shimizu, K., Suzuki, N., Imai, T., Aizawa, K., Nanba, H., Hanaoka, Y., Kuno, S., Mesaki, N., Kono, 

I., & Akama, T. (2011). Monocyte and t-cell responses to exercise training in elderly 

subjects. Journal of Strength and Conditioning Research, 25(9), 2565-2572. 

doi:10.1519/JSC.0b013e3181fc5e67 

Shin, Y.-A., Lee, J.-H., Song, W., & Jun, T.-W. (2008). Exercise training improves the antioxidant 

enzyme activity with no changes of telomere length. Mechanisms of Ageing and 

Development, 129(5), 254-260. doi:10.1016/j.mad.2008.01.001 

Shinkai, S., Kohno, H., Kimura, K., Komura, T., Asai, H., Inai, R., Oka, K., Kurokawa, Y., & 

Shephard, R. (1995). Physical activity and immune senescence in men. Medicine and 

Science in Sports and Exercise, 27(11), 1516-1526.  

Short, K. R., Vittone, J. L., Bigelow, M. L., Proctor, D. N., Rizza, R. A., Coenen-Schimke, J. M., & 

Nair, K. S. (2003). Impact of aerobic exercise training on age-related changes in insulin 

sensitivity and muscle oxidative capacity. Diabetes, 52(8), 1888-1896. 

doi:10.2337/diabetes.52.8.1888 

Siddiqui, I., Schaeuble, K., Chennupati, V., Marraco, S. A. F., Calderon-Copete, S., Ferreira, D. P., 

Carmona, S. J., Scarpellino, L., Gfeller, D., Pradervand, S., Luther, S. A., Speiser, D. E., & 

Held, W. (2019). Intratumoral tcf1(+)pd-1(+)cd8(+) t cells with stem-like properties promote 

tumor control in response to vaccination and checkpoint blockade immunotherapy. 

Immunity, 50(1). doi:10.1016/j.immuni.2018.12.021 

Siegel, R. L., Miller, K. D., & Jemal, A. (2020). Cancer statistics, 2020. CA: A Cancer Journal for 

Clinicians, 70(1), 7-30. doi:10.3322/caac.21590 

Sigurdardottir, E. E., Turesson, I., Lund, S. H., Lindqvist, E. K., Mailankody, S., Korde, N., 

Bjorkholm, M., Landgren, O., & Kristinsson, S. Y. (2015). The role of diagnosis and clinical 

follow-up of monoclonal gammopathy of undetermined significance on survival in multiple 

myeloma. JAMA Oncology, 1(2), 168-174. doi:10.1001/jamaoncol.2015.23 

Silbermann, R., & Roodman, G. D. (2013). Myeloma bone disease: Pathophysiology and 

management. Journal of Bone Oncology, 2(2), 59-69. doi:10.1016/j.jbo.2013.04.001 

Simons, C. C. J. M., Schouten, L. J., Weijenberg, M. P., Goldbohm, R. A., & van den Brandt, P. A. 

(2010). Bowel movement and constipation frequencies and the risk of colorectal cancer 

among men in the netherlands cohort study on diet and cancer. American Journal of 

Epidemiology, 172(12), 1404-1414. doi:10.1093/aje/kwq307 

Simpson, E. (2006). A historical perspective on immunological privilege. Immunological Reviews, 

213, 12-22. doi:10.1111/j.1600-065X.2006.00434.x 

Simpson, R. J. (2011). Aging, persistent viral infections, and immunosenescence: Can exercise 

"make space''? Exercise and Sport Sciences Reviews, 39(1), 23-33. 

doi:10.1097/JES.0b013e318201f39d 



247 

 

Simpson, R. J., & Guy, K. (2010). Coupling aging immunity with a sedentary lifestyle: Has the 

damage already been done? - a mini-review. Gerontology, 56(5), 449-458. 

doi:10.1159/000270905 

Simpson, R. J., Lowder, T. W., Spielmann, G., Bigley, A. B., LaVoy, E. C., & Kunz, H. (2012). 

Exercise and the aging immune system. Ageing Research Reviews, 11(3), 404-420. 

doi:10.1016/j.arr.2012.03.003 

Smith, A., Howell, D., Crouch, S., Painter, D., Blase, J., Wang, H.-I., Hewison, A., Bagguley, T., 

Appleton, S., Kinsey, S., Burton, C., Patmore, R., & Roman, E. (2018). Cohort profile: The 

haematological malignancy research network (hmrn): A uk population-based patient cohort. 

International Journal of Epidemiology, 47(3). doi:10.1093/ije/dyy044 

Smith, A. J., Phipps, W. R., Thomas, W., Schmitz, K. H., & Kurzer, M. S. (2013). The effects of 

aerobic exercise on estrogen metabolism in healthy premenopausal women. Cancer 

Epidemiology Biomarkers & Prevention, 22(5), 756-764. doi:10.1158/1055-9965.epi-12-

1325 

Soares, J. P., Silva, A. M., Oliveira, M. M., Peixoto, F., Gaivao, I., & Mota, M. P. (2015). Effects of 

combined physical exercise training on DNA damage and repair capacity: Role of oxidative 

stress changes. Age, 37(3), 9799-9799. doi:10.1007/s11357-015-9799-4 

Sobhani, N., Tardiel-Cyril, D. R., Davtyan, A., Generali, D., Roudi, R., & Li, Y. (2021). Ctla-4 in 

regulatory t cells for cancer immunotherapy. Cancers, 13(6). doi:10.3390/cancers13061440 

Sojka, D. K., Plougastel-Douglas, B., Yang, L., Pak-Wittel, M. A., Artyomov, M. N., Ivanova, Y., 

