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Abstract 
Epidemiological evidence suggests that exer-
cise improves survival in cancer patients. 
However, much is still unknown regarding the 
mechanisms of this positive survival effect 
and there are indications that exercise may not 
be universally beneficial for cancer patients. 
The key to understanding in which situations 
exercise is beneficial may lie in understanding 
its influence on the tumour microenvironment 
(TME)—and conversely, the influence of the 
tumour on physical functioning. The TME 
consists of a vast multitude of different cell 
types, mechanical and chemical stressors and 
humoral factors. The interplay of these differ-
ent components greatly influences tumour cell 
characteristics and, subsequently, tumour 
growth rate and aggression. Exercise exerts 
whole-body physiological effects and can 
directly and indirectly affect the TME. In this 
chapter, we first discuss the possible role of 
exercise capacity (‘fitness’) and exercise 
adaptability on tumour responsiveness to 
exercise. We summarise how exercise affects 
aspects of the TME such as tumour perfusion, 
vascularity, hypoxia (reduced oxygenation) 
and immunity. Additionally, we discuss the 
role of myokines and other circulating factors 

in eliciting these changes in the TME. Finally, 
we highlight unanswered questions and key 
areas for future research in exercise oncology 
and the TME.  
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3.1  Introduction 

Gone are the days in which cancer patients are 
treated to the adage ‘rest is best’. A wealth of epi-
demiological studies over the past two decades 
have provided evidence that physical activity or 
exercise reduces the risk of developing a range of 
different cancers (such as breast, colorectal and 
lung) and is even associated with improved sur-
vival outcomes in breast and colorectal cancer 
patients [1, 2]. Furthermore, exercise exhibits a 
remarkable safety profile compared with cancer 
therapeutics—it is not associated with any toxici-
ties of its own and may even reduce the rate or 
severity of treatment-associated adverse events 
[3]. In addition to survival benefits, exercise has 
been shown to improve cognitive and physical 
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functioning, reduce anxious and depressive 
symptoms and improve health-related quality of 
life in cancer patients (reviewed in [3]). 

However, there are indications that exercise is 
not universally beneficial for all cancer patients. 
Occasional preclinical studies have suggested 
that, in some situations, exercise may not affect 
tumour growth rate at all—or even increase 
tumour growth rate [4, 5]. It is unclear what the 
determinants of an exercise-responsive versus 
non-responsive tumour are, or how to identify 
which patients will benefit from exercise. The 
key to this may lie in how exercise affects the 
tumour microenvironment (TME). 

The TME is the local cellular, physical, chem-
ical and humoral environment that tumour cells 
inhabit. More specifically, it includes a range of 
cell types other than cancer cells, such as endo-
thelial cells, immune cells, fibroblasts and adipo-
cytes. Physical, chemical and humoral factors 
include the stiffness of the extracellular matrix, 
pH, oxygen tension, cytokines and growth fac-
tors. It is now well-known that tumour growth 
characteristics and metastatic capacity are in 
large part defined by the make-up of the 
TME.  Therefore, understanding the effects of 
exercise on the TME is integral to understanding 
how exercise exerts its beneficial effects (or lack 
thereof). 

This chapter will summarise and synthesise 
available preclinical (and clinical, where avail-
able) data on the effects of exercise on the 
TME.  We will describe the factors affecting 
individual exercise capacity and exercise 
adaptability and briefly summarise preclinical 
and epidemiological evidence on how exercise 
affects tumour growth/patient survival. The 
main focus of this chapter will be to discuss the 
finer details of how exercise affects the TME, 
including the role of myokines, tumour vascu-
lature/perfusion and hypoxia and immunity. 
Finally, we will suggest future avenues of 
investigation for the field of exercise 
oncology. 

3.2   Exercise Capacity 
and Exercise Adaptability

3.2.1    Exercise Capacity 

Exercise capacity is defined as the maximum 
amount of physical exertion that an individual 
can sustain and is colloquially referred to as ‘fit-
ness’ [6]. The major variable affecting exercise 
capacity is, of course, the intensity and duration 
of exercise performed by an individual on a regu-
lar basis. However, other factors can play an 
important role, including nutrition, age, gender 
and genetics. 

There is a clear heritable component to exer-
cise capacity. Rodents can be selectively bred for 
high inherent exercise capacity; these animals 
can run for longer and at a higher speed (in an 
untrained state) than their low inherent exercise 
capacity counterparts [7]. In addition, different 
inbred mouse strains have significantly different 
exercise capacities in the untrained state [8]. In 
humans, studies have suggested that there is a 
large heritable component to exercise capacity 
(reviewed in [9]). 

To our knowledge, there is just one study that 
has investigated the effect of inherent exercise 
capacity on cancer risk. Rats were selectively 
bred for high or low inherent exercise capacity 
and exposed to the carcinogen 1-methyl-1- 
nitrosurea (MNU) [10]. Rats with high inherent 
exercise capacity had lower tumour incidence 
(fewer rats with any breast malignancy), and 
those that did develop tumours had fewer tumours 
than rats with low inherent exercise capacity 
[10]. This suggests that there may be a large heri-
table component to the protective effect of exer-
cise on cancer risk.  

3.2.2   Exercise Adaptability 

There also appears to be a heritable component to 
exercise adaptability, that is, the ability of an 
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individual to effect the physiological changes 
required to improve exercise capacity in response 
to exercise. These include muscular adaptations 
(increased capillary density and mitochondrial 
expansion) and improved pulmonary and cardio-
vascular capacity [11]. In mice, different inbred 
strains exhibit significantly different changes in 
exercise capacity following the same training 
protocol [8]. Similarly, in humans, training- 
induced increases in maximal oxygen uptake 
(VO2 max) vary significantly more between fami-
lies than within families [12]. It has been sug-
gested that the heritability of exercise adaptability 
may be as much as 50% (reviewed in [9]). 

To our knowledge, there are no published 
studies specifically investigating the role of exer-
cise adaptability on risk of cancer. However, 
higher VO2 max was associated with improved 
survival in metastatic breast cancer patients and 
non-small cell lung cancer patients [13, 14]. We 
found a single clinical study in which exercise 
adaptations in the skeletal muscle of cancer 
patients were compared with healthy controls 
[15]. In that study, the authors found that a greater 
number of healthy individuals had an increase in 
muscle fibre cross-sectional area with exercise 
training compared with cancer patients [15]. In 
addition, healthy individuals had an increase in 
muscle capillarisation and quadriceps strength 
while cancer patients did not [15]. Although this 
study is limited by small numbers (n = 12–16 per 
group), it provides preliminary evidence that can-
cer patients may not adapt to exercise to the same 
degree as healthy individuals. Furthermore, com-
parison of a systematic review on improvements 
of VO2 max in cancer patients with data in healthy 
subjects suggests that the magnitude of improve-
ment in VO2 max is lower in cancer patients 
despite following similar exercise programs to 
the healthy subjects [16]. 

