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Abstract

The benefits of regular physical exercise on cancer prevention, as well as reducing
fatigue, treatment side effects and recurrence, and improving quality of life and over-
all survival of cancer patients, are increasingly recognised. Initial studies showed that
the concentration of extracellular vesicles (EVs) increases during physical activity
and that EVs carry biologically active cargo. These EVs are released by blood cells,
skeletal muscle and other organs involved in exercise, thus suggesting that EVs may
mediate tissue crosstalk during exercise. This possibility triggered a great interest in
the study of the roles of EVs in systemic adaptation to exercise and in their potential
applications in the prevention and treatment of various diseases, including cancer.
This review presents studies exploring the concentration and molecular cargo of EVs
released during exercise. Furthermore, we discuss putative stimuli that may trigger
EV release from various cell types, the biological functions and the impact of exercise-
induced EVs on cancer development and progression. Understanding the interplay
between exercise, EVs, and cancer biology may offer insights into novel therapeutic
strategies and preventive measures for cancer.

KEYWORDS
cancer, EV protein cargo, EV RNA cargo, exercise-induced extracellular vesicles, muscle-derived EVs,
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1 | INTRODUCTION

Regular physical activity is associated with a wide range of health benefits, including a reduced risk of cancer. Numerous epi-
demiological studies have provided evidence supporting the link between higher physical activity levels and a lower incidence
of multiple cancer types (Kerr et al., 2017). One of the most extensive meta-analyses published so far pooled data from 12
prospective cohorts including 1.44 million participants, 186,932 of whom were diagnosed with cancer during the follow-up,
and assessed the association of leisure-time physical activity with the incidence of 26 common cancer types (Moore et al.,
2016). High versus low levels (the 90th percentile compared with the 10th percentile) of physical activity were associated with
lower risk of 13 cancer types with hazard ratios (HR) ranging from 0.58 for oesophageal adenocarcinoma to 0.90 for breast
cancer. On the contrary, the incidence of malignant melanoma and prostate cancer was increased in individuals with higher
levels of physical activity (HR of 1.27 and 1.05, respectively). The increased melanoma risk is likely due to higher exposure
to solar UV radiation in physically active persons, whereas the reasons for increased prostate cancer risk are not entirely
clear (Moore et al., 2016). Many cancer types, such as breast, colon, gastric, liver, endometrial, head and neck cancer and
oesophageal adenocarcinoma (Diao et al., 2023; Matthews et al., 2020) showed a linear dose-response association indicating
that higher levels of physical activity are consistently associated with lower risks. Whereas the dose-response curve appears
to be non-linear or even U-shaped for some other types, such as lung cancer (Diao et al., 2023) and myeloma (Matthews
et al., 2020), showing that higher activity levels than the recommended (7.5-15 MET hours per week) do not have additional
benefit.

Although physicians rarely consider physical exercise as a part of cancer treatment, an increasing number of exer-
cise intervention trials demonstrate that supervised exercise is safe and feasible even for patients with bone metastases
(Engle et al.,, 2024; Singh et al., 2020). Moreover, higher post-diagnosis physical activity reduces fatigue, treatment side
effects, anxiety and depression thus leading to improved quality of life (QoL), as well as decreases recurrence rate
and improves overall survival in cancer patients (Kraschnewski & Schmitz, 2017; Morishita et al., 2020; Schmidt et al,,
2015).

Experimental animal studies provided further evidence of the beneficial effects of exercise both for the reduction of can-
cer risk and delaying the progression of cancer, while also offering some insights into the underlying mechanisms. Several
large-scale meta-analyses pooling data from several thousands of rodents consistently reported that physical exercise leads to
a reduction of cancer incidence, a decrease in tumour size, and a prolonged life span of animals (Eschke et al., 2019; Figueira
et al,, 2018; Li et al., 2022). Notably, the beneficial effects of exercise on tumour growth in preclinical models manifested
across various training modalities, such as high-intensity aerobic workouts (Jee et al., 2022), endurance training (Hagar et al,,
2019), and resistance exercise (Padilha et al., 2019). Independent studies have also reported exercise effects on the tumour
microenvironment, including vasculature normalisation (Jones et al., 2010), NK cell mobilisation and trafficking (Pedersen
et al,, 2016) and reduction of infiltrating immunosuppressive cells (Hagar et al., 2019; Jee et al., 2022; Wennerberg et al,,
2020). Moreover, exercise was shown to be a favourable factor for reverting cancer-induced cardiac remodelling (Padréo et al.,
2018) and countering cancer-related cognitive impairments on the structural and functional level in rodents (Zimmer et al,,
2016).