Zhong, C., Chase, J. M., Rothman, P. B., Yu, J., Riley, J. K., Zhu, J., Tian, Z., & Yokoyama, 

W. M. (2014). Tissue-resident natural killer (nk) cells are cell lineages distinct from thymic 

and conventional splenic nk cells. eLlife, 3. doi:10.7554/eLife.01659 

Song, B. K., Cho, K. O., Jo, Y., Oh, J. W., & Kim, Y. S. (2012). Colon transit time according to 

physical activity level in adults. Journal of Neurogastroenterology and Motility, 18(1), 64-

69. doi:10.5056/jnm.2012.18.1.64 

Song, B. K., Han, D., Brellenthin, A. G., & Kim, Y. S. (2021). Effects of core strengthening exercise 

on colon transit time in young adult women. Journal of Exercise Science and Fitness, 19(3), 

158-165. doi:10.1016/j.jesf.2021.02.001 

Song, B. K., Kim, Y. S., Kim, H. S., Oh, J.-W., Lee, O., & Kim, J.-S. (2018). Combined exercise 

improves gastrointestinal motility in psychiatric in patients. World Journal of Clinical Cases, 

6(8), 207-213. doi:10.12998/wjcc.v6.i8.207 

Song, M., Wu, K., Ogino, S., Fuchs, C. S., Giovannucci, E. L., & Chan, A. T. (2013). A prospective 

study of plasma inflammatory markers and risk of colorectal cancer in men. British Journal 

of Cancer, 108(9), 1891-1898. doi:10.1038/bjc.2013.172 

Sorrig, R., Klausen, T. W., Salomo, M., Vangsted, A. J., Ostergaard, B., Gregersen, H., Frolund, U. 

C., Andersen, N. F., Helleberg, C., Andersen, K. T., Pedersen, R. S., Pedersen, P., 

Abildgaard, N., Gimsing, P., & Danish Myeloma Study, G. (2016). Smoldering multiple 

myeloma risk factors for progression: A danish population-based cohort study. European 

Journal of Haematology, 97(3), 303-309. doi:10.1111/ejh.12728 

Spartano, N. L., Stevenson, M. D., Xanthakis, V., Larson, M. G., Andersson, C., Murabito, J. M., & 

Vasan, R. S. (2017). Associations of objective physical activity with insulin sensitivity and 

circulating adipokine profile: The framingham heart study. Clinical Obesity, 7(2), 59-69. 

doi:10.1111/cob.12177 

Spielmann, G., McFarlin, B. K., O'Connor, D. P., Smith, P. J. W., Pircher, H., & Simpson, R. J. 

(2011). Aerobic fitness is associated with lower proportions of senescent blood t-cells in 

man. Brain Behavior & Immunity, 25(8), 1521-1529. doi:10.1016/j.bbi.2011.07.226 

Sproston, N. R., & Ashworth, J. J. (2018). Role of c-reactive protein at sites of inflammation and 

infection. Frontiers in Immunology, 9. doi:10.3389/fimmu.2018.00754 

Stabley, J. N., Moningka, N. C., Behnke, B. J., & Delp, M. D. (2014). Exercise training augments 

regional bone and marrow blood flow during exercise. Medicine and Science in Sports and 

Exercise, 46(11), 2107-2112. doi:10.1249/mss.0000000000000342 

Steensberg, A., Fischer, C. P., Keller, C., Moller, K., & Pedersen, B. K. (2003). Il-6 enhances plasma 

il-1ra, il-10, and cortisol in humans. American Journal of Physiology-Endocrinology and 

Metabolism, 285(2), E433-E437. doi:10.1152/ajpendo.00074.2003 

Steeves, J. A., Fitzhugh, E. C., Bradwin, G., McGlynn, K. A., Platz, E. A., & Joshu, C. E. (2016). 

Cross-sectional association between physical activity and serum testosterone levels in us 

men: Results from nhanes 1999-2004. Andrology, 4(3), 465-472. doi:10.1111/andr.12169 



248 

 

Stewart, L. K., Earnest, C. P., Blair, S. N., & Church, T. S. (2010). Effects of different doses of 

physical activity on c-reactive protein among women. Medicine and Science in Sports and 

Exercise, 42(4), 701-707. doi:10.1249/MSS.0b013e3181c03a2b 

Stolzenberg-Solomon, R. Z., Graubard, B. I., Chari, S., Limburg, P., Taylor, P. R., Virtamo, J., & 

Albanes, D. (2005). Insulin, glucose, insulin resistance, and pancreatic cancer in male 

smokers. Journal of the American Medical Association, 294(22), 2872-2878. 

doi:10.1001/jama.294.22.2872 

Strauss, J., & Barbieri, R. (2009). Yen and jaffe's reproductive endocrinology: Physiology, 

pathophysiology and clinical management. In (Sixth ed., pp. 807). Philadelphia, PA: 

Elsevier. 

Suen, H., Brown, R., Yang, S., Weatherburn, C., Ho, P. J., Woodland, N., Nassif, N., Barbaro, P., 

Bryant, C., Hart, D., Gibson, J., & Joshua, D. (2016). Multiple myeloma causes clonal t-cell 

immunosenescence: Identification of potential novel targets for promoting tumour immunity 

and implications for checkpoint blockade. Leukemia, 30(8), 1716-1724. 

doi:10.1038/leu.2016.84 

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., & Bray, F. (2021). 