It is largely unknown what role exercise adapt-
ability and exercise capacity play in cancer 
patients’ response to exercise and, specifically, in 
exercise-induced changes in the TME. There are 
two possibilities: (1) the exercise adaptation 
response of the tumour is just as or more variable 
than the muscular/cardiopulmonary response or 
(2) the tumour response is less variable as tumour 

tissue is not directly involved in determining 
exercise capacity. In addition, the anatomical 
location of the tumour may be important. We 
speculate that tumours located in exercise- 
involved tissues (such as lung) may respond more 
strongly to exercise. 

The potential role of (inherited) exercise 
capacity and exercise adaptability has thus far 
been largely unacknowledged in exercise oncol-
ogy research. Given that higher exercise capacity 
is associated with lower tumour incidence in 
rodents [10] and improved survival in cancer 
patients [13], inherited exercise adaptability and 
exercise capacity may play a significant role in 
whether or not a particular cancer patient will 
benefit from exercise. In addition, impairments in 
exercise adaptability due to tumour or treatment 
burden may limit the effectiveness of exercise.   

3.3   Effect of Exercise on Tumour 
Growth/Patient Survival 

In this section we will give only a brief overview 
regarding the effect of exercise on tumour growth/
progression and patient survival in order to retain 
the main focus on the effects of exercise on the 
TME. We refer the interested reader to the many 
comprehensive reviews on the effect of exercise 
on cancer patient survival [2, 3, 17, 18] and the 
effect of exercise as a sole intervention in pre-
clinical studies [3, 19–22]. 

3.3.1   Clinical Studies 

The majority of clinical studies investigating the 
effect of exercise or physical activity on cancer 
patient survival have been observational studies. 
There is evidence that meeting the World Health 
Organization (WHO) guidelines of 150  min of 
moderate-intensity or 75  min of vigorous- 
intensity exercise per week confers a significant 
survival benefit for cancer patients and for some 
cancer types, such as colorectal cancer, a dose- 
response relationship between exercise volume 
and survival has been reported [2]. Current evi-
dence supports a 40–50% reduction in all-cause 
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mortality for breast, colorectal and prostate can-
cer survivors engaging in high levels of physical 
activity; other cancers have not yet been suffi-
ciently studied in this context [18]. However, 
there is a large possibility of reverse causation for 
the relationship between cancer survival and 
physical activity level (patients who are less well 
may exercise less, rather than high activity levels 
causing an improved outcome) [18], which 
emphasises the importance of conducting ran-
domised controlled intervention trials to fully 
investigate the role of exercise in improving 
patient survival. Two large intervention studies 
(the CHALLENGE trial and the INTERVAL 
trial) are ongoing to address this and will shed 
more light on whether a targeted exercise inter-
vention can improve survival [23, 24].  

3.3.2   Preclinical Studies

 
The effect of exercise on tumour growth in pre-
clinical studies is less clear than in epidemiologi-
cal studies. This is likely to be largely due to 
heterogeneity in study design. Key factors that 
influence outcomes of preclinical studies are the 
rodent strain used (as discussed above, different 
strains have different inherent exercise capacity 
and adaptability), immunocompetency of the 
rodent strain, timing of exercise initiation (pre- 
vs post-‘diagnosis’), tumour type and anatomical 
location, exercise modality (forced, swimming or 
treadmill; voluntary, wheel running), tumour bur-
den and study endpoint (predetermined time after 
tumour initiation or ethically determined by 
tumour size). Very few studies have more than a 
few of these factors in common, making com-
parisons difficult. Comprehensive discussion of 
these parameters is beyond the scope of this 
chapter (refer to [20] for comparison of the 
effects of some of these parameters on tumour 
growth), but we will briefly discuss the role of 
pre- versus post-implantation (mimicking pre- vs 
post-diagnosis) exercise on tumour growth. 

In many preclinical studies, post-implantation 
exercise either only marginally affects tumour 

growth rate [25–28] or does not affect tumour 
growth rate at all [29–33]. In agreement with this, 
only a ‘small to moderate’ effect size of exercise 
on final tumour size was reported in a recent sys-
tematic review [20]. Of those studies included in 
the analysis that did find a statistically significant 
difference in final tumour size, 4/8 had a ‘proba-
bly high’ risk of bias and one even showed an 
increased tumour size with exercise. Together 
with the observation that many studies find a sta-
tistically but not clinically significant result, this 
suggests that exercise as a sole intervention 
(monotherapy) is minimally effective at slowing 
primary tumour growth rate. 

The documented effect of pre-implantation 
exercise is more consistent than that of post- 
implantation exercise. In the above-mentioned 
systematic review [20], studies in which exercise 
was performed both pre- and post-implant had a 
larger effect size for exercise to reduce tumour 
growth than studies in which exercise was per-
formed only after tumour implant [20]. In addi-
tion, Pedersen et  al. found that growth rate of 
B16-F10 melanoma was slowed with pre- 
implantation or pre-and post-implantation exer-
cise, but not post-implantation exercise only [30]. 
Similarly, a number of studies using carcinogen- 
induced models (which typically start exercise 
after carcinogen administration but before 
tumours become detectable) have found a reduc-
tion in malignant tumour incidence and/or overall 
tumour burden (by number of tumours per  ani-
mal or combined weight of tumours) [30, 34]. 
This suggests that while exercise monotherapy 
may not be very effective (as discussed above), 
exercise preconditioning may be important both 
for prevention and slower growth of cancer once 
it has arisen. In a clinical setting, this may also 
translate to reduced rates of recurrence after 
tumour control following treatment, although this 
remains speculative. 

It seems clear that exercise can reduce tumour 
growth rate, but likely only to a significant extent 
in a pre-implantation setting or possibly in com-
bination with cancer therapies (discussed in Sect. 
3.7). However, some studies have found differ-
ences in the exercise responsiveness of different 
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tumours, using the same exercise protocol, with 
some tumours (of the same subtype) exhibiting 
either no change in growth rate or even an 
increased growth rate with exercise [4, 5]. This is 
important, as it indicates that exercise treatment 
is far from a one-size-fits-all approach and some 
patients may not benefit from exercise.  