At least partially, these effects are mediated by bioactive molecules secreted into the circulation during the exercise. These
molecules can be secreted in a soluble form or packaged into carriers such as extracellular vesicles (EVs). The term “EVs” refers
to nano- to micro-sized particles released from cells, delimited by a lipid bilayer, and that cannot replicate on their own (Welsh
etal., 2024). It comprises a wide variety of vesicles that differ in their mode of biogenesis, size, molecular content, membrane com-
position and specific functions. EVs are released by virtually all cell types in the body; hence the blood and other biofluids contain
a mixture of various types of EVs originating from multiple cell types (Murillo et al., 2019; Yanez-M6 et al., 2015; Zonneveld et al.,
2021). In addition, a variety of non-vesicular extracellular particles (NVEPs) such as lipoprotein particles, ribonucleoprotein par-
ticles, exomeres and supermeres exist in the circulation and are often co-isolated with EVs (Zhang et al., 2023). EVs as well as
NVEPs interact with the recipient cells and mediate intercellular communication. They transfer proteins, lipids, metabolites,
mRNAs, various non-coding RNAs and even DNA fragments between cells, thus changing the functions and phenotypes of
recipient cells (Yanez-Mo et al., 2015).

Several recent studies have shown that the concentrations of circulating EV's rapidly increase during physical exercise (Frithbeis
etal., 2015; Warnier et al., 2022; Whitham et al., 2018), thus raising a great interest in their roles in systemic adaptation to exercise
and disease prevention. In the past few years, a significant amount of data has accumulated regarding the molecular cargo and
biological functions of EVs released during physical exercise (exercise-induced EVs). This review aims to summarise these data
and consolidate the current understanding of the relationship between the molecular cargo of exercise-induced EVs and their
impact on cancer development and progression.



LIORENTE ET AL. @ ISEV 3 of 31
o | sor

2 | RELEASE OF EVS DURING PHYSICAL EXERCISE

2.1 | Changes in circulating EV concentration during exercise

Studies reporting circulating EV concentrations before and after physical exercise in humans and experimental animals are
summarised in Table 1. Most of the studies analysing the acute responses to high-intensity exercise, such as cycling or running
to exhaustion, reported an increase in EV levels in the blood (Annibalini et al., 2019; Brahmer et al., 2019; Friihbeis et al., 2015;
Warnier et al., 2022; Whitham et al., 2018). However, the response seems to be transient as EV levels typically normalise shortly
after cessation of exercise (Friithbeis et al., 2015; Whitham et al., 2018). In contrast, moderate-intensity exercise or resistance
training studies have presented mixed results. Some studies report a significant elevation (Bei et al., 2017; Dimassi et al., 2018; Ma
et al., 2018; Mohammad et al., 2021; Nair et al., 2020; Oliveira et al., 2018), while others have found no change (Barcellos et al.,
2020; Hou et al., 2019; Just et al., 2020; Lovett et al., 2018; Xiang et al., 2020) or even a decrease (Rigamonti et al., 2020) in EV levels
after exercise. These findings suggest that intense physical activity could be a potent stimulator of EV release and the degree of
EV increase might be proportional to the exercise intensity. This idea is supported by a study demonstrating that the levels of
endothelial cell-derived EVs increase in an exercise dose-dependent manner in mice (Ma et al., 2018). In addition, it has been
shown that exhaustive, but not moderate exercise, induces apoptosis in peripheral blood lymphocytes (Mooren et al., 2002). It
would therefore be interesting to investigate if this leads to an increase in apoptotic bodies that could contribute to higher EV
levels. The composition of these apoptosis-related EVs can be expected to be different from other released EVs (Battistelli &
Falcieri, 2020). Furthermore, variables such as the type of exercise and the timing of sample collection seem to influence EV
counts across studies, suggesting that different types, intensities, and durations of exercise may affect the kinetics of EV release
from various cell types or their clearance from circulation in various ways. Interestingly, sex-specific differences in the EV size
and marker profile have also been found in response to resistance exercise (Conkright et al., 2022).

It is important to mention that the discrepancies among the studies may also arise from the variations in the methodological
approaches for EV isolation and quantification. In the majority of studies, ultracentrifugation (UC), size-exclusion chromatog-
raphy (SEC) or precipitation-based methods such as ExoQuick have been used to isolate EVs. These methods differ significantly
in their efficiency, purity and co-isolation of non-EV components that subsequently may affect the measurements of EV con-
centrations (Coumans et al., 2017). For example, nanoparticle tracking analysis (NTA) results can be strongly affected by the
presence of lipoprotein particles (Brahmer et al., 2019). Hence, the methods allowing the quantification of EVs directly in the
biofluid without the pre-isolation of EVs, such as nano-FCM (Bei et al., 2017) or Exoview (Mcllvenna et al., 2023) are likely to
provide less biased and more accurate EV counts.