Global cancer statistics 2020: Globocan estimates of incidence and mortality worldwide for 

36 cancers in 185 countries. CA: A Cancer Journal for Clinicians. doi:10.3322/caac.21660 

Suzuki, K., Ito, Y., Wakai, K., Kawado, M., Hashimoto, S., Toyoshima, H., Kojima, M., Tokudome, 

S., Hayakawa, N., Watanabe, Y., Tamakoshi, K., Suzuki, S., Ozasa, K., Tamakoshi, A., & 

Japan Collaborative Cohort, S. (2004). Serum oxidized low-density lipoprotein levels and 

risk of colorectal cancer: A case-control study nested in the japan collaborative cohort study. 

Cancer Epidemiology Biomarkers & Prevention, 13(11), 1781-1787.  

Swift, D. L., Johannsen, N. M., Lavie, C. J., Earnest, C. P., & Church, T. S. (2014). The role of 

exercise and physical activity in weight loss and maintenance. Progress in Cardiovascular 

Diseases, 56(4), 441-447. doi:10.1016/j.pcad.2013.09.012 

Szabo, P. A., Miron, M., & Farber, D. L. (2019). Location, location, location: Tissue resident 

memory t cells in mice and humans. Science Immunology, 4(34). 

doi:10.1126/sciimmunol.aas9673 

Takamura, S. (2018). Niches for the long-term maintenance of tissue-resident memory t cells. 

Frontiers in Immunology, 9. doi:10.3389/fimmu.2018.01214 

Takeshima, N., Rogers, N. L., Rogers, M. E., Islam, M. M., Koizumi, D., & Lee, S. (2007). 

Functional fitness gain varies in older adults depending on exercise mode. Medicine and 

Science in Sports and Exercise, 39(11), 2036-2043. doi:10.1249/mss.0b013e31814844b7 

Tamura, Y., Watanabe, K., Kantani, T., Hayashi, J., Ishida, N., & Kaneki, M. (2011). Upregulation 

of circulating IL-15 by treadmill running in healthy individuals: Is IL-15 an endocrine 

mediator of the beneficial effects of endurance exercise? Endocrine Journal, 58(3), 211-215. 

doi:10.1507/endocrj.K10E-400 

Tanaka, T., Narazaki, M., & Kishimoto, T. (2014). Il-6 in inflammation, immunity, and disease. Cold 

Spring Harbor Perspectives in Biology, 6(10). doi:10.1101/cshperspect.a016295 

Taniguchi, C. M., Emanuelli, B., & Kahn, C. R. (2006). Critical nodes in signalling pathways: 

Insights into insulin action. Nature Reviews Molecular Cell Biology, 7(2), 85-96. 

doi:10.1038/nrm1837 

Teague, R. M., Sather, B. D., Sacks, J. A., Huang, M. Z., Dossett, M. L., Morimoto, J., Tan, X. X., 

Sutton, S. E., Cooke, M. P., Ohlen, C., & Greenberg, P. D. (2006). Interleukin-15 rescues 

tolerant cd8(+) t cells for use in adoptive immunotherapy of established tumors. Nature 

Medicine, 12(3), 335-341. doi:10.1038/nm1359 

Thomas, E. T., Del Mar, C., Glasziou, P., Wright, G., Barratt, A., & Bell, K. J. L. (2017). Prevalence 

of incidental breast cancer and precursor lesions in autopsy studies: A systematic review and 

meta-analysis. BMC Cancer, 17. doi:10.1186/s12885-017-3808-1 

Thompson, D., Markovitch, D., Betts, J. A., Mazzatti, D., Turner, J., & Tyrrell, R. M. (2010). Time 

course of changes in inflammatory markers during a 6-mo exercise intervention in sedentary 

middle-aged men: A randomized-controlled trial. Journal of Applied Physiology (1985), 

108(4), 769-779. doi:10.1152/japplphysiol.00822.2009 

Thompson, H. J., Westerlind, K. C., Snedden, J., Briggs, S., & Singh, M. (1995). Exercise intensity-

dependent inhibition of 1-methyl-1-nitrosourea induced mammary carcinogenesis in female 

f344 rats. Carcinogenesis, 16(8), 1783-1786. doi:10.1093/carcin/16.8.1783 



249 

 

Thompson, H. J., Wolfe, P., McTiernan, A., Jiang, W., & Zhu, Z. (2010). Wheel running-induced 

changes in plasma biomarkers and carcinogenic response in the 1-methyl-1-nitrosourea-

induced rat model for breast cancer. Cancer Prevention Research, 3(11), 1484-1492. 

doi:10.1158/1940-6207.capr-10-0078 

Thompson, I. M., Jr., Goodman, P. J., Tangen, C. M., Parnes, H. L., Minasian, L. M., Godley, P. A., 

Lucia, M. S., & Ford, L. G. (2013). Long-term survival of participants in the prostate cancer 

prevention trial. New England Journal of Medicine, 369(7), 603-610. 

doi:10.1056/NEJMoa1215932 

Thordardottir, M., Lindqvist, E. K., Lund, S. H., Costello, R., Burton, D., Korde, N., Mailankody, 

S., Eiriksdottir, G., Launer, L. J., Gudnason, V., Harris, T. B., Landgren, O., & Kristinsson, 

S. Y. (2017). Obesity and risk of monoclonal gammopathy of undetermined significance and 

progression to multiple myeloma: A population-based study. Blood Advances, 1(24), 2186-

2192. doi:10.1182/bloodadvances.2017007609 

Thorsteinsdottir, S., Gislason, G., Aspelund, T., Sverrisdottir, I., Landgren, O., Turesson, I., 

Bjorkholm, M., & Kristinsson, S. Y. (2020). Fractures and survival in multiple myeloma: 

Results from a population-based study. Haematologica, 105(4), 1067-1073. 

doi:10.3324/haematol.2019.230011 

Thorsteinsdottir, S., Lund, S. H., Lindqvist, E. K., Thordardottir, M., Sigurdsson, G., Costello, R., 

Burton, D., Steingrimsdottir, H., Gudnason, V., Eiriksdottir, G., Siggeirsdottir, K., Harris, T. 

