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Abstract. Immune cells are required in the immune response 
against tumours, although sometimes without success. The 
present study aimed to investigate dendritic cell (DC) matura-
tion in animals with induced immunosuppression that were 
subjected to physical activity (PA). Immunosuppression was 
induced using 7,12‑dimethyl‑benzanthracene (DMBA). A total 
of 56 Balb/c mice were divided into four groups, including 
the control group, non‑DMBA administered/PA group (GII), 
DMBA administered/non‑PA group (GIII) and the DMBA 
administered/PA group (GIV). Bone marrow was removed 
from the leg bones following sacrifice. Bone marrow‑derived 
DCs were stimulated to differentiate by granulocyte‑macro-
phage colony‑stimulating factor, interleukin (IL)‑4 and tumour 
necrosis factor‑α, after which the phenotype was assessed by 
flow cytometry and the cytokine profile was assessed using 
ELISAs. PA significantly increased the percentage of DCs in 
GII (55.38±2.63%) and GIV (50.1±3.1%) mice, as compared 
with GI (34.61±1.28%) and GIII (36.25±1.85%) mice (P<0.05). 
In addition, GIV mice showed a significantly higher level of 
cluster of differentiation (CD) 80+/CD86+ DCs (76.38±6.31%), 
as compared with GI (54.03±6.52%) and GIII (52.07±5.74%) 
mice (P<0.05). Furthermore, GIV mice showed a significantly 
higher level of CD80+/major histocompatibility complex 
class  II double labelling (P<0.05), as compared with GIV 
(95.35±1.22%) and GIII (76.15±5.53%) mice. The expres-
sion of interferon‑γ was significantly increased in GIV mice 
[5.89 (5.2‑7.12)], as compared with GIII mice [2.75 (1.33‑4.4)] 
(P<0.05). Similarly, the expression of IL‑12 was markedly 
increased in GIV mice [1.27 (0.26‑2.57)] compared with GIII 
mice [0.73 (0.44‑1.47)], although the difference was not signifi-
cant (P=0.063). The results of the present study suggested that 

PA was able to promote the maturation of DCs and their secre-
tion of anti‑tumour cytokines. Therefore, PA may emerge as a 
tool in immunotherapy.

Introduction

Dendritic cells (DCs) are the most potent antigen‑presenting 
cells; thus, investigation of these cells is crucial to elucidate 
the functions of the immune system. The maturation state of 
DCs has a pivotal role in their activity, since it influences their 
ability to uptake, process and present antigens, as well as their 
migration to lymph nodes that drain tumour sites and their 
stimulation of a potent T‑cell‑mediated anti‑tumour response. 
Immature DCs are more efficient at capturing and processing 
antigens than mature DCs. Furthermore, immature DCs have 
been shown to migrate more effectively to lymph nodes where 
they undergo maturation and upregulate the expression of 
costimulatory and major histocompatibility complex (MHC) 
molecules, resulting in a T‑cell response (1‑4).

Tumour escape from the immune response may be due 
to the decreased or absent expression of MHC molecules 
and/or costimulatory molecules. In addition, the secretion of 
immunosuppressive factors by tumours, such as transforming 
growth factor‑β (TGF‑β), interleukin (IL)‑10, vascular endo-
thelial growth factor and IL‑4, as well as prostaglandin E2, 
nitric oxide, soluble IL‑2 receptors, complement inhibitors, 
proteases, gangliosides, hexosamines, α‑fetoprotein, fibro-
nectin and phosphatidylserine, may inhibit the anti‑tumour 
immune response (5‑8).

Previous studies have suggested that there is an important 
association between physical activity (PA) and the immune 
system  (9-12), although the underlying mechanisms are 
unknown. LaVoy et al (9) demonstrated that a single session 
of dynamic exercise could increase the differentiation of 
monocyte‑derived DCs in healthy individuals. Furthermore, 
the practice of certain activities was hypothesized to contribute 
to the prevention of, or serve as an adjunct to the treatment of, 
diseases such as cancer, type 2 diabetes, arthritis and other 
chronic diseases (10‑12). Chronic diseases represent the leading 
causes of mortality worldwide  (13), and the clinical use of 
non‑pharmacological interventions for immune activation may 
improve the quality of life of patients with chronic diseases.

