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Abstract 

In recent years, accumulating evidence from preclinical and clinical studies consistently indicated that 
physical activity/exercise plays a crucial role in reducing the incidence and recurrence of various 
malignancies, by exerting a beneficial modulation of cancer hallmarks. Moreover, physical activity is 
suggested to attenuate certain adverse effects of anticancer therapy, including the reduction of 
cardiovascular toxicity and symptoms related to depression and anxiety, among others, while preserving 
muscular strength. 
In the case of melanoma, the relationship with physical activity has been critically debated. Historically, 
several cohort studies and meta-analyses reported a positive association between physical 
activity/exercise and melanoma risk. This association was primarily attributed to outdoor activities that 
may expose the skin to UV radiation, a well-known risk factor for melanocyte transformation. However, 
more recent evidence does not support such association and recognizes physical activity/exercise role in 
both melanoma prevention and progression. Nevertheless, sun protection is recommended during 
outdoor training to minimize UV radiation exposure. 
This narrative review summarizes preclinical and clinical data about physical activity effects on melanoma 
hallmarks. Specifically, experimental evidence is reported concerning (i) invasion and metastasis, (ii) 
reprogramming of energy metabolism, (iii) angiogenesis, (iv) resistance to cell death, (v) evasion from 
immune destruction, and (vi) tumor-promoting inflammation. 
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Introduction 
In the last years, physical activity/exercise was 

reported to significantly affect cancer prevention and 
progression, as it lowers both the incidence and 
recurrence of different tumor types [1–6]. Epidemi-
ological studies show evidence of decreased risk of 
esophagus, stomach, colon, breast, endometrium, 
bladder, and kidney cancers in association with an 
active lifestyle, and a possible protective function 
against ovary, prostate, and pancreatic cancer (World 
Cancer Research Fund International, available at 
https://www.wcrf.org) [7]. Accordingly, the public 
health authorities promote regular physical 

activity/exercise as a component of cancer 
prevention, due to demonstrated roles in the 
regulation of body weight and hormone balance, and 
ability to modulate biological pathways, including but 
not limited to DNA repair mechanisms, response to 
oxidative stress or inflammation, and to sustain a 
proper immune system functionality [8]. However, no 
conclusive data have been reported concerning the 
adequate intensity and optimal duration of physical 
activity required to significantly reduce the risk of 
cancer development or progression. Furthermore, the 
amount of physical exercise positively affecting the 
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prognosis of cancer seems to strongly differ among 
tumor types [9]. 

Melanoma is an aggressive tumor with a marked 
metastatic potential, originating from cutaneous, 
uveal, or mucous melanocytes. The incidence of 
cutaneous melanoma is increasing worldwide 
(according to the latest statistics, around 325,000 new 
cases, with a male predominance, and 57,000 deaths 
have been reported in 2020 [10,11]). For what concern 
treatment and prognosis, early-stage melanoma gains 
benefit from surgical procedures, with five-year 
survival rate for localized melanoma (stage 0 – II) 
being of 98.4%. In patients affected by unresectable or 
late-stage metastatic melanoma, the five-year survival 
rate significantly improved in the last decade, thanks 
to treatment based on immune checkpoints inhibitors 
(ICIs) and serine/threonine-protein kinase BRAF/ 
mitogen-activated protein kinase kinase (MEK) 
inhibitors (BRAFi/MEKi). The first ones represent the 
main breakthrough in cancer immunotherapy, the 
latter (vemurafenib, dabrafenib, and encorafenib as 
BRAFi; trametinib, cobimetinib, and binimetinib as 
MEKi) are the standard of care of advanced 
melanoma carrying BRAF-V600 activating mutations. 
BRAF is a serine/threonine protein kinase which 
stimulates the mitogen-activated protein kinases/ 
extracellular signal-regulated kinase (MAPK/ERK) 
signaling pathway [12]; about 50% of total melanomas 
harbors activating mutations of BRAF, in over 90% of 
cases being the V600E mutation, i.e., the mutation of 
valine 600 to glutamic acid [13,14]. Among ICIs, the 
human anti-cytotoxic T lymphocyte-associated 
protein 4 (CTLA-4) monoclonal antibody (mAb) 
ipilimumab was the first approved by the U.S. Food 
and Drug Administration (FDA) and the European 
Medicines Agency (EMA) in 2011 [15,16] for the 
treatment of late-stage melanoma, followed, few 
months later, by the BRAFi vemurafenib [17,18]. In 
2014, two other ICIs targeting the programmed cell 
death 1 (PD-1) protein, nivolumab and pembroli-
zumab, were approved [19–21] and showed higher 
efficacy than the anti-CTLA-4. Furthermore, the 
combination of ipilimumab with nivolumab was 
associated with even improved outcomes, compared 
to the single agents. Nowadays, the five-year overall 
survival rates, reported by the phase 3 randomized 
clinical trial Checkmate 067, are 26%, 44%, and 52% 
for ipilumumab, nivolumab, and their combination, 
respectively [22]. Moreover, the latest published 
results, with a minimum follow-up of 6.5 years, 
confirmed the higher long-term benefit of the 
anti-CTLA-4/anti-PD-1 antibody combination [23,24]. 
Concerning BRAF mutated melanoma, the COMBI-d 
and COMBI-v (dabrafenib plus trametinib), BRIM-7 
(vemurafenib/cobimetinib), and COLUMBUS 

(encorafenib/binimetinib) trials, testing the different 
BRAFi/MEKi combinations, showed five-year 
survival rate of 34-39% [25–27]. 

Physical activity was first associated to a higher 
risk of malignant melanoma development, since 
training in outdoor settings may enhance the 
exposure to the main risk factor for melanocytes 
transformation, such as ultraviolet (UV) radiation [28–
31]. More recently, in line with data coming from 
other tumor types, physical activity has been 
acknowledged to be an important factor in preventing 
malignant melanoma onset and progression. 
Moreover, no direct positive association between 
physical activity, melanoma risk, and thickness at 
diagnosis (depth of melanoma from the surface of the 
skin), was reported in a population-based analysis, 
from a prospective cohort study carried out on the 
population-based Norwegian women and Cancer 
(NOWAC) cohort aged 30–75 years [32,33].  

Our research group recently summarized the 
current preclinical and clinical evidence concerning 
the effects of exercise training on breast cancer 
hallmarks [34].  

Aim of the present narrative review is to 
summarize the currently available literature defining 
how physical activity might affect melanoma onset, 
progression, and recurrence, based on the 
modification of certain cancer hallmarks by regular 
training (details about the systematic examination of 
existing literature on the topic are reported in Figure 
S1).  

To our knowledge, no published literature 
reviews attempted, up to now, to examine the 
connection between the dynamically evolving defini-
tion of cancer hallmarks [35] and the characterization 
of physical exercise impact on a common, and often 
aggressive, type of cancer, such as melanoma. 
Therefore, by focusing on the exercise-induced 
modification of biological biomarkers, this report may 
help in understanding the potential underlying 
molecular mechanisms through which physical 
activity may affect melanoma biology. In the final part 
of this review, we sought to critically explore whether 
a non-sedentary lifestyle might enhance the 
anti-melanoma potential of currently accessible or 
under investigation pharmacological strategies. 

Melanoma hallmarks modulated by 
physical activity 
Invasiveness/metastasis 

Melanoma often spreads to nearby lymph nodes 
and/or distant sites, leading to the formation of 
metastases in lungs, liver, brain, and bones. Despite 
the recent improvement of clinical outcomes obtained 
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with immunotherapy or BRAFi/MEKi, advanced 
stage melanoma is still associated with a poor 
prognosis in a remarkable percentage of patients [36]. 
Hypoxia, in addition to promote malignant 
transformation of melanocytes, critically supports 
metastasis formation (Figure 1). Mechanistically, the 
major events contributing to melanoma cell motility 
from primary site include increased expression of 
matrix metalloproteinases (MMPs) and loss of 
adhesion molecules, like integrins and cadherins, 
which physiologically mediate cell attachment to the 
basement membrane and cell-cell interactions. In 
detail, E-cadherins are progressively reduced, 
followed by the concomitant upregulation of 
N-cadherins, supporting melanoma cells migration, 
under the control of the phosphoinositide-3- 
kinase/AKT (PI3K/AKT) pathway [37]. 

The results of several preclinical studies indicate 
that physical exercise can primarily modulate tumor 
hypoxia and decrease tumor growth and metastasis 
[38] (Figure 1). A first preclinical study investigated 
the effect of physical exercise on melanoma 
colonization of the lungs by using male C57Bl/6 mice 
injected intravenously with syngeneic B16 melanoma 
cells and assigned to the following groups before 
tumor challenge: Ex-30 (running 30 minutes), Ex-F 
(running and fatigued), Ex-F-24 h (running and 
fatigued for 24 hours before tumor initiation), or 
Control (resting control above the treadmill). In all 
groups, lungs were removed 7-10 days after tumor 
cell injection, and count of tumor foci revealed that 
Ex-F and Ex-F-24 h cohorts had fewer tumors than 
either Ex-30 or Control groups. Moreover, alveolar 
macrophages, removed from sacrificed mice and 

 

 
Figure 1. Schematic drawing of melanoma hallmarks critically depending on the hypoxic state that accompanies the growth of the tumor mass, i.e., invasion and metastasis, 
neoangiogenesis, and reprogramming energy metabolism (upper part): the increase in tumor mass causes a decrease of oxygen availability and upregulation of proangiogenic 
(VEGF-A) and prometastatic (MMPs) factors, under the stimulation, among others, of the PI3K/AKT pathway. This response, leading to pathological angiogenesis and metastatic 
spreading, is crucial for the tumor to overcome hypoxia. However, the new blood vessels show a chaotic and tortuous structure. Moreover, cancer cells modify their metabolism 
and use glycolysis even under aerobic conditions (“Warburg effect”), with consequent increased production of lactate and acidification of the tumor microenvironment. Effects of 
physical activity on melanoma invasion and metastasis, neoangiogenesis, and reprogramming energy metabolism (lower part): an altered expression of soluble factors responsible 
for vascular remodeling, i.e., NFAT and TSP-1, was observed by means of in vitro experimental conditions that mimic the increase in blood flow observed in vivo in association with 
physical exercise. Moreover, upregulation of VCAM-1 in endothelial cells and a significant vessel normalization were observed in vivo in the tumor-associated vasculature of 
melanoma murine models performing treadmill exercise, compared to sedentary control animals. The consequent reduced invasiveness limits metastatic spreading. Melanoma 
metastasis also seems to be hampered by mTOR mediated protective metabolic changes induced by physical activity, like an increase in glucose metabolism, as evidenced both 
in animals and in humans. Abbreviations. Glut: glucose transporter; IGF-1: insulin-like growth factor-1; NFAT: nuclear factor of activated T cells; MMPs: matrix 
metalloproteinases; TME: tumor microenvironment; TSP-1: thrombospondin-1; VCAM-1: vascular cell adhesion molecule-1; VEGF-A: vascular endothelial growth factor A; 
VEGFR-1: vascular endothelial growth factor receptor 1. 
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co-cultured in vitro with B16 cells, were more able to 
reduce melanoma proliferation when obtained from 
mice of the Ex-F group, compared to animals 
belonging to the Control group, suggesting that 
exercise not only protects against lung tumor 
metastases, but also enhances the cytotoxic activity of 
alveolar macrophages [39]. Years later, the same 
group used a modified exercise protocol [40], 
including six consecutive days of running on 
treadmill (1 hour/day) to better evaluate the impact 
of short-term, moderate training on the establishment 
of melanoma lung metastases, in combination with 
the consumption of oat β-glucan (a dietary fiber found 
in the cell wall of fungi and yeast, endowed with 
some anticancer effects [41]). Although without 
additive effects, both short-term moderate intensity 
exercise and intake of oat β-glucan decreased the in 
vivo metastatic spread of B16 melanoma, at least 
partly due to an increased macrophage antitumor 
cytotoxicity [40].  

Opposite results came from a study based on 
voluntary training on a non-motorized wheel in an 
experimental metastasis model represented by 
intravenously injected B16BL/6 melanoma cells in 
male C57BL/6 mice. When frequency, duration, and 
intensity of the exercise were determined by the 
animals themselves, despite variation in the daily 
physical activity that could affect the outcomes of the 
experiment, it was possible to eliminate the stress 
associated with a forced running by treadmill. 
However, in this experimental setting, no differences 
were identified in terms of number and size of lung 
metastases between sedentary and running mice [42]. 

A more recent study reported that physical 
exercise can induce internal organs to reprogram their 
metabolic activity and increase their nutrient demand, 
thus protecting them from metastasis, through a 
reduction of nutrient availability [43]. In detail, three 
preclinical models of melanoma were established, by 
performing subdermal, intracarotid, or intrasplenic 
Ret-melanoma cell injection in C57BL/6JRccHsd mice, 
after an exercise training protocol on the treadmill. In 
this study, female animals were used based on their 
enhanced metabolic response to exercise. In all the 
experimental models, exercise before cancer cell 
injection protected animals against metastasis to 
distant organs. In the same article, a parallel 
prospective human study on 2734 cancer-free 
participants, with a follow-up of 20 years, allowed to 
prove that high-intensity exercise significantly 
reduced the incidence of invasive cancers by 73%, 
compared to inactivity, supporting the inverse 
correlation between training and development of 
invasive malignancies [43]. 

Reprogramming of energy metabolism 
In order to survive in situations of fluctuating 

oxygen levels, cancer cells modify their metabolism 
and use glycolysis even under aerobic conditions, a 
process known as “Warburg effect” associated with 
consequent production of high lactate levels and 
acidification of the tumor microenvironment [44]. 
Enhanced glutaminolysis and changes in lipid 
metabolism (i.e., increased lipogenesis and fatty acid 
absorption) further contribute to metabolically affect 
tumor cell growth, spread, and resistance to 
chemotherapy [45] (Figure 1). 