3.3.3   The Effect of Exercise 
on Metastasis 

Metastasis is the process whereby tumour cells 
migrate from the site of the primary tumour to 
establish secondary tumours in different tissues. 
For many cancer types, it is the emergence of sec-
ondary tumours in vital tissues which ultimately 
causes death. 

Before cancer cells can seed in secondary 
sites, they must survive transport through the cir-
culation. Regmi et al. have shown that high shear 
stresses (such as those present in the vasculature 
during intense exercise) can kill circulating 
tumour cells using an in vitro microfluidic sys-
tem [35]. However, most of the time points used 
were not clinically relevant. Cells were circulated 
under high shear stress for up to 18 h—this mim-
ics the scenario of vigorous exercise for 18  h, 
which is highly unrealistic for the vast majority 
of the healthy population, let alone cancer 
patients. In one experiment, increased lactate 
dehydrogenase (LDH) release (a proxy for 
necrotic cell death) was seen after 1 h of circulat-
ing under high shear stress, which represents a 
more achievable length of exercise time. Much 
longer than this is not realistically achievable in a 
clinical setting. It would be prudent to repeat 
these experiments with shorter time points that 
more accurately mimic the exercise behaviour of 
the average population (and specifically, cancer 
patients). 

As with preclinical data examining the effect 
of exercise on primary tumour growth, it is 
unclear how exercise affects metastasis due to 
varying results. However, there are several stud-
ies describing a reduced number or mass of 
metastases with both spontaneous [32, 36, 37] 

and experimental metastasis [25, 30, 38–40], 
with fewer studies reporting no change [39, 41] 
or an increase in the number/mass of metastases 
[25, 42], suggesting that in many situations, exer-
cise can inhibit metastatic tumour formation. 
Stress may play a role in how exercise affects 
metastasis. Zhang et al. found that swimming for 
8 min/day (which mice performed without added 
encouragement) reduced the relative size of 
experimental lung metastases, whereas when 
mice were forced to swim for 16 or 32 min/day, 
the relative size of metastases was increased [25]. 
More mechanistic studies are required to help 
delineate how exercise affects different aspects of 
the metastatic cascade.   

3.4   Myokines and Other 
Circulating Factors 

During exercise, muscle tissue releases a vast 
array of factors into the circulation, collectively 
termed ‘myokines’ (from ‘muscle-derived cyto-
kines’). These myokines have known effects on 
peripheral tissues, such as skeletal muscle remod-
elling in response to exercise and improvements 
in cognitive function (reviewed in [43]). It is 
thought that the action of myokines (and other 
factors) is directly (affecting cancer cells) and/or 
indirectly (affecting other cells of the TME) 
responsible for many of the changes seen in the 
TME with exercise. 

A number of in vitro studies have found that 
post-exercise serum (serum harvested from 
humans or animals following an acute exercise 
bout) can directly inhibit cancer cell prolifera-
tion, viability or survival when supplemented 
into the cell culture media [44–48]. This has been 
attributed to a few different myokines, including 
secreted protein acidic and rich in cysteine 
(SPARC) [49], irisin [50] and oncostatin M [47]. 

Direct in  vivo data indicating the effect of 
select myokines on tumour growth is still 
largely lacking. However, Aoi et al. found that 
the protective effect of exercise against 
azoxymethane- induced colon tumourigenesis 
was nullified in SPARC knockout mice, and 
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SPARC was able to induce colon cancer cell 
apoptosis in  vitro [49]. This suggests that the 
myokine SPARC plays an important role in the 
protective effect of exercise on cancer develop-
ment and highlights the value of further investi-
gating the effects of exercise- induced myokines 
on tumour growth. 

Research by Hojman and colleagues indicates 
that exercise-induced catecholamines (epineph-
rine and norepinephrine) have both an indirect 
and a direct effect resulting in the reduction of 
tumour growth rate [30, 45]. Human breast 
tumour cells preconditioned with exercise serum 
were less able to form xenograft tumours in mice, 
and this effect was completely abolished when 
the beta-blocker propranolol was also added to 
the pretreatment [45]. In addition, daily injec-
tions of epinephrine or norepinephrine were able 
to significantly slow MCF-7 and MDA-MB-231 
xenograft growth rate [45]. Indirectly, catechol-
amines (and IL-6) are essential for the exercise- 
induced mobilisation of natural killer (NK) cells 
to the tumour site, which are themselves essential 
for the exercise-induced delay in tumour growth 
seen in this study [30]. 

A third factor that has been linked to an 
exercise- associated delay in tumour progres-
sion is dopamine. Zhang et al. found that mod-
erate swimming exercise reduced the tumour 
weight of subcutaneous and pulmonary hepa-
tomas in mice, and this was mirrored by an 
increase in dopamine levels in the prefrontal 
cortex, serum and tumour tissue [25]. 
Moreover, dopamine treatment was able to 
reduce tumour weight to the same extent as 
swimming, and a dopamine receptor 2 antago-
nist (domperidone) abolished the tumour 
growth inhibitory effect of both dopamine and 
swimming exercise [25]. 

Although there is still a scarcity of data inves-
tigating the effects of exercise factors on tumour 
growth and the tumour microenvironment, those 
studies that have been done indicate that 
exercise- induced systemic factors may mediate 
the effects of exercise on the tumour 
microenvironment.  

3.5   Effect of Exercise on Tumour 
Vascularity, Hypoxia 
and Perfusion

3.5.1    Effect of Exercise on Normal 
Vasculature 

Acute exercise modulates blood flow to different 
organ systems, with some receiving increased 
(such as skeletal muscle) and some receiving 
decreased (such as skin) blood flow during exer-
cise [51]. This enables the body to cope with the 
stress of acute exercise by providing those tissues 
directly involved in exercise with more oxygen 
and nutrients. Meanwhile, chronic exercise can 
induce vascular remodelling [52]. Skeletal mus-
cle is the tissue most affected by these changes, 
but many tissue types are affected to some degree, 
including the brain, heart and bone [53–55]. 