2.2 | Cell types and stimuli for EV release

It seems plausible that multiple tissues involved in or responding to exercise release their EVs into the bloodstream during
exercise. Given that skeletal muscle accounts for approximately 40% of total body weight and secretes a wide variety of biologically
active signalling molecules, it could be expected that a substantial fraction of exercise-induced EVs are derived from skeletal
muscle. Skeletal muscle indeed produces EVs that are enriched in muscle-specific proteins such as alpha-sarcoglycan (SGCA)
(Guescini et al., 2015), ATP2Al, B-enolase, and desmin (Watanabe et al., 2022). However, the majority of muscle-derived EV's
accumulate in the muscle interstitium and only a minor fraction of them are released in the bloodstream, where they account
for only 1%-5% of the total EVs (Guescini et al., 2015; Pinto et al., 2024; Watanabe et al., 2022). Although the levels of SGCA*
EVs were increased in post-exercise blood samples (Maggio et al., 2023; Rigamonti et al., 2020), they are unlikely to be the major
component of the pool of exercise-induced EVs. The first and so far the only study providing a detailed phenotyping analysis
of EVs released during vigorous exercise was published by Brahmer et al. in 2019. In this study, a multiplexed flow-cytometry
analysis demonstrated a significant increase of lymphocyte (CD4, CD8), monocyte (CD14), platelet (CD62P, CD41b and CD42a),
endothelial cell (CD105, CD146) and antigen-presenting cell (MHC-II) markers, suggesting that these cell types may be the main
contributors to the increase in circulating EV levels during and immediately after exercise (Brahmer et al., 2019). However, this
study was limited to 37 EV surface markers and, currently, it is not known what fraction of the total EV pool these markers
capture. Furthermore, it is not known to what extent these results can be generalised to other types, intensities and durations of
exercise.

The molecular mechanisms responsible for the induction of EV release during exercise are poorly understood so far. One of the
putative mechanisms could be lymphocyte mobilisation into the bloodstream—a well-known phenomenon that happens during
acute dynamic exercises such as cycling or running. It is driven by increased blood pressure and shear forces, and adrenaline
stimulation, which cause detachment and recirculation of lymphocytes (mainly NK and T cells) from the vascular and tissue
reservoirs such as the lung, liver, bone marrow, lymph nodes and spleen into the bloodstream resulting in up to 10-fold increase
in some cell subsets (reviewed in Fiuza-Luces et al., 2024). Hence, lymphocytosis per se could be the cause of increased EV levels.
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FIGURE 1 Parental cell types and potential stimuli that trigger EV release during physical exercise. Abbreviations: SGCA, alpha-sarcoglycan; NK cell,
natural killer cells; MHC, Major histocompatibility complex; RBC, red blood cells; ROS, reactive oxygen species.

Furthermore, the release of EVs from various cell types could be stimulated by biomechanical forces (reviewed in Thompson
& Papoutsakis, 2023). Exercise exposes cells to mechanical forces such as shear force, tension, and compression, impacting EV
biogenesis and release. Several studies indicate that shear forces increase EV yield from various cell types like platelets, chon-
drocytes, osteocytes, and mesenchymal stem cells (MSCs). Similarly, cyclic tension or compression has been shown to boost EV
release from cells like bronchial epithelial cells, fibroblasts, endothelial cells, ligament cells, chondrocytes, and skeletal muscle
cells. However, the response of endothelial cells to shear forces may vary (Thompson & Papoutsakis, 2023). Hence, it seems rea-
sonable to assume that different modes and intensities of exercise expose cells to distinct types and magnitudes of biomechanical
forces, leading to varied EV release rates from various parental cells.

The EV release rate can also be stimulated by increased intracellular Ca?* concentration which is a potent stimulus of plasma
membrane EV biogenesis in a variety of cell types, including muscle cells (Taylor et al., 2020; Yamaguchi et al., 2023). In addition,
an acidic environment generated by increased lactate production (Cairns, 2006; Federici et al., 2014) and reactive oxygen species
(ROS) production by the mitochondrial electron transport chain in muscle cells may also contribute to increased EV release

(Norgard et al., 2023) (Figure 1).