Exercise training is able to target the specific 
metabolism of tumor cells, namely the Warburg-type 
high glycolytic metabolism, in a mode-, intensity-, 
duration-, and frequency-dependent manner. High- 
intensity anaerobic exercise carefully performed 
according to individual specifications, can achieve 
better results than moderate-intensity aerobic exercise 
in inhibiting glycolysis and reducing tumor growth 
[46]. Because of the atypical metabolic profile of 
tumors, cancer and healthy cells also differ in their 
response to caloric restriction. Cancer cells are unable 
to adapt to the lack of nutrients and maintain a 
sustained proliferation even in case of fasting, while 
normal cells switch to a maintenance program 
conferring resistance to stress [47]. Indeed, fasting for 
72 h protected melanoma- and glioma-bearing mice 
against the toxicity of high-dose chemotherapy [48]. 
On the other hand, by reducing available glucose, 
energy restriction may affect cancer cells relying on 
glycolysis through the “Warburg effect” more than 
quiescent normal cells. Therefore, reduced food intake 
could enhance response to chemotherapy, alone or in 
combination with immunotherapy, and preclinical 
data support the adjuvant use of caloric restriction. Of 
note, caloric restriction promotes both life expectancy 
and healthspan, whereas burning of calories through 
exercise only prologs healthspan [49], suggesting 
molecular effects of caloric restriction beyond energy 
balance. 

The aforementioned study [43], which examined 
the role of physical exercise in protecting internal 
organs from colonization by metastatic melanoma 
cells, postulated that the reprogramming of host 
organs metabolic habits hampers colonization by 
cancer cells (Figure 1). In order to verify such 
hypothesis, a proteomic analysis of internal organs 
(lungs, lymph nodes, liver, and muscle) was 
performed in mice exposed to forced training on 
treadmill prior to melanoma initiation. As reported, 
all trained animals showed exercise-induced meta-
bolic alterations, in terms of upregulation of 
carbohydrates metabolism, glycolysis, oxidative 
phosphorylation, and mitochondrial biogenesis/ 
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activity, in all the explored organs. Moreover, the 
expression levels of glucose transporters (GLUTs) 
mRNAs (Glut1, Glut2, and Glut4), required for glucose 
uptake by cells, were significantly increased in the 
organs from active mice, compared to inactive mice 
[43]. Such protective metabolic changes induced by 
physical activity required the participation of the 
mTOR pathway, since its inhibition reversed the 
metabolic shield. Indeed, when primary cells from 
lungs of active mice were treated with the mTOR 
inhibitor rapamycin and co-cultured with B16 
melanoma cells, the metabolic advantage was lost, 
and tumor growth was resumed. 

A similar proteomic analysis of plasma samples 
obtained after 30 minutes treadmill high-intensity 
training from a small cohort of healthy [43], routinely 
active human volunteers (25-45 years of age, 
performing weekly endurance exercise), revealed a 
significant upregulation of proteins belonging to the 
insulin-like growth factor-1 (IGF-1) pathway. In 
another small cohort, the high-intensity exercise 
affected the ratio between fat and glucose utilization, 
with the latter rising as the intensity of exercise 
increased [43]. Thus, data from both cohorts 
suggested an increased consumption of carbohydrates 
during high-intensity exercise. The same study 
followed an initially cancer-free prospective cohort of 
2734 participants for 20 years and recorded 
self-reported descriptions of exercise intensity and 
duration. Epidemiological analysis showed that the 
risk of metastatic cancer was significantly reduced by 
high-intensity exercise (by up to 73% compared with 
inactivity). Therefore, the shift in macronutrient 
utilization observed by proteomic analysis in small 
cohorts performing regular exercise was 
hypothesized to be a protective factor against the 
development of highly metastatic tumors in humans 
[43]. 

Neoangiogenesis 
The transition from a proliferative to an invasive 

behavior, which is part of malignant melanoma 
progression, critically relies on the formation and 
growth of new blood vessels, i.e., neoangiogenesis. 
Indeed, the newly formed tumor-associated 
vasculature provides an excellent route by which 
cancer cells can spread and generate metastases in 
distant organs from the primary tumor. The increase 
in tumor mass is paralleled by the decrease of oxygen 
availability, to which the tumor itself and the tumor 
microenvironment respond by producing an excess of 
proangiogenic factors. Neovessel formation is 
typically stimulated by an excessive release of the 
vascular endothelial growth factor-A (VEGF-A) from 
hypoxic tumor cells. Upregulation of VEGF-A/ 

vascular endothelial growth factor receptor 1 
(VEGFR-1) signaling pathway is crucial for 
pathological angiogenesis and metastatic spreading 
[50,51] (Figure 1). The new vascular system, however, 
lacks a regular and hierarchical organization, 
exhibiting a chaotic and tortuous structure [52,53]. 
Such altered circulatory system paradoxically 
perpetuates tumor hypoxia and contributes to the 
acquisition of an even more aggressive tumor 
phenotype, prone to metastasis and resistance to 
anticancer treatments, since it hampers a proper drug 
distribution to the tumor site. Accordingly, 
therapeutic approaches have been developed in the 
past years, combining chemotherapy with antiangio-
genic agents, aimed at normalizing tumor vasculature 
and improving drug delivery [54,55]. 

Considering that, together with the chemical 
signal provided by VEGF-A, mechanical signals 
generated by an increased blood flow and pressure 
contribute to the development of the tumor 
vasculature, the acquisition of a proper vessel 
functionality has been assumed to be potentially 
favored by modifying these parameters. In turn, 
aerobic physical exercise has been considered as a 
strategy that may support the increase in blood flow. 
In a recent study, B16F10 melanoma from post-tumor 
implantation exercised C57BL/6 mice (aerobic 
moderate intensity treadmill running) showed a 
significant increase in both vessel length and blood 
supply [56]; consequently, the reduction in tumor 
growth induced by a chemotherapeutic agent 
(doxorubicin) in exercised mice was significantly 
higher, compared to animals treated with chemo-
therapy alone. By using in vitro experimental 
conditions that mimic a stress in endothelial cells like 
that resulting from an increased blood flow in vivo, an 
altered expression of soluble factors responsible for 
vascular remodeling was observed. In particular, 
activation of nuclear factor of activated T cells (NFAT) 
transcription factor and augmented secretion of 
thrombospondin-1 (TSP-1), a key antiangiogenic 
protein acting as a critical player in tumor vascular 
normalization induced by exercise, were reported [56] 
(Figure 1). However, post-implantation exercise alone 
in B16F10 melanoma bearing mice did not affect 
vascularity, perfusion, hypoxia, and tumor growth 
rate. Indeed, the hypoxic areas, number of perfused 
vessels, and CD31-positive vessel density were 
unchanged in tumors from exercising mice on a 
running wheel, compared to non-exercising mice [57]. 
Therefore, the influence of exercise alone on 
melanoma angiogenesis and perfusion appears to be 
minor. 

More recently, normalization of tumor 
vasculature by aerobic exercise gained novel 
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attention, and a possible involved mechanism was 
identified, such as the upregulation of the expression 
of vascular cell adhesion molecule 1 (VCAM-1) by 
endothelial cells in B16F10 and YUMMER 1.7 murine 
models of melanoma [58]. In an experiment involving 
male C57BL/6 mice, a regimen of treadmill exercise 
(i.e., treadmill running for 45 minutes/day for 12-14 
days post-tumor implant) resulted in a significant 
remodeling of melanoma-associated vasculature. 
Such a remodeling was characterized by a reduction 
in vessel permeability and no change in tumor 
perfusion, compared to sedentary control 

animals [58]. 

Resistance to cell death 
The uncontrolled cell proliferation associated 

with malignant transformation is often correlated 
with acquired resistance to apoptotic cell death, 
through several molecular mechanisms, including the 
loss of p53 tumor suppressor activity, upregulation of 
anti-apoptotic (Bcl-2, Bcl-Xl) or pro-survival (IGF-1/2) 
factors, downregulation of pro-apoptotic factors (Bax, 
Bim, Puma), and inactivation of effector caspases 
(Figure 2). 

 
 

 
Figure 2. Schematic drawing of other melanoma hallmarks: resistance to cell death, evasion of immune destruction (due to blockade of anticancer immunity), and melanoma 
promoting inflammation (supporting tumor-sustaining pro-inflammatory cells) (upper part). Typically, cancer cells show defects in the apoptotic machinery, i.e., up-regulation of 
anti-apoptotic factors, like Bcl-2 or Bcl-Xl, and down-regulation of pro-apoptotic factors, like Bax or Bim. Moreover, the anticancer response mounted by the immune system is 
hampered, due to an increased activation of immune checkpoints (PD-L1/PD-1 axis). Finally, the promotion of inflammatory response, with consequent excessive production of 
cytokines and growth/survival factors, further contributes to support melanoma evolution. The transcription factors NF-κB and STAT3, and the enzyme COX-2 are key 
molecular players in the enrollment of pro-inflammatory cells by the tumor. Effects of physical activity on resistance to cell death, evasion of immune destruction, and melanoma 
promoting inflammation: by upregulating the canonical p53 pathway, physical activity has been reported to increase the pro-apoptotic signaling of ceramide in a melanoma murine 
model. Infiltration of the tumor by effector immune cells, like T, NK, and dendritic cells, and the increased proliferation of tumor non-infiltrated lymphocytes represent additional 
effects of physical activity, together with the decrease of serum levels of leptin (satiety hormone associated with pro-inflammatory, anti-apoptotic, and pro-angiogenic actions) and 
pro-inflammatory cytokines (IFN-γ, IL-2, and TNF-α). On the other hand, acute exercise may enhance IL-15 levels. Finally, in preclinical studies physical activity seemed to directly 
upregulate the expression of immune checkpoints (PD-1, PD-L1, and PD-L2) but did not synergize with PD-L1 or PD-1 inhibitors. In the context of aquatic exercise, the amount 
of splenocytes from mice exercised in thermoneutral water (TT, 29°C) was significantly increased, compared to animals exercised in body temperature water (BT, 36°C), 
particularly involving CD8+ T and NK cells, with consequent enhanced release of IFNγ. Abbreviations. COX-2: ciclooxygenase-2; IFN-γ: interferon γ; IGF-1/2: insulin-like growth 
factor-1/2; IL-2: interleukin-2; IL-6: interleukin-6; IL-15: interleukin-15; NK: natural killer; PD-1: programmed cell death protein 1; PD-L1: programmed death-ligand 1; TNF-α: 
tumor necrosis factor α. 
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Among tumor cell intrinsic death mechanisms, 
ceramide-promoted cell death has been identified. 
Ceramide is a bioactive lipid that regulates cell 
death/survival, and human melanoma seems to 
exhibit a reduced expression of ceramide synthase 6 
(CerS6), the enzyme which generates the pro-apop-
totic form of the molecule (C16-ceramide) [59]. In a 
recent study, a two-week moderate aerobic treadmill- 
based exercise was demonstrated to increase the 
pro-apoptotic ceramide signaling pathway and 
sensitivity to doxorubicin in B16F10 melanoma 
tumor-bearing male C57BL/6J mice, by upregulating 
canonical p53 signaling and DNA fragmentation. 
However, promotion of the pro-apoptotic ceramide 
pathway was not observed in a second melanoma 
murine model (BP murine melanoma), thus 
suggesting that the effect of physical exercise on 
cancer cell death can vary, depending on the 
melanoma preclinical model tested [60] (Figure 2). 

Evasion of immune destruction 
Melanoma is a highly immunogenic tumor, 

whose development involves sequentially connected 
phases [61]: i) elimination of tumor cells by natural 
killer (NK), dendritic, T, and B cells mediated 
immunosurveillance; ii) establishment of an 
equilibrium between tumor and immune cells; iii) final 
escape, or immune evasion, due to exhaustion of the 
tumor immunosurveillance, that would mainly 
depend on reduction of tumor-associated antigen 
expression and increase of inhibitory molecules 
production (e.g., programmed death-ligand 1 
[PD-L1]) by the tumor, or increased expression of 
cognate checkpoint receptors (PD- 1) by immune cells 
[62,63] (Figure 2). Accordingly, the recent therapeutic 
approaches, including CTLA-4 and PD-1 inhibitors 
(i.e., ICIs), aimed at reinforcing the molecular 
interaction between effector immune cells and tumor 
cells, have dramatically improved the outcome of 
metastatic melanoma patients [22–24]. Nevertheless, 
the recruitment of tumor antigen-specific T cells to the 
tumor site is crucial for a significant response to ICIs. 
Since chemokines play a major role in recruiting 
tumor infiltrating lymphocytes [64], melanomas 
showing low expression levels of chemokine 
receptors (CXCR3 and CCR5) ligands are poorly 
infiltrated by T cells [65]. Moreover, other 
complications may hinder the chemotaxis of 
anticancer T cells, among which the previously 
mentioned abnormal tumor vasculature and the 
consequent poor tumor perfusion. 

According to the accumulating data about 
exercise effects on cancer, a potential role of physical 
activity in enhancing the outcomes of anticancer 
immune response and immunotherapy has been 

explored [66]. A recent comprehensive analysis 
suggested that regular exercise may increase immune 
function, particularly T cell activity, thereby 
potentially reducing the incidence of cancer among 
physically active people [67]. 

