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ABSTRACT

Background: Exercise might exert anti-tumoral effects in adult 
cancers but this question remains open in pediatric tumors, 
which frequently show a different biology compared to adult 
malignancies. We studied the effects of an exercise intervention 
on physical function, immune variables and tumoral response 
in a preclinical model of a highly aggressive pediatric cancer, 
high-risk neuroblastoma (HR-NB). 

Methods: 6-8–week–old male mice with orthotopically-induced 
HR-NB were assigned to a control (N=13) or exercise (5-week 
combined [aerobic+resistance]) group (N=17). Outcomes 
included physical function (cardiorespiratory fitness [CRF] and 
muscle strength), as well as related muscle molecular indicators, 
blood and tumor immune cell and molecular variables, tumor 
progression, clinical severity, and survival. 

Results: Exercise attenuated CRF decline (p=0.029 for the 

group-by-time interaction effect), which was accompanied by 
higher muscle levels of oxidative capacity (citrate synthase and 
respiratory chain complexes III, IV and V) and an indicator of 
antioxidant defense (glutathione reductase) in the intervention 
arm (all p≤0.001), as well as by higher levels of apoptosis 
(caspase-3, p=0.029) and angiogenesis (vascular endothelial 
growth factor receptor-2, p=0.012). The proportion of ‘hot-like’ 
(i.e., with viable immune infiltrates in flow cytometry analyses) 
tumors tended to be higher (p=0.0789) in the exercise group 
(76.9%, vs. 33.3% in control mice). Exercise also promoted 
greater total immune (p=0.045) and myeloid cell (p=0.049) 
infiltration within the ‘hot’ tumors, with a higher proportion of 
two myeloid cell subsets (CD11C+ [dendritic] cells [p=0.049] 
and M2-like tumor-associated macrophages [p=0.028]), 
yet with no significant changes in lymphoid infiltrates or in 
circulating immune cells or chemokines/cytokines. No training 
effect was found either for muscle strength or anabolic status, 
cancer progression (tumor weight and metastasis, tumor 
microenvironment), clinical severity, or survival.
Conclusions: Combined exercise appears as an effective strategy 
for attenuating physical function decline in a mouse model of 
HR-NB, also exerting some potential immune benefits within 
the tumor, which seem overall different from those previously 
reported in adult cancers. 
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INTRODUCTION 

A healthy lifestyle that includes regular physical activity is 
associated not only with a lower incidence of different types 
of adult cancers [1–4], but also with a lower risk of tumor 
recurrence or cancer-specific mortality [5–8]. Although most 
research has focused on the benefits of ‘aerobic’ physical 
activity (e.g., brisk walking, jogging), growing evidence also 
suggests that muscle resistance (or ‘strength’) exercise training 
– which together with aerobic activities is recommended by 
the World Health Organization (WHO) for health promotion in 
essentially all population groups [9] – can be associated with a 
lower risk of cancer and cancer-specific mortality [10]. In turn, 
epidemiological evidence is supported by preclinical research 
showing that regular aerobic exercise – typically voluntary 
(wheel) or forced (treadmill) running – could reduce tumor 
progression in rodents [11]. Although the different mechanisms 
underlying potential exercise antitumoral effects remain to be 
elucidated, an improvement in cancer immunosurveillance can 
be involved [12,13]. This is an important issue because the ability 
to evade immune destruction is one of the hallmarks of cancer 
[14], and immunotherapy (by means of stimulating natural 
immune defenses, e.g., using immunomodulators, monoclonal 

antibodies, oncolytic viruses or checkpoint inhibitors) is gaining 
importance in oncology [13]. On the other hand, an active 
lifestyle is also able to attenuate the side effects of cancer and its 
treatment, notably fatigue and decreased physical function [15]. 
Thus, exercise has been reported to improve cardiorespiratory 
fitness (CRF) and overall physical function in cancer survivors, 
thereby contributing to a better health-related quality of life 
(HRQoL) [16].

Most research in the field of exercise and cancer – especially 
preclinical studies – has focused on adult malignancies, with 
comparatively less research conducted in pediatric cancer. In 
this effect, toxicities associated to pediatric cancer treatment 
(chemotherapy/radiotherapy) are often persistent years after 
treatment and include among others harmful changes to growth, 
impaired cardiopulmonary function (e.g., cardiotoxicity) and 
alterations in body composition (excess abdominal adiposity, 
muscle weakness, poor bone health), together with low physical 
performance and difficulty of coping with activities of daily 
living, as well as cognitive decline (with subsequent impairment 
in academic, social, and professional performance later in life) 
[17] whereas physical exercise interventions can have the 
opposite effect. There is indeed meta-analytical evidence that, 
especially when supervised, exercise interventions during and/

Graphical abstract: Main effects of the exercise intervention and proposed potential mechanisms*. Abbreviations: CRF, cardiorespiratory fitness; 
CS, citrate synthase; CIII, CIV and CV, mitochondrial respiratory complex III, IV and V, respectively; CTL, cytotoxic T lymphocytes; DC, dendritic 
cells; HR-NB, high-risk neuroblastoma; TAM, tumor associated macrophages. * Naïve T cells (which were found in higher proportions in the blood 
of the exercise group than in control mice) constantly circulate through secondary lymphoid organs, where antigen encounter occurs. For a CTL 
response, antigen is brought to the lymph node via the lymphatic system by antigen presenting cells (which are typically DCs that mature after 
antigen acquisition in nonlymphoid tissues and migrate to the lymph node).
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or after pediatric cancer treatment are safe and can increase or 
preserve physical capacity (e.g., CRF) [18], cardiac function 
[18], functional mobility during daily life activities [19], muscle 
strength [20], physical activity levels [20], body mass index 
[20] and cognitive function [21], while reducing fatigue [20]. 
In fact, Pediatric Oncology Exercise Guidelines have been 
recently developed to promote physical activity among children 
and adolescents affected by cancer [22]. However, whether 
physical exercise can also impact pediatric tumor development 
is unknown, except for a preclinical study on tumor vascular 
modulation in the context of Ewing sarcoma (a pediatric bone and 
soft tissue cancer) [23]. In this effect, the biology of children’s 
tumors might considerably differ from that of adult malignancies, 
as the former are overall characterized by a distinct (and usually 
lower) mutational burden, an embryonal (or very early) origin in 
many cases and/or a dysregulation of developmental pathways, 
together with a lower contribution of environmental factors [24]. 
In addition, pediatric tumor development might often take place 
in a moment of life when the immune system is not yet totally 
developed [25], which does not usually occur until age ~7-8 
years [26].

The two main types of pediatric tumors are leukemias (30%) 
and solid tumors, with neuroblastoma (NB) representing the 
commonest extracranial solid malignancy [27] – accounting for 
>7% of all pediatric cancers [28,29] and 15% of related deaths 
[29–31]. Most NB cases are diagnosed between 0 and 4 years of 
age (median age ~19 months) [32], with less than 5% of affected 
children older than 10 years [28]. On the other hand, more than 
half of patients are above the age threshold – see below – for a 
worse prognosis [32]. The biological and clinical heterogeneity 
of NB fluctuates from spontaneous regression to metastatic 
dissemination depending on factors such as age at diagnosis 
(with age >15 months associated with worse outcomes [33]), 
tumor size and localization, histopathological classification, 
genetic abnormalities, and status of the MYCN proto-oncogene 
[34,35]. In this effect, high-risk (HR)-NB is typically associated 
with older age at diagnosis, unfavorable histology, metastatic 
phenotypes, as well as with some genetic modifications (DNA 
ploidy or specific segmental chromosomal aberrations) and 
MYCN gene amplification, with the prognosis for affected 
children being one of the poorest in pediatric cancer (i.e., 5-year 
survival <40-50% and <10% in patients with relapsed and 
refractory disease, respectively) [33,36,37]. Whether exercise 
could exert a certain antitumoral effect in the context of such an 
aggressive tumor as HR-NB, or at least attenuate the decline in 
physical function commonly observed in these patients [38], is 
an important clinical question. In this context, the use of animal 
models could help to provide valuable insights.  

The purpose of this study was to analyze the effects of a 
combined (aerobic and resistance) exercise intervention on 
physical function, clinical evolution, immune (blood and tumor) 
variables, and tumor microenvironment in a preclinical mouse 
model of HR-NB. Our hypothesis is that exercise could induce 
some potential benefits, particularly at the intratumoral immune 
level. 