It has been shown in vitro and in vivo that exer-
cise can directly affect endothelial cell behaviour. 
Schadler et al. transplanted Matrigel plugs (an arti-
ficial matrix containing gelatine and basement 
proteins) containing primary mouse endothelial 
cells into mice and found that those implanted into 
exercising mice were better perfused and showed 
elongated vessels compared with those implanted 
into non-exercising mice [31]. In addition, endo-
thelial cells exposed to exercise-conditioned serum 
in a microfluidic system showed reduced sprout-
ing (i.e. less angiogenesis), as did those exposed to 
high shear stress (mimicking that present during 
exercise) [31]. This seems counterintuitive, but the 
authors argue that this reflects increased vascular 
maturity which is ultimately conducive to more 
stable vascular networks. Interestingly, exercise 
may also reduce age-associated venous endothe-
lial cell senescence in humans [56]. 

Given that exercise can affect endothelial cell 
behaviour and induce vascular remodelling in a 
variety of normal tissues, it is possible that 
tumour vasculature may also be affected by 
 exercise. A number of preclinical studies have 
investigated how exercise affects tumour hypoxia, 
perfusion and vascularity in various tumour types 
and locations (Fig. 3.1).  
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3.5.2   Effect of Exercise on Tumour 
Hypoxia 

Just like any other tissue, tumours require blood 
flow delivering oxygen and nutrients in order to 
survive. However, tumours are not evenly per-
fused and are characterised by disorganised, dys-
functional vasculature and regions of hypoxia 
[57]. This leads to the activation of hypoxia fac-
tors such as the hypoxia-inducible factors (HIFs), 
which stimulate the transcription of a large array 
of genes designed to help the cell adapt to low 
oxygen conditions. These include genes central 
to angiogenesis, cell metabolism and metastasis 
[58]. In normal tissue, this results in improved 
vascular coverage and subsequent improved per-
fusion and alleviation of hypoxia. However, in 
tumours, the hypoxic response does not improve 
perfusion as the new blood vessels formed are 
often immature and may be leaky or lack proper 

haemodynamic control [59, 60]. This perpetuates 
tumour hypoxia rather than alleviating it. 

In hyperlipidaemic ApoE−/− mice bearing 
orthotopic breast tumours, we found that mice 
with high levels of cytochrome c oxidase subunit 
4 (COX-IV, a marker of mitochondrial content 
and proxy for training status) in the quadriceps 
femoris muscle exhibited greatly reduced tumour 
hypoxia, although there was no change in tumour 
perfusion or CD31+ vessel density [37]. A second 
study found that hypoxia in orthotopic prostate 
tumours was reduced during exercise [61], and 
this was also evident in tumours from trained rats 
[33]. Furthermore, Betof et  al. observed that 
tumour hypoxia was decreased in orthotopic 4T1 
breast tumours from exercising mice [28]. 

Levels of the hypoxic response protein HIF-1α 
were decreased with exercise in an orthotopic 
breast cancer model [4]. In contrast, HIF-1α lev-
els were increased with exercise in human- 
derived breast xenografts in athymic mice [62] 

Fig. 3.1 Effects of acute and chronic exercise on tumour 
vascular characteristics and hypoxia. Acute exercise 
increases blood flow to tumours located in tissues that 
receive constant or increased blood flow during exercise 
while decreasing blood flow to tumours located in tissues 
that are poorly perfused during exercise. This may alter 
levels of hypoxia and affect drug delivery in the indicated 
directions. Vascular contractility and dilatory responsive-

ness are impaired in tumour vessels  and this impairment 
is  unchanged by acute exercise. On the other hand, long- 
term training (chronic exercise) may improve vascular 
maturation by improving responsiveness and pericyte 
coverage, which may improve perfusion, oxygen extrac-
tion and drug delivery and reduce hypoxia. Areas in need 
of further research are indicated with?
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and in orthotopic breast and prostate cancer in 
immunocompetent mice [4, 32]. In subcutaneous 
Ewing sarcoma xenografts, HIF-1α and carbonic 
anhydrase IX (CA-IX, a HIF-1 target gene) 
mRNA were decreased with exercise in one of 
two tumour cell lines used [63]. It is unclear why 
this disparity exists between measured hypoxia 
and levels of HIF-1α, given that HIF-1α protein 
stability is strongly dependent on oxygen levels. 
However, it can partially be regulated indepen-
dently of hypoxia, which may explain the above- 
described results [58]. 

To our knowledge, hypoxia in tumours from 
mice starting exercise prior to tumour cell inocu-
lation has not yet been investigated nor has 
tumour hypoxia in exercising cancer patients. It 
is also unknown whether the reduction in tumour 
hypoxia occurs in tumour types other than breast 
and prostate cancer.  

3.5.3   Tumour Perfusion and Vessel 
Density 

Initial anticancer strategies targeting tumour 
blood vessels focussed on inhibiting angiogene-
sis, as tumour cells will die if completely deprived 
of oxygen and nutrients. However, as with all 
cancer therapies, many tumours develop resis-
tance to anti-angiogenic agents. A more recent 
strategy is vascular normalisation [59], which 
aims to promote the normal development of 
tumour vessels to form a functional, evenly per-
fused network which more closely resembles that 
of normal tissue. This would reduce hypoxia, 
thereby reducing metastatic potential and enhanc-
ing radiosensitivity. In addition, drug delivery 
throughout the tumour would be improved. 

The effect of exercise on tumour vascularity 
and perfusion remains unclear. Studies by vari-
ous groups have demonstrated an increase in per-
fusion homogeneity, the level of perfusion and/or 
vessel density or Cd31 mRNA levels (breast, 
prostate and pancreatic cancer) [28, 31, 32, 64, 
65], but others have found no change in the mean 
level of perfusion [15, 19] or vessel density in 
breast and/or prostate cancer [66]. Further studies 
even found reduced numbers of blood vessels in 

breast tumours or lymphomas from exercising 
mice [67, 68]. 

McCullough et  al. observed increased blood 
flow to orthotopic prostate tumours during acute 
exercise (but not with exercise training) which 
was associated with a reduction in tumour 
hypoxia, which suggests that levels of tumour 
perfusion may change with acute exercise but 
this is not necessarily maintained after exercise 
cessation [61]. 

A potential reason for the differing results 
observed in different studies may be the method 
used to detect tumour perfusion. We and 
McCullough et al. used IV injection of Hoechst 
33342 prior to euthanasia to label perfused blood 
vessels [33, 37], while other studies used MRI to 
generate a perfusion map of the entire tumour 
while the animal was still alive [28, 32]. MRI is 
likely a more representative method of whole- 
tumour perfusion, as Hoechst injection and sub-
sequent imaging of thin tissue sections presents 
only a snapshot of tumour perfusion in time and 
space, which fails to take into account the 
dynamic nature of tumour blood flow. 
Nevertheless, this method has been able to detect 
differences in perfusion in the past [62] and has 
been validated for this purpose [69]. 