Preclinically, voluntary wheel running has been 
reported to reduce tumor growth in a B16 melanoma 
model established in female C57BL/6 mice, by 
significantly increasing infiltration of the tumor by 
effector immune cells, including T, NK, and dendritic 
cells. Specifically, the release of epinephrine during 
exercise mobilized immune cells into the circulation 
and promoted NK cell tumor infiltration that 
inversely correlated with tumor burden [68]. In 
athymic mice lacking efficient T cells but retaining NK 
cells, the reduction in B16 tumor volume by 6-weeks 
long training was maintained, even though to a lesser 
extent than in wild-type immune-competent exercised 
mice, indicating that T cells control tumor growth, but 
are dispensable in the context of exercise-promoted 
reduction of tumor burden. In contrast, depletion of 
NK cells completely nullified the inhibitory impact of 
running on tumor growth [68]. Such evidence is in 
line with the general idea that, among immune cells, 
NK cells are the most responsive to exercise. Notably, 
a substantial mobilization of NK cells into the 
bloodstream occurs within minutes from the 
beginning of training, and this phenomenon may 
potentially contribute to the exercise-mediated 
protection against cancer [69].  

Moreover, increased expression levels of 
mRNAs coding for ligands (H60a, Clr-b, MULT1), 
cytokines (IFNγ, IL-2, IL-15), and chemokines 
(CXCL10, CCL3, CX3CL1) involved in NK cell 
activation and chemotaxis, were reported in tumors 
from exercised mice. IL-6 plasma concentrations were 
also found to markedly increase during exercise, 
being recognized as an additional factor involved in 
tumor homing: blockade of training-induced IL- 6 by 
specific antibodies reduced the inhibitory effect on 
tumor growth and the infiltration of tumors by NK 
cells [68]. In another preclinical study, CD8+ T cells 
from non-exercising or exercising mice were 
transferred to sedentary female C57BL/6J mice that 
had been inoculated with ovalbumin (OVA) 
expressing melanoma cells (B16F10-OVA) [70]. The 
recipient animals receiving T cells from exercising 
donors showed increased survival and decreased 
tumor growth rate, compared to the sedentary 
melanoma carrying animals that received T cells from 
non-exercising mice. 

Results obtained from studies emphasizing the 
exercise-induced mobilization and activation of 
cytotoxic immune cells as a crucial factor contributing 
to the exercise-dependent regulation of tumor growth 
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in melanoma in vivo models [57,68,71] have been 
further reinforced by a recent study addressing the 
transcriptome of B16F10 tumors in female C57BL/6 
mice, under both standard chow and high-fat dietary 
conditions [72]. As expected, markers of macrophages 
(CD68, CD74, and CD209), NK (NKG2D and NK1.1), 
and T cells (CD8, PDCD10, perforin, GrmM) were 
upregulated by voluntary wheel running in chow-fed 
mice. However, the exercise-amplified expression of 
markers related to myeloid and NK cells was 
attenuated in high-fat diet mice, while the induction 
of T cell markers exhibited, comparatively, a lower 
degree of alteration. Therefore, in line with 
epidemiological results that underscore the potential 
of exercise to diminish cancer risk and severity [30], 
voluntary wheel running exerted a restraining effect 
on tumor growth irrespective of dietary conditions; 
such an effect was also largely independent of body 
mass index. However, exercise-induced innate 
immune recognition of tumors was reduced in 
association with high-fat feeding [72]. 

Based on a more recent study, aerobic exercise 
differentially regulated antitumor immune response 
and melanoma growth since it significantly increased 
CD8+ T cell infiltration and reduced tumor size in 
YUMMER but not in B16F10 murine melanoma 
models [58]. 

In humans, exercise has a substantial impact on 
the immune system functionality: long periods of 
intensive training seem to depress immunity, whereas 
moderate intensity physical activity appears to be 
beneficial, in terms of transient increase of leukocyte 
count [73]. Leukocytosis in response to exercise was 
first reported about two decades ago [74]. More 
recently, it was shown that leukocyte subsets are 
differentially mobilized into the peripheral blood, in a 
manner dependent upon exercise intensity and 
duration [75]. Albeit initially not believed to hold 
clinical relevance, leukocytosis induced by exercise, in 
particular the “immuno-enhancing” effect of single 
bouts of moderate intensity exercise, has been 
recognized to potentially improve health outcomes in 
elderly, obese, and patients with chronic viral 
infections, as well as to represent a tool to boost the 
immune system in cancer patients receiving 
immunotherapy [73]. Furthermore, the previously 
discussed increase in blood flow, due to 
normalization of the tumor blood vessels, observed in 
conjunction with physical activity, can further 
increase the infiltration of immune cells within the 
tumor mass. 

Voluntary physical activity, in addition to 
decrease melanoma growth in B16 tumor-bearing 
female C57BL/6NTac mice, also seemed to directly 
upregulate the expression of immune checkpoints. In 

detail, the mRNA expression levels of PD-1 and 
cognate ligands, PD-L1 and PD-L2, were augmented 
by 2.9-, 2.3-, and 3.1-fold, respectively, whereas 
mRNAs codifying for the CD28 co-stimulatory 
molecule and its ligands (B7.1 and B7.2) showed an 
increase of 2.2-, 2.8-, and 2.9-fold, respectively [71]. 

Although also patients with PD-L1 negative 
tumor may benefit from the treatment with ICIs, high 
PD-L1 expression in the tumor is assumed as a 
promising predictive biomarker of response in several 
solid cancers, including cutaneous melanoma [76-78]. 
Therefore, on this basis, exercise-induced up-regula-
tion of PD-L1 is expected to potentially improve 
melanoma response to anti-PD-1/PD-L1 therapies. 
However, the combination of physical activity with 
anti-PD-L1 or anti-PD-1 approaches did not induce 
further inhibition of tumor growth. B16 melanoma 
carrying female C57BL/6NTac mice received 100 mg 
of a PD-L1 inhibitor or PBS, thrice a week following 
tumor challenge, after randomization to cages with or 
without running wheels. During the 5 weeks 
preceding tumor injection, animals ran 0.9-5.8 km 
daily, without significant difference in running 
wheels utilization between the PD-L1 inhibitor and 
PBS groups. Tumor growth was significantly 
suppressed by wheel running (by 72%, p = 0.13), 
although without statistically significant interaction 
with the anti-PD-L1 therapy (83% tumor growth 
reduction with the combinatorial approach, p < 0.05). 
The same was observed following wheel running 
combined with the anti-PD-1 treatment, when 
running and control mice carrying B16 melanoma 
tumors were treated with 200 μg anti-PD-1 or PBS, 
twice a week post- tumor implantation. In this case, 
animals ran 4-8 km per day, and the anti-PD-1 group 
ran significantly more than the PBS group. Despite a 
significant reduction of tumor growth induced by 
physical activity (40%, compared to the inactive group 
receiving PBS, p < 0.05), also in this case the 
combination of training with the anti-PD-1 did not 
result in additive effects (50% tumor growth 
inhibition, exercising versus sedentary groups, p = 
0.07) [71]. In agreement with these findings, in 
YUMMER and B16F10 melanoma models aerobic 
exercise did not enhance the antitumor activity of an 
anti-PD1 treatment [58]. 

While not improving the efficacy of immuno-
therapy against melanoma, the exercise and anti-PD-1 
combinatorial approach induced modifications of the 
tumor immune microenvironment, which differed 
according to the tumor model tested [79]. Indeed, 
post-implant exercise alone (on running wheels 
associated with a digital count of revolutions) was 
found to significantly decrease the number of tumor 
resident CD8+ T cells in a breast cancer in vivo model 
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(EO771 cells in female C57BL/6 mice), but not in the 
case of melanoma (B16F10 cells in female C57BL/6 
mice). Moreover, exercise reduced the amount of 
CD8+ T cells within the total T CD3+ cell population 
in both models, indicating a general shift towards a 
more immunosuppressive phenotype. On the 
contrary, in combination with an anti-PD-1 agent, 
exercise increased the fraction of CD8+ T cells in 
EO771 but not in B16F10 melanoma. No changes were 
observed in the amount of tumor infiltrating NK cells 
between non-exercising and exercising mice in both 
tumor types, and regardless of the anti-PD1 treatment 
[79]. These data are in contrast with the study by 
Pedersen et al., in which exercise increased the 
number of intratumoral NK cells in B16F10 melanoma 
[68]. As suggested by the authors, a possible 
explanation for such discrepancy has to be found in 
the time of exercising, being pre-implantation, in one 
case, and post-implantation, in the other case [79]; 
therefore, it seems that an exercise-based pre-condi-
tioning, before tumor cells injection, may be required 
to promote NK cell infiltration. 

A particular area of research is focused on the 
beneficial effects of aquatic exercise on anticancer 
immunity. In this context, the effect of water 
temperature on the immune response triggered by 
melanoma has been studied in male C57BL/6 
tumor-bearing mice swimming in thermoneutral (TT, 
29°C) or body (BT, 36°C) temperature for 3 weeks, 6 
days a week, for 30 minutes [80]. Interestingly, tumor 
growth was significantly impaired in mice that swam 
in TT as compared to mice that exercised in BT water 
or control mice. When testing the number of immune 
cells involved in the antitumor immune response, the 
total amount of splenocytes significantly increased in 
the group exercised in TT water. Moreover, FACS 
analysis showed that such significant increase 
involved CD8+ T cells, γδT cells (T cell subpopulation 
with immune surveillance activity), natural killer T 
cells (NKT), and NK cells (1.6, 2.5, 2.5, and 2-fold, 
respectively). Furthermore, CD8+ T cells from the TT 
group were associated with a significantly enhanced 
release of IFNγ, compared to CD8+ T cells from the 
BT group (Figure 2). Finally, soluble γc protein (sγc), 
known to inhibit antitumor immune response [81], 
showed a relatively late down-regulation in the serum 
of resting mice, compared to the active group, and a 
significantly higher rate of decline in mice exercised in 
TT water than in animals exercised in BT water [80]. 

Melanoma-promoting inflammation 
While the inflammatory response typically 

serves as a defense mechanism triggered in response 
to trauma and/or invasion by infectious agents, and 
usually subsides with tissue repair, chronic 

inflammation has the potential to foster 
carcinogenesis, which might be attributed - at least 
partly - to an excessive production of cytokines and 
growth/survival factors. Additionally, sustained 
chronic inflammation can impair proper 
mitochondrial function that plays a critical role in the 
regulation of energy-generating pathways and 
apoptosis. In turn, the compromised “mitochondrial 
fitness” may contribute to cancer initiation, while an 
active lifestyle may enhance the mitochondrial 
function and reduce the risk of cancer [82]. 

An inflammatory microenvironment is crucial in 
both cancer onset and evolution. Tumor-associated 
monocytes/macrophages, activated T lymphocytes, 
mast cells, neutrophils, and eosinophils are the critical 
inflammatory cells sustaining malignancies, through 
the release of growth factors, extracellular proteases, 
chemokines, proangiogenic factors [83]. In turn, 
NF-κB and STAT3 transcription factors, together with 
the pro-inflammatory isoform of the cyclooxygenase 
(COX-2) enzyme, are key molecular players in the 
enrollment of pro-inflammatory cells by the tumor 
and production of pro-inflammatory mediators 
[84,85] (Figure 2). 

Since obesity can induce a chronic and systemic 
inflammatory status that promotes cancer, the effect 
of moderate physical exercise on a treadmill has been 
tested, in terms of impact on tumor non-infiltrating 
lymphocyte’s function and tumor growth, by using a 
murine model (female C57BL/6 mice) of melanoma 
maintained on a high-fat diet. As expected, the 
high-fat diet not only led to obesity, but also 
promoted melanoma growth (twice increase, 
compared to mice with a balanced diet), while a 
concomitant moderate physical exercise significantly 
reduced tumor growth [86]. Moreover, exercise 
increased the proliferation of tumor non-infiltrated 
lymphocytes, regardless of the dietary regimen, and 
decreased the serum levels of leptin, in both 
tumor-bearing and tumor-free high-fat diet-fed 
animals. Leptin is a satiety hormone associated with 
pro-inflammatory, anti-apoptotic, and pro-angiogenic 
actions, thus exerting a relevant role in the promotion 
of tumor growth [87]; indeed, its serum 
concentrations were higher in mice fed with a high-fat 
diet. Finally, a significantly reduced secretion of 
pro-inflammatory cytokines (IFN-γ, IL-2, and TNF-α), 
involved in the Th1 response and recruitment of other 
leukocytes, was observed in melanoma bearing mice 
receiving a high-fat diet and on continuous exercise. 
Therefore, physical activity contributed to decrease 
the chronic inflammation accompanying both obesity 
and tumorigenesis. On the other hand, no significant 
difference was found in IL-4, IL-6, IL-10, IL-17 
secretion between control or tumor bearing mice, 
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receiving either the balanced or the high-fat diet, 
sedentary or exercised [86]. 

In another study, IL-15 was evaluated across 
different tumor types as a potential molecular 
biomarker for prediction of patient prognosis and for 
evaluating the anticancer effects of exercise [88], by 
detecting its expression through the Cancer Genome 
Atlas (TCGA), the Human protein Atlas (HPA), and 
the Genotype Tissue-Expression (GTEX) databases. At 
first, IL-15 mRNA expression and protein levels were 
found to be significantly down-modulated in 12 
different tumors, including skin melanoma, compared 
with normal tissues. On the other hand, a high 
expression of IL-15 was associated with the prediction 
of a positive survival outcome in different cancer 
patients, including those with skin melanoma (Figure 
2). In line with this evidence, some studies are testing 
recombinant human IL-15 in cancer patients, 
including those with metastatic melanoma [89,90]. 
Thus, the observation made in healthy individuals of 
enhanced IL-15 levels for 10–120 min after acute 
exercise [91], allowed to establish that the better 
prognosis reported in regularly training cancer 
patients may originate from up-regulation of IL-15 
expression [88]. 