With respect to cancer, there have been long‑standing 
queries regarding the inf luence of PA on the risk of 
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developing cancer; however, previous studies have shown that 
PA decreases the risk of breast cancer development in women 
and increases their 5‑year survival rate (14,15). In addition, 
it was demonstrated that DCs could induce an improved 
tumour‑specific response in vitro following a short period of 
exercise (16). Furthermore, previous studies from our group 
demonstrated that moderate PA was able to potentiate the 
polarization of cluster of differentiation (CD)4+ T‑cell and 
macrophage secretion profiles to anti‑tumour patterns: Th1 
and M1, respectively (17,18).

Considering the immunosuppressive features of tumours 
during their development and progression (19), the authors of 
the present study hypothesise that prolonged PA may improve 
the anti‑tumour activity of the immune system. Therefore, the 
present study aimed to investigate DC maturation in a mouse 
model of 7,12‑dimethyl‑benzanthracene (DMBA)‑induced 
immunosuppression that was subjected to PA.

Materials and methods

Animals. A total of 56 adult female Balb/c mice (8‑weeks‑old) 
from the Institute for Research in Oncology were used. The 
mice were housed in groups in plastic cages under a light/dark 
cycle at 21±3˚C, with food and water available ad libitum. 
Following the experimental period, the mice were sacrificed 
with an overdose of 50 mg/kg ketamine and 15 mg/kg xyla-
zine. This study was approved by the Federal University of 
Triângulo Mineiro (Uberaba, Brazil) Ethics Committee on the 
Use of Animals (registration no. 160).

Experimental groups and DMBA induction. The mice were 
divided into the following four groups (n=14 per group): 
i) Non‑DMBA/non‑PA group (GI); ii) non‑DMBA/PA group 
(GII); iii) DMBA/non‑PA group (GIII); and iv) DMBA/PA 
group (GIV). In the DMBA groups, the mice received daily 
oral gavage with 1 mg/ml DMBA for 6 weeks. There was a 
gap of 16 weeks prior to the initiation of training to permit 
carcinogenic activity.

Training. The mice underwent swimming training for 5 days 
per week for 8 weeks. Following a 15‑day period of adapta-
tion in water, mice in the trained groups were placed in water 
for 45 min of swimming on each training day. The water was 
changed daily and the water temperature was maintained in 
the range of 30‑35˚C.

Bone marrow collection and culturing. Following sacrifice, 
bone marrow was removed from the femur and tibia of the 
mice, immediately homogenized, washed three times in 
incomplete Iscove's Modified Dulbecco's Medium (IMDM), 
and centrifuged at 290  x  g for 10  min at 4˚C. Following 
centrifugation, the cells were counted and re‑suspended in 
complete IMDM.

Bone marrow cells re‑suspended in complete IMDM were 
distributed in flat‑bottom, 6‑well plates at a concentration 
of 5x106 cells/well. After 2 days of culturing, the cells were 
stimulated with granulocyte‑macrophage colony‑stimulating 
factor and IL‑4 for 5 days, after which they were stimulated 
with tumour necrosis factor‑α (TNF‑α) and tumour lysate. 
In addition, half of the plates were stimulated with 10 µg/ml 

lipopolysaccharide (LPS; Sigma-Aldrich; Merck Millipore, 
Darmstadt, Germany). After 48 h of incubation at 37˚C in 5% 
CO2, supernatant samples were obtained, which were divided 
into six aliquots per incubation time point and stored at ‑80˚C. 
The adherent cells were collected for flow cytometry.

Flow cytometry. Bone marrow‑derived DCs (BMDCs) were 
immunolabelled with peridinin chlorophyll‑protein complex 
cyanine 5.5‑conjugated anti‑CD11b antibody (rat anti-mouse 
monoclonal; 550993; undiluted; BD Biosciences, San Jose, 
CA, USA) to reveal total DCs, allophycocyanin (APC)‑conju-
gated anti‑CD11c antibody (hamster anti-mouse monoclonal; 
553956; undiluted; BD Biosciences) to reveal mature DCs, and 
fluorescein isothiocyanate‑conjugated anti‑CD80 (hamster 
anti-mouse monoclonal; 553768; undiluted; BD Biosciences), 
APC‑conjugated anti‑CD86 (rat anti-mouse monoclonal; 
558703; undiluted; BD Biosciences) and phycoerythrin‑conju-
gated anti‑I‑A (rat anti-mouse monoclonal; 562010; undiluted; 
BD Biosciences) antibodies to detect the expression of 
costimulatory molecules. The cells were incubated with each 
antibody at 4˚C for 30 min in the dark, and then washed with 
PBS to remove excess antibodies. Finally, cell aliquots were 
re‑suspended in 500 µl PBS for flow cytometric analysis using 
a BD FACSCalibur™ cytometer (BD Biosciences).