B., Landgren, O., & Kristinsson, S. Y. (2017). Bone disease in monoclonal gammopathy of 

undetermined significance: Results from a screened population-based study. Blood 

Advances, 1(27), 2790-2798. doi:10.1182/bloodadvances.2017010454 

Thune, I., Brenn, T., Lunk, E., & Gaard, M. (1997). Physical activity and the risk of breast cancer. 

New England Journal of Medicine, 336(18), 1269-1275. 

doi:10.1056/nejm199705013361801 

Thune, I., & Lund, E. (1994). Physical-activity and the risk of prostate and testicular cancer - a cohort 

study of 53,000 norwegian men. Cancer Causes & Control, 5(6), 549-556. 

doi:10.1007/bf01831383 

Tidball, J. G. (2017). Regulation of muscle growth and regeneration by the immune system. Nature 

Reviews Immunology, 17(3), 165-178. doi:10.1038/nri.2016.150 

Tobias, D. K., Akinkuolie, A. O., Chandler, P. D., Lawler, P. R., Manson, J. E., Buring, J. E., Ridker, 

P. M., Wang, L., Lee, I. M., & Mora, S. (2018). Markers of inflammation and incident breast 

cancer risk in the women's health study. American Journal of Epidemiology, 187(4), 705-

716. doi:10.1093/aje/kwx250 

Tomasetti, C., Li, L., & Vogelstein, B. (2017). Cancer etiology stem cell divisions, somatic 

mutations, cancer etiology, and cancer prevention. Science, 355(6331), 1330-1334. 

doi:10.1126/science.aaf9011 

Tomasetti, C., & Vogelstein, B. (2015). Variation in cancer risk among tissues can be explained by 

the number of stem cell divisions. Science, 347(6217), 78-81. doi:10.1126/science.1260825 

Tompa, A., Nilsson-Bowers, A., & Faresjo, M. (2018). Subsets of cd4+, cd8+, and cd25(hi) 

lymphocytes are in general not influenced by isolation and long-term cryopreservation. 

Journal of Immunology, 201(6), 1799-1809. doi:10.4049/jimmunol.1701409 

Traustadottir, T., Davies, S. S., Su, Y., Choi, L., Brown-Borg, H. M., Roberts, L. J., II, & Harman, 

S. M. (2012). Oxidative stress in older adults: Effects of physical fitness. Age, 34(4), 969-

982. doi:10.1007/s11357-011-9277-6 

Trim, W., Turner, J. E., & Thompson, D. (2018). Parallels in immunometabolic adipose tissue 

dysfunction with ageing and obesity. Frontiers in Immunology, 9. 

doi:10.3389/fimmu.2018.00169 

Tsuji, T., Eng, K. H., Matsuzaki, J., Battaglia, S., Szender, J. B., Miliotto, A., Gnjatic, S., Bshara, 

W., Morrison, C. D., Lele, S., Emerson, R. O., Wang, J., Liu, S., Robins, H., Lugade, A. A., 

& Odunsi, K. (2020). Clonality and antigen-specific responses shape the prognostic effects 

of tumor-infiltrating t cells in ovarian cancer. Oncotarget, 11(27), 2669-2683. 

doi:10.18632/oncotarget.27666 

Turner, J. E. (2016). Is immunosenescence influenced by our lifetime "dose" of exercise? 

Biogerontology, 17(3), 581-602. doi:10.1007/s10522-016-9642-z 

Turner, J. E., & Brum, P. C. (2017). Does regular exercise counter t cell immunosenescence reducing 

the risk of developing cancer and promoting successful treatment of malignancies? Oxidative 

Medicine and Cellular Longevity. doi:10.1155/2017/4234765 



250 

 

Turner, J. E., Hodges, N. J., Bosch, J. A., & Aldred, S. (2011). Prolonged depletion of antioxidant 

capacity after ultraendurance exercise. Medicine and Science in Sports and Exercise, 43(9), 

1770-1776. doi:10.1249/MSS.0b013e31821240bb 

Turner, J. E., Spielmann, G., Wadley, A. J., Aldred, S., Simpson, R. J., & Campbell, J. P. (2016a). 

Exercise-induced b cell mobilisation: Preliminary evidence for an influx of immature cells 

into the bloodstream. Physiology & Behavior, 164, 376-382. 

doi:10.1016/j.physbeh.2016.06.023 

Turner, J. E., Wadley, A. J., Aldred, S., Fisher, J. P., Bosch, J. A., & Campbell, J. P. (2016b). 

Intensive exercise does not preferentially mobilize skin-homing t cells and nk cells. Medicine 

and Science in Sports and Exercise, 48(7), 1285-1293. doi:10.1249/mss.0000000000000914 

Tworoger, S. S., Missmer, S. A., Eliassen, A. H., Barbieri, R. L., Dowsett, M., & Hankinson, S. E. 