METHODS  

Mice
The study was approved by the Ethics Committee on Animal 
Experimentation and Welfare of the Centro de Investigaciones 

Energéticas, Medioambientales y Tecnológicas (CIEMAT; 
reference # ES280790000183, Madrid, Spain) and the 
Madrid Regional Department of Environment (reference # 
PROEX 036.7/21). All the study procedures were conducted 
in accordance with Animal Research: Reporting of In Vivo 
Experiments (ARRIVE) guidelines, as well as with the European 
(2010/63/UE Directive and European convention ETS 123) and 
Spanish (Law 6/2013 and Royal Decree 53/2013) regulations 
on animal protection in scientific research.  

Wild-type 129/SvJ 6-8–week–old male mice were 
purchased from Vivotecnia (National Cancer Institute; 
Frederick, MD). They were bred and housed in the animal 
facility of CIEMAT under controlled conditions of temperature 
(20±2ºC) and humidity (55±10%) with adequate environmental 
enrichment (nestlets), ventilation and constant 12-hour light/
dark cycles, and with food and water provided ad libitum. They 
were used to generate an orthotopic murine model of HR-NB, 
as described below. All efforts were made to minimize animal 
suffering, which implied minimizing blood sampling and 
allowing a 3-week recovery period from surgery until baseline 
assessments.

Tumors
Cell cultures and preparation of neuroblastoma sphere-
forming cells 
The 36769-cell line kindly donated by Prof. Chesler (Royal 
Marsden NHS Foundation Trust; London, UK) was derived from 
a tumor mass developed in a TH-MYCN-129X1/SvJ transgenic 
mouse, which is a spontaneous model with MYCN amplification 
that recapitulates the genetic, histopathological, and clinical 
features of HR-NB [39]. These cells were maintained as 
described in previous research [40], using Dulbecco’s Modified 
Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) (Gibco; 
Carlsbad, CA) supplemented with 1% penicillin/streptomycin 
(Gibco), 1xB-27 without vitamin A (Gibco), 20 ng/mL murine 
epidermal growth factor (R&D Systems; Minneapolis, MN) 
and 40 ng/mL murine fibroblast growth factor (R&D Systems) 
at 37ºC with 5% CO2. The culture medium was renewed every 
72 hours, and spheres were seed and expanded at 1/6 of initial 
concentration (for 8-10 days) before implantation. In the log 
phase of growth, they were transferred from the culture flask 
to a Falcon® tube and centrifuged at 900 g for 5 minutes. 
The spheres were incubated in trypsin (TripLE Express, 
Life Technologies; Carlsbad, CA) for 3-5 minutes at 37ºC. 
Thereafter, the spheres were carefully mechanically-dissociated 
into single cells by pipetting, culture medium was added, the 
solution was centrifuged (1500 rpm, 5 minutes) and finally the 
cells were counted and prepared for later inoculation.  

Implantation in mice 
A single suspension of 1·105 cells in 30 µL of unsupplemented 
DMEM/F12 was orthotopically inoculated into the left adrenal 
gland (which is where 40% of human NB tumors arise [41]) 
of the mice. This was done with an intraperitoneal approach 
through supraumbilical transverse laparotomy under general 
anesthesia – induced by an intraperitoneal injection of ketamine 
and dexmedetomidine (50 ng/g), using atipamezole (2.5 ng/g) 
as an anesthesia reversal agent. 

Study design 
During the 3-week period following surgery, the clinical 
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evolution of the disease was evaluated every 2 days (Figure 
1). Thus, mice were weighed and their posture, spontaneous 
activity, hair and scar were controlled to ascertain they had 
recovered from surgery. The post-surgery recovery phase was 
followed by the familiarization phase. 

Familiarization 
Mice were familiarized with the apparatuses and types of 
exercise involved in the physical evaluation tests – treadmill 
running (Harvard Apparatus, Panlab; Barcelona, Spain) and 
isometric force testing (Harvard Apparatus) [42]. This allowed 
the animals to gradually adapt to the new environmental 
conditions, and thus to reduce their stress levels while 
minimizing measurement error during physical testing. It also 
allowed us to ensure that the wound healing process had ended 
so that animals would be able to do the familiarization exercises 
(see below) and subsequent baseline physical tests safely. 

The familiarization with the treadmill was performed on 3 
separate days, by applying a gradual increase in running time, 
as well as in treadmill velocity and inclination (starting with 5 
minutes at 5 cm/s and 5% inclination on the first day, and ending 
with a 12-minute run at 10 cm/s and 15% inclination on the 
third day, in all cases with an electrical stimulation of 0.1 mA). 
A total of 5 individual treadmills were used but each mouse was 
solely trained and tested with the same apparatus. Mice were 
also familiarized with the isometric force test, simulating the 
forelimb grip strength test on 3 separate days (see below). 

Timing of physical tests and tissue/blood sampling
All the mice underwent the same physical tests (for determination 
of CRF and forelimb muscle strength) before (baseline) and after 
the intervention period. Blood sampling from the submandibular 
vein (200 µL) was also performed at baseline (24 hours before 
the first battery of physical tests) and postintervention (48 hours 
after the last training session). Peripheral blood was drawn into 
EDTA or serum separator tubes (BD Microtainer®, Becton 
Dickinson; Franklin Lakes, NJ) in order to preserve the sample 
for immunophenotype analysis or to obtain (after centrifugation 
[1600 rpm, 5 minutes, twice]) a serum sample for analysis of 
cytokines/chemokines. 

Mice were sacrificed by cervical dislocation after 
postintervention blood sampling and their tumors were excised, 
weighed and measured in 2 perpendicular dimensions using a 
vernier caliper for tumor volume calculations, and then divided 
into 3 pieces. One piece was fixed in 4% paraformaldehyde and 
embedded in paraffin prior to immunohistochemical studies. 
Another one was preserved in Hank’s Balanced Salt Solution 
1X (HBSS9) (Gibco) and appropriately mechanically-processed 
and enzymatically digested in RPMI 1640 medium with 1 
mg/mL of collagenase D (Roche Diagnostics Corporation; 
Indianapolis, IN) to detect intratumoral immune cell infiltrates 
by flow cytometry. A third piece was frozen in liquid nitrogen 
and conserved at -80ºC until gene expression analysis using 
real-time quantitative polymerase chain reaction (qRT-PCR). In 
addition, several tissues (kidneys, liver, gut, pancreas, spleen, 

Figure 1. Study design. * Clinical evolution, body mass and survival (Kaplan Meyer curve) were determined from the start of the exercise inter-
vention until death or end of the study (i.e., end of the 5-day postintervention phase).
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lung, brain) were extracted and fixed in formalin, excised and 
embedded in paraffin for hematoxylin and eosin (H&E) staining 
to detect potential metastasis. Finally, skeletal muscle tissue 
(tibialis anterior) was dissected, immediately frozen in liquid 
nitrogen and stored at -80ºC until molecular analysis of muscle 
adaptations (see further below) by western blotting. 

Group assignment
Mice were pair-matched based on the results of the treadmill 
tests. Thus, each two mice showing the closest values of CRF 
were matched together and randomly assigned to either an 
exercise or non-exercise (control) group. The former group 
performed the exercise training intervention that is described 
below whereas mice in the control group were allowed to freely 
move in the cage but only walked on the treadmill for 5 minutes 
(speed =5 cm/s, inclination =0%) once a week.

Intervention 
The exercise intervention was designed following our previous 
experience with other mouse models [42,43], with slight 
modifications based on the singularities of the HR-NB model 
used in the present study. The program (4 days/week [Monday 
to Thursday], 40-60 minutes per day) lasted 5 weeks in total.

Aerobic training
All the sessions were performed between 09.00 am and 13.00 
pm and included an aerobic (treadmill) training component, 
starting and ending with a warm-up and cool-down period, 
respectively (5-8 minutes at 35-40% of the maximal velocity 
[Vmax] obtained during the baseline incremental treadmill 
test, 0-15% inclination). For the main part, exercise duration, 
treadmill speed, and inclination were gradually increased. Thus, 
the program began at low workloads on the first week (25-33 
minutes at 50-55% of Vmax, 5% inclination) and ended with 
moderate workloads (30-40 minutes, 70-75% of Vmax, and 
15% inclination). In order to minimize animal discomfort, only 
gentle back touching (with no electrical stimulation) was used 
during each training session.  

Resistance training
The aerobic training phase was followed by resistance training 
on 3 days/week (Monday, Wednesday, and Thursday). After 
several attempts with different resistance exercise modalities 
[44], we considered that the best option for this mouse model 
consisted of having the animals grasp a cloth hanger (maintained 
at 40 cm above a layer of bedding to cushion the falls) while 
only using the two forepaws for as long as possible (6 attempts 
interspersed with 10-minute rest periods). 