Inflammation-related molecules were also 
suggested as potential prognostic biomarkers by a 
recent comprehensive bioinformatics analysis that 
exploited different datasets to identify genes induced 
by exercise associated with malignant melanoma [92]. 
In particular, the GSE62628 database, released in July 
2016 and containing the gene expression profile of 
melanoma tissues from exercised and unexercised 
mice, was used to obtain information on 
exercise-induced genes. By analyzing the whole 
genome changes in gene expression occurring in 
malignant melanoma, both before and after voluntary 
exercise, a total of 1627 differentially expressed genes 
(DEGs) were identified, with 1285 and 342 genes 
showing increased and decreased expression, 
respectively. Analysis of these DEGs, performed 
through Gene Ontology, demonstrated that they were 
mainly involved, among other immune/inflam-
matory processes, in NF-κB, cytokines, or chemokines 
signaling pathways, and NK cell mediated 
cytotoxicity [92]. 

Physical activity and other melanoma 
hallmarks 

Other hallmarks, not discussed above, have been 
described in the field of cancer, namely: sustaining 
proliferative signaling, evading growth suppressors, 
enabling replicative immortality, genome instability 
and mutation, unlocking phenotypic plasticity, 
nonmutational epigenetic reprogramming, polymor-

phic microbiomes, and senescent cells. However, 
relevant evidence supporting physical exercise impact 
on such hallmarks in the context of melanoma is 
currently scarce or missing. 
• Sustaining proliferative signaling. Exercise is 

known to activate MAPK/ERK and PI3K/AKT 
pathways [93], both involved in the pathogenesis 
and progression of melanoma [94-96]. 
Specifically, molecular changes that occur during 
the progression of melanoma also include 
hyperactivation of PI3K/AKT and inactivation 
of p53 [97]. Likewise, high IGF-1 levels activate 
the PI3K/AKT signaling and decrease apoptosis, 
which would increase tumor progression [98]. In 
this context, it has been proposed that physical 
exercise may increase p53 levels and attenuate 
serum IGF-1 levels [99,100]. However, despite 
the activation of MAPK/ERK and PI3K/AKT 
pathways, and the lack of data supporting the 
downregulation of IGF-1 (actually, increased 
IGF-1 levels were reported in exercising healthy 
volunteers [43]), physical exercise does not seem 
to promote the proliferative signaling hallmark 
in melanoma. 

• Evading growth suppressors. Under physiological 
conditions, when DNA is damaged, p53, as a 
“guardian of the genome”, is released from its 
negative regulatory protein MDM2 through a 
phosphorylation process. Subsequently, p53 
activates genes, such as p21, IGFBP-3, and PTEN. 
Altogether, p53 and downstream proteins 
orchestrate a variety of cell responses (DNA 
repair, cell cycle arrest, cellular senescence, cell 
death) which, in case of cancer, drive inhibitory 
molecular processes on its growth [101]. In the 
context of physical activity and modulation of 
melanoma hallmarks, the previously reported 
role of p53 in ceramide pro-apoptotic signaling 
[59] may represent a first indication, to be further 
investigated, for what concern exercise effect on 
melanoma evasion of growth suppressors. 

• Enabling replicative immortality. It is known that 
exercise attenuates telomere attrition and helps 
maintaining a balance with oxidative stress and 
inflammation [102]. The maintenance of a 
healthy body composition has been described as 
one of the potential mechanisms by which 
exercise could lead to an attenuated telomere 
attrition [103]. However, to our knowledge, no 
clinical or preclinical studies have addressed the 
effects of physical exercise on telomere length or 
telomerase activity in melanoma. 

• Genome instability and mutations. Although there 
is no evidence on the benefits of exercise on this 
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melanoma hallmark, it is known that an 
excessive telomere shortening not only increases 
the risk of cancer but also induces genomic 
instability, by mediating interchromosomal 
fusion [104]. Therefore, the previously 
mentioned hypothesis, which indicates that 
exercise, thanks to the maintenance of a healthy 
body composition, could reduce carcinogenesis 
by hampering the replicative immortality, could 
also be applied to this hallmark, but much more 
information is required. 

• Unlocking phenotypic plasticity. As repeatedly 
stated, hypoxia and inadequate blood supply 
encourage the development of an aggressive 
cancer phenotype, thus contributing to the 
failure of systemic treatments [105]. It has been 
hypothesized that temporary systemic acidity, 
induced by exercise, affects the tumor 
microenvironment composition in vivo and 
delays the tumor's adaptation to localized 
hypoxia and acidosis [106]. For instance, it is 
known that M1 macrophages enhance the 
inflammatory state, while M2 macrophages 
inhibit it, and in obese male C57BL/6 mice, 
aerobic physical exercise has been shown to 
increase the expression of CD163, a specific 
marker of M2 phenotype [107]. However, a 
recent study in murine melanoma models 
showed that aerobic exercise caused a 
phenotypic shift away from the M2 type in the 
tumor-associated macrophage population [58]. 
Melanoma cells themselves show a high 
phenotypic plasticity, being able to switch back 
and forth between various subtypes, including 
the undifferentiated, neural crest, transitory, and 
melanocytic subtype [108]. However, studies 
addressing the effect of exercise on this 
melanoma hallmark are presently limited. 

• Nonmutational epigenetic reprogramming. Cancer is 
associated with hypermethylation, and 
consequent silencing, of tumor-suppressor genes. 
Exercise may affect cancer development through 
epigenetic alterations, including DNA 
methylation [109]. Specifically, physical activity 
has the ability to preserve and/or recover 
“positive” epigenetic markers that are altered in 
the case of cancer [110]. However, no clinical or 
preclinical studies have been found in this 
regard for melanoma. Future research should 
assess hypo- and hypermethylated genes in 
melanoma [111] and address the effects of 
exercise on nonmutational epigenetic repro-
gramming. 

• Polymorphic microbiomes. Preclinical studies 

investigated the potential impact of the intestinal 
microbiota composition on the pathogenesis of 
melanoma and its response to immunotherapy 
[112-114]. Increasing research is even focusing on 
the skin microbiome and its effect on the 
progression of melanoma [112]. In the case of 
other cancers, such as breast [115] and colorectal 
cancer [116], exercise was documented to 
promote antitumor characteristics of the gut 
microbiome. In the case of melanoma, although 
there is an ongoing study aiming at examining 
such effects (available at https://clinicaltrials 
.gov/ct2/show/study/NCT04866810), results 
are still unknown. 

• Senescent cells. Cellular senescence plays an 
essential role in the relationship between skin 
ageing and development of melanoma. 
According to a clinical study involving 
endurance runners, the increase of senescent 
cells in cancer-prone organs, observed along 
with aging, may be prevented by prolonged 
high-volume, high-intensity, endurance exercise 
[117]. In any case, it is unknown yet whether 
exercise might affect the mechanisms of cellular 
senescence in an anti- or pro-melanoma way 
[118]. 

Clinical implications of physical exercise 
in melanoma patients 

Epidemiological evidence of health beneficial 
effects of exercise promoted the application of 
training protocols as an adjunct therapy for adult 
patients with chronic diseases, including cancer [119]. 
However, poor evidence is currently available 
concerning feasibility and benefits of physical activity 
in melanoma patients. Moreover, only few clinical 
studies have been conducted to examine the 
feasibility of exercise protocols executed during 
cancer therapy [120]. 

Physical exercise was reported to induce immu-
nological alterations in the tumor microenvironment 
of preclinical cancer models, largely mediated by the 
mobilization and redistribution of immune cells, thus 
suggesting a potential synergistic effect with 
immunotherapy [121]. In the case of melanoma, 
mobilization and redistribution of both T and NK cells 
to the tumor were described as the putative 
mechanisms allowing exercise to decrease tumor 
incidence and progression towards metastasis [68]. 
However, preclinical studies in melanoma murine 
models, aiming at showing the desirable synergism 
with ICIs, were unsuccessful. Nonetheless, a recent 
clinical study tried to define feasibility, safety, and 
effects of a telehealth exercise program in patients (n = 
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11) with advanced melanoma (stage III-IV) receiving 
ICIs [122]. The 8-weeks long intervention included 
resistance, aerobic, and balance exercises, undertaken 
three times per week, with assessments at baseline 
and post-intervention. A statistically significant 
improvement in terms of cardiovascular capacity, 
static balance, upper body strength/endurance, was 
observed; moreover, no adverse events were reported. 
These outcomes led to conclude that the telehealth 
exercise intervention was feasible, safe, and tolerable 
for patients with melanoma receiving ICIs, which 
notoriously cause a reduction in patients’ quality of 
life [122]. 

Previously, another completed clinical trial 
(i-Move – ACTRN12619000952145) was conducted to 
assess safety and acceptability of an individualized, 
12-week, semi-supervised exercise program among 
patients (n = 30) with advanced melanoma (stage IV) 
scheduled to start immunotherapy (ipilimumab, 
nivolumab or pembrolizumab as single agents, or 
ipilimumab plus nivolumab). Secondarily, the trial 
aimed at providing preliminary evidence of efficacy 
of the exercise program (including moderate intensity 
aerobic exercise, resistance training exercises, and 
stretching of the major muscle groups) in 
counteracting immunotherapy-related fatigue and 
other patient-reported outcomes, like health-related 
quality of life, cancer symptoms, and psychosocial 
endpoints [123]. However, to date, no published 
results are available. 

The same approach is followed in a still active, 
not recruiting, phase 2/3 clinical trial (QUALIOR – 
NCT03169075) enrolling patients (phase 2, n = 120; 
phase 3, n = 312) with metastatic cancers, including 
melanoma, and receiving oral targeted therapy (i.e., 
tyrosine kinase, epidermal growth factor receptor 
[EGFR], cyclin-dependent kinases, BRAF, anaplastic 
lymphoma kinase [ALK], mTOR, and poly 
(ADP-ribose) polymerase [PARP] inhibitors). Being 
fatigue a frequent side effect following this treatment, 
reducing patient’s adherence to the therapy and 
quality of life, a supervised home-based physical 
exercise program is adopted and assessed in terms of 
feasibility and physical benefit. Duration of the 
exercise program is 3 months, with a total of 12 
supervised sessions (one weekly, aimed at reinforcing 
the musculoskeletal and cardiorespiratory system) 
and 24 non-supervised sessions (twice weekly, 30/60 
minutes of walk, running, or biking, according to the 
patient’s level of fatigue) [124]. 

In order to obtain a comprehensive view of the 
current status of clinical studies involving physical 
exercise in melanoma treatment, a search on the 
registry of clinical trials – ClinicalTrials.gov (available 
at https://clinicaltrials.gov) – was performed 

(September 18th, 2023). By using keywords like 
“melanoma” as condition or disease and “physical 
activity” or “exercise” as intervention/treatment, a 
total of 135 and 14 results were retrieved, respectively. 
Further in-depth analysis allowed the identification of 
6 clinical trials properly addressing the clinical 
application of exercise regimens on melanoma 
patients. Details concerning these clinical trials, for 
whom no published results are available, are reported 
in Table 1. 

Discussion 
Nowadays, the impact of physical activity/ 

exercise on melanoma hallmarks results to be mostly 
investigated in preclinical in vivo studies, mainly 
performed by using female mice injected with 
syngeneic B16 melanoma cells and undergoing 
voluntary or non-voluntary, moderate- or high- 
intensity exercise on a treadmill. Although not 
supported yet by a consistent amount of clinical 
literature, the available data clearly point towards a 
modulating effect of training that hinders melanoma 
onset and progression. Among melanoma hallmarks, 
processes like metastasis formation, immune escape, 
and cancer-associated inflammation appear to be 
hampered by physical activity/exercise. Concomi-
tantly, processes like neoangiogenesis, energy 
metabolism, and cancer cell death may be controlled 
in a direction promoting the health status of the 
individual when malignancy and training coexist. 

The reported data are consistent with the results 
of a recent systematic review, based on PubMed, Web 
of Science, EMBASE, CINAHL, and SPORTDiscus 
databases, which reported the current evidence on the 
effects of training in patients with cutaneous mela-
noma, evaluated by objectively measured outcomes 
(cardiorespiratory fitness, physical function, body 
composition) and patient-referred indications about 
fatigue, cognitive function, psychological distress, 
treatment-related side effects. A total of six studies (2 
retrospective analyses, 2 cross-sectional surveys, 2 
non-randomized intervention trials) [125-130] and 882 
melanoma patients were included in the analysis, 
ranging from stage I and/or II (localized), stage III 
(regional), and stage IV (metastatic) melanoma. A 
positive association between physical activity and 
quality of life maintenance during or after cancer 
treatment in melanoma survivors was reported, 
without data supporting an adverse impact [120]. 
However, whether pre-diagnosis exercise might 
correlate with the prognosis of invasive melanoma is 
still unclear [131]. Moreover, it seems that 
post-diagnosis exercise is not always preserved. 
Indeed, a decrease in leisure physical activity after 
treatment of early-stage melanoma was reported, in 
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particular at 12 months after surgery, with a positive 
correlation with older age and female sex [132].  