(2007). Physical activity and inactivity in relation to sex hormone, prolactin, and insulin-like 

growth factor concentrations in premenopausal women - exercise and premenopausal 

hormones. Cancer Causes & Control, 18(7), 743-752. doi:10.1007/s10552-007-9017-5 

Tylutka, A., Morawin, B., Gramacki, A., & Zembron-Lacny, A. (2021). Lifestyle exercise attenuates 

immunosenescence; flow cytometry analysis. BMC Geriatrics, 21(1), 200-200. 

doi:10.1186/s12877-021-02128-7 

Vaddepally, R. K., Kharel, P., Pandey, R., Garje, R., & Chandra, A. B. (2020). Review of indications 

of fda-approved immune checkpoint inhibitors per nccn guidelines with the level of 

evidence. Cancers, 12(3). doi:10.3390/cancers12030738 

Valko, M., Izakovic, M., Mazur, M., Rhodes, C. J., & Telser, J. (2004). Role of oxygen radicals in 

DNA damage and cancer incidence. Molecular and Cellular Biochemistry, 266(1-2), 37-56. 

doi:10.1023/b:mcbi.0000049134.69131.89 

van Gemert, W. A. M., Schuit, A. J., van der Palen, J., May, A. M., Iestra, J. A., Wittink, H., Peeters, 

P. H., & Monninkhof, E. M. (2015). Effect of weight loss, with or without exercise, on body 

composition and sex hormones in postmenopausal women: The shape-2 trial. Breast Cancer 

Research, 17. doi:10.1186/s13058-015-0633-9 

VanderWall, K., Daniels-Wells, T. R., Penichet, M., & Lichtenstein, A. (2013). Iron in multiple 

myeloma. Critical Reviews in Oncogenesis, 18(5, Sp. Iss. SI), 449-461.  

Veronese, N., Luchini, C., Solmi, M., Sergi, G., Manzato, E., & Stubbs, B. (2018). Monoclonal 

gammopathy of undetermined significance and bone health outcomes: A systematic review 

and exploratory meta-analysis. Journal of Bone and Mineral Metabolism, 36(1), 128-132. 

doi:10.1007/s00774-017-0817-8 

Verschoor, C. P., Kohli, V., & Balion, C. (2018). A comprehensive assessment of 

immunophenotyping performed in cryopreserved peripheral whole blood. Cytometry Part 

B-Clinical Cytometry, 94(5), 662-670. doi:10.1002/cyto.b.21526 

Voss, M. W., Erickson, K. I., Prakash, R. S., Chaddock, L., Kim, J. S., Alves, H., Szabo, A., Phillips, 

S. M., Wojcicki, T. R., Mailey, E. L., Olson, E. A., Gothe, N., Vieira-Potter, V. J., Martin, 

S. A., Pence, B. D., Cook, M. D., Woods, J. A., McAuley, E., & Kramer, A. F. (2013). 

Neurobiological markers of exercise-related brain plasticity in older adults. Brain Behavior 

& Immunity, 28, 90-99. doi:10.1016/j.bbi.2012.10.021 

Vrisekoop, N., den Braber, I., de Boer, A. B., Ruiter, A. F. C., Ackermans, M. T., van der Crabben, 

S. N., Schrijver, E. H. R., Spierenburg, G., Sauerwein, H. P., Hazenberg, M. D., de Boer, R. 

J., Miedema, F., Borghans, J. A. M., & Tesselaar, K. (2008). Sparse production but 

preferential incorporation of recently produced naive t cells in the human peripheral pool. 

Proceedings of the National Academy of Sciences of the United States of America, 105(16), 

6115-6120. doi:10.1073/pnas.0709713105 

Vukmanovic-Stejic, M., Sandhu, D., Seidel, J. A., Patel, N., Sobande, T. O., Agius, E., Jackson, S. 

E., Fuentes-Duculan, J., Suarez-Farinas, M., Mabbott, N. A., Lacy, K. E., Ogg, G., Nestle, 

F. O., Krueger, J. G., Rustin, M. H. A., & Akbar, A. N. (2015). The characterization of 

varicella zoster virus-specific t cells in skin and blood during aging. Journal of Investigative 

Dermatology, 135(7), 1752-1762. doi:10.1038/jid.2015.63 

Vukmanovic-Stejic, M., Sandhu, D., Sobande, T. O., Agius, E., Lacy, K. E., Riddell, N., Montez, S., 

Dintwe, O. B., Scriba, T. J., Breuer, J., Nikolich-Zugich, J., Ogg, G., Rustin, M. H. A., & 

Akbar, A. N. (2013). Varicella zoster-specific cd4(+)foxp3(+) t cells accumulate after 

cutaneous antigen challenge in humans. Journal of Immunology, 190(3), 977-986. 

doi:10.4049/jimmunol.1201331 



251 

 

Waetzig, G. H., Rosenstiel, P., Arlt, A., Till, A., Brautigam, K., Schafer, H., Rose-John, S., Seegert, 

D., & Schreiber, S. (2004). Soluble tumor necrosis factor (tnf) receptor-1 induces apoptosis 

via reverse tnf signaling and autocrine transforming growth factor-beta 1. Federation of 

American Societies for Experimental Biology Journal, 18(13). doi:10.1096/fj.04-2073fje 

Wakai, K., Suzuki, K., Ito, Y., Kojima, M., Tamakoshi, K., Watanabe, Y., Toyoshima, H., 

Hayakawa, N., Hashimoto, S., Tokudome, S., Suzuki, S., Kawado, M., Ozasa, K., 

Tamakoshi, A., & Japan Collaborative Cohort Study, G. (2005). Serum carotenoids, retinol, 

and tocopherols, and colorectal cancer risk in a japanese cohort: Effect modification by sex 

for carotenoids. Nutrition and Cancer, 51(1), 13-24. doi:10.1207/s15327914nc5101_3 

Wang, J.-n., Cao, X.-x., Zhao, A.-l., Cai, H., Wang, X., & Li, J. (2018). Increased activated regulatory 

t cell subsets and aging treg-like cells in multiple myeloma and monoclonal gammopathy of 

undetermined significance: A case control study. Cancer Cell International, 18. 

doi:10.1186/s12935-018-0687-8 

Wang, J.-S., Chen, W.-L., & Weng, T.-P. (2011). Hypoxic exercise training reduces senescent t-

lymphocyte subsets in blood. Brain Behavior & Immunity, 25(2), 270-278. 

doi:10.1016/j.bbi.2010.09.018 

Wang, J.-S., & Wu, C.-K. (2009). Systemic hypoxia affects exercise-mediated antitumor cytotoxicity 

of natural killer cells. Journal of Applied Physiology, 107(6), 1817-1824. 

doi:10.1152/japplphysiol.00687.2009 

Wang, L., Pan, S., Zhu, B., Yu, Z., & Wang, W. (2021). Comprehensive analysis of tumour 

mutational burden and its clinical significance in prostate cancer. BMC Urology, 21(1). 

doi:10.1186/s12894-021-00795-7 

Ware, J. E., & Sherbourne, C. D. (1992). The mos 36-item short-form health survey (sf-36) .1. 