A further important consideration is the 
impact of anatomical location of the tumour on 
blood flow responses to exercise. Garcia et  al. 
elegantly demonstrated that blood flow during 
exercise is increased to orthotopic prostate 
tumours in rats, but decreased to subcutaneous 
tumours of the same type [51]. They further mea-
sured blood flow to different organs during exer-
cise, including the bladder, prostate (location of 
the orthotopic tumour), soleus muscle, kidneys, 
skin, subcutaneous adipose (location of the ecto-
pic tumour) and visceral adipose tissue. Blood 
flow to the bladder and prostate was unchanged, 
but increased to the soleus muscle and decreased 
to the kidneys, skin, subcutaneous and visceral 
adipose tissue [51]. This suggests that host tissue 
haemodynamics in response to exercise also play 
a role in regulating blood flow to the tumour. As 
such, tumours located in tissues that become less 
well perfused during exercise may not benefit 
from the increased perfusion seen in prostate 
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tumours and may even become more poorly per-
fused during exercise, which could exacerbate 
tumour hypoxia. This has yet to be further inves-
tigated in different tumour models. 

Tissue blood flow is largely regulated by vas-
cular contractility and myogenic tone. Due to 
their poor maturation (lack of smooth muscle 
cells and innervation), tumour vessels have poor 
contractile and dilatory responsiveness, which 
limits their ability to regulate blood flow [51, 61, 
70]. Contractile responsiveness to norepineph-
rine does not change with exercise training, indi-
cating that tumour vessel response to both acute 
and chronic exercise is impaired compared with 
normal tissue [51, 61]. Due to this, tumour blood 
flow cannot be regulated to provide optimal con-
ditions for oxygen extraction. Optimal oxygen 
extraction relies on complex haemodynamics—
parameters such as capillary transit time, micro-
vascular pressure and apparent blood viscosity 
all affect how much oxygen can be extracted 
from the bloodstream [57, 71]. Thus, optimal tis-
sue oxygenation relies on more than just the pres-
ence of perfused vessels. As mentioned above, 
acute exercise does not alter tumour vessel con-
tractility, but it is unknown whether long-term 
exercise could improve vascular maturation to a 
point where vessel contractile and dilatory 
responses are restored, thus improving tissue per-
fusion and oxygen extraction. 

Part of the therapeutic appeal of vascular nor-
malisation is the enhanced delivery of anticancer 
agents to the tumour. Two preclinical studies 
have investigated how exercise affects chemo-
therapy delivery to the tumour [31, 63]. Schadler 
et al. found that although exercise alone did not 
reduce tumour growth rate of subcutaneous, pan-
creatic PDAC or B16-F10 melanoma, chemo-
therapy in combination with exercise significantly 
slowed tumour growth rate over and above the 
effect of chemotherapy alone [31]. 
Immunofluorescence analysis revealed that there 
was increased expression of the DNA damage 
marker γH2AX in PDAC tumours from mice 
receiving both chemotherapy and exercise com-
pared with those only receiving chemotherapy 
and higher levels of doxorubicin fluorescence in 
B16-F10 tumours from exercised mice receiving 

chemotherapy compared with those receiving 
chemotherapy only. This was only the case in 
tumours from trained mice; one acute exercise 
session was insufficient to enhance doxorubicin 
delivery to the tumour [31]. Furthermore, the 
authors demonstrated that pharmacologically 
increasing tumour blood velocity by the use of an 
antihypertensive agent (prazosin) also enhanced 
the growth inhibitory effect of gemcitabine on 
PDAC tumours [31]. Similarly, Morrel et  al. 
found that exercise improved doxorubicin deliv-
ery to subcutaneous Ewing sarcomas, and this 
was associated with a further reduced tumour 
growth rate compared with exercise or doxorubi-
cin alone (although exercise alone also had a 
strong growth inhibitory effect) [63]. These data 
suggest that exercise can induce vascular changes 
leading to improved tumour blood flow even in 
tumours that are located in tissue that does not 
receive enhanced blood flow during acute exer-
cise (i.e. subcutaneous adipose tissue), although 
this is yet to be corroborated by other groups.  

3.5.4   Markers of Angiogenesis 
and Vascular Maturation 

Further to the above-described effects of exercise 
on tumour hypoxia, vascularity and perfusion, a 
few studies have investigated markers of angio-
genesis and vascular maturation in tumours fol-
lowing exercise. 

Betof et  al. found that voluntary wheel run-
ning not only increased CD31+ vessel density, but 
also enhanced pericyte coverage (a marker of 
vascular maturation) in orthotopic 4T1 breast 
tumours [28]. In addition, pericyte coverage was 
increased by exercise in two Ewing sarcoma 
models [63]. Conversely, Schadler et  al. found 
that the α-smooth muscle actin (α-SMA, a peri-
cyte marker) to CD31 ratio did not change with 
exercise in subcutaneous B16-F10 tumours [31]. 
This discrepancy may simply be due to differing 
tumour models, but future studies should aim to 
clarify this. 

A few studies have investigated tumour levels 
of the angiogenic factor vascular endothelial 
growth factor (VEGF, a HIF-1 target) in mam-
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mary tumours. One study observed increased 
mRNA levels of Vegfa [28]. In agreement with 
this, another group found increased VEGFA pro-
tein expression in mammary tumours from exer-
cised rats [64]. In contrast, two other studies 
found that VEGF protein expression was reduced 
in tumours from mice exercising after tumour 
implant [27, 67].  

3.5.5   Conclusions on Tumour 
Vascularity, Hypoxia 
and Perfusion 

It seems clear that acute exercise can regulate 
tumour blood flow, either increasing or decreas-
ing blood flow depending on tumour location 
[51]. However, it remains unclear whether or how 
long this persists after exercise cessation and 
whether chronic exercise can remodel the TME 
in such a way as to normalise the vasculature to 
improve perfusion and oxygen extraction even at 
rest. These questions are central to future work in 
this area, as a thorough understanding of tumour 
blood flow and perfusion dynamics (with respect 
to acute and chronic exercise) is required to 
inform relevant intervention trials and subse-
quent clinical practice to achieve the greatest 
benefit from exercise together with standard can-
cer therapies.   