Another recent systematic review and 
meta-analysis examined the association between 
physical activity or cardiorespiratory fitness and the 
risk of cutaneous melanoma, after adjusting for sun 
exposure and sensitivity [133]. A total of 3 cohort 
studies [30,134,135] and 5 case-control studies 
[28,87,136-138] on physical activity and melanoma 
risk, and 1 cohort study [139] on cardiorespiratory 
fitness and melanoma risk were included. The main 
finding was the existence of a statistically significant 
difference between melanoma risk estimated for 
physical activity from cohort studies and case-control 
studies. Cohort studies indicated a statistically 

significant 27% increased risk of melanoma in 
physically active participants versus those inactive, 
whereas case-control studies indicated a statistically 
non-significant 15% reduction for the same 
comparison. In the only cohort study that examined 
the association between cardiorespiratory fitness and 
melanoma risk, a positive but statistically 
non-significant association was found. Thus, although 
a potential preventive role of physical activity and 
cardiorespiratory fitness against melanoma is 
biologically possible, it may be difficult for 
epidemiologic studies to detect such protective effect 
without a comprehensive adjustment for UV 
radiation-related skin damage. 

 

Table 1. Clinical trials involving melanoma patients and physical activity as an interventional strategy. 

ClinicalTrials.gov 
identifier code 

Title Status, 
Country 

Type of exercise 
intervention 

Study plan Endpoints 

NCT05615883 Effects of acute and 
chronic exercise on 
myeloid-derived 
suppressor cells in 
melanoma patients 

Recruiting, 
Italy 

Acute exercise program: 
80 minutes single 
walking session on a 
treadmill; chronic 
exercise program: 80 
minutes walking session 
on a treadmill, repeated 
3 times/week for 3 
weeks. 

Pre/post intervention, two-arms, sequential 
study; eligibility for patients with newly 
diagnosed melanoma. 

To verify whether short-term physical 
exercise is a feasible and safe tool for 
re-setting antitumor immunity in 
early melanoma patients, by 
investigating how exercise modifies 
systemic immunity or 
biochemical/metabolic parameters. 
 

NCT04866810 The Effect of Diet and 
Exercise on 
ImmuNotherapy and 
the Microbiome 

Recruiting, 
United 
States 

At least 150 minutes of 
moderate or 75 minutes 
of high-intensity 
exercise per week.  

Intervention arm receiving high fiber, 
plant-based diet plus exercise prescription; 
control arm receiving standard diet and exercise 
recommendations. Eligibility for patients with 
confirmed melanoma not treated with any 
systemic therapy in the past 30 days and 
planning to undergo immunotherapy. 

Feasibility of conducting a 
decentralized clinical trial involving 
diet and exercise prescriptions in 
melanoma patients receiving 
immunotherapy. 

NCT06008977 Exercise to Boost 
Response to 
Checkpoint Blockade 
Immunotherapy 

Not yet 
recruiting, 
United 
States 

Supervised pedaling on 
an ergometer (stationary 
bike) at a moderate pace 
for a goal of 30 minutes. 
 

Ten patients, receiving adjuvant or neoadjuvant 
immunotherapy, will be randomized to the 
exercise intervention arm and 10 to the no 
exercise arm. 
Eligibility: diagnosis of cutaneous melanoma 
for the adjuvant setting; cutaneous melanoma, 
cutaneous squamous cell cancer, or Merkel cell 
carcinoma for the neoadjuvant setting. 

Relapse-free survival (adjuvant 
setting); pathological complete 
response (neoadjuvant setting). 

NCT03171064 Exercise as a 
Supportive Measure 
for Patients 
Undergoing 
Checkpoint-inhibitor 
Treatment 

Completed, 
Germany 

Machine-based, 2 
times/week endurance 
and resistance training, 
for a total of 12 weeks. 

Intervention arm performing resistance and 
endurance exercise; control group receiving 
usual care. Eligibility: diagnosis of melanoma 
(independent of stage) and assignment of 
immunotherapeutic regimen. 
 

Feasibility of the exercise intervention, 
quality of life, fatigue, sleep quality, 
depression, physical activity behavior, 
cardiopulmonary fitness, muscle 
strength, pain. 

NCT0382591 3-month Aerobic and 
Resistance Exercise 
Intervention for 
Individuals Diagnosed 
With Melanoma 

Terminated, 
United 
States 

Session 1: aerobic 
exercise (20-30 minutes) 
followed by resistance 
training (10 
stacked-weight 
machines, for 1-2 sets of 
8-12 repetitions). 
Session 2: resistance 
bands and body weight 
exercises (4-6 exercises, 
2 sets of 10-20 
repetitions) followed by 
core exercises (2-3 sets 
of 10-20 repetitions) and 
aerobic training (20-30 
minutes) at the end. 

Active comparator: exercise intervention; sham 
comparator: wellness intervention (10 lectures 
in nutrition, exercise, and other integrative 
medicine topics, implemented among 
non-cancer individuals). 
Eligibility: melanoma patients within one year 
from diagnosis. 
 

Feasibility and adherence, quality of 
life, cardiorespiratory fitness, muscle 
strength, functional status, nutritional 
intake, sun exposure, fatigue. 

NCT05827289 Cancer Patients Better 
Life Experience 

Recruiting, 
Netherlands 

Mindfulness or yoga. Single arm receiving the device Cancer Patients 
Better Life Experience (CAPABLE), aimed at 
symptom monitoring, information needs 
fulfilment and interventions, to improve 
mental- and physical wellbeing available as a 
smartphone application. 
Eligibility: confirmed stage III/IV melanoma 
receiving ICIs. 

Change in fatigue, health-related 
quality of life, physical symptoms, 
melanoma specific quality of life, 
immunotherapy-related toxicity, 
psychological distress, satisfaction, 
recruitment rate, patient compliance, 
usability.  
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Despite the scarcity of related literature, the 
combination of physical activity/exercise with 
anticancer pharmacological treatments seems to be 
worthy of interest [140]. However, no promising 
preclinical evidence is presently available regarding 
the association with ICIs, the current standard of care 
of metastatic melanoma. Indeed, as discussed above, 
the combination of physical activity with anti-PD-1 or 
anti-PD-L1 mAbs did not further inhibit tumor 
growth, compared to ICIs or exercise alone [71,79]. 

A recent in vivo exploratory analysis of selected 
mitochondrial markers, from the skeletal muscle of 
female C57BL/6 mice with melanoma (B16F10 cell 
line) or breast cancer (EO771 cell line) [141], suggested 
that exposure to both isotype control (IgG2a) and 
anti-PD-1 antibodies can modify the response to 
exercise of skeletal muscle mitochondria in a 
tumor-type dependent mode. In mice with B16F10 
tumors, anti-PD-1-treatment combined with wheels 
running increased the expression of most measured 
markers associated with the activity of skeletal muscle 
mitochondria, while exposure to IgG2a did not 
increase the skeletal muscle mitochondrial content 
after training. In mice with EO771 breast cancer, both 
IgG2a and anti-PD-1 significantly increased the levels 
of these markers. Thus, in mice with melanoma, while 
IgG2a administration prevents the skeletal muscle 
mitochondria adaptation to exercise, the anti-PD-1 
therapy is able to preserve the typical increase in 
mitochondrial protein content occurring with 
training. These data can pave the way for an exciting 
scenario, advocating exercise efficacy to prevent the 
muscle weakness and atrophy, typically occurring in 
animal models and patients undergoing 
immunotherapy [142-144]. 

In the context of neoangiogenesis cancer 
hallmark, an aerobic moderate intensity treadmill 
running, performed by C57BL/6J mice carrying 
B16F10 melanoma cells, significantly enhanced the 
antitumor effect of doxorubicin, likely as a result of 
vascular normalization induced by aerobic exercise 
[56]. Doxorubicin is an anthracycline antineoplastic 
agent widely used against a range of solid tumors, 
like carcinomas and sarcomas, as well as 
hematological malignancies, but it is not approved for 
melanoma. Current research is aimed at finding 
innovative drug delivery systems with reduced 
systemic toxicity, to render doxorubicin also available 
for melanoma [145,146]. Moreover, the clinical use of 
doxorubicin is limited by a progressive and 
dose-dependent, early or late-onset, cardiotoxicity, 
the latter occurring even up to 15 years after 
anthracycline administration [147]. In this regard, a 
study published almost 10 years ago reported that, 
even at low intensity, exercise can promote tumor 

response to doxorubicin in male C57BL/6 mice 
injected with B16F10 melanoma cells, but it did not 
attenuate the cardiac fibrosis caused by the drug [148]. 

Another interesting scenario, where physical 
exercise seems to potentiate an experimental 
approach against melanoma is based on ceramide- 
induced cell death. Among sphingolipids, ceramide is 
one of the most bioactive molecules, with a key role in 
cell proliferation, death, and invasion [149], mainly by 
promoting apoptosis of tumor cells. The metabolism 
of sphingolipids is altered in cutaneous melanoma, 
favoring the accumulation of tumor promoting 
metabolites [150-151]: dysregulated metabolic 
enzymes limit the accumulation of ceramide, also 
referred to as an anti-oncometabolite, and, conversely, 
promote the production of the tumor-promoting 
sphingosine 1-phosphate (S1P). Therefore, the balance 
between ceramide and S1P determines whether a cell 
undergoes death or proliferation. However, there is 
not yet a clinically relevant method to increase 
intracellular ceramide levels, as a potential anticancer 
strategy for melanoma with dysregulated ceramide 
metabolism, although exogenous ceramide analogues, 
as well as anti-S1P approaches, have been tested in 
several preclinical studies [152]. Interestingly, 
moderate aerobic physical exercise, conducted in 
melanoma carrying male C57BL/6J mice, was 
reported to increase ceramide levels and activate the 
pro-apoptotic p53 signaling pathway, hence 
highlighting its efficacy as adjuvant therapy by 
modulating sphingolipid metabolism toward a 
pro-apoptotic ceramide signaling, at the expense of 
S1P activity [60]. Moreover, it has been reported that 
the increase of the ceramide/S1P ratio can impair the 
expression of specific G protein–coupled receptors 
(S1P receptors, S1PRs) on which S1P acts as a ligand 
and, more interestingly, can exert a powerful 
antitumor activity in melanoma cells showing 
resistance to BRAFi [153]. 

Finally, the evidence that IL-15 up-modulation 
might, at least in part, explain the anticancer potential 
of physical activity [88], raises interesting cues on the 
option to combine exercise with strategies targeting 
such interleukin. Indeed, IL-15 is a pluripotent 
member of the immunoregulatory cytokines family, 
crucial in the generation and maintenance of NK cells 
and CD8+ memory T cells. Cytokine therapy is now 
emerging as a promising strategy to boost the host 
antitumor immune response, and recombinant forms 
of human IL-15 have been tested in clinical trials, also 
in patients with metastatic malignancies. However, 
although recognized as an immunotherapeutic 
candidate, the stability and bioavailability of 
recombinant IL-15 represent a drawback, and 
different forms of toxicity and adverse effects have 
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been reported [154]. One study proposed 
electroporation to deliver a plasmid carrying human 
IL-15 gene directly to B16F10 melanoma nodules 
induced in female C57BL/6J mice, and this strategy 
resulted in regression of the tumor, long-term 
survival, lower tumor recurrence [155]. Despite more 
work has to be done for developing a feasible 
IL-15-based therapy against cancer [156-157], the 
demonstrated interplay with physical activity should 
encourage further studies within this area of 
anticancer research. 

Overall, the present review, for the first time, 
summarizes the available experimental evidence on 
how physical activity/exercise could modulate 
melanoma hallmarks (see Figure 3 and Table S1), 
potentially affecting its onset, progression, and 
recurrence. Despite the involved signaling pathways 
and molecules have been mainly identified in 

preclinical studies in murine melanoma models, such 
evidence could represent the starting point for a 
deeper characterization, at the molecular level, of 
melanoma patients’ response to regular training, thus 
enriching the currently available clinical literature, 
mainly represented by population-based cohort 
studies [32,33,131]. Moreover, it might be interesting 
to focus attention on the distinctive hallmarks of 
melanoma around which there is limited or missing 
debate. Indeed, although the pathways by which 
exercise can attenuate carcinogenesis were described 
for hallmarks like sustaining proliferative signaling, 
evading growth suppressors, enabling replicative 
immortality, unlocking phenotypic plasticity, 
nonmutational epigenetic reprogramming, the 
evidence regarding melanoma is still limited or even 
non-existent. 

 
 

 
Figure 3. Schematic illustration of the available experimental results addressing how physical activity/exercise could modulate the following melanoma hallmarks: invasion and 
metastasis, reprogramming of energy metabolism, angiogenesis, resistance to cell death, evasion from immune destruction, and tumor-promoting inflammation. Most data 
originate from preclinical studies in murine melanoma models, pointing towards a decrease in tumor growth, metastatic behavior, and release of pro-inflammatory cytokines. 
Potentiation of antitumor immunity, promotion of pro-apoptotic pathways, and reprogramming of metabolic processes represent other biological mechanisms through which 
exercise may hamper melanoma evolution. The only available clinical data, produced by a prospective study on human healthy volunteers, suggest the reprogramming of energy 
metabolism, promoted by regular physical activity, as a protective factor against the development of metastatic tumors, including melanoma. Abbreviations. IGF-1: insulin-like 
growth factor-1. 
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BRAF inhibitor; BT: body temperature; CerS6: 
ceramide synthase 6; COX-2: cyclooxygenase 2; 
CTLA-4: cytotoxic T lymphocyte-associated protein 4; 
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epidermal growth factor receptor; EMA: European 
Medicines Agency; FDA: Food and Drug 
Administration; GLUTs: glucose transporters; ICIs: 
immune checkpoint inhibitors; IGF-1: insulin-like 
growth factor-1; IL-2: interleukin 2; IL-4: interleukin 4; 
IL-6: interleukin 6; IL-10: interleukin 10; IL-15: 
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mitogen-activated protein kinases/extracellular 
signal-regulated kinase; MEK: mitogen-activated 
protein kinase kinase; MEKi: MEK inhibitor; MMPs: 
matrix metalloproteinases; NK: natural killer cells; 
NKT: natural killer T cells; NFAT: nuclear factor of 
activated T cells; PARP: poly (ADP-ribose) poly-
merase; PD-1: programmed cell death 1; PD-L1: 
programmed death-ligand 1; PI3K: phosphoinositide- 
3-kinase; S1P: sphingosine 1-phosphate; S1PRs: 
sphingosine 1-phosphate receptors; TNF-α: tumor 
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endothelial growth factor-A; VEGFR-1: vascular 
endothelial growth factor receptor-1. 