2.3 | Molecular cargo of exercise-induced EVs

The molecular cargo of EV's consists of proteins, lipids, carbohydrates, metabolites and different types of nucleic acids. Several
molecules are commonly found in EVs and are used as markers of these vesicles, such as the tetraspanins CD63, CD9 and CD81
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(Welsh et al., 2024). However, the molecular composition of EVs largely reflects the composition of the cells from where they
originate, and changes in response to different physiological and pathological conditions, such as cancer, neurological diseases
or cardiovascular diseases (Hill, 2019; Kosaka et al., 2019; Saheera et al.,, 2021; Yafiez-M¢ et al., 2015). Interestingly, increasing
evidence shows that physical exercise/activity affects the molecular composition of EVs.

The first studies aiming to identify the molecular cargo of exercise-induced EV's date from approximately 10 years ago (Frithbeis
et al., 2015; Guescini et al., 2015), and numerous studies have been published since then. This review does not intend to describe
in detail the molecules that are affected by exercise, methodological limitations of EV isolation and quantification and/or to
compare the different studies, because this has been done in several excellent reviews (Brahmer et al., 2020; Darragh et al., 2021).
Here, we present the experimental approaches that have been used to study exercise-induced EV's to identify gaps and/or future
directions that would allow a better understanding of how the molecular composition of EV's is affected by exercise.

EV cargo in the context of exercise has been studied in both humans and animal models (mainly mice and rats). Tables 2 and 3
include information about human studies and show that most of the studies have been performed in healthy males. To the best
of our knowledge, exercise-induced changes in the EV cargo have not been investigated in cancer patients.

As shown in Tables 2 and 3, plasma is often the selected biofluid, but more recent studies have started to investigate other
biofluids such as sweat or urine (Ali et al., 2023; Karvinen et al., 2020; Park & Moon, 2022; Pietrangelo et al., 2023). In addition,
one study has investigated the composition of EVs released by cells isolated from muscle biopsies (Sullivan et al., 2022). The
studies included in Tables 2 and 3 generally contain an acceptable description of the cohorts studied and the EV methodology
used, which is important for analysing and reproducing the results. It should also be mentioned that these studies often include
several methods to characterise EVs, mainly immunoblotting, NTA and electron microscopy (EM). This is an important control
to ensure that EVs are, in fact, present in the samples under analysis. However, the variety of EV isolation methods used in
these studies complicated the identification of general trends. This is because EV isolation methods may lead to the isolation of
heterogeneous EV subpopulations, which are known to differ to some extent in their molecular composition (Jeppesen et al.,
2019; Kowal et al., 2016; Lischnig et al., 2022). Moreover, biofluids contain EV's released from different cell types, and most of the
studies presented in Tables 2 and 3 have investigated the composition of bulk EV samples. Therefore, it would be interesting to
have more studies where the composition of EVs originating from specific cell types is independently investigated.

So far, many studies on exercise-induced EVs have focused on analysing specific miRNAs, mainly on miRNAs associated
explicitly with cells from where EV's released during exercise could originate, such as skeletal muscle cells. However, recent studies
have also investigated how exercise changes EVs’ proteome and metabolome. Moreover, it has become more common to use high-
throughput omics methodologies to analyse the effect of exercise on the composition of EVs (see for example (Giloteaux et al.,
2024; Lavin et al., 2023; Whitham et al., 2018). Results of these studies consistently show that physical exercise induces molecular
changes in EVs found in biofluids and that EV's released during exercise have different cellular origins. For example, exercise-
induced EVs have been reported to contain molecules associated with muscle cells (Annibalini et al., 2019; Guescini et al., 2015;
Xhuti et al., 2023), blood and endothelial cells (Brahmer et al., 2019), neurons (Delgado-Peraza et al., 2023) or adipose tissue
(Doncheva et al., 2022). However, it was not possible to identify EV molecules universally affected by exercise. It is likely that
such molecules may not exist and that the molecular changes induced by exercise depend to a large extent on the type, intensity
and duration of the exercise and/or the investigated cohort (i.e. old vs. young individuals, men vs. women, healthy vs. individuals
with different pathologies, athletes vs. sedentary or normally trained individuals) or biomaterial (plasma, serum, urine, sweat,
saliva, tissue biopsies). The time after exercise when the EV composition is investigated also seems to play a role in terms of
molecular content, with some effects being of a relatively short duration (Whitham et al., 2018). It is also important to mention
that, as shown in Table 1, exercise may change the EV release rate. If this is the case, it is important to determine if the observed
changes in molecular composition are due to a general increase/decrease in EV release.