3.6   Effect of Exercise 
on the Immune 
Microenvironment

3.6.1    Effect of Exercise 
on Immunity in Healthy 
Individuals 

Acute exercise causes a rapid rise in the number 
of circulating immune cells; this includes an 
increase in numbers of all major subclasses (lym-
phocytes, monocytes and granulocytes) [72]. 
Lymphocytes, in particular NK cells, are among 
those that respond most strongly to acute exercise 
[73]. Following exercise cessation, lymphocyte 
counts in the blood rapidly decrease, falling 

below pre-exercise levels by 1 h post-exercise 
[72]. This was previously thought to be due to 
lymphocyte apoptosis and attributed to an immu-
nosuppressive effect of exercise, but based on 
evidence that lymphocyte apoptosis post-exercise 
only accounts for a small fraction of the observed 
lymphocytopenia, it seems more likely that the 
bulk of this is due to egress into peripheral tissues 
and may present a mechanism for heightened 
immune surveillance of tissues post-exercise 
[74]. Direct evidence for this is still lacking, but 
is supported by evidence that leukocyte subtypes 
that are preferentially mobilised by exercise tend 
to be cytotoxic subtypes and express markers 
associated with extravasation and tissue migra-
tion (such as integrins and chemokine receptors) 
[75–77]. 

Regular moderate-intensity exercise has 
been linked with enhanced overall immunity, 
such as improved NK cell cytotoxic activity, 
increased lymphocyte proliferation, reduced T 
cell senescence and enhanced vaccine responses 
[78–80]. There is some controversy regarding 
the effect of intensive exercise on immunity, 
with the open window hypothesis stating that 
intense exercise is followed by a transient state 
of immune depression, which becomes chronic 
if regular intense exercise is performed [81]. 
This has recently been challenged by Campbell 
and Turner, who argue that the evidence sup-
posedly supporting the open window hypothe-
sis (increased  frequency of upper respiratory 
tract infections, a fall in salivary IgA and lym-
phocytopenia following intense, acute exercise 
such as a marathon) has been largely misinter-
preted [82]. They argue that the supposed 
increase in incidence of upper respiratory tract 
infections is either due to symptoms of an 
infection but no actual infection (rather caused 
by airway irritation due to increased ventilation 
or non-specific inflammation) or an actual 
infection caused by factors not directly related 
to intense exercise such as increased exposure 
to pathogens due to a large accumulation of 
people. As discussed above, acute lymphocyto-
penia following exercise is now thought to be 
due to lymphocyte egress into peripheral 
tissues.  
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3.6.2   Effect of Exercise 
on Immunity in the TME

3.6.2.1    Peripheral Immunity in Cancer 
Survivors 

Changes in circulating levels of immune cells 
with exercise may provide an indication of 
whole-body immunity, including effects on the 
tumour, in cancer patients. In some patients, the 
acute exercise-induced increase in circulating 
immune cells is attenuated or even abolished [83, 
84]. Lymphocytes seem to be most strongly 
affected by this, with two studies showing a nul-
lified or attenuated lymphocytosis but intact neu-
trophil [84], granulocyte and monocyte response 
with acute exercise [83]. Another study has found 
an increase in both lymphocytes and granulo-
cytes immediately following acute exercise in 
chronic myeloid leukaemia patients [85]. 
However, other studies were in patients with 
solid tumours [83, 84], which may impact sys-
temic immune responses differently. These 
results suggest that either tumour burden or treat-
ment may negatively affect immune cell mobili-
sation in response to exercise, which may reduce 
immune surveillance of peripheral tissues. 

Chronic exercise does not alter numbers of 
circulating immune cells in most studies [84, 
86–90]. However, occasionally some studies 
have found an increase in various immune cell 
types with chronic exercise, including granulo-
cytes, leukocytes, lymphocytes and neutrophils 
(systematically reviewed in [89]). Others have 
reported a decrease in lymphocytes or monocytes 
[89]. In addition, exercise training was unable to 
prevent the chemotherapy-associated decline in 
immune cell numbers [90]. Taken together, this 
suggests that exercise training does not alter 
numbers of circulating immune cells in cancer 
patients and other factors may be responsible for 
the observed increases or decreases in certain 
components in some studies.  

3.6.2.2   Ex Vivo Immunity 
Preclinical exercise studies reporting on ex vivo 
or intratumoural immunity are summarised in 
Fig. 3.2. 

The effect of exercise on immune cell function 
is difficult to measure in vivo. However, a num-
ber of studies have isolated immune cells from 
either the spleen, tumour or peritoneum of exer-
cising and non-exercising animals and compared 
their cytotoxic capacity, phagocytic capacity or 
cytokine production in vitro. 

The first studies investigating ex vivo immune 
function against tumour targets were conducted 
by MacNeil and Hoffman-Goetz in the early 
1990s. Splenic NK cells isolated from healthy 
mice immediately following an acute exercise 
session had higher activity when stimulated with 
IL-2 than those from non-exercised mice [91]. In 
addition, splenic NK cells isolated from tumour- 
bearing mice performing chronic exercise begin-
ning prior to tumour implant exhibited increased 
activity against tumour targets [92–95]. In con-
trast, Pedersen et al. found no change in the cyto-
toxic activity of splenic NK cells isolated from 
trained compared with non-exercised mice bear-
ing B16-F10 melanoma [30]. This discrepancy 
may be due to the activation status of the NK 
cells. In a few of the above-mentioned early stud-
ies, the authors showed that only IL-2 activated 
but not unactivated NK cells from exercised mice 
had increased cytotoxicity against tumour targets 
[91, 93]. In addition, unactivated NK cells are 
poorly effective against lysis-resistant tumour 
cell lines, but are able to achieve up to ~60% lysis 
when pre-stimulated with IL-2 and IL-12 [96]. 
This suggests that the in vivo antitumour activity 
of NK cells may be dependent on the intratu-
moural milieu. In support of this, exercise prior 
to tumour implant causes significantly slower 
growth of B16-F10 tumours, and these tumours 
show higher mRNA expression of IL-2 and other 
NK-cell activating factors [30]. 