Outcomes 
Cardiorespiratory fitness
An incremental treadmill test was used to determine the CRF of 
the mice following a previously described protocol with slight 
modifications [42]. Mice were subjected to an initial warm-up 
period (5 minutes at 5 cm/s and 15% inclination; followed by 
5 minutes at 8 cm/s and 15% inclination) after which treadmill 
speed was increased by 2 cm/s every 2 min (while inclination 
kept constant at 15%) until exhaustion – that is, until the mice 
spent more than 5 seconds on the electric grid at the back of 
the treadmill and were unable to continue running. Electrical 
stimulation was kept at 0.2 mA/1 Hz during the test. The total 

distance (meters) achieved by each mouse was recorded as the 
CRF (or ‘maximal aerobic capacity’).
  
Forelimb grip strength 
Muscle strength was measured as the maximum force (g) 
exerted by the mice before losing grip, using an isometric force 
transducer (Harvard Apparatus) [42] on the day before the 
treadmill test. Each mouse took the test 3 times with a 5-minute 
rest period between them, and the best reading was recorded as 
the maximal grip strength. 

Skeletal muscle measures 
Frozen skeletal muscle tissues were processed as described 
elsewhere [45], with ice-cold 10 mM Tris-HCl pH 7.6, containing 
150 mM NaCl, 1 mM EDTA, 1% Triton™ X-100 and a 
protease and phosphatase inhibitor cocktail (Roche Diagnostics 
Corporation; Indianapolis, IN) 1:10 (weight:volume) in a potter 
homogenizer. Protein concentration was determined with the 
Pierce® BCA protein assay kit (Thermo Fisher Scientific; 
Waltham, MA) according to manufacturers’ instructions.

Tibialis anterior homogenates (20-40 µg) were analyzed 
through western blotting to determine indicators of aerobic 
metabolism (citrate synthase [CS] and mitochondrial respiratory 
chain subunits), anabolic status (ratio of phosphorylated/
activated ribosomal protein p70 S6 kinase [pP70S6K] to 
total P70S6K), and antioxidant defense (catalase, glutathione 
reductase, mitochondrial superoxide dismutase). Briefly, 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
was performed on a 7.5-12.5% separation gel. Resolved 
proteins were transferred to a polyvinylidene difluoride 
(PVDF) membrane, blocked with a solution of Tris-HCl with 
Tween 20 0.1% (TBST) with 5% skimmed milk or bovine 
serum albumin and incubated with primary and peroxidase-
conjugated secondary antibodies (Supplemental file 1), which 
were immunodetected using the ECL Prime Western Blotting 
Detection Reagent (Amersham GE Healthcare; Little Chalfont, 
UK) in the image analyzer ChemiDocTM MP Imaging System 
(Bio-Rad; Hercules, CA). Band densities were determined by 
densitometric scanning (Image LabTM Software, version 5.0., 
Bio-Rad). Total protein load per lane was determined with 
Coomassie Blue staining of the PVDF membranes [46].

Survival 
Survival was evaluated by counting the time (number of days) 
elapsed from the start of the intervention until ‘spontaneous’ 
death (i.e., attributable to the tumor) or end of the study (with 
the latter corresponding to the end of the 5-day postintervention 
phase, as previously shown in Figure 1). In addition, based on 
ethical reasons those mice not dying before the end of the study 
were sacrificed if showing signs of very poor health status or 
significant suffering (i.e., severe hunching impairing movement, 
lack of spontaneous mobility, and facial expression of pain).

Clinical evolution
Mouse body mass was measured and disease severity scored, 
respectively, in each mouse by the same researcher every 
weekday during the same (aforementioned) period as survival.  
A total score was computed on a 0 (absence) to 3 (maximal 
severity) scale by adding individual scores for the following 
variables: posture (0 [normal], 0.5 [hunching noted only at 
rest]) or 1 [severe hunching impairing movement]); fur texture 
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(0 [normal], 0.5 [mild-to-moderate ruffling], or 1 [severe 
ruffling/poor grooming]); and activity (0 [normal], 0.5 [mild-
to-moderately decreased], or 1 [stationary unless stimulated]) 
(adapted from [43]). 

Metastasis 
Representative samples of tumors and other organs (kidneys, 
liver, gut, pancreas, spleen, lung, and brain) were excised and 
included in formalin-fixed paraffin-embedded (FFPE) blocks. 
FFPE samples were sectioned at a 3 µm thickness with a 
microtome, mounted onto microscope slides and stained with 
H&E. Morphological evaluation by senior pathologists (FR, 
SZ) was performed on representative sections from primary 
tumor and mice organs in order to detect metastatic deposits. 

Tumor volume
Tumor volume was calculated upon sacrifice with a digital 
caliper in two orthogonal dimensions using the following 
formula: volume (mm3) =1/6π x length (mm) x width2 (mm2), 
where tumor length was the greatest dimension of the tumor 
with the other dimension (at a 90º angle) being taken as the 
width. Tumors were also weighted upon sacrifice (ME303T/00, 
Mettler Toledo; Barcelona, Spain).

Tumor immunohistochemistry 
For each case, FFPE tumor samples were assessed for 
markers of apoptosis, cell cycle control, and proliferation. 
Immunohistochemistry analyses (antibodies described in 
detail in Supplemental file 2) were performed in 3 µm sections 
of FFPE tumor tissue using coated microscope slides (FLEX 
IHC Microscope Slides; Dako Omnis, Agilent; Glostrup, 
Denmark). The slides were incubated for 1 hour at 56 ºC to 
allow the tumor section to be perfectly adhered before staining. 
Immunohistochemistry analyses were performed automatically 
on the Autostainer Link 48 (Agilent) using the EnVision™ 
+ System-HRP (DAB) kit (Dako Omnis) following the 
manufacturer’s instructions.

In some cases (cleaved caspase-3, Ki-67, vascular 
endothelial growth factor receptor 2 [VEGFR2], and Factor 
VIII), it was necessary to include an intermediate step in 
order to amplify the signal thought an additional 20-minute 
incubation with EnVision™ FLEX + Rabbit. Thereafter, 
HRP staining was visualized with 3,3’-diaminobenzidine 
tetrahydrochloride in organic solvent (DAB) as chromogen, 
adding EnVision™ FLEX DAB + Chromogen (Dako Omnis) 
during 10 minutes, and using hematoxylin reagent (EnVision™ 
FLEX Hematoxylin, Dako Omnis) for counterstaining during 5 
minutes. When the staining was ended, the slides were mounted 
on the automatic CoverStainer (Dako Omnis). Those slides 
that were only stained with secondary antibodies were used as 
negative controls. 

Visualization of digital slides and image processing was 
performed by the Philips system (IntelliSite Image Management 
System; Philips; Best, NL). The stained sections were evaluated 
semi-quantitatively by two independent pathologists (FR, SZ) 
blinded to group assignment. Expression of Ki-67, histone 
deacetylase 3 and cleaved caspase-3 were evaluated in tumor 
cells as % of stained cells. Nuclear staining was required for 
evaluation. The expression levels of VGEFR2 were determined 
as the % of  vessels with positive endothelial cells for VEGFR2 
relative to the total number of vessels per a 20x field (with total 

vessel number [average of 3 measurements] identified with Von 
Willebrand Factor-related antigen [commonly known as ‘Factor 
VIII’] staining). 

Gene expression in tumor microenvironment
A tumor piece (30 µg) previously preserved at -80ºC after 
dissection was mechanically disrupted and processed for RNA 
isolation (RNeasy Plus Mini Kit, Qiagen Inc.; Hilden, Germany) 
and quantification was done using NanoDrop 100 (Thermo Fisher 
Scientific). cDNA was generated from 1 μg of RNA and reverse 
transcribed using SuperScript™ VILO™ cDNA Synthesis 
Kit (Invitrogen, Thermo Fisher Scientific). The following 
genes were studied using specific murine TaqMan assays (all 
from Applied Biosystems™; Foster City, CA) for qRT-PCR 
analysis (7500 Real-Time PCR System, Applied Biosystems™) 
using glyceraldehyde 3-phosphate dehydrogenase (Gapdh; 
Mm99999915_g1), as the housekeeping gene: chemokine 
(C-C motif) ligand 2 (Ccl2; Mm00441242_m1) and 3 (Ccl3; 
Mm00441259_g1), intercellular adhesion molecule 1 (Icam1; 
Mm00516023_m1), interferon beta 1 (Ifnb1; Mm00439552_s1) 
and gamma (Ifng; Mm01168134_m1), interleukin 15 (Il15; 
Mm00434210_m1), metallopeptidase 9 (Mmp9; Mm00442991_
m1), tumor growth factor beta 1 (Tgfb1; Mm01178820_m1), 
tumor necrosis factor (Tnf; Mm00443258_m1), vascular cell 
adhesion protein 1 (Vcam1; Mm01320970_m1), and vascular 
endothelial growth factor A (Vegfa; Mm01281449_m1) and R1 
(Vegfr1; Mm00438980_m1). 