Finally, even if it was not possible to identify specific EV molecules universally affected by exercise, it is possible to find some
trends in the biological processes in which the molecules altered after exercise are involved. For example, recent proteomic studies
suggest that the proteins differentially expressed after exercise compared to before exercise are involved in signal transduction,
the immune response, metabolism and oxidative stress (Apostolopoulou et al., 2021; Chong et al., 2024; Giloteaux et al., 2024;
Kobayashi et al., 2021; Lisi et al., 2023; Vanderboom et al., 2021; Whitham et al., 2018).

2.4 | The effects of exercise-induced EVs on cancer development and progression

While the exact mechanisms remain incompletely understood, several hypotheses have been proposed to explain how physical
activity may protect against cancer development and progression, including suppression of tumour growth by bioactive molecules
secreted during exercise, reprogramming metabolic pathways in cancer cells, boosting cancer immunosurveillance and reducing
chronic inflammation, and normalisation of tumour vasculature and blood flow (Pedersen et al., 2015). Do EVs play a role in
these processes? To the best of our knowledge, so far only one study has investigated the role of exercise-induced EVs in the
progression of cancer (Sadovska et al., 2022). This study collected plasma EVs from trained, healthy rats immediately after the
wheel-running exercise and repeatedly administrated into F344 rats with orthotopically injected syngeneic prostate cancer cells.
Results demonstrated a reduction of the primary tumour volume by 35% and possibly attenuating lung metastases. Although the
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FIGURE 2  Contribution of exercise-induced EVs to various anti-cancer mechanisms. Abbreviations: SGCA, alpha-sarcoglycan; NK cell, natural killer
cell; RBC, red blood cell.

mechanisms underlying these effects were not investigated in this study, it seems plausible that EVs may contribute to many of
the above-listed processes. In the following section, we will try to summarise evidence on the putative roles of exercise-induced
EVs in various anti-cancer mechanisms (Figure 2).

2.5 | Suppression of tumour growth by myokines

Several studies have shown that exercise-conditioned human serum reduces the growth of cancer cells, including breast, prostate
and colon cancer (Baldelli et al., 2021; Dethlefsen et al., 2017; Orange et al., 2022). At least partially, this effect is mediated
by myokines—several hundreds of cytokines or other peptides that are secreted by muscle fibres and exert either autocrine,
paracrine, or endocrine effects on processes such as metabolism, angiogenesis, or inflammation. They mediate communication
between muscles and other organs, including the brain, bone, liver, immune cells, etc. (Severinsen & Pedersen, 2020). Several
myokines, such as oncostatin, Irisin, IL-6 and SPARC, have been shown to reduce the proliferation and/or induce apoptosis in
cancer cells, whereas IL-6, IL-10 and IL-15 are involved in the remodelling of immune tumour microenvironment (reviewed in
Huang et al., 2022).

Whitham et al. (2018) performed a quantitative proteomic analysis of EVs released before and after a 1-h bout of cycling
exercise in healthy males that resulted in the identification of 322 differentially expressed proteins. This list was significantly
enriched with proteins involved in exosome biogenesis and glycolytic enzymes, suggesting that exercise induces an efflux of EV's
into the circulation and that a fraction of EVs may originate from skeletal muscle. This study also identified 35 novel myokine
candidates released from the contracting limb via femoral arteriovenous difference analysis. Fifteen of these proteins did not
contain a signal peptide, suggesting that sorting of myokines into EVs could be an alternative way of tissue crosstalk to classic
secretory pathways. Taken together, this study provided evidence that myokines are released and travel through the body enclosed
in EVs (Whitham et al., 2018). However, which fraction of myokines is released and reaches the bloodstream in an EV-enclosed
form, and which—in a soluble form—remains to be established.
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2.6 | Reprogramming of the immune tumour microenvironment