Macrophage phagocytosis and phenotype has 
also been reported to change with exercise in 
tumour-bearing rodents. Peritoneal macrophages 
from exercised mice produce more IFN-γ, IL-12, 
TNF-α and IL-4 than those from non-exercised 
mice and less of the immunosuppressive cyto-
kines TGF-β and IL-10, suggesting a polarisation 
towards an antitumour M1 phenotype [97]. 
Furthermore, peritoneal macrophages from exer-
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cised, tumour-bearing rats are more phagocytic 
than those from non-exercising rats [98] and 
macrophages isolated from healthy, trained mice 
are able to induce higher cytolysis of tumour tar-
gets compared with those from non-exercised 
mice [99]. Finally, phagocytes isolated from sub-
cutaneous breast tumours in moderately exer-
cised mice have higher phagocytic activity 
against Staphylococcus aureus than those from 
non-exercised (or exhaustively exercised) mice 
[100]. 

In humans, it has been found that both acute 
[101, 102] and chronic [80, 103] exercise can 
improve cytotoxic activity of peripheral blood 
NK cells from healthy individuals against tumour 
targets, although one study found no change in 
NK cell cytotoxicity following exercise training 

[104] and another found decreased activity [105]. 
In cancer patients, chronic exercise has also been 
shown to increase NK cell cytotoxicity ex vivo 
[89, 106, 107]. In addition, ex vivo lymphocyte 
proliferation and phagocytic activity of mono-
cytes is increased in post-exercise training, while 
neutrophil oxidative burst is unchanged [89]. 

Taken together, ex vivo immune functionality 
data from both human and animal studies suggest 
that exercise can improve antitumour cytotoxic-
ity. In future, studies should aim to corroborate 
this in  vivo if possible. In addition, only one 
study has utilised immune cells isolated from the 
tumour itself rather than from the spleen or 
peripheral blood [100]. As the phenotype of 
immune cells in the TME may differ from periph-
eral immune cells due to crosstalk with tumour 

Fig. 3.2 Effects of exercise on peripheral immunity and 
the immune TME.  Exercise increases cytotoxicity of 
peripheral, IL-2 activated NK cells and macrophages 
against tumour targets and enhances phagocytic activity 
of macrophages ex  vivo. In addition, exercise may 
increase recruitment of cytotoxic lymphocytes (NK cells 

and CTLs) to the tumour site while decreasing number 
and/or changing phenotype of myeloid cells such as neu-
trophils and macrophages to an anti- (M1/N1) rather than 
pro-tumour (M2/N2) state. CTL cytotoxic T lymphocyte, 
NK cell natural killer cell, IL-2 interleukin 2
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cells, future studies should investigate the func-
tionality of phagocytes and lymphocytes isolated 
directly from the tumour.  

3.6.2.3   Intratumoural Immunity 
Given the hypothesis that the transient lympho-
cytopenia following exercise is due to cytotoxic 
lymphocyte egress and surveillance of periph-
eral tissues, it follows that exercise may also 
redistribute these cells to the tumour. This is 
indirectly supported by work showing that NK 
cell and T cell numbers are increased in subcuta-
neous B16- F10 tumours following 6  weeks of 
exercise training [30] and that Cd8 gene expres-
sion is increased in mucosal scrapings from 
exercised compared with non-exercised ApcMin/+ 
mice [108]. In addition, Zielinski et  al. found 
increased intratumoural lymphocyte density in 
subcutaneous EL-4 tumours following exhaus-
tive exercise training compared with non-exer-
cise mice [68]. Conversely, we observed no 
difference in T cell numbers in EO771 tumours 
between exercising and non-exercising ApoE−/− 
mice [37], and Bianco et al. found no change in 
numbers of tumour-infiltrating T cells into 4T1 
tumours with post-implant exercise [109]. This 
may be due to the length of exercise, timing of 
exercise initiation or tumour model used. 
Pedersen et al. began exercise 4 weeks prior to 
tumour implant, whereas we and Bianco et  al. 
started exercise at tumour implant [30, 37, 109]. 
Although Zielinski et al. also had a short exer-
cise period of approximately 2 weeks, they used 
a tumour model which spontaneously regresses, 
indicating that this tumour cell line induces a 
strong antitumour immune response in  vivo, 
which is enhanced by exercise [68]. Just one 
study has investigated B cell numbers and found 
that they were unchanged in the tumour with 
chronic exercise [30]. 

Whether or not absolute numbers of lympho-
cytes within the tumour change may be less 
important than the phenotype and cytotoxic func-
tionality of those that are present. As described in 
the previous section, ex  vivo data indicate that 
exercise may improve NK cell cytotoxicity. Data 
on T cells is much scarcer. Some studies suggest 

that exercise reduces Treg cell recruitment to the 
tumour (inferred from lower levels of the Treg cell 
recruiting cytokine CCL22 or lower mRNA 
expression of Foxp3 [108, 110]), but others have 
found no change in the proportion of intratu-
moural Treg cells [37, 109] or even an increase in 
intratumoural Foxp3 mRNA (alongside increased 
expression of inflammatory/cytotoxic cell mark-
ers) following exercise training [30]. Ex vivo 
functionality assays investigating the effect of 
exercise on intratumoural T cells have not yet 
been conducted. 

The tumour microenvironment promotes an 
immunosuppressive phenotype of infiltrating 
immune cells, causing them to aid rather than 
inhibit tumour growth both by the inhibition of 
cytotoxic immune cells and by secreting factors 
that aid tumour growth such as VEGF [111]. 
Myeloid cells seem to be particularly susceptible 
to this reprogramming and often take on an 
immunosuppressive phenotype within the TME 
(e.g. M2 macrophages) [112]. Two studies have 
found reduced neutrophil infiltration into tumours 
with exercise [68, 113], and two have found 
reduced macrophage density [68, 114]. 
Additionally, gene expression of general macro-
phage markers (F4/80) and M2-specific markers 
(CD206, arginase) was reduced in mucosal scrap-
ings from exercised compared with non- exercised 
mice [108]. Together with the above-described 
ex  vivo data, this suggests that exercise 
 reconditions the TME to reduce recruitment of 
and/or repolarise myeloid cells such as neutro-
phils and macrophages toward a more antitumour 
phenotype. 