Conceptual-framework and item selection. Medical Care, 30(6), 473-483. 

doi:10.1097/00005650-199206000-00002 

Watkinson, F., Nayar, S. K., Rani, A., Sakellariou, C. A., Elhage, O., Papaevangelou, E., Dasgupta, 

P., & Galustian, C. (2020). Il-15 upregulates telomerase expression and potently increases 

proliferative capacity of nk, nkt-like, and cd8 t cells. Frontiers in Immunology, 11, 594620-

594620. doi:10.3389/fimmu.2020.594620 

Watts, E. L., Appleby, P. N., Perez-Cornago, A., Bueno-de-Mesquita, H. B., Chan, J. M., Chen, C., 

Cohn, B. A., Cook, M. B., Flicker, L., Freedman, N. D., Giles, G. G., Giovannucci, E., 

Gislefoss, R. E., Hankey, G. J., Kaaks, R., Knekt, P., Kolonel, L. N., Kubo, T., Le Marchand, 

L., Luben, R. N., Luostarinen, T., Mannisto, S., Metter, E. J., Mikami, K., Milne, R. L., 

Ozasa, K., Platz, E. A., Quiros, J. R., Rissanen, H., Sawada, N., Stampfer, M., Stanczyk, F. 

Z., Stattin, P., Tamakoshi, A., Tangen, C. M., Thompson, I. M., Tsilidis, K. K., Tsugane, S., 

Ursin, G., Vatten, L., Weiss, N. S., Yeap, B. B., Allen, N. E., Key, T. J., & Travis, R. C. 

(2018). Low free testosterone and prostate cancer risk: A collaborative analysis of 20 

prospective studies. European Urology, 74(5), 585-594. doi:10.1016/j.eururo.2018.07.024 

Weinhold, M., Shimabukuro-Vornhagen, A., Franke, A., Theurich, S., Wahl, P., Hallek, M., 

Schmidt, A., Schinkoethe, T., Mester, J., von Bergwelt-Baildon, M., & Bloch, W. (2016). 

Physical exercise modulates the homeostasis of human regulatory t cells. Journal of Allergy 

and Clinical Immunology, 137(5), 1607-1610. doi:10.1016/j.jaci.2015.10.035 

Weiss, B. M., Abadie, J., Verma, P., Howard, R. S., & Kuehl, W. M. (2009). A monoclonal 

gammopathy precedes multiple myeloma in most patients. Blood, 113(22), 5418-5422. 

doi:10.1182/blood-2008-12-195008 

Wennberg, A. M. V., Hagen, C. E., Petersen, R. C., & Mielke, M. M. (2018). Trajectories of plasma 

igf-1, igfbp-3, and their ratio in the mayo clinic study of aging. Experimental Gerontology, 

106, 67-73. doi:10.1016/j.exger.2018.02.015 

Wennerberg, E., Lhuillier, C., Rybstein, M. D., Dannenberg, K., Rudqvist, N.-P., Koelwyn, G. J., 

Jones, L. W., & Demaria, S. (2020). Exercise reduces immune suppression and breast cancer 

progression in a preclinical model. Oncotarget, 11(4), 452-461. 

doi:10.18632/oncotarget.27464 

Westhrin, M., Kovcic, V., Zhang, Z., Moen, S. H., Nedal, T. M. V., Bondt, A., Holst, S., Misund, 

K., Buene, G., Sundan, A., Waage, A., Slordahl, T. S., Wuhrer, M., & Standal, T. (2020). 

Monoclonal immunoglobulins promote bone loss in multiple myeloma. Blood, 136(23), 

2656-2666. doi:10.1182/blood.2020006045 



252 

 

White, M. C., Holman, D. M., Boehm, J. E., Peipins, L. A., Grossman, M., & Henley, J. (2014). Age 

and cancer risk a potentially modifiable relationship. American Journal of Preventive 

Medicine, 46(3), S7-S15. doi:10.1016/j.amepre.2013.10.029 

Willrich, M. A. V., Murray, D. L., & Kyle, R. A. (2018). Laboratory testing for monoclonal 

gammopathies: Focus on monoclonal gammopathy of undetermined significance and 

smoldering multiple myeloma. Clinical Biochemistry, 51, 38-47. 

doi:10.1016/j.clinbiochem.2017.05.001 

Wing, J. B., Tanaka, A., & Sakaguchi, S. (2019). Human foxp3(+) regulatory t cell heterogeneity 

and function in autoimmunity and cancer. Immunity, 50(2), 302-316. 

doi:10.1016/j.immuni.2019.01.020 

Wiskemann, J., Dreger, P., Schwerdtfeger, R., Bondong, A., Huber, G., Kleindienst, N., Ulrich, C. 