Tumor samples were analyzed in duplicate using 7500 
Real-Time PCR software v2.0.6 (Applied Biosystems™). The 
formula 2-ΔΔCt was used to calculate the relative expression 
ratio in experimental groups, where all values were normalized 
to Gapdh. Data are presented with respect to non-exercise 
(control) group.

Immune analyses in tumors and blood 
Before analyzing immune infiltrated cells, tumor mass was 
carefully washed with HBSS 1X and mechanically processed 
prior to enzymatic digestion with 1 mg/mL of collagenase D 
(Roche; Catalog #11088858001). Tumor cell suspension was 
counted by trypan blue and 5·105 alive cells were used for 
immune cell phenotype analysis. 

Peripheral and tumor immune cells were studied with flow 
cytometry. Homogenates of tumor tissue and fresh peripheral 
blood samples were incubated using appropriate combinations 
of monoclonal antibodies (Supplemental file 3) at 4ºC in 
the dark for 30 minutes. Red blood cells were lysed using 
QuickLysis buffer (Cytognos S.L.; Santa Marta de Tormes, 
Spain) for 30 minutes at room temperature in darkness. A 
minimum of 20,000 events were acquired in a FacsCanto II 
cytometer (BD Biosciences; San Jose, CA) and analyzed using 
FacsDiva software v6.1.2 (BD Biosciences). Details on the 
procedures used from the moment of tumor sample collection 
until actual immune cell phenotyping of tumor infiltrates with 
flow cytometry are shown in Supplemental file 4.

We determined CD45+ cells (commonly known as 
‘leukocytes’), discerning between myeloid components 
(macrophages and myeloid-derived suppressor cells [MDSC] 
[CD11B+], and dendritic cells [CD11C+]), on the one hand, 
and lymphoid components (T [CD3+], B [B220+], and natural 
killer [NK] cells [NK1.1+]), on the other. The different T 
lymphocyte subtypes (helper [CD4+] and cytotoxic T cells 
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[CD8+]) were also analyzed. T-cell differentiation was defined 
as the proportion of naïve (CD4+/CD8+ CD62L+ CD44–) and 
central (CD4+/CD8+ CD62L+ CD44+), effector (CD4+/CD8+ 
CD62L– CD44+) or terminally differentiated effector memory 
(CD4+/CD8+ CD62L– CD44–), respectively, within the total 
CD4 or CD8 T-cell population. Recent (OX40+, 4-1BB+) and 
sustained lymphocyte activation (programmed cell death 1 
[PD1]+), lymphocyte-activation gene 3 [LAG3]+, and T-cell 
immunoglobulin and mucin domain-containing protein 3 
[TIM]3+) states were also analyzed. The two major subsets 
of MDSC (CD45+ CD11B+), such as granulocytic (CD11B+ 
Ly6G+ Ly6Clow) and monocytic MDSC (CD11B+ Ly6G– 
Ly6Chigh) cells, and M1-like (CD11B+ Ly6G– Ly6C– CD206–
) and M2-like (CD11B+ Ly6G– Ly6C– CD206+) macrophages 
were also included in the analysis. Finally, dendritic cells (DCs) 
were analyzed including the plasmacytoid (CD45+ CD11C+ 
CD123+) and myeloid (also known as ‘conventional’; CD45+ 
CD11C+ CD123–) subsets, respectively. 

The levels of the following cytokines/chemokines were 
determined in serum samples at baseline and postintervention 
using a multiplex Mouse Cytokine Panel (Merck Life Science; 
Madrid, Spain) based on the Lumine xMAP® technology 

on a MAGPIX® instrument (EMD Millipore Corporation; 
Burlington, MA) according to the manufacturers’ instructions: 
granulocyte-macrophage colony-stimulating factor (GM-CSF), 
IFNβ1, IFNγ, IL2, IL6, IL15, macrophage inflammatory protein 
(MIP)1α, monocyte chemoattractant protein (MCP)1, TNFα, 
and VEGF. 

Statistical analyses
A two-factor (group, time), ANOVA with repeated measures on 
time was used to determine the effects of the exercise intervention 
on those outcomes that were measured both at baseline and 
postintervention (i.e., CRF, forelimb grip strength, and all 
blood variables [i.e., immune cell phenotypes and cytokines/
chemokines]). The Mann Whitney U test was used for unpaired 
comparisons in those outcomes that were measured only at 
postintervention (i.e., all skeletal muscle and tumor-related 
variables). The χ2 test (or Fisher’s exact test if >20% of the cells 
in the cross-table had an expected frequency <5) was used for 
between-group comparisons of the proportion of metastases and 
‘hot tumors’, and the Kaplan-Meier analysis (right censored) 
was used for survival comparisons. On the other hand, whether 
the pattern of missing data for the different measurements 

Figure 2. Study flow diagram. 
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followed each of three possibilities was also analyzed [47]: a) 
missing completely at random (i.e., no relationship between the 
missingness of the data and any values, observed or missing); 
b) missing at random (i.e., existence of a systematic relationship 
between the propensity of missing values and the observed data, 
but not the missing data); and c) missing not at random (also 
known as ‘non-ignorable missingness’, i.e., the data are neither 
missing completely at random nor missing at random, with the 
value of the missing variable related to the reason it is missing) .

 
RESULTS

The initial number of mice before tumor cell inoculation was 
35 (Figure 2). One of them died during surgery, another one 
was excluded as its hind legs were paralyzed before starting the 
familiarization phase (morbidity associated with the technique 
= 3%), two did not present the primary tumor into the left para-
adrenal space despite showing several masses located in other 
parts of the body (e.g., abdominal region), and another one 
showed paralysis in its hind legs during the intervention phase. 
These mice were not included in the analysis of the results. 
Therefore, the efficiency of engraftment of the tumor cell line 
was 94%. The final number of mice completing the study was 
13 and 17 in the control and exercise group, respectively.

On the other hand, despite the lack of data for analyses from several 
mice (as detailed in the Tables and Figures below), the missing data 
for the different outcomes followed a missing-completely-at-random 
pattern, which rules out, at least partly, the possibility of inherent bias. 

Physical fitness  
Physical capacity declined throughout the study in both groups, 
yet with a significantly attenuation of CRF decline in the 
exercise group compared with control mice (p=0.039 for the 
group by time interaction effect; Table 1). No changes were 
found, however, in muscle grip strength.

Skeletal muscle adaptations to training 
Higher levels (all p≤0.001) of several markers of muscle 
aerobic adaptations (i.e., CS levels, as well as those of 
respiratory chain complexes III, IV and V) and antioxidant 
defense (glutathione reductase) were found in the exercise 
group compared with control mice, although no differences 
were found for muscle anabolic status indicators (pP70S6K/
P70S6K ratio) (Figure 3).

Clinical data
Survival
No significant between-group differences were found in 
survival (Figure 4), with median values of 28 days (range 11 

Table 1. Cardiorespiratory fitness (CRF) and muscle (forelimb) grip strength by group.

Data are mean ± SEM. Total N with complete data =11 (control) and 12 (exercise).

Figure 3. Markers (western blot results) of exercise training adaptations in total skeletal muscle (tibialis anterior) homogenates by group (with 
total protein content per lane determined by Coomassie Blue 280 staining used as loading control). Data are mean ± SEM and individual data 
values (N with data = 11 [10-11 for panel B] and 14 in the control and exercise groups, respectively) and p-values for between-group comparisons 
are also shown. Panel A. Oxidative phosphorylation (OXPHOS) components (mitochondrial respiratory complexes I to V [CI to CV]) and citrate 
synthase (CS). Of note, the commercial cocktail of antibodies (Supplementary file 1) been used allows to determine all five complexes CI to CV 
simultaneously. Panel B. Antioxidant defense (catalase, glutathione reductase [GR] and mitochondrial superoxide dismutase [mtSOD]). Panel C. 
Proteins involved in anabolic status (phosphorylated/activated ribosomal p70 S6 kinase [Thr389] [pP70S6K] and total ribosomal protein p70 S6 
kinase [P70S6K]). The ratio of pP70S6K to P70S6K reflects the anabolic status in the analyzed muscle. 
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to 37) and 25 days (3 to 37) in the exercise and control group, 
respectively

Clinical evolution 
During the first week after the tumor cell inoculation, a 
deterioration in health status was noted in all the mice, as 
reflected by an increase in all individual scores (hair, posture, 
spontaneous activity). During the following ~2 weeks, 
however, there was a progressive improvement in health status, 
with all animals reaching a good recovery level in the different 
disease evolution parameters before beginning the intervention 
phase. The same trend was observed for body mass during this 
period of time (data not shown). From the start of intervention 
to the end of it, no significant group by time interaction effect 
(all p>0.1) was found for body mass (Figure 5A) or clinical 
severity (individual/total) scores (Figure 5B). 