Many studies have shown that dynamic exercise induces rapid mobilisation of effector lymphocytes, including mature NK cells,
specific subsets of T cells and monocytes, in the bloodstream (reviewed in Fiuza-Luces et al., 2024). Campbell et al. (2009)
showed that the counts of CD8* T cells with a high effector and tissue-migrating potential and cytotoxic CD56(dim) NK cells
are markedly increased (up to 10-fold above baseline levels) in the bloodstream after a 20 min bout of high-intensity cycling
exercise (Campbell et al., 2009). Similarly, selective mobilisation of differentiated NK cell subsets with high cytotoxic activity
against HLA-expressing target cells (Bigley et al., 2014), 8 T cells (Anane et al., 2009) and CD14TCD16* monocytes (Steppich
etal., 2000) immediately after high-intensity exercise have been reported. Lymphocyte mobilisation is driven by increased blood
pressure, shear forces and adrenaline signalling via 32-adrenergic receptors on the surface of lymphocytes. Lymphocyte counts
return to baseline or even slightly decrease 1-2 h after exertion (Fiuza-Luces et al., 2024). The cyclic mobilisation of lymphocytes
into the bloodstream appears to be required for efficient immune cell trafficking and infiltration into tumours. For instance,
preoperative high-intensity interval training has been shown to increase the infiltration of NK cells into prostate cancer tissues
and the NK cell counts were correlated with the number of training sessions (Djurhuus et al., 2023). Experiments with murine
tumour models have shown that aerobic training results in a notable decrease in both tumour size and incidence. These effects
were mediated by the mobilisation and redistribution of NK cells in an epinephrine and IL-6-dependent manner (Pedersen
et al,, 2016). IL-6, a pleiotropic interleukin and the first myokine identified (Febbraio et al., 2004), elicits both anticancer and
cancer-promoting effects depending on the tissue context (Orange et al., 2023). IL-6, produced by leukocytes and stromal cells in
areas of chronic inflammation, has been demonstrated to promote tumour growth. Conversely, IL-6 secreted by skeletal muscles
during exercise exhibits anti-tumour effects by mobilising cytotoxic immune cells and reducing DNA damage (Orange et al.,
2023). Interestingly, although many cell types secrete IL-6 in a soluble form, some cells, such as T cells have been reported to
favour EV-encapsulated IL-6 release. Hence, in plasma, IL-6 exists in EV-encapsulated, EV surface-attached and soluble forms
(Fitzgerald et al., 2018).

Proteomic and transcriptomic profiling of EVs released during exercise revealed enrichment in molecules involved in pro-
cesses such as immune cell proliferation, regulation of immune response, T cell effector functions, and trafficking of immune
cells (Table 2). For example, analysis of plasma EVs collected before and after cycling exercise using Olink proteomics panels
revealed the upregulation of various chemokines, interleukins and immune cell receptors (e.g. CCL17, CCL24, CXCL1, CXCLIS6,
ILIRA, IL18 and MARCO) (Bryl-Gdrecka et al., 2018). Multiple studies have shown that exercise triggers shifts in EV-enclosed
miRNA levels. Some of them might enhance the anti-tumour immune responses if internalised by the respective immune cells.
For example, miR-126-3p is an endothelial-specific miRNA whose levels were increased in plasma EVs immediately after exercise
(Doncheva et al., 2022; D’Souza et al., 2018), as well as at baseline after 0.5 years of regular exercise (Garai et al., 2021). A recent
study by Gondaliya et al (2024) showed that administration of milk-derived EV's loaded with miR-126-3p in mice carrying hep-
atocellular cancer xenografts elicited pleiotropic effects including enhancing NK cell cytotoxic activity, impairing angiogenesis
and modulating macrophage chemotaxis (Gondaliya et al., 2024). Similarly, EV miR-29¢-3p levels increased after acute exercise
(Doncheva et al., 2022), whereas overexpression of miR-29¢-3p has been shown to enhance NK cell cytotoxicity by reducing
Myc activity (Lee et al., 2021). Taken together, these findings indirectly suggest that the exercise-induced cargo of EV's can exert
immunomodulatory effects in the tumour microenvironment.

2.7 | Reprogramming of energy metabolism in cancer cells

As the essence of neoplastic disease, losing regular control over cellular proliferation is accompanied by reprogramming
metabolic pathways that provide cellular energy—adenosine triphosphate (ATP). The two central energy-producing metabolic
pathways (glycolysis and oxidative phosphorylation) are also, at the same time, sources for metabolic routes where the production
of essential metabolites for nucleotide and lipid biosynthesis takes place (Hanahan & Weinberg, 2011; Pavlova et al., 2022; Vander
Heiden et al., 2009). There is evidence showing that exercise can induce changes in intratumoral central carbon metabolism
(especially mitochondrial metabolism) in mice human cancer xenograft model, independent of whether exercise was able to
inhibit tumour growth (Lu et al., 2018). However, there is a lack of functional studies showing a direct effect of exercise-induced
EVs on the rate of glycolysis or/and oxidative phosphorylation (OXPHOS) in recipient cells.