Supplementary Material 
Supplementary figure and table.  
https://www.jcancer.org/v15p0001s1.pdf 

Acknowledgements 
Figures 1, 2, 3 were created with BioRender.com. 

The research activity performed in Graziani G. 
laboratories was supported by a liberal contribution 
from “Banca d’Italia”, by Lazio Innova POR 2014-2020 
“Progetto gruppi di Ricerca” A0375-2020-36583 and 
by The Italian Ministry for Universities and Research 
(MUR) PRIN 2022 project ID 2022EXSWZ2. 

Author contributions 
Conceptualization, C.C., G.G., and A.S.-L.; 

methodology, C.G.C., M.G.A., P.M.L., S.L., A.S.-L.; 
formal analysis, C.G.C., M.G.A., P.M.L., S.L., A.S.-L, 
J.P.-F.; resources, G.G., J.P.-FF.; writing—original 
draft preparation, C.C., G.G.; writing—review and 
editing, C.C., G.G., J.P.-F, and A.S.-L. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Machado P, Morgado M, Raposo J, Mendes M, Silva CG, Morais N. 

Effectiveness of exercise training on cancer-related fatigue in colorectal cancer 
survivors: a systematic review and meta- analysis of randomized controlled 
trials. Support Care Cancer. 2022; 30: 5601-13. 

2. Gupta P, Hodgman CF, Schadler KL, LaVoy EC. Effect of exercise on 
pancreatic cancer patients during treatment: a scoping review of the literature. 
Support Care Cancer. 2022; 30: 5669-90. 

3. Koelker M, Alkhatib K, Briggs L, Labban M, Meyer CP, Dieli-Conwright CM, 
et al. Impact of exercise on physical health status in bladder cancer patients. 
Can Urol Assoc J. 2023; 17: E8-E14. 

4. Ficarra S, Thomas E, Bianco A, Gentile A, Thaller P, Grassadonio F, et al. 
Impact of exercise interventions on physical fitness in breast cancer patients 
and survivors: a systematic review. Breast Cancer. 2022; 29: 402-18. 

5. Rodríguez-Cañamero S, Cobo-Cuenca AI, Carmona-Torres JM, 
Pozuelo-Carrascosa DP, Santacruz-Salas E, Rabanales-Sotos JA, et al. Impact of 
physical exercise in advanced-stage cancer patients: Systematic review and 
meta-analysis. Cancer Med. 2022; 11: 3714-27. 

6. Hojman P, Gehl J, Christensen JF, Pedersen BK. Molecular Mechanisms 
Linking Exercise to Cancer Prevention and Treatment. Cell Metab. 2018; 27: 
10-21. 

7. International Agency for Research on-World Health Organization. World 
CanCer report 2008. Cancer research for cancer prevention. Vol. 199, Cancer 
Control. 2020. 1-512. 

8. de Rezende LFM, de Sá TH, Markozannes G, Rey-López JP, Lee IM, Tsilidis 
KK, et al. Physical activity and cancer: an umbrella review of the literature 
including 22 major anatomical sites and 770 000 cancer cases. Br J Sports Med. 
2018; 52: 826-33. 

9. Pollán M, Casla-Barrio S, Alfaro J, Esteban C, Segui-Palmer MA, Lucia A, 
Martín M. Exercise and cancer: a position statement from the Spanish Society 
of Medical Oncology. Clin Transl Oncol. 2020; 22: 1710-29. 

10. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. 
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and 
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021; 
71: 209-49. 

11. Arnold M, Singh D, Laversanne M, Vignat J, Vaccarella S, Meheus F, et al. 
Global Burden of Cutaneous Melanoma in 2020 and Projections to 2040. JAMA 
Dermatology. 2022; 158: 495-503. 

12. Yuan J, Dong X, Yap J, Hu J. The MAPK and AMPK signalings: Interplay and 
implication in targeted cancer therapy. J Hematol Oncol. 2020; 13: 1-19. 

13. Singh S, Zafar A, Khan S, Naseem I. Towards therapeutic advances in 
melanoma management: An overview. Life Sci. 2017; 174: 50-8. 

14. Domingues B, Lopes J, Soares P, Populo H. Melanoma treatment in review. 
ImmunoTargets Ther. 2018; 7: 35-49. 

15. Lipson EJ, Drake CG. Ipilimumab: An anti-CTLA-4 antibody for metastatic 
melanoma. Clin Cancer Res. 2011; 17: 6958-62. 

16. Lisi L, Lacal PM, Martire M, Navarra P, Graziani G. Clinical experience with 
CTLA-4 blockade for cancer immunotherapy: From the monospecific 
monoclonal antibody ipilimumab to probodies and bispecific molecules 
targeting the tumor microenvironment. Pharmacol Res. 2022; 175: 1-16. 

17. Sosman JA, Kim KB, Schuchter L, Gonzalez R, Pavlick AC, Weber JS, et al. 
Survival in BRAF V600–Mutant Advanced Melanoma Treated with 
Vemurafenib. N Engl J Med. 2012; 366: 707-14. 

18. Ribas A, Flaherty KT. BRAF targeted therapy changes the treatment paradigm 
in melanoma. Nat Rev Clin Oncol. 2011; 8: 426-33. 

19. Robert C, Schachter J, Long G V, Arance A, Grob JJ, Mortier L, et al. 
Pembrolizumab versus Ipilimumab in Advanced Melanoma. N Engl J Med. 
2015; 372: 2521-32. 

20. Topalian SL, Sznol M, McDermott DF, Kluger HM, Carvajal RD, Sharfman 
WH, et al. Survival, Durable Tumor Remission, and Long-Term Safety in 
Patients With Advanced Melanoma Receiving Nivolumab. J Clin Oncol. 2014; 
32: 1020-30. 

21. Hamid O, Robert C, Daud A, Hodi FS, Hwu WJ, Kefford R, et al. Five-year 
survival outcomes for patients with advanced melanoma treated with 
pembrolizumab in KEYNOTE-001. Ann Oncol. 2019; 30: 582-8. 

22. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob J-J, Rutkowski P, Lao CD, et al. 
Five-Year Survival with Combined Nivolumab and Ipilimumab in Advanced 
Melanoma. N Engl J Med. 2019; 381: 1535-46. 

23. Wolchok JD, Chiarion-Sileni V, Gonzalez R, Grob J-J, Rutkowski P, Lao CD, et 
al. CheckMate 067: 6.5-year outcomes in patients (pts) with advanced 
melanoma. J Clin Oncol. 2021; 39: 9506. 

24. Wolchok JD, Chiarion-Sileni V, Gonzalez R, Grob JJ, Rutkowski P, Lao CD, et 
al. Long-Term Outcomes With Nivolumab Plus Ipilimumab or Nivolumab 
Alone Versus Ipilimumab in Patients With Advanced Melanoma. J Clin Oncol. 
2022; 40: 127-37. 

25. Robert C, Grob JJ, Stroyakovskiy D, Karaszewska B, Hauschild A, Levchenko 
E, et al. Five- Year Outcomes with Dabrafenib plus Trametinib in Metastatic 
Melanoma. N Engl J Med. 2019; 381: 626-36. 

26. Dummer R, Flaherty KT, Robert C, Arance A, de Groot JWB, Garbe C, et al. 
COLUMBUS 5- Year Update: A Randomized, Open-Label, Phase III Trial of 
Encorafenib Plus Binimetinib Versus Vemurafenib or Encorafenib in Patients 
With BRAF V600–Mutant Melanoma. J Clin Oncol. 2022; 40: 4178-88. 

27. Ribas A, Daud A, Pavlick AC, Gonzalez R, Lewis KD, Hamid O, et al. 
Extended 5-year follow-up results of a phase Ib study (BRIM7) of vemurafenib 



 Journal of Cancer 2024, Vol. 15 

 
https://www.jcancer.org 

17 

and cobimetinib in BRAF- mutant melanoma A C. Clin Cancer Res. 2020; 26: 
46-53. 

28. Lee TK, MacArthur AC, Gallagher RP, Elwood MJ. Occupational physical 
activity and risk of malignant melanoma: the Western Canada Melanoma 
Study. Melanoma Res. 2009; 19: 260-6. 

29. Ambros-Rudolph CM, Wellenhof R, Richtig E, Müller-Fürstner M, Soyer HP, 
Kerl H. Malignant melanoma in marathon runners. Arch Dermatol. 2006; 142: 
1471-4. 

30. Moore SC. Leisure-time physical activity and risk of 26 types of cancer in 1.44 
million adults. Physiol Behav. 2014; 63: 1-18. 

31. Patel AV, Friedenreich CM, Moore SC, Hayes SC, Silver JK, Campbell KL, 
Winters-Stone K, Gerber LH, George SM, Fulton JE, Denlinger C, Morris GS, 
Hue T, Schmitz KH, Matthews CE. American College of Sports Medicine 
Roundtable Report on Physical Activity, Sedentary Behavior, and Cancer 
Prevention and Control. Med Sci Sports Exerc. 2019; 51: 2391-2402. 

32. Perrier F, Ghiasvand R, Lergenmuller S, Robsahm TE, Green C, Borch KB, et 
al. Physical activity and cutaneous melanoma risk: A Norwegian 
population-based cohort study. Prev Med. 2021; 153: 106556. 

33. Perrier F, Ghiasvand R, Lergenmuller S, Robsahm TE, Green AC, Borch KB, et 
al. Life- Course Trajectories of Physical Activity and Melanoma Risk in a Large 
Cohort of Norwegian Women. Clin Epidemiol. 2022; 14: 1571-84. 

34. García-Chico C, López-Ortiz S, Peñín-Grandes S, Pinto-Fraga J, Valenzuela PL, 
Emanuele E, et al. Physical Exercise and the Hallmarks of Breast Cancer: A 
Narrative Review. Cancers (Basel). 2023; 15: 1-25. 

35. Senga SS, Grose RP. Hallmarks of cancer—the new testament. Open Biol. 2021; 
11(1): 1-20.  

36. Wagstaff W, Mwamba RN, Grullon K, Armstrong M, Zhao P, 
Hendren-santiago B, et al. ScienceDirect Melanoma : Molecular genetics, 
metastasis, targeted therapies, immunotherapies, and therapeutic resistance. 
Genes Dis. 2022; 9: 1608-23. 

37. Eddy K, Shah R, Chen S. Decoding Melanoma Development and Progression: 
Identification of Therapeutic Vulnerabilities. Front Oncol. 2021; 10: 1-13. 

38. Warner AB, McQuade JL. Modifiable Host Factors in Melanoma: Emerging 
Evidence for Obesity, Diet, Exercise, and the Microbiome. Curr Oncol Rep. 
2019; 21: 1-10. 

39. Davis JM, Kohut ML, Jackson DA, Colbert LH, Mayer EP, Ghaffar A. Exercise 
effects on lung tumor metastases and in vitro alveolar macrophage antitumor 
cytotoxicity. Am J Physiol - Regul Integr Comp Physiol. 1998; 274: 1454-9. 

40. Murphy EA, Davis JM, Brown AS, Carmichael MD, Mayer EP, Ghaffar A. 
Effects of moderate exercise and oat β-glucan on lung tumor metastases and 
macrophage antitumor cytotoxicity. J Appl Physiol. 2004; 97: 955-9. 

41. Geller A, Shrestha R, Yan J. Yeast-derived β-glucan in cancer: Novel uses of a 
traditional therapeutic. Int J Mol Sci. 2019; 20: 1-20. 

42. Yan L, Demars LC. Effects of non-motorized voluntary running on 
experimental and spontaneous metastasis in mice. Anticancer Res. 2011; 31: 
3337-44. 

43. Sheinboim D, Parikh S, Manich P, Markus I, Dahan S, Parikh R, et al. An 
Exercise-Induced Metabolic Shield in Distant Organs Blocks Cancer 
Progression and Metastatic Dissemination. Cancer Res. 2022; 82: 4164-78. 

44. Liberti MV, Locasale JW. The Warburg Effect: How Does it Benefit Cancer 
Cells? Trends Biochem Sci. 2016; 41: 1-14. 

45. Broadfield LA, Pane AA, Talebi A, Swinnen J V., Fendt SM. Lipid metabolism 
in cancer: New perspectives and emerging mechanisms. Dev Cell. 2021; 56: 
1363-93. 

46. Hofmanm P. Cancer and Exercise: Warburg Hypothesis, Tumour Metabolism 
and High-Intensity Anaerobic Exercise. Sports (Basel). 2018; 6: 1-21. 

47. Eriau E, Paillet J, Kroemer G, Pol JG. Metabolic Reprogramming by Reduced 
Calorie Intake or Pharmacological Caloric Restriction Mimetics for Improved 
Cancer Immunotherapy. Cancers (Basel). 2021; 13: 1-25. 

48. Lee C, Safdie FM, Raffaghello L, Wei M, Madia F, Parrella E, Hwang D, Cohen 
P, Bianchi G, Longo VD. Reduced Levels of IGF-I Mediate Differential 
Protection of Normal and Cancer Cells in Response to Fasting and Improve 
Chemotherapeutic Index. Cancer Res. 2010; 70: 1564-72. 