Tumor development and metastases
Tumor weight and volume
Tumors were palpable ~2 weeks after tumor cell inoculation 
and thus ~1 week before baseline assessments. Mean tumor 
volume and weight did not significantly differ between groups 
at sacrifice (Figure 6).

Metastasis 
No significant between-group differences were found for the 
prevalence of metastatic lesions (Table 2). The tissues most 
commonly affected by metastasis were the spleen and the liver, 
accounting for 83% of all metastases for both groups combined, 
with lung and pancreas metastases (in one mouse of the exercise 
and control group, respectively), accounting for the remainder of 
metastases (Figure 7). 

Figure 4. Survival estimates by group (with the p-value for the 
between-group comparison also shown). Total N with data =13 and 
17 for the control and exercise groups, respectively. Survival was 
evaluated by counting the time (number of days) elapsed from the 
start of the intervention until death or end of the study (i.e., end of 
the 5-day postintervention phase previously shown in Figure 1) and 
therefore the timeframe before the start of intervention (post-surgery 
recovery phase and baseline measurements, previously explained in 
Figure 1) is not shown.

Table 2. Metastasis analysis by group and analyzed organ. 
N with complete data of = 5 (control) and 10 (exercise). The p-value 
corresponds to the Fisher exact text.

Figure 6. Tumor volume and weight at sacrifice by group. Data are 
mean ± SEM.  Individual data values and p-values for between-group 
comparisons are also shown. N with = 11 and 14 (control and exercise 
group, respectively).

Figure 5. A. Body mass evolution by group from the start to the 
end of the intervention phase, respectively. No significant group by 
time effect (two-factor [group, time] ANOVA with repeated measures 
on time) was found. B) Daily clinical disease progression (individual 
and total disease severity scores, where a higher score denotes a 
higher severity) by group from the start to the end of the intervention, 
respectively. No significant group by time effect (two-factor [group, 
time] ANOVA with repeated measures on time) was found for individual 
(hair, posture, activity) or total scores. Data are mean ±SEM, with 
p-values for group by time interaction effect shown. N with complete 
data = 13 and 17 (control and exercise group, respectively).
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Intratumoral studies
Immunohistochemical analyses 
H&E staining of the tumors showed a significantly higher 
proportion of positive cells for the markers of apoptosis and 
angiogenesis that we studied, caspase-3 (p=0.029) and VEGFR2 
(p=0.012), respectively, in exercised mice compared with 
controls (Figure 8) – although no between-group differences 
were found in the total vessel count (26.2 ± 2.2 and 26.8 ± 3.9 
per x20 field, respectively, p=0.789). Yet, no significant between-
group differences were found for Ki67 (p=0.240; with the vast 
majority of cells [≥96%] positive for this marker of proliferation 
in both groups) or histone 3 deacetylase (16.0 ± 2.8% versus 11.9 
± 1.8% for control and exercise groups, respectively; p=0.438).

Gene expression associated with the tumor microenvironment
No significant between-group differences were found for gene 
expression associated with the tumor microenvironment, 
although a trend towards higher values of Tgfb1 expression levels 
and lower values of Ccl2 expression  levels were observed in the 
exercise group (p=0.067 and p=0.072, respectively) (Figure 9).

Immune cell phenotyping 
Peripheral blood. Compared to control mice, the exercise group 
showed a significant increase from baseline to postintervention in 
the proportion of CD4 naïve T cells compared to controls (p=0.050 
for the group by time intervention effect) and a similar (albeit 
nonsignificant) trend was found for the proportion of CD4 T cells 
expressing markers of recent (OX40) T cell activation (p=0.093) 
and central memory CD4 T cells (p=0.072) (Table 3). No significant 
differences were shown between the groups if data expressed as cell 
counts (data not shown). 

Figure 7. Representative images from hematoxylin and eosin staining of the most commonly affected tissues with metastatic lesions (lung, 
spleen, liver and pancreas) and the tumor.

Figure 8. Immunohistochemistry analyses of markers of apoptosis 
(cleaved caspase 3) or angiogenesis (vascular endothelial growth factor 
receptor 2 [VEGFR2]) by group. (A) Representative images showing 
higher caspase-3 and VEGFR2 expression levels, respectively, in a 
mouse from the exercise group compared with a control. (B) Mean ± 
SEM values (together with individual data) expressed as % of positive 
cells, of these two markers in each group (with p-values for between-
group comparisons also shown). N with data = 5 and 9 (control and 
exercise group, respectively).
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Tumors 
In flow cytometry analyses, the proportion of ‘hot’ tumors 
tended to be higher (p=0.079 for Fisher exact test) in the 
exercise group (76.9% [10 of 13]) compared with control mice 
(33.3% [3 of 9]) (examples shown in Supplemental file 5). In 
turn, within ‘hot’ tumors, those from exercised mice showed 
significantly higher levels of total leukocyte (i.e., CD45+ cells) 
and myeloid cell infiltrates (p=0.045 and 0.049, respectively), 
but not of lymphoid cells infiltrates (Figure 10). 

Regarding specific myeloid subpopulations, tumors from 
exercise mice showed a higher number of M2-like tumor-associated 
macrophages (p=0.028) and DCs (p=0.049) than the control group, 
and a trend toward a higher number of myeloid and plasmacytoid 
DCs (p=0.077 for both subsets) was also found (Figure 11). On the 
other hand, no significant between-group differences were found 
for the different lymphoid subsets (Figure 12).

Serum cytokines/chemokines 
No significant group by time interaction effect was found for the 
levels of circulating cytokines/chemokines we studied (Table 4).

Figure 9. Gene expression analysis (real-time quantitative polymerase 
chain reaction) in homogenized tumors by group. Abbreviations: Ccl2, 
chemokine (C-C motif) ligand 2; Ccl3, chemokine (C-C motif) ligand 
3; Icam1, intercellular adhesion molecule 1; Ifnb, interferon beta; 
Ifng, interferon gamma; Il15, interleukin 15; Mmp9, metallopeptidase 
9; Tgfb1, transforming growth factor beta 1; Tnfa, tumor necrosis 
factor alpha; Vcam1, vascular cell adhesion protein 1; Vegfa, vascular 
endothelial growth factor-a; and Vegfr1, vascular endothelial growth 
factor receptor 1. Data are mean ± SEM with relative gene expression 
calculated as mRNA intratumoral levels normalized to those of the 
housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase. 
No significant between-group differences were found (all p>0.1), 
although a trend to higher values of Tgfb1 and lower values of Ccl2 
transcripts in the exercise group (p=0.067 and p=0.072, respectively) 
were observed. N with data = 11 and 14 (control and exercise group, 
respectively).

Figure 10. Total leukocyte (i.e., all CD45+ cells), myeloid (macrophages and myeloid-derived suppressor cells  [CD11B+], and dendritic cells [CD11C+]), 
and lymphoid (T [CD3+] and B lymphocytes [B220+], and NK cells [NK1.1+]) infiltrates in ‘hot’ tumors by group. Data are mean ± SEM, with individual 
data points and p-values for the between group comparison also shown. N with data = 3 and 10 (control and exercise group, respectively). 
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Data are mean ± SEM. Abbreviations: IL, interleukin; MCP, monocyte 
chemoattractant protein-1; TNFα, tumor necrosis factor α; and VEGF, 
vascular endothelial growth factor.