Comprehensive analysis of the types and sub-
types of immune cells within the tumour micro-
environment following exercise is still lacking. 
Current preliminary evidence suggests that exer-
cise may repolarise immune cells to an antitu-
mour phenotype and/or increase numbers of 
antitumour immune cells such as NK cells and 
CD8+ T cells, but this requires confirmation via 
flow cytometry, multiplex immunohistochemis-
try and functional assays, as well as investigation 
of possible differences between tumour type and 
exercise protocol.  
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3.6.2.4   Interplay of Immunity 
with Hypoxia 
and Angiogenesis 

Hypoxia inhibits antitumour immunity by inhib-
iting lytic functions of cytotoxic T cells (CTL) 
and NK cells and promoting an immunosuppres-
sive phenotype in both lymphoid and myeloid 
cells (reviewed in [115]). In addition, tumour 
vasculature is prohibitive to T cell entry in that it 
downregulates adhesion molecules required for 
extravasation and upregulates inhibitory and 
apoptotic ligands [116]. Conversely, Treg cells and 
M2 macrophages can promote angiogenesis, 
while Type 1  T helper (TH1) cells can promote 
intratumoural vessel normalisation [117–119]. 
Thus, the influence of hypoxia on immune cells 
and their influence on tumour vasculature (and 
vice versa) are integral to the overall tumour 
phenotype. 

To our knowledge, just one study has directly 
investigated T cell subsets, hypoxia and perfu-
sion in the same tumours, although this was in 
hyperlipidaemic ApoE−/− and not wild-type mice 
[37]. In this study, we found no change in the 
fraction of intratumoural CD8+ or Foxp3+ T cells, 
or perfusion, with post-implant exercise, but 
found a decrease in hypoxia in EO771 tumours 
from trained mice (using muscular COX-IV 
expression as a proxy for ‘fitness’). In order to 
better investigate how these aspects of the tumour 
microenvironment interact and change with exer-
cise, an exercise protocol known to elicit tumour 
microenvironmental changes (such as a few 
weeks of pre-implant exercise continuing post- 
implant) could be used and the tumours analysed 
for hypoxia, perfusion, vascularity and immune 
cell composition.   

3.6.3   Conclusions on the Immune 
Microenvironment 

In cancer patients, acute exercise-induced lym-
phocytosis may be partially suppressed [83, 84] 
and chronic exercise may not be able to protect 
against chemotherapy-induced lymphopenia 

[90]. However, preclinical and clinical functional 
data indicate that exercise improves peripheral 
NK cell cytotoxicity (from both healthy individu-
als and cancer patients) [89, 91, 93] and possible 
repolarisation of macrophages towards an antitu-
mour M1 phenotype [120]. It remains unclear 
whether these improvements in functionality of 
peripheral immune cells are translated to 
improved antitumour immunity within the TME, 
but they are a promising indication that exercise 
could improve immune responses in cancer 
patients.   

3.7 Future Directions 

As mentioned at the beginning of the chapter, the 
role of an individual’s ability to perform the 
physiological adaptations required for improve-
ments in exercise capacity (exercise adaptabil-
ity), and indeed inherent exercise capacity itself, 
has thus far been largely neglected in exercise 
oncology. Importantly, there is large inter- 
individual variation in these factors in both 
rodents and humans, determined by both inher-
ited factors and activity levels [7–9]. In simple 
terms, this means that two individuals undergo-
ing exactly the same exercise program will (a) 
not adapt to exercise to the same degree (chronic 
response) or (b) feel the same level of exertion 
(acute response). It is unclear what effect (if any) 
this might have on how exercise affects tumour 
characteristics, but is an important avenue of 
investigation if we are to fully understand how 
exercise effects physiological change in the 
TME—the key question being whether improve-
ments in exercise capacity/muscular adaptations 
are required for beneficial effects of exercise on 
the TME. Parameters such as VO2 max, muscle 
protein synthesis/degradation and skeletal mus-
cle mitochondrial content/function can be used to 
ascertain exercise capacity and exercise 
adaptability. 

The vast majority of preclinical studies in 
exercise oncology to date have utilised exercise 
as a sole intervention (monotherapy). While these 
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provide valuable insight into exercise-induced 
systemic and local changes affecting overall 
tumour growth characteristics, they do not accu-
rately reflect the clinical situation in which a per-
son diagnosed with cancer will almost always 
receive some form of treatment. A small number 
of studies have investigated the effect of exercise 
in combination with other cancer therapies (che-
motherapy and hormone therapy) and found a 
reduction in tumour growth above and beyond 
that of the cancer treatment alone and sometimes 
in the complete absence of an exercise-only effect 
[28, 31, 67, 121, 122]. In addition to growth 
inhibitory effects, it is likely that the combination 
of exercise with other therapies will alter the 
TME distinct from the alterations caused by 
either therapy or exercise alone. Therefore, it is 
essential that future work combines exercise with 
cancer therapies such as chemotherapy, immuno-
therapy and surgical resection and measures not 
only the effect on tumour growth rate or survival 
but also the components of the TME outlined in 
this chapter. 

It is well established that exercise can improve 
ex vivo antitumour toxicity of select immune cell 
types (particularly NK cells) isolated from both 
healthy and tumour-bearing mice [91–95, 98–
100] or humans [80, 89, 101, 103, 106, 107]. 
However, with one exception, these studies have 
been conducted using immune cells isolated from 
either peripheral blood or the spleen. While these 
may give an indication of the individual’s general 
immune functioning, they do not account for 
effects that the TME might be having on immune 
cell phenotype. Future studies should aim to 
determine whether immune cells isolated from 
the tumour itself display the same enhanced cyto-
toxic capabilities as those isolated from the 

spleen or peripheral blood. Ideally, this would 
even be conducted in vivo, but this is limited by 
current technology. 

With a few exceptions [31, 51, 63], investi-
gation of the effects of exercise on the vascu-
lar TME have largely been limited to basic 
assessment of vessel number (overall, per-
fused or associated with pericytes) and 
hypoxic area. This gives a basic idea of func-
tionality, but more comprehensive research 
into the effect of chronic exercise on tumour 
vessel haemodynamics would provide a more 
complete picture of whether exercise can 
induce similar vascular adaptations in tumour 
tissue as in skeletal muscle. In addition, how 
exercise affects the interaction between 
immune cells and tumour vessels has not yet 
been fully investigated.  

3.8 Concluding Remarks 

Exercise oncology is a hugely complex field 
and requires the collaboration of clinical oncol-
ogists, preclinical cancer researchers, immu-
nologists and exercise physiologists (to name a 
few) for a thorough understanding of exercise 
and tumour physiology. The current state of 
knowledge supports a beneficial role of exer-
cise in cancer prevention and survival in some 
cancer types, but comprehensive mechanistic 
data remain elusive and robust predictors of 
tumour response to exercise are non-existent. 
Delineating the effects of exercise on the TME 
(and of the tumour on the body, Fig. 3.3) may 
be the key to unravelling how and in which situ-
ations exercise exerts a tumour growth inhibi-
tory effect.     
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