M., & Bohus, M. (2011). Effects of a partly self-administered exercise program before, 

during, and after allogeneic stem cell transplantation. Blood, 117(9), 2604-2613. 

doi:10.1182/blood-2010-09-306308 

Wiskemann, J., Kleindienst, N., Kuehl, R., Dreger, P., Schwerdtfeger, R., & Bohus, M. (2015). 

Effects of physical exercise on survival after allogeneic stem cell transplantation. 

International Journal of Cancer, 137(11), 2749-2756. doi:10.1002/ijc.29633 

Wisloff, U., Stoylen, A., Loennechen, J. P., Bruvold, M., Rognmo, O., Haram, P. M., Tjonna, A. E., 

Helgerud, J., Slordahl, S. A., Lee, S. J., Videm, V., Bye, A., Smith, G. L., Najjar, S. M., 

Ellingsen, O., & Skjaerpe, T. (2007). Superior cardiovascular effect of aerobic interval 

training versus moderate continuous training in heart failure patients - a randomized study. 

Circulation, 115(24), 3086-3094. doi:10.1161/circulationaha.106.675041 

Wolf, J., Rose-John, S., & Garbers, C. (2014). Interleukin-6 and its receptors: A highly regulated and 

dynamic system. Cytokine, 70(1), 11-20. doi:10.1016/j.cyto.2014.05.024 

Wolin, K. Y., Colangelo, L. A., Liu, K., Stemfeld, B., & Gapstur, S. M. (2007). Associations of 

androgens with physical activity and fitness in young black and white men: The cardia male 

hormone study. Preventive Medicine, 44(5), 426-431. doi:10.1016/j.ypmed.2006.12.004 

Woods, J. A., Ceddia, M. A., Wolters, B. W., Evans, J. K., Lu, Q., & McAuley, E. (1999). Effects of 

6 months of moderate aerobic exercise training on immune function in the elderly. 

Mechanisms of Ageing and Development, 109(1), 1-19. doi:10.1016/s0047-6374(99)00014-

7 

Wu, A. H., Whittemore, A. S., Kolonel, L. N., John, E. M., Gallagher, R. P., West, D. W., Hankin, 

J., Teh, C. Z., Dreon, D. M., & Paffenbarger, R. S. (1995). Serum androgens and sex 

hormone-binding globulins in relation to life-style factors in older african-american, white, 

and asian men in the united-states and canada. Cancer Epidemiology Biomarkers & 

Prevention, 4(7), 735-741.  

Wu, X. F., Tortolero-Luna, G., Zhao, H., Phatak, D., Spitz, M. R., & Follen, M. (2003). Serum levels 

of insulin-like growth factor i and risk of squamous intraepithelial lesions of the cervix. 

Clinical Cancer Research, 9(9), 3356-3361.  

Wu, Y., Zhang, D., & Kang, S. (2013). Physical activity and risk of breast cancer: A meta-analysis 

of prospective studies. Breast Cancer Research and Treatment, 137(3), 869-882. 

doi:10.1007/s10549-012-2396-7 

Wyss, M., & Kaddurah-Daouk, R. (2000). Creatine and creatinine metabolism. Physiological 

Reviews, 80(3), 1107-1213.  

Yager, J. (2000). Endogenous estrogens as carcinogens through metabolic activation. Journal of the 

National Cancer Institute Monographs, 2000(27), 67-73. doi: 

10.1093/oxfordjournals.jncimonographs.a024245 

Yager, J. D., & Davidson, N. E. (2006). Mechanisms of disease: Estrogen carcinogenesis in breast 

cancer. New England Journal of Medicine, 354(3), 270-282. doi:10.1056/NEJMra050776 

Yan, L., & Demars, L. C. (2011). Effects of non-motorized voluntary running on experimental and 

spontaneous metastasis in mice. Anticancer Research, 31(10), 3337-3344.  

Yang, J., Wezeman, M., Zhang, X., Lin, P., Wang, M., Qian, J., Wan, B., Kwak, L. W., Yu, L., & 

Yi, Q. (2007). Human c-reactive protein binds activating fcgamma receptors and protects 

myeloma tumor cells from apoptosis. Cancer Cell, 12(3), 252-265. 

doi:10.1016/j.ccr.2007.08.008 

Yang, Y.-R., Huang, L.-J., Ma, Y.-P., Lu, Y.-J., Yang, L.-H., & Zhou, Y.-A. (2009). Mechanism of 

c-reactive protein on proliferation of multiple myeloma u266 cells. Zhongguo Shi Yan Xue 

Ye Xue Za Zhi, 17(5), 1242-1245.  



253 

 

Yang, Y., An, J., & Weng, N.-P. (2008). Telomerase is involved in il-7-mediated differential survival 

of naive and memory cd4(+) t cells. Journal of Immunology, 180(6), 3775-3781. 

doi:10.4049/jimmunol.180.6.3775 

Yeh, S. H., Chuang, H., Lin, L. W., Hsiao, C. Y., & Eng, H. L. (2006). Regular tai chi chuan exercise 

enhances functional mobility and cd4cd25 regulatory t cells. British Journal of Sports 

Medicine, 40(3), 239-243. doi:10.1136/bjsm.2005.022095 

Yeh, S. H., Chuang, H., Lin, L. W., Hsiao, C. Y., Wang, P. W., Liu, R. T., & Yang, K. D. (2009). 