Table 4. Serum cytokines/chemokines by group.
Cytokines/ 
chemokines 

Group N Baseline Postintervention 
Group 

(p) 
Time 

(p) 
Group by time 

(p) 
IL6 Control 10 45 ± 8 63 ± 12 

0.748 0.819 0.172 
(pg/mL) Exercise 8 73 ± 35 48 ± 15 
IL15 Control 5  599 ± 313   282 ± 81  

0.526  0.351  0.453  
(pg/mL) Exercise 5  321 ± 203   285 ± 64  
MCP1 Control 5 183 ± 44  172 ± 77  

0.300 0.898 0.878  
(pg/mL) Exercise 3 87 ± 6 85 ± 31 
TNFα Control 4 10 ± 2 7 ± 3 

0.753  0.619  0.545  
(pg/mL) Exercise 3 10 ± 1 10 ± 6 
VEGF Control 9 0.9 ± 0.2  2.8 ± 1.7  

0.220  0.712  0.260  
(pg/mL) Exercise 5 6.3 ± 5.0 2.6 ± 1.6 
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Table 3. Immune cell phenotyping in peripheral blood by group.
Data are mean (%) ± SEM. Total N with complete data = 6 and 10 for the control and exercise group, respectively. Abbreviations: DCs, dendritic 
cells; MDCS, myeloid-derived suppressor cells.
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Figure 11. Specific myeloid subpopulation infiltrates in ‘hot’ tumors by study group. Data are mean ± SEM, with individual data points and 
p-values for between group comparison also shown. N with data = 3 and 10 (control and exercise group, respectively). Abbreviations: DCs, 
dendritic cells; MDSC, myeloid-derived suppressor cells; TAM, tumor associated macrophages.
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Figure 12. Specific lymphoid supopulation infiltrates in ‘hot’ tumors by study group. Data are mean ± SEM, with individual data points and 
p-values for between group comparison also shown. N with data = 3 and 10 (control and exercise group, respectively). Abbreviations: EMRA, 
terminally differentiated effector memory; NK, natutal killer cells. 
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DISCUSSION

The purpose of this preclinical study was to analyze the 
effects of a 5-week combined (aerobic and resistance) exercise 
intervention in the context of a highly aggressive tumor (one of 
the most treatment-resistant and life-threatening malignancies 
in children), HR-NB. Of note, because tumors were already 
palpable ~1 week before baseline measurements, we consider 
our model to allow studying exercise effects per se (without 
other concomitant anticancer interventions) after tumor onset 
(i.e., during the treatment phase) rather than in the prevention 
setting. Our main finding was that, despite the invasive 
nature of this tumor (i.e., inducing metastases in ~15% of all 
the tissues we studied and with a high proliferation rate, as 
reported by Ki67 results), this type of intervention attenuated 
the CRF decline associated with this malignancy, which at 
the muscle molecular level was supported by the finding of 
higher levels of CS and of several mitochondrial respiratory 
complexes (together with an improved antioxidant defense) in 
the exercise group compared with control mice. These exercise-
induced benefits were accompanied by significant effects at the 
tumor tissue level (i.e., higher values of markers of apoptosis 
[caspase-3] and angiogenesis [VEGFR2] in the exercise group). 
The program also had an effect on immune cells, at least at 
the tumor level, with a trend towards a greater proportion of 
‘hot-like’ (at least based on flow-cytometry analyses) tumors in 
the exercise group, together with higher (almost by more than 
twofold) total levels of tumor infiltrating leukocytes in the ‘hot’ 
tumors of this group. The latter in turn was partly accounted for 
by a higher infiltrate of myeloid cells. By contrast, as opposed 
to previous research in adult preclinical models (see discussion 
below) no differences were found for lymphoid cell infiltrates in 
the ‘hot’ tumors. On the other hand, no differences were found 
for other variables such as cancer progression (tumor volume 
and weight, metastasis, and tumor microenvironment), clinical 
severity, or survival, with these results overall expected in the 
context of an aggressive malignancy. 

The exercise-induced benefits on CRF – and on some 
related variables such as mitochondrial oxidative capacity – in 
our preclinical model of HR-NB are of potential relevance when 
extrapolated to patients. In this effect, the benefits of physical 
exercise on physical function (and particularly CRF) in patients 
with cancer, particularly adults, are well documented [48,49], and 
indeed current guidelines recommend that these individuals engage 
in regular exercise in light of the aforementioned benefits, with 
subsequent improvements in fatigue and HRQoL [15]. CRF can 
be impaired in the context of cancer due to different mechanisms, 
including alterations in cardiac (e.g., cardiotoxicity), pulmonary, 
or muscle mitochondrial function associated with treatments, 
all of which are usually aggravated by the low physical activity 
levels of patients [50]. These adverse effects are not only found 
in adults, but also in pediatric patients, who typically present with 
an impaired physical capacity compared with their healthy peers 
(e.g., Z-score for CRF of -2) [38]. Our finding of an exercise-
induced attenuation in CRF decline in the context of HR-NB is 
of clinical relevance also when considering that CRF levels are 
inversely associated with the risk of cancer-specific mortality in 
a dose-response manner [51], and lower levels of CRF have been 
associated with increased levels of fatigue specifically in children 
with cancer [38].  

Although aerobic training is the exercise modality that has 
received the greatest attention in the cancer continuum, growing 
evidence supports the beneficial effects of resistance training, 
being associated with improvements in muscle strength, body 
composition (i.e., increased [or at least preserved] muscle 
mass), and reduced cancer-specific mortality [10,16,52,53]. 
Muscle strengthening activities represent indeed one of 
the core recommendations of international guidelines for 
physical activity [9]. The benefits of strength exercise would 
be particularly beneficial for patients with HR-NB, as reduced 
muscle mass has been identified as a predictor of poor prognosis 
in these individuals [54]. Compared with aerobic exercise, 
which has been extensively applied in rodents using forced 
(treadmill running or swimming) or voluntary (wheel running) 
exercise [12], one of the biggest challenges when implementing 
a strength training intervention in murine models of disease, 
particularly cancer, is to quantify and apply optimal training 
loads such as to induce significant gains in muscle mass and/
or function. In this effect, the rapidly increasing tumor volume 
observed in the HR-NB model used in our study, as well as 
its location in the abdominal area, made it difficult to choose 
the right modality and intensity of strength exercise during the 
intervention. Potentially due to the aforementioned difficulties, 
no significant intervention effects were found for muscle 
strength or anabolic status indicators (pP70S6K/ P70S6K). 

Physical exercise positively impacts the immune system of 
healthy people in general [55] with the evidence particularly 
strong (but not only) for a potential beneficial effect on NK 
lymphocytes [56-62], which participate in first line innate 
immune defense through their cytotoxic activity and release 
of effector cytokines [63]. In fact, a single exercise session 
suffices to mobilize NK lymphocytes into the bloodstream, 
although this might not necessarily translate into higher tumor 
(e.g., prostate) NK infiltrates [60,61]. Interestingly, a recent 
randomized controlled trial showed in per-protocol analyses 
higher NK cell infiltrates in tumor infiltration following 8 weeks 
of intense aerobic training for patients with prostate cancer [64]. 
However, current meta-analytical evidence does not support a 
significant long-term effect of exercise training intervention on 
the circulating levels of these cells or on their ‘static response’ 
(as assessed in vitro) in cancer patients/survivors [65]. Exercise 
can also stimulate other immune effectors against tumors beyond 
NK cells, such as CD8+ (‘cytotoxic’) T cells – which play a 
crucial role in the control of tumor development [66-69]. Thus, 
rodent forced running can enhance antitumor immune efficacy 
by increasing the intratumoral (breast cancer) ratio of CD8+ to 
CD4+ FoxP3+ T cells (also termed ‘regulatory’ or ‘Treg’, an 
immune subtype able to induce immune tolerance to tumors) 
[66]; or restrict tumor growth in multiple murine models of 
pancreatic ductal adenocarcinoma (PDA) through an expansion 
of lymphocyte clusters, particularly CD8+ T cells responsive 
to IL15 signaling (with these cells responsible for the observed 
reductions in tumor growth) [69]. Of note, patients with PDA 
who participated in a pre-operative exercise training program 
showed a significantly higher number of tumor-infiltrating CD8+ 
T lymphocytes compared with matched historical controls, and 
higher levels of intratumoral CD8+ T cells in the exercise arm 
were positively associated with survival [69]. However, other 
authors have reported no changes with exercise in the tumor 
infiltrates of mice that were subcutaneously inoculated with 
PDA cells [70]. 
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One question that has not been addressed in the context 
of NB is the profile of immune cells infiltrating tumors after 
exercise training. In this effect, a novel result of our study was 
that the proportion of ‘hot’ tumors tended to be higher in the 
exercise group compared to control mice. Furthermore, these 
tumors showed a higher total immune (leukocyte) and myeloid 
infiltration compared to control animals. We believe this is a 
tantalizing finding when considering that the tumor we studied, 
HR-NB, the most aggressive NB type associated with recurrent 
somatic mutations and with MYCN oncogene amplification, 
can repress some antigens expressed in tumor cells (such as 
MCP-1/CCL2, required for chemoattraction of NK cells) and 
thus impair immune surveillance and immune cell recruitment 
inside tumors [71]. Indeed, HR-NB with MYCN amplification is 
often characterized by a sparse and limited immune infiltrate in 
the tumor microenvironment together with lower IFN pathway 
activation and chemokine expression, and infiltrating immune 
cells lack activation markers [72-74]. As such, the HR-NB 
tumor environment is often referred to as ‘cold’ or ‘immune-
deserted’ [72]. NB tumors display low immunogenicity due to 
their low mutational load and lack of major histocompatibility 
complex class I (MHC-I) expression, with tumor infiltration 
by T and NK cells especially low in HR-NB and prognostic 
for survival [75]. Moreover, NB tumors employ a variety of 
immune evasion strategies that reduce infiltration and reactivity 
of immune cells (including DCs, as explained below), such 
as expression of immune checkpoint molecules, induction 
of immunosuppressive myeloid and stromal cells, as well as 
secretion of immunomodulatory mediators [75].