Cytokine levels. The levels of the cytokines interferon (IFN)‑γ, 
IL‑4, IL‑12 and TGF‑β in the supernatant samples were 
measured using ELISAs with pairs of monoclonal antibodies 
purchased from BD OptEIA™ (BD Biosciences), according to 
the manufacturer's protocol. Results show the index between 
the supernatants with stimulus (LPS) and supernatants without 
stimulus. All cytokines were measured in pg/ml.

Statistical analysis. Data were assessed for normality of distri-
bution. For variables in which the distribution was found to be 
normal, parametric tests were performed, and for those which 
the distribution was not normal, non‑parametric tests were 
conducted. For comparisons of normally distributed data, 
Student's t‑tests were performed for two‑group comparisons 
and analysis of variance was used for comparisons among 
three or more groups. Normally distributed data are expressed 
as the mean ± standard error of mean. For comparisons of 
non‑normally distributed data, Mann‑Whitney U tests were 
performed for two‑group comparisons and Kruskal‑Wallis and 
post‑hoc Dunn's tests were used for comparisons among three 
or more groups. Non‑normally distributed data are expressed 
as the median (range). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Characterization of DC phenotype according to the 
expression of costimulatory molecules. For the phenotypic 
characterization of the mouse BMDCs, the cells were labelled 
with antibodies against CD11b and CD11c, as well as MHC II 
and CD80 and CD86 costimulatory molecules, and analysed 
by flow cytometry. As shown in Fig. 1, DMBA did not exert 
a suppressive effect on the differentiation of DCs. The groups 
submitted to PA in the presence (GIV) or absence (GII) of 
DMBA showed significantly higher levels of CD11b+/CD11c+ 
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DCs, as compared with GI and GIII mice (P<0.05). These 
results suggest a greater differentiation capacity for BMDCs 
in vitro following PA. Similarly, GII and GIV showed signifi-
cantly higher expression levels of CD80, CD86 and MHC II, as 
compared with GI and GIII (P<0.05), thus suggesting that PA 
induces the differentiation and maturation of DCs, even within 
an immunosuppressive environment, as induced by DMBA.

Synthesis of cytokines by DCs. The cytokine profile of 
BMDCs was analysed using ELISAs. As is shown in Fig. 2, 
BMDCs from the GII and GIV mice showed higher synthesis 
levels of IL‑12, as compared with those from the GI and GII 
mice. Furthermore, the secretion levels of IL‑12 were mark-
edly higher for the GIV mice compared with the GIII mice 
(P=0.063).

When analysing IFN‑γ synthesis, the groups that experi-
enced PA (GII and GIV) showed higher expression levels, and 
a significant difference was observed for GIV compared with 
GI and GIII (P<0.05; Fig. 2).

Conversely, the synthesis levels of IL‑4 showed an antago-
nistic behaviour to IL‑12 and IFN‑γ; they were significantly 
increased in GIII compared with the other groups (P<0.05).

There were no significant changes in the secretion of 
TGF‑β among the groups (P>0.05; Fig. 2D). However, GIII 
showed a discreet increase in the production of TGF‑β, as 
compared with the other groups, and GIV showed attenuated 
expression of this cytokine.

Discussion

Physical activity has been shown to promote anti‑tumour 
responses (20), and this effect may occur via the regulation of 

genes that have been implicated in cancer prevention (21), or 
through favourable effects on immune responses (20).

In our previous studies, we investigated the effect of PA on 
immunological behaviour, including T‑cell and macrophage 
profiles (17,18). It was demonstrated that PA induced a decrease 
in the number of regulatory T‑cells (Treg) in animal spleens, 
and there was an increase in the number of CD4+ T‑cells 
expressing IFN‑γ, IL‑12 and TNF‑α, which are associated 
with a Th1 profile (17). Furthermore, the levels of IL‑12 and 
IFN‑γ, which are associated with an M1 macrophage profile, 
were increased under