We are just beginning to explore direct associations between muscle cell health, exercise, and cancer cell metabolism. Exercise-
conditioned serum and myokines have been shown to act as tumour suppressors in breast, colon and lung cancer and have
been suggested to impact several hallmark features of cancer (Hojman et al., 2011; Ruiz-Casado et al., 2017). EVs can contain
modulators of cellular energy metabolism. The miRNAs contained in EVs released by drug-resistant tumour cells or cells from
the tumour microenvironment have an established role in the intercellular transfer of drug-resistance traits, with accompanying
metabolic reprogramming, to sensitive tumour cells (reviewed in Poldnia et al., 2023; Vasconcelos et al., 2019; Xavier et al., 2022).
Also, EVs from various sources can affect mitochondria (reviewed in Carles-Fontana et al., 2022). However, there is a lack of
studies showing the direct effect of factors contained in EVs (e.g. miRNA) on the energy production function in mitochondria
of recipient cancer cells.
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Among the exercise-induced miRNA families, miR-1, -133 and -206 are the most well-studied (Mitchelson & Qin, 2015;
Townley-Tilson et al., 2010). Members of these are shown enriched in EVs released after exercise in several studies (Annibalini
etal., 2019; D’Souza et al., 2018; Guescini et al., 2015; Pietrangelo et al., 2023, also given in Tables 2 and 3). However, miR-1, miR-
133a, miR-133b and miR-206 are mostly down-regulated in various cancers and operate as tumour suppressors (Khasraghi et al.,
2023; Nohata et al., 2012). A direct effect on cancer energy metabolism has only been shown in miR-133b. The regulatory network
of miR-133b is involved in the altered energy metabolism of cancer cells. MiR-133b controls pyruvate kinase expression, thereby
repressing (aerobic)glycolysis (Li et al., 2017; Sugiyama et al., 2016; Wu et al., 2022), a property that can confuse the metabolism of
cancer cells if, at the same time, OXPHOS activity increases with the production of oxygen free radicals. Cancer cells can become
vulnerable to drugs that induce oxidative stress such as doxorubicin or radiation in such conditions.

Several studies show that communication within the tumour microenvironment regarding energy metabolism can also occur
via EVs and the miRNAs they contain (Sepulveda et al., 2023; Yan et al., 2018; Zhang et al., 2023). For example, the breast cancer
cell-secreted and EV-encapsulated miR-105 reprogrammed stromal cells to increase glucose and glutamine catabolism to fuel
adjacent cancer cells when nutrients were sufficient. When nutrients are in shortage and metabolic by-products accumulate, these
reprogrammed fibroblasts detoxify metabolic wastes, including lactic acid and ammonium, by converting them into energy-rich
metabolites, again useful for the surrounding cancer cells (Yan et al., 2018). How and to what extent exercise-induced EVs can
interfere with cell-to-cell communication within the tumour is unknown.

To summarise, there is evidence to suggest that exercise affects the reprogramming of energy metabolism of cancer cells.
However, there is still little detailed information about the mechanisms. EV's certainly have a role in this process. In addition,
tumour energy metabolism relies on the cooperation of cancer cells with the cells in the tumour microenvironment; exercise
effects on this also need further investigation. This knowledge could help support cancer treatment by amplifying or mimicking
the positive effects of physical exercise.

2.8 | Normalisation of tumour vasculature and blood flow

To sustain tumour growth, cancer cells need adequate amounts of oxygen and nutrients, thus explaining why angiogenesis is one
of the hallmarks of tumour progression. Angiogenesis is required for normal physiological processes, such as wound repair and
the menstrual cycle; however, newly formed vessels in tumours differ from those formed in healthy tissue (Hanahan & Weinberg,
2011). Tumour capillaries are often irregularly branched, unorganised, unusually large and hyperpermeable (Nagy et al., 2010).
Under normal circumstances, proangiogenic factors are tightly regulated and are in balance with antiangiogenic factors, but
tumours often exhibit what is known as the “angiogenic switch”, when this balance is disrupted, leading to a quickly developing
but inefficient vascular network (Dudley & Griffioen, 2023; Papetti & Herman, 2002). This creates an even more hypoxic and
acidic tumour microenvironment, which further promotes continuous angiogenesis. In addition, a malformed vascular network
increases the metastatic potential and encumbers drug and immune cell delivery to the tumour site (Azzi et al., 2013). Normalising
the existing vascular network of a tumour has been proposed as a potential treatment strategy (Yang et al., 2021). This can
be done by targeting several signalling pathways, including vascular endothelial growth factor (VEGF), Ang-Tie, Notch and
oncogenic signalling (Yang et al., 2021). A non-pharmaceutical approach to this therapy could be physical exercise, as it promotes
angiogenesis and arteriogenesis in skeletal muscle and myocardium by both growth factor signalling and mechanical forces
(Esteves et al., 2021). Indeed, a study examining intratumoral vascularisation of human breast cancer xenografts implanted in
mice showed a significantly normalised vascular network after a 44-day regiment of voluntary wheel running exercise (Jones
et al., 2010).