The higher total immune (leukocyte) and myeloid infiltration 
in the tumors of the exercise group compared to control animals 
was partly accounted for by a higher number of a myeloid 
subset, DCs. This result is potentially relevant result since the 
presence of tumor-infiltrating DCs is a favorable prognostic 
immune signature of NB tumors in general, independent from 
other variables used to stage and stratify treatment of patients 
such as MYCN amplification status or age at diagnosis [76]. 
Furthermore, NB tumors are able to induce DC dysregulation at 
multiple levels by inhibiting the maturation and function of these 
cells [77]. For instance, NB can induce DC dysfunction through 
inhibition of generation/differentiation of functionally active 
DCs by NB-derived gangliosides [78] (i.e., glycosphingolipids 
present on the surface of cells that are implicated in cancer 
development and progression, including tumor proliferation, 
invasion, angiogenesis, and metastasis [79]) or decreases in 
CD40 signaling (a stimulator of DC maturation and antitumor 
activity) [80] or other soluble factors [81]. In turn, DCs play an 
important role in anti-tumor immunity – notably in the context 
of NB – as they act as ‘professional antigen-presenting cells’ 
involved in initiating and coordinating the immune response 
against cancer, activating both adaptive (T cell-mediated) 
and innate (NK cell-mediated) arms of the cellular immune 
response cascade [82]. Within several tumors, myeloid DCs 
stimulate and expand tumor-specific effector T cells through 
IL12 signaling, with a high number of this type of DCs detected 
in spontaneous regressing tumor models – which suggests they 
might play a critical role for robust tumor control [83,84]. In 
turn, plasmacytoid DCs can activate NK cells and are efficient at 
killing HR-NB [85], which supports the use of immunotherapy 
with these cells as a potential strategy to decrease the risk of 
relapse in patients with HR-NB [86]. DCs represent indeed 

a potential immunotherapy to promote NB tumor regression, 
where there are some vaccines involving specific types of the 
cells that can be used to prevent this malignancy, as well as the 
combination of inflammatory factors and DCs as a substitute for 
chemotherapy [87]. 

In line with our results, Bianco et al. [88] found that an 
exercise (swimming) intervention increased intratumoral DC 
infiltrates in a mouse model of breast cancer compared to a non-
trained group with the phenotype of these cells also different 
(i.e., higher CD80 and CD86 expression), suggesting that 
exercise training could influence the innate immune response 
to induce DC maturation and promote host antitumor immunity 
in the tumor microenvironment by presenting tumor antigens. 
Unfortunately, in our study we did not assess the maturity of 
the DCs. In any case, we found a trend towards a preferential 
mobilization of both plasmacytoid and myeloid DCs, with the 
latter being critical initiators of antitumor T cell responses [77]. 
On the other hand, the presence of immunosuppressive cells 
like total TAM, MDSCs, and T regulatory cells in tumors, for 
which we found no between-group differences in our study, 
correlate with poor clinical outcomes in NB [89,90].  

While keeping in mind the limitation that we did not perform 
immunohistochemistry studies in TAM beyond flow cytometry 
analyses, an apparently unexpected, counterintuitive finding 
was the higher number of a specific subset of TAM, those with 
an M2-like phenotype, in the ‘hot’ tumors of exercised mice. 
Nonetheless, recent studies have reported overall comparable 
findings with regard to TAM in mouse models of breast (91) and 
lung cancer (92), where exercise in fact inhibited tumor growth, 
and this beneficial effect was independent of TAM infiltrates 
(92). Traditionally, macrophages are activated towards 
one of two polarization states, the classically activated M1 
proinflammatory phenotype or the alternatively activated M2 
immunosuppressive phenotype. Classically activated M1-like 
TAM induced by IFNγ and lipopolysaccharides are considered 
anti-tumor macrophages due to the expression of inducible 
nitric oxide synthase and the secretion of cytotoxic reactive 
oxygen species and proinflammatory cytokines, whereas TAM 
activated by IL4, the so-called M2 TAM, might be considered 
protumorigenic due to the expression of growth-promoting, 
proangiogenic, and extracellular matrix remodeling signals via 
VEGF, among other factors [93]. Importantly, M2-like TAM 
are also associated with a nonimmune stimulatory phagocytosis 
of apoptotic cancer cells known as ‘efferocytosis’ [94]. Other 
‘professional’ phagocytes (such as monocytes and DCs) and 
‘non-professional’ phagocytes (such as epithelial cells) can also 
participate in efferocytosis [94]. In this effect, the increase in 
apoptosis of tumor cells induced by the exercise program (as 
reflected by the higher levels of caspase-3 in the tumors of 
exercised mice compared to control animals) might explain, at 
least partly, the greater infiltrates of M2-like TAM inside the 
‘hot’ tumors of the intervention group compared to control 
mice, as well as the increase in myeloid cells in general and DCs 
in particular (i.e., theoretically to induce efferocytosis). 

Our findings are overall in line with the growing evidence 
on the benefits of physical exercise for improving immune cell 
effectors [13], albeit different types of cells can be mobilized 
into the tumors depending on factors such as the exercise 
protocol (i.e., acute bout versus regular exercise training) or the 
type of tumor, with scarce evidence up to date translatable to 
pediatric solid tumors. For instance, a preclinical study reported 
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that physical exercise promoted the infiltration of immune cells 
(NK cells in particular) into several types of adult tumors by 
enhancing the expression of ligands for NK cell-activating 
receptors (e.g., NKG2D), which seemed dependent on acute 
exercise-induced release of epinephrine (which increased 
mobilization of these cells into the bloodstream) and IL6 
(which ultimately increased NK cell infiltration into tumors) 
[95]. In the same line, exercise has been reported to improve the 
antitumoral activity of resident macrophages [12], reducing the 
tumor-induced accumulation of MDSC [96,97] or increasing 
neutrophil infiltrates into tumors [42]. There is also evidence 
that aerobic or resistance training during chemotherapy can 
attenuate the immunosuppressive effects of drugs in patients 
with breast cancer, at least on CD8+ cells [98], which correlates 
well with the aforementioned preclinical evidence that exercise 
can stimulate CD8+ cells to infiltrate tumors [66-69]. In any 
case, all of the aforementioned studies were conducted in adult 
tumors, which might explain, at least partly, the fact that we 
found no between-group differences in CD8+ lymphocyte 
infiltrates. On the other hand, the finding of a significantly 
higher proportion of circulating CD4 naïve T lymphocytes 
in our exercise group is overall in line with previous data in 
humans showing ‘younger looking’ T-cell profiles in physically 
trained compared to inactive individuals, with overall fewer 
T-cells exhibiting phenotypes associated with differentiation 
and exhaustion, and greater frequencies of naïve T-cells and or 
recent thymic emigrants that are capable of responding to novel 
antigens [99–101]. 

The exercise intervention had a significant effect on two 
important variables with a major influence in cancer prognosis 
in general, tumor angiogenesis and apoptosis, with changes in 
both outcomes potentially explaining some of the biological 
effects of exercise against cancer development [102]. We found 
a potential increase in tumor angiogenesis capacity (as reflected 
by a higher % of VEGFR2-positive vessels inside the tumors 
despite no differences in total vessel count) with exercise 
training, which correlates with the aforementioned result for 
M2-like TAM and the overall proangiogenic effect of these 
cells [93]. Although there is no unanimity on the effects of 
exercise on tumor angiogenesis in general [12], emerging data 
indicates that both acute and chronic (repeated) aerobic exercise 
stimulate favorable improvements in intratumoral perfusion/
vascularization and hypoxia in orthotopic models of human 
breast cancer and murine prostate cancer [103–105]. Moreover, 
studies using mouse models of cancers primarily found in the 
adult population (melanoma, pancreatic, breast, and prostate 
cancer) have demonstrated that exercise can remodel tumor 
vasculature and improve chemotherapy efficacy by increasing 
drug delivery [103–108]. In fact, a preclinical study found 
that exercise remodeled the vasculature of Ewing sarcoma 
to reduce vessel hyperpermeability and hypoxia, potentially 
via modulation of endothelial cell sphingosine-1-phosphate 
receptors 1 and 2, thereby improving doxorubicin delivery 
to tumors [23]. Thus, exercise may promote a shift towards 
a more ‘normalized’ tumor microenvironment (possibly via 
upregulation of regional and local physiologic angiogenesis) 
[109]. 