Regular tai chi chuan exercise improves t cell helper function of patients with type 2 diabetes 

mellitus with an increase in t-bet transcription factor and il-12 production. British Journal of 

Sports Medicine, 43(11), 845-850. doi:10.1136/bjsm.2007.043562 

Yellen, S. B., Cella, D. F., Webster, K., Blendowski, C., & Kaplan, E. (1997). Measuring fatigue and 

other anemia-related symptoms with the functional assessment of cancer therapy (fact) 

measurement system. Journal of Pain and Symptom Management, 13(2), 63-74. 

doi:10.1016/s0885-3924(96)00274-6 

Yoon, J.-R., Ha, G.-C., Ko, K.-J., & Kang, S.-J. (2018). Effects of exercise type on estrogen, tumor 

markers, immune function, antioxidant function, and physics fitness in postmenopausal 

obese women. Journal of Exercise Rehabilitation, 14(6), 1032-1040. 

doi:10.12965/jer.1836446.223 

Zavidij, O., Haradhvala, N. J., Mouhieddine, T. H., Sklavenitis-Pistofidis, R., Cai, S., Reidy, M., 

Rahmat, M., Flaifel, A., Ferland, B., Su, N. K., Agius, M. P., Park, J., Manier, S., Bustoros, 

M., Huynh, D., Capelletti, M., Berrios, B., Liu, C.-J., He, M. X., Braggio, E., Fonseca, R., 

Maruvka, Y., Guerriero, J. L., Goldman, M., van Allen, E., McCarroll, S. A., Azzi, J., Getz, 

G., & Ghobrial, I. M. (2020). Single-cell rna sequencing reveals compromised immune 

microenvironment in precursor stages of multiple myeloma. Nature Cancer, 1(5). 

doi:10.1038/s43018-020-0053-3 

Zhang, L., Wang, Y., Xiong, L., Luo, Y., Huang, Z., & Yi, B. (2019). Exercise therapy improves 

egfr, and reduces blood pressure and bmi in non-dialysis ckd patients: Evidence from a meta-

analysis. BMC Nephrology, 20(1), 398. doi:10.1186/s12882-019-1586-5 

Zhang, Q.-B., Meng, X.-T., Jia, Q.-A., Bu, Y., Ren, Z.-G., Zhang, B.-H., & Tang, Z.-Y. (2016). 

Herbal compound songyou yin and moderate swimming suppress growth and metastasis of 

liver cancer by enhancing immune function. Integrative Cancer Therapies, 15(3), 368-375. 

doi:10.1177/1534735415622011 

Zhang, X., Ashcraft, K. A., Warner, A. B., Nair, S. K., & Dewhirst, M. W. (2019). Can exercise-

induced modulation of the tumor physiologic microenvironment improve antitumor 

immunity? Cancer Research, 79(10), 2447-2456. doi:10.1158/0008-5472.Can-18-2468 

Zhang, Y., Wallace, D. L., de Lara, C. M., Ghattas, H., Asquith, B., Worth, A., Griffin, G. E., Taylor, 

G. P., Tough, D. F., Beverley, P. C. L., & Macallan, D. C. (2007). In vivo kinetics of human 

natural killer cells: The effects of ageing and acute and chronic viral infection. Immunology, 

121(2), 258-265. doi:10.1111/j.1365-2567.2007.02573.x 

Zhao, M., Veeranki, S. P., Magnussen, C. G., & Xi, B. (2020). Recommended physical activity and 

all cause and cause specific mortality in us adults: Prospective cohort study. BMJ, 370, 

m2031-m2031. doi:10.1136/bmj.m2031 

Zhou, B., Shu, B., Yang, J., Liu, J., Xi, T., & Xing, Y. (2014). C-reactive protein, interleukin-6 and 

the risk of colorectal cancer: A meta-analysis. Cancer Causes & Control, 25(10), 1397-1405. 

doi:10.1007/s10552-014-0445-8 

Zhou, D., Yang, L., Zheng, L., Ge, W., Li, D., Zhang, Y., Hu, X., Gao, Z., Xu, J., Huang, Y., Hu, H., 

Zhang, H., Zhang, H., Liu, M., Yang, H., Zheng, L., & Zheng, S. (2013). Exome capture 

sequencing of adenoma reveals genetic alterations in multiple cellular pathways at the early 

stage of colorectal tumorigenesis. PLoS One, 8(1). doi:10.1371/journal.pone.0053310 

Zhu, J., Yamane, H., & Paul, W. E. (2010). Differentiation of effector cd4 t cell populations. Annual 

Review of Immunology, 28, 445-489. doi: 10.1146/annurev-immunol-030409-101212 

Zhu, Z., Jiang, W., McGinley, J. N., & Thompson, H. J. (2009). Energetics and mammary 

carcinogenesis: Effects of moderate-intensity running and energy intake on cellular 

processes and molecular mechanisms in rats. Journal of Applied Physiology, 106(3), 911-

918. doi:10.1152/japplphysiol.91201.2008 

Zhu, Z., Jiang, W., Sells, J. L., Neil, E. S., McGinley, J. N., & Thompson, H. J. (2008). Effect of 

nonmotorized wheel running on mammary carcinogenesis: Circulating biomarkers, cellular 



254 

 

processes, and molecular mechanisms in rats. Cancer Epidemiology Biomarkers & 

Prevention, 17(8), 1920-1929. doi:10.1158/1055-9965.epi-08-0175 

Zhu, Z., Jiang, W., Zacher, J. H., Neil, E. S., McGinley, J. N., & Thompson, H. J. (2012). Effects of 

energy restriction and wheel running on mammary carcinogenesis and host systemic factors 

in a rat model. Cancer Prevention Research, 5(3), 414-422. doi:10.1158/1940-6207.capr-

11-0454 

Zielinski, M. R., Muenchow, M., Wallig, M. A., Horn, P. L., & Woods, J. A. (2004). Exercise delays 

allogeneic tumor growth and reduces intratumoral inflammation and vascularization. 

Journal of Applied Physiology, 96(6), 2249-2256. doi:10.1152/japplphysiol.01210.2003 

 

 