Emerging evidence suggests that EVs may play a role in mediating this process. They have been found to carry a variety of
bioactive molecules that mediate angiogenesis, like VEGF (Ko et al., 2019), angiopoietin-2 (Xie et al., 2020), fibroblast growth
factors (FGFs) (Proia et al., 2008) and various microRNAs (Vu et al., 2020). A study examining EV miRNA content in rats
subjected to treadmill exercise protocols showed differential expression of several miRNAs implicated in angiogenesis (Hou et al.,
2019). For example, one up-regulated molecule was miR-122, which has been shown to inhibit the VEGFC signalling pathway
in bladder cancer (Wang et al., 2016). Another study compared miR-126 expression in EVs released by endothelial progenitor
cells between mice with differing exercise regiments and found that miR-126 was more abundant in the exercise group (Ma et al.,
2018). MiR-126 has been found to exhibit both positive and negative effects on cancer angiogenesis (Jalil et al., 2023). This being
said, there is a lack of research focusing specifically on exercise-induced EV effects on angiogenesis in tumours.

2.9 | Further research directions and challenges

A growing body of evidence shows that increased EV release is an integral part of the acute response to physical exercise and
EVs play significant roles in mediating intercellular and inter-organ communication during exercise. Experimental evidence on
their implication in cancer prevention is starting to emerge, and recently, their use as exercise mimetics has been proposed (Pinto
et al,, 2024). However, several important questions and challenges remain.



&
LIORENTE ET AL. .) ISEV 25 of 31
e _| 2sora

It is crucial to identify the specific cells from which EVs are released during exercise. The current studies suggest that the
majority of EVs are derived from endothelial and blood cells and only a minor fraction from skeletal muscle. More studies are
needed to further elucidate the cellular origins of EVs released during various modes of exercise. Researchers can gain a more
detailed understanding of the heterogeneity of exercise-induced EV populations and their cellular sources by employing single
EV analysis techniques. Furthermore, the dynamics of EV release and clearance in response to exercise are not well understood.
Investigating the rates at which EVs are released into circulation and cleared from the body could help elucidate their roles in
exercise physiology and potential therapeutic applications. However, the main challenges hampering such studies are difficulties
in continuous blood sample collection during exercise without affecting the training process and the lack of robust EV quantifi-
cation and phenotyping techniques that do not require prior EV isolation. Considering that there is no standard methodology
for EV isolation and analysis, it becomes crucial to accurately report the experimental details used in each study to be able to
interpret the results correctly and compare them among different studies.

Individual variability is a common problem for all research based on human samples. In the context of EVs and exercise it is
especially important to take into account differences in individual fitness. This variability could be reduced by allowing the study
participants to reach baseline plasma conditions between training periods/bouts. This would allow to better separate the effects
of exercise from the effects due to the body’s adaptation to exercise. Other parameters that should be considered are the timing of
blood sample collection, the processing of blood samples before EV isolation, diurnal variation, dietary parameters and previous
or concurrent medical conditions and/or treatments of patients.

It also has to be considered that the same stimuli that trigger the EV release from normal cells could also stimulate the release
of EVs from cancer tissues. Massive amounts of data convincingly show that cancer-derived EVs promote cancer progression
by transferring aggressive phenotypic traits and drug-resistant phenotypes to other cancer cells, modulating the anti-tumour
immune response, as well as contributing to remodelling of the tumour microenvironment and formation of pre-metastatic
niches (reviewed in Vasconcelos et al., 2019). While the net effect of preoperative physical activity appears to be positive, increased
release of cancer-derived EVs in the bloodstream may counteract the beneficial effects of exercise. However, the proportion of
cancer-derived EVs and other exercise-induced EVs is likely to be variable among patients and may depend on a variety of
factors, including tumour size, vascularisation and EV release rate, and this variation in turn may contribute to the heterogeneity
of patients’ response to exercise. Hence, this issue certainly warrants further investigation and should be taken into account when
considering exercise-based therapeutic interventions in a preoperative setting.

Current data indicate that exercise changes the molecular composition of EVs; however, it is not known if the same changes
occur in healthy individuals and cancer patients whose EV composition is altered by the presence of cancer. Additional studies
integrating several omics analyses are needed to have a more complete overview of the exercise-induced changes in the EV cargo
in healthy people and cancer patients. It is also essential to further investigate molecular changes in specific EV populations,
including both EVs originating from different cells and/or different mechanisms, and investigate molecular mechanisms that
help the sorting of specific molecules in EV's during exercise.

Furthermore, there is a gap in understanding how EVs’ cell-of-origin, molecular cargo, and biological effects are intercon-
nected. Elucidating this link is essential for deciphering the functional significance of EVs in exercise physiology and cancer
treatment.
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