Controversy exists on the potential direct antitumoral effects 
of physical exercise in adult cancers. A potential mechanism 
might be the release of myokines from muscles associated with 
exercise or ‘exerkines’ (i.e., ‘signalling molecules released from 

different tissues in response to acute and/or chronic exercise, 
which exert their effects through endocrine, paracrine and/or 
autocrine pathways’ [110] in general). In this effect, we found 
no changes associated with the intervention in the blood levels 
of several exerkines (IL6, IL15, or VEGF), or of cytokines/
chemokines associated with cancer development (MCP1 
[111]) or cancer-related inflammation (TNFα [112]). There is 
some evidence that ‘exercise-conditioned’ serum might reduce 
tumor growth in vitro [113] (e.g., prostate cancer [114–116]), 
as first demonstrated by Rundqvist et al. [117]. However, other 
studies have failed to find such benefits after exercise training, 
even in the case of serum obtained immediately after an acute 
exercise bout [118,119]. There is also mixed evidence as to 
whether exercise training could reduce tumor growth in vivo, as 
reflected by two recent meta-analyses with conflicting results on 
the effects of physical exercise on tumor growth and metastasis 
in preclinical models [11,120]. In accordance with the present 
study, in which no exercise benefits were found on tumor weight 
or metastasis, other studies have also failed to find benefitial 
effects of physical exercise on tumor progression. Woods et al. 
[121] reported no significant differences in breast cancer tumor 
growth among mice randomized to 14 days of treadmill running 
compared with sedentary controls. Jones et al. [103] found 
that breast tumors grew at comparable rates in exercising and 
sedentary animals. The same group also found that exercise did 
not inhibit primary cancer progression in an orthotopic model 
of murine prostate cancer, although it did favorably alter genes 
responsible for metastatic dissemination in the primary tumor 
with a shift toward a suppression of distant metastases [104]. On 
the other hand, other preclinical studies have found a decrease in 
tumor growth with exercise training [66–69,95,102,122–124], 
and therefore further research is needed to confirm our findings, 
as well as to elucidate whether the tumor itself (e.g., not only 
type, but also method and timing of implantation), the exercise 
intervention (e.g., timing of exercise initiation, exercise type 
or intensity) or animal characteristics (e.g., immune deficient 
versus immune competent versus transgenic) could condition 
these effects. Notably, studies with the same tumor (B16-F10 
melanoma) have reported increased or unchanged intratumoral 
NK infiltrates if the exercise intervention started before [95] or 
after [125] implantation, respectively, thereby suggesting that 
a ‘pre-conditioning effect’ prior to tumor onset may be needed 
to enhance NK cell infiltration. There is also high variability 
in the exercise training dose across preclinical studies, and 
although it is assumed that the same treadmill velocity would 
fit all mouse strains and experimental conditions, the relative 
exercise intensity for instance differs between C57BL/6 and 
Friend Virus B (FVB) female mice (67). This may explain, 
at least in partly, why preclinical studies can show different 
results even with similar exercise protocols (7,52,56). On the 
other hand, the epidemiological evidence for human cancers 
refers mainly to regular physical activity (e.g., walking or 
brisk walking) whereas supervised regular exercise (defined 
as a ‘subset of physical activity that is planned, structured and 
repetitive and has the objective of improving or maintaining 
physical fitness’), which was the model used in our study (i.e., 
mouse forced treadmill running) is a proxy but not a perfect 
surrogate for physical activity and is thought to induce more 
profound molecular adaptations than physical activity [12]. In 
fact, the exercise doses used in preclinical studies might exceed 
human behavior [67]. 
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No between-group differences were found for the gene 
expression associated with the tumor microenvironment, 
with a quasi-significant trend towards higher values of Tgfb1 
transcript levels in the intervention group (p=0.067). TGF-β is 
a member of a multifunctional cytokine family that is involved 
in essentially all aspects on cancer. On the one hand, TGF-β 
regulates cell proliferation [126]. TGF-β1, the most common 
isoform in human cancers, inhibits proliferation and induces 
apoptosis in various normal and premalignant human epithelial 
cells and its essential signaling intermediates (TβRII and 
Smad4), are therefore considered tumor suppressors. The anti-
oncogenic function of this pathway is supported by the frequent 
occurrence in cancer cells of genetic and epigenetic alterations 
that abolish its growth-inhibitory function [127]. Interestingly, 
TGF-β1 is also considered a myokine, although it primarily 
induces paracrine effects (that is, in proximity to muscle cells) 
[110]. On the other hand, however, all advanced human tumors 
overproduce TGF-β, whose autocrine and paracrine actions in 
most instances promote tumor growth, invasion, and metastasis 
[128]. TGF-β also suppresses proliferation and differentiation 
of lymphocytes, including cytolytic T cells, NK cells and 
macrophages, thus preventing effective eradication of the 
developing tumor by the host immune system [127]. 

Some limitations of the present study should be 
acknowledged, such as the small sample size available for 
several outcomes. Due to ethical reasons we could not study 
very young mice (i.e., aged <2-3 weeks), which would have 
mimicked the very early occurrence of NB in children’s life, 
and we could not assess acute exercise effects at the blood or 
tumor level in order to avoid sacrificing an excessive number 
of animals. For similar ethical reasons, we did not perform 
additional blood sampling between baseline assessments 
and the end of the intervention (i.e., before the tumors had 
grown significantly) and thus we cannot discard that a certain 
immunosuppressive effect of increasing tumor burden may have 
attenuated potential exercise benefits. On the other hand, we did 
not assess the effects of the exercise intervention on immune 
cells in the absence of tumor burden (i.e., in healthy mice). 
In turn, a major strength is having analyzed exercise effects 
in a preclinical model of a pediatric cancer, for which scarce 
evidence exists compared with adult cancers. Indeed, we have 
used a very aggressive tumor model developed by our group for 
which there is only one previous published study [40], where it 
was shown that these tumors are responsive to mCelyvir (i.e., 
autologous mesenchymal cells that carry an oncolytic adenovirus 
inside and is considered a form of cancer immunotherapy). In 
addition, we assessed a comprehensive range of outcomes. 
Other strengths and novelties include the use of a flow diagram 
(which precludes showing data from ‘convenient samples’) and 
resistance training in mice, and particularly, the tumor model 
we used, which allows to recapitulate the main features shown 
in patients. Indeed, we used an induced HR-NB model in which 
tumor cells are orthotopically implanted in the suprarenal area 
of 129/SvJ wild type mice [128,129]. Thus, tumor develop 
in a fully immunocompetent host, with the appropriate tissue 
microenvironment, mimicking the conditions that allow the 
interaction of the immune system with the developing tumor 
[130].

In summary, although no benefits were observed in tumor 
progression, clinical severity or survival rates, the present study 
support the effectiveness of a combined exercise intervention 

(aerobic + strength) for attenuating physical function decline in 
a mouse model of HR-NB, also exerting some immune benefits 
within the tumor (see Graphical Abstract for a summary of the 
main study findings). Thus, these findings shed new insights 
into the potential role of exercise as a potential co-adjuvant 
therapy in pediatric patients with solid tumors, as well as of 
potential differences in immune responses compared to adult 
malignancies.
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Abbreviations: mtSOD, mitochondrial superoxide dismutase; OXPHOS, oxidative phosphorylation system; P70S6K, ribosom-
al protein p70 S6 kinase; pP70S6K, activated/phosphorylated P70S6K; WB, western blotting. Symbol: *This cocktail allows to 
determine all five mitochondrial respiratory complexes (CI to CV) simultaneously.

Supplemental file 1. Primary and secondary antibodies used in this study for western blot analyses of markers of muscle 
molecular adaptations to training at the skeletal muscle level.

Abbreviation: VEGFR2, vascular endothelial growth factor receptor 2.  

Supplemental file 2. Primary and secondary antibodies used for immunohistochemical analyses in tumors.
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Supplemental file 3. Flow cytometry antibodies.
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Supplemental file 4. Procedures used from tumor sample collection to final immune cell phenotyping with flow cytometry.
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Supplemental file 5. Immunophenotype determination in the tumors with flow cytometry. A. Strategy to analyze flow cytometry data. 
B. Flow cytometry plots from an example of ‘hot-like’ tumor. When the viability of CD45+ (total leukocytes) infiltrates in the tumor 
using 7AAD labelling was analyzed, it was found that 38.9% of these cells were alive. Thus, the main immune subsets were subsequently 
detectable. C. Flow cytometry plots from an example of ‘cold-like’ tumor. When the viability of CD45+ (total leukocytes) infiltrates in 
the tumor using 7AAD labelling was analyzed, it was found that 1.2% of these cells were alive. This value represented a 0.3% of the total 
‘events’ analyzed. Thus, the main immune subsets were subsequently undetectable.