49. Mercken EM, Carboneau BA, Krzysik-Walker SM, de Cabo R. Of mice and 
men: The benefits of caloric restriction, exercise, and mimetics. Ageing Res 
Rev. 2012; 11: 390-8. 

50. Ceci C, Atzori MG, Lacal PM, Graziani G. Role of VEGFs/VEGFR-1 signaling 
and its inhibition in modulating tumor invasion: Experimental evidence in 
different metastatic cancer models. Int J Mol Sci. 2020; 21: 1-53. 

51. Lacal PM, Graziani G. Therapeutic implication of vascular endothelial growth 
factor receptor- 1 (VEGFR-1) targeting in cancer cells and tumor 
microenvironment by competitive and non-competitive inhibitors. Pharmacol 
Res. 2018; 136: 97-107. 

52. Ferrara N. VEGFA a critical regulator of blood vessel growth. Eur Cytokine 
Netw. 2009; 20: 158-63. 

53. Nagy JA, Chang SH, Dvorak AM, Dvorak HF. Why are tumour blood vessels 
abnormal and why is it important to know? Br J Cancer. 2009; 100: 865-9. 

54. Ma J, Waxman DJ. Combination of antiangiogenesis with chemotherapy for 
more effective cancer treatment. Mol Cancer Ther. 2008; 7: 3670-84. 

55. Teleanu RI, Chircov C, Grumezescu AM, Teleanu DM. Tumor angiogenesis 
and anti- angiogenic strategies for cancer treatment. J Clin Med. 2020; 9: 1-21. 

56. Schadler KL, Thomas NJ, Galie PA, Bhang DH, Kerry C, Addai P, et al. Tumor 
vessel normalization after aerobic exercise enhances chemotherapeutic 
efficacy. Oncotarget. 2016; 7: 65429-40.  

57. Buss LA, Ang AD, Hock B, Robinson BA, Currie MJ, Dachs GU. Effect of 
post-implant exercise on tumour growth rate, perfusion and hypoxia in mice. 
PLoS One. 2020; 15: 1-16. 

58. Savage H, Pareek S, Lee J, Ballarò R, Conterno D. Aerobic exercise alters the 
melanoma microenvironment and modulates ERK5 S496 phosphorylation. 
Cancer Immunol Res. 2023; CIR-22-0465. 

59. Tang Y, Cao K, Wang Q, Chen J, Liu R, Wang S, et al. Silencing of CerS6 
increases the invasion and glycolysis of melanoma WM35, WM451 and SK28 
cell lines via increased GLUT1-induced downregulation of WNT5A. Oncol 
Rep. 2016; 35: 2907-15. 

60. Lee J, Savage H, Maegawa S, Ballar R, Pareek S, Guerrouahen BS, et al. 
Exercise Promotes Pro-Apoptotic Ceramide Signaling in a Mouse Melanoma 
Model. Cancers (Basel). 2022; 14: 1-16. 

61. Passarelli A, Mannavola F, Stucci LS, Tucci M, Silvestris F. Immune system 
and melanoma biology: A balance between immunosurveillance and immune 
escape. Oncotarget. 2017; 8: 106132-42. 

62. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. 
Nat Rev Cancer. 2012; 12: 252-64. 

63. Simiczyjew A, Dratkiewicz E, Mazurkiewicz J, Ziętek M, Matkowski R, 
Nowak D. The influence of tumor microenvironment on immune escape of 
melanoma. Int J Mol Sci. 2020; 21: 1-28. 

64. Harlin H, Meng Y, Peterson AC, Zha Y, Tretiakova M, Slingluff C, et al. 
Chemokine expression in melanoma metastases associated with CD8 + T-Cell 
recruitment. Cancer Res. 2009; 69: 3077-85. 

65. Sackstein R, Schatton T, Barthel SR. T-lymphocyte homing: An 
underappreciated yet critical hurdle for successful cancer immunotherapy. 
Lab Investig. 2017; 97: 669-97. 

66. Idorn M, Straten PT. Chemokine receptors and exercise to tackle the 
inadequacy of T cell homing to the tumor site. Cells. 2018; 7: 1-19. 

67. Emery A, Moore S, Turner JE, Campbell JP. Reframing How Physical Activity 
Reduces The Incidence of Clinically-Diagnosed Cancers: Appraising 
Exercise-Induced Immuno-Modulation As An Integral Mechanism. Front 
Oncol. 2022; 12: 1-30. 

68. Pedersen L, Idorn M, Olofsson GH, Lauenborg B, Nookaew I, Hansen RH, et 
al. Voluntary running suppresses tumor growth through epinephrine- and 
IL-6-dependent NK cell mobilization and redistribution. Cell Metab. 2016; 23: 
554-62. 

69. Idorn M, Hojman P. Exercise-Dependent Regulation of NK Cells in Cancer 
Protection. Trends in Mol Med. 2016; 22: 565-77. 

70. Rundqvist H, Veliça P, Barbieri L, Gameiro PA, Bargiela D, Gojkovic M, et al. 
Cytotoxic t-cells mediate exercise-induced reductions in tumor growth. Elife. 
2020; 9: 1-25. 

71. Bay ML, Unterrainer N, Stagaard R, Pedersen KS, Schauer T, Staffeldt MM, et 
al. Voluntary wheel running can lead to modulation of immune checkpoint 
molecule expression. Acta Oncol (Madr). 2020; 59: 1447-54. 

72. Hojman P, Stagaard R, Adachi-Fernandez E, Deshmukh AS, Mund A, Olsen 
CH, Keller L, Pedersen BK, Gehl J. Exercise suppresses tumor growth 
independent of high fat food intake and associated immune dysfunction. Sci 
Rep. 2022; 12 :1-9.  

73. Simpson RJ, Kunz H, Agha N, Graff R. Exercise and the Regulation of Immune 
Functions. Prog Mol Biol Transl Sci. 2015; 135: 355-80. 

74. Simonson SR, Jackson CGR. Leukocytosis occurs in response to resistance 
exercise in men. J Strength Cond Res. 2004; 18: 266-71. 

75. Gustafson MP, DiCostanzo AC, Wheatley CM, Kim CH, Bornschlegl S, 
Gastineau DA, et al. A systems biology approach to investigating the influence 
of exercise and fitness on the composition of leukocytes in peripheral blood. J 
Immunother Cancer. 2017; 5: 1-14. 

76. Kitano S, Nakayama T, Yamashita M. Biomarkers for immune checkpoint 
inhibitors in melanoma. Front Oncol. 2018; 8: 1-8. 

77. Yarchoan M, Albacker LA, Hopkins AC, Montesion M, Murugesan K, 
Vithayathil TT, et al. PD-L1 expression and tumor mutational burden are 
independent biomarkers in most cancers. JCI Insight. 2019; 4: 1-10. 

78. Sun C, Mezzadra R, Schumacher TN. Europe PMC Funders Group Regulation 
and Function of the PD-L1 Checkpoint. 2020; 48: 434-52.  

79. Buss LA, Williams T, Hock B, Ang AD, Robinson BA, Currie MJ, et al. Effects 
of exercise and anti-PD-1 on the tumour microenvironment. Immunol Lett. 
2021; 239: 60-71. 

80. Lee B, Kim G, Jo Y, Lee B, Shin Y Il, Hong C. Aquatic exercise at thermoneutral 
water temperature enhances antitumor immune responses. Immune Netw. 
2019; 19: 1-11. 

81. Kim G, Hwang H, Jo Y, Lee B, Lee YH, Kim CH, et al. Soluble γc receptor 
attenuates anti- tumor responses of CD8+ T cells in T cell immunotherapy. Int 
J Cancer. 2018; 143: 1212-23. 

82. Clemente-Suárez VJ, Martín-Rodríguez A, Redondo-Flórez L, Ruisoto P, 
Navarro-Jiménez E, Ramos-Campo DJ, Tornero-Aguilera JF. Metabolic Health, 
Mitochondrial Fitness, Physical Activity, and Cancer. Cancers (Basel). 2023; 15: 
1-28. 

83. Coussens LM, Werb Z. Inflammation and cancer. Nature. 2002; 420: 860-7. 
84. Pikarsky E, Porat RM, Stein I, Abramovitch R, Amit S, Kasem S, et al. NF-κB 

functions as a tumour promoter in inflammation-associated cancer. Nature. 
2004; 431: 461-6. 

85. Robinson SC, Coussens LM. Soluble mediators of inflammation during tumor 
development. Adv Cancer Res. 2005; 93: 159-87. 

86. Dos Santos CMM, Diniz VLS, Bachi ALL, Dos Santos De Oliveira LC, Ghazal 
T, Passos MEP, et al. Moderate physical exercise improves lymphocyte 



 Journal of Cancer 2024, Vol. 15 

 
https://www.jcancer.org 

18 

function in melanoma-bearing mice on a high-fat diet. Nutr Metab. 2019; 16: 
1-15. 

87. Gogas H, Trakatelli M, Dessypris N, Terzidis A, Katsambas A, Chrousos GP, 
et al. Melanoma risk in association with serum leptin levels and lifestyle 
parameters: A case-control study. Ann Oncol. 2008; 19: 384-89. 

88. Luo Z, He Z, Qin H, Chen Y, Qi B, Lin J, et al. Exercise-induced IL-15 acted as a 
positive prognostic implication and tumor-suppressed role in pan-cancer. 
Front Pharmacol. 2022; 13: 1-17. 

89. Conlon KC, Lugli E, Welles HC, Rosenberg SA, Fojo AT, Morris JC, et al. 
Redistribution, hyperproliferation, activation of natural killer cells and CD8 T 
cells, and cytokine production during first-in-human clinical trial of 
recombinant human interleukin-15 in patients with cancer. J Clin Oncol. 2015; 
33: 74-82. 

90. Conlon KC, Lake Potter E, Pittaluga S, Lee CCR, Miljkovic MD, Fleisher TA, et 
al. IL15 by continuous intravenous infusion to adult patients with solid tumors 
in a phase I trial induced dramatic NK-cell subset expansion. Clin Cancer Res. 
2019; 25: 4945-54. 

91. Tamura Y, Watanabe K, Kantani T, Hayashi J, Ishida N, Kaneki M. 
Upregulation of circulating IL-15 by treadmill running in healthy individuals: 
Is IL-15 an endocrine mediator of the beneficial effects of endurance exercise? 
Endocr J. 2011; 58: 211-15. 

92. Zhu J, Hao S, Zhang X, Qiu J, Xuan Q, Ye L. Integrated Bioinformatics 
Analysis Exhibits Pivotal Exercise-Induced Genes and Corresponding 
Pathways in Malignant Melanoma. Front Genet. 2021; 11: 1-11. 

93. Feng L, Li B, Xi Y, Cai M, Tian Z. Aerobic exercise and resistance exercise 
alleviate skeletal muscle atrophy through IGF-1/IGF-1R-PI3K/Akt pathway 
in mice with myocardial infarction. Am J Physiol - Cell Physiol. 2022; 322: 
C164-C176. 

94. Geng Y, Geng Y, Liu X, Chai Q, Li X, Ren T, et al. PI3K/AKT/mTOR 
pathway-derived risk score exhibits correlation with immune infiltration in 
uveal melanoma patients. Front Oncol. 2023; 13: 1–11. 

95. Poku R, Amissah F, Alan JK. PI3K Functions Downstream of Cdc42 to Drive 
Cancer phenotypes in a Melanoma Cell Line. Small GTPases. 2023; 14: 1-13. 

96. Zhang Y, Chen Y, Shi L, Li J, Wan W, Li B, et al. Extracellular vesicles 
microRNA-592 of melanoma stem cells promotes metastasis through 
activation of MAPK/ERK signaling pathway by targeting PTPN7 in 
non-stemness melanoma cells. Cell Death Discov. 2022; 8: 1-10. 

97. Ghafouri-Fard S, Gholipour M, Taheri M. MicroRNA Signature in Melanoma: 
Biomarkers and Therapeutic Targets. Front Oncol. 2021; 11: 1-41. 

98. Ruiz-Casado A, Martín-Ruiz A, Pérez LM, Provencio M, Fiuza-Luces C, Lucia 
A. Exercise and the Hallmarks of Cancer. Trends in Cancer. 2017; 3: 423-41. 

99. Nezamdoost Z, Saghebjoo M, Hoshyar R, Hedayati M, Keska A. 
High-Intensity Training and Saffron: Effects on Breast Cancer-related Gene 
Expression. Med Sci Sports Exerc. 2020; 52: 1470-76. 

100. Irwin ML, Varma K, Alvarez-Reeves M, Cadmus L, Wiley A, Chung GG, et al. 
Randomized controlled trial of aerobic exercise on insulin and insulin-like 
growth factors in breast cancer survivors: The yale exercise and survivorship 
study. Cancer Epidemiol Biomarkers Prev. 2009; 18: 306-13. 

101. Marei HE, Althani A, Afifi N, Hasan A, Caceci T, Pozzoli G, et al. P53 
Signaling in Cancer Progression and Therapy. Cancer Cell Int. 2021; 21: 1-15. 

102. Arsenis NC, You T, Ogawa EF, Tinsley GM, Zuo L. Physical activity and 
telomere length: Impact of aging and potential mechanisms of action. 
Oncotarget. 2017; 8: 45008-19. 

103. Nomikos NN, Nikolaidis PT, Sousa C V, Papalois AE, Rosemann T, Knechtle 
B. Exercise, Telomeres, and Cancer: “The Exercise-Telomere Hypothesis.” 
Front Physiol. 2018; 9: 1-5. 

104. Shammas MA. Telomeres, lifestyle, cancer, and aging. Curr Opin Clin Nutr 
Metab Care. 2011; 14: 28-34. 

105. Shannon AM, Bouchier-Hayes DJ, Condron CM, Toomey D. Tumour hypoxia, 
chemotherapeutic resistance and hypoxia-related therapies. Cancer Treat Rev. 
2003; 29: 297-307. 

106. Smallbone K, Maini PK, Gatenby RA. Episodic, transient systemic acidosis 
delays evolution of the malignant phenotype: Possible mechanism for cancer 
prevention by increased physical activity. Biol Direct. 2010; 5: 1-8. 

107. Kawanishi N, Yano H, Yokogawa Y, Suzuki K. Exercise training inhibits 
inflammation in adipose tissue via both suppression of macrophage 
infiltration and acceleration of phenotypic switching from M1 to M2 
macrophages in high-fat-diet-induced obese mice. Exerc Immunol Rev. 2010; 
16: 105-18. 

108. Najem A, Soumoy L, Sabbah M, Krayem M, Awada A, Journe F, et al. 
Understanding Molecular Mechanisms of Phenotype Switching and Crosstalk 
with TME to Reveal New Vulnerabilities of Melanoma. Cells. 2022; 11: 1-32. 

109. Friedenreich CM, Ryder-Burbidge C, McNeil J. Physical activity, obesity and 
sedentary behavior in cancer etiology: epidemiologic evidence and biologic 
mechanisms. Mol Oncol. 2021; 15: 790-800. 

110. Grazioli E, Dimauro I, Mercatelli N, Wang G, Pitsiladis Y, Di Luigi L, et al. 
Physical activity in the prevention of human diseases: Role of epigenetic 
modifications. BMC Genomics. 2017; 18: 111-23. 

111. Sarkar D, Leung EY, Baguley BC, Finlay GJ, Askarian-Amiri ME. Epigenetic 
regulation in human melanoma: Past and future. Epigenetics. 2014; 10: 103-21. 

112. Makaranka S, Scutt F, Frixou M, Wensley KE, Sharma R, Greenhowe J. The gut 
microbiome and melanoma: A review. Exp Dermatol. 2022; 31: 1292-1301. 

113. Najmi M, Tran T, Witt RG, Nelson KC. Modulation of the Gut Microbiome to 
Enhance Immunotherapy Response in Metastatic Melanoma Patients: A 
Clinical Review. Dermatol Ther (Heidelb). 2022; 12: 2489-97. 

114. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC, Karpinets T 
V, et al. Gut microbiome modulates response to anti-PD-1 immunotherapy in 
melanoma patients. Science. 2018; 359: 97-103. 

115. Sampsell K, Hao D, Reimer RA. The gut microbiota: A potential gateway to 
improved health outcomes in breast cancer treatment and survivorship. Int J 
Mol Sci. 2020; 21: 1-24. 

116. Boytar AN, Nitert MD, Morrision M, Skinner TL, Jenkins DG. 
Exercise-induced changes to the human gut microbiota and implications for 
colorectal cancer: a narrative review. J Physiol. 2022; 600: 5189-201. 

117. Demaria M, Bertozzi B, Veronese N, Spelta F, Cava E, Tosti V, et al. Long-term 
intensive endurance exercise training is associated to reduced markers of 
cellular senescence in the colon mucosa of older adults. Aging. 2023; 9: 1-5. 

118. Liu J, Zheng R, Zhang Y, Jia S, He Y, Liu J. The Cross Talk between Cellular 
Senescence and Melanoma: From Molecular Pathogenesis to Target Therapies. 
Cancers (Basel). 2023; 15: 1-14. 

119. Jones LW, Peppercom J, Scott JM, Battaglini C. Exercise therapy in the 
management of solid tumors. Curr Treat Options Oncol. 2010; 11: 73-86.  

120. Crosby BJ, Lopez P, Galvão DA, Newton RU, Taaffe DR, Meniawy TM, et al. 
Associations of Physical Activity and Exercise with Health-related Outcomes 
in Patients with Melanoma During and After Treatment: A Systematic Review. 
Integr Cancer Ther. 2021; 20: 1-11. 

121. Holmen Olofsson G, Jensen AWP, Idorn M, Thor Straten P. Exercise Oncology 
and Immuno-Oncology; A (Future) Dynamic Duo. Int J Mol Sci. 2020; 21: 1-15. 

122. Crosby BJ, Newton RU, Galvão DA, Taaffe DR, Lopez P, Meniawy TM, 
Khattak MA, Lam WS, Gray ES, Singh F. Feasibility of supervised telehealth 
exercise for patients with advanced melanoma receiving checkpoint inhibitor 
therapy. Cancer Med. 2023; 12: 14694-706. 

123. Hyatt A, Gough K, Murnane A, Au-Yeung G, Dawson T, Pearson E, Dhillon 
H, Sandhu S, Williams N, Paton E, Billett A, Traill A, Andersen H, Beedle V, 
Milne D. i-Move, a randomized exercise intervention for patients with 
advanced melanoma receiving immunotherapy: a randomized feasibility trial 
protocol. BMJ Open. 2020; 10: 1-9. 

124. Joly F, Lefeuvre-Plesse C, Garnier-Tixidre C, Helissey C, Menneveau N, 
Zannetti A, Salas S, Houede N, Abadie-Lacourtoisie S, Stefani L, Nenan S, 
Rieger I, Durand-Zaleski I, Descotes JM, Anota A. Feasibility and efficacy of a 
supervised home-based physical exercise program for metastatic cancer 
patients receiving oral targeted therapy: study protocol for the phase II/III - 
UNICANCER SdS 01 QUALIOR trial. BMC Cancer. 2020; 20: 1-11. 

125. Blanchard CM, Courneya KS, Stein K. Cancer survivors’ adherence to lifestyle 
behavior recommendations and associations with health-related quality of life: 
Results from the American Cancer Society’s SCS-II. J Clin Oncol. 2008; 26: 
2198-204. 

126. Carmeli E, Bartoletti R. Retrospective trial of complete decongestive physical 
therapy for lower extremity secondary lymphedema in melanoma patients. 
Support Care Cancer. 2011; 19: 141-7. 

127. Hyatt A, Drosdowsky A, Williams N, Paton E, Bennett F, Andersen H, et al. 
Exercise Behaviors and Fatigue in Patients Receiving Immunotherapy for 
Advanced Melanoma: A Cross-Sectional Survey via Social Media. Integr 
Cancer Ther. 2019; 18: 1-9. 

128. Lacey J, Lomax AJ, McNeil C, Marthick M, Levy D, Kao S, et al. A supportive 
care intervention for people with metastatic melanoma being treated with 
immunotherapy: a pilot study assessing feasibility, perceived benefit, and 
acceptability. Support Care Cancer. 2019; 27: 1497-507. 

129. Schwartz AL, Thompson JA, Masood N. Interferon-induced fatigue in patients 
with melanoma: a pilot study of exercise and methylphenidate. Oncol Nurs 
Forum. 2002; 29: E85-E90. 

130. Hinrichs CS, Gibbs JF, Driscoll D, Kepner JL, Wilkinson NW, Edge SB, et al. 
The Effectiveness of Complete Decongestive Physiotherapy for the Treatment 
of Lymphedema Following Groin Dissection for Melanoma. J Surg Oncol. 
2004; 85: 187-92. 

131. Schwitzer E, Orlow I, Zabor EC, Begg CB, Berwick M, Thomas NE, et al. No 
association between prediagnosis exercise and survival in patients with 
high-risk primary melanoma: A population-based study. Pigment Cell 
Melanoma Res. 2017; 30: 424-27. 

132. Robinson JK. Physical activity of early stage melanoma survivors. Int J 
Women’s Dermatology. 2019; 5: 14-27. 

133. Behrens G, Niedermaier T, Berneburg M, Schmid D, Leitzmann MF. Physical 
activity, cardiorespiratory fitness and risk of cutaneous malignant melanoma: 
Systematic review and meta-analysis. PLoS One. 2018; 13: 1-23. 

134. Paffenbarger RS Jr., Hyde RT, Wing AL. Physical activity and incidence of 
cancer in diverse populations: a preliminary report. Am J Clin Nutr. 1987; 45: 
312-7. 

135. Veierod MB, Thelle DS, Laake P. Diet and risk of cutaneous malignant 
melanoma: a prospective study of 50,757 Norwegian men and women. Int J of 
Cancer. 1997; 71: 600-4. 

136. Kaskel P, Sander S, Kron M, Kind P, Peter RU, Krahn G. Outdoor activities in 
childhood: a protective factor for cutaneous melanoma? Results of a 
case-control study in 271 matched pairs. Br J Derm. 2001; 145: 602-9. 

137. Parent ME, Rousseau MC, El-Zein M, Latreille B, Desy M, Siemiatycki J. 
Occupational and recreational physical activity during adult life and the risk 
of cancer among men. Cancer Epidem 2011; 35: 151-9. 

138. Shors AR, Solomon C, McTiernan A, White E. Melanoma risk in relation to 
height, weight, and exercise (United States). Cancer causes & control: CCC. 
2001; 12: 599-606. 



 Journal of Cancer 2024, Vol. 15 

 
https://www.jcancer.org 

19 

139. Robsahm TE, Falk RS, Heir T, Sandvik L, Vos L, Erikssen J, et al. 
Cardiorespiratory fitness and risk of site-specific cancers: a long-term 
prospective cohort study. Cancer Med. 2017; 6: 865-73. 

140. Wang Q, Zhou W. Roles and molecular mechanisms of physical exercise in 
cancer prevention and treatment. J Sport Health Sci. 2021; 10: 201-10. 

141. Buss LA, Hock B, Merry TL, Ang AD, Robinson BA, Currie MJ, et al. Effect of 
immune modulation on the skeletal muscle mitochondrial exercise response: 
An exploratory study in mice with cancer. PLoS One. 2021; 16: 1-19. 

142. Voltarelli FA, Frajacomo FT, de Souza Padilha C, Testa MTJ, Cella PS, Ribeiro 
DF, et al. Syngeneic B16F10 melanoma causes cachexia and impaired skeletal 
muscle strength and locomotor activity in mice. Front Physiol. 2017; 8: 6-13. 

143. Youn S, Eurich DT, McCall M, Walker J, Smylie M, Sawyer MB. Skeletal 
muscle is prognostic in resected stage III malignant melanoma. Clin Nutr. 
2022; 41: 1066-72. 

144. Bilen MA, Martini DJ, Liu Y, Shabto JM, Brown JT, Williams M, et al. 
Combined Effect of Sarcopenia and Systemic Inflammation on Survival in 
Patients with Advanced Stage Cancer Treated with Immunotherapy. 
Oncologist. 2020; 25: e528-e535. 

145. Lee J, Wang Y, Xue C, Chen Y, Qu M, Thakor J, et al. PH-Responsive 
doxorubicin delivery using shear-thinning biomaterials for localized 
melanoma treatment. Nanoscale. 2022; 14: 350-60. 

146. Mukherjee S, Kotcherlakota R, Haque S, Bhattacharya D, Mahesh J, 
Chakravarty S, et al. Materials Science & Engineering C Improved delivery of 
doxorubicin using rationally designed PEGylated platinum nanoparticles for 
the treatment of melanoma. Mater Sci Eng C. 2020; 108: 1-14. 

147. Yeh ET, Bickford CL. Cardiovascular complications of cancer therapy: 
incidence, pathogenesis, diagnosis, and management. J Am Coll Cardiol. 2009; 
53: 2231-47. 

148. Sturgeon et al. Concomitant low-dose doxorubicin treatment and exercise. Am 
J Physiol Regul Integr Comp Physiol. 2014; 307: R685-R692.  

149. Saddoughi SA, Ogretmen B. Diverse Functions of Ceramide in Cancer Cell 
Death and Proliferation. Adv Cancer Res. 2013; 117: 37-58. 

150. Li RZ, Wang XR, Wang J, Xie C, Wang XX, Pan HD, et al. The key role of 
sphingolipid metabolism in cancer: New therapeutic targets, diagnostic and 
prognostic values, and anti- tumor immunotherapy resistance. Front Oncol. 
2022; 12: 1-18. 

151. Albinet V, Bats ML, Huwiler A, Rochaix P, Chevreau C, Ségui B, et al. Dual 
role of sphingosine kinase-1 in promoting the differentiation of dermal 
fibroblasts and the dissemination of melanoma cells. Br Dent J. 2014; 217: 
3364-73. 

152. Dany M. Sphingosine metabolism as a therapeutic target in cutaneous 
melanoma. Transl Res. 2017; 185: 1-12. 

153. Garandeau D, Noujarede J, Leclerc J, Imbert C, Garcia V, Bats ML, et al. 
Targeting the sphingosine 1-phosphate axis exerts potent antitumor activity in 
BRAFI-resistant melanomas. Mol Cancer Ther. 2019; 18: 289-300. 

154. Patidar M, Yadav N, Dalai SK. Interleukin 15: A key cytokine for 
immunotherapy. Cytokine Growth Factor Rev. 2016; 31: 49-59. 

155. Marrero B, Shirley S, Heller R. Delivery of interleukin-15 to B16 melanoma by 
electroporation leads to tumor regression and long-term survival. Technol 
Cancer Res Treat. 2014; 13: 551-60. 

156. Waldmann TA, Branch LM. Interleukin-15 in the treatment of cancer. 2020; 10: 
1689–701. 

157. Fiore PF, Di Matteo S, Tumino N, Mariotti FR, Pietra G, Ottonello S, et al. 
Interleukin-15 and cancer: Some solved and many unsolved questions. J 
Immunother Cancer. 2020; 8: 1-12. 

 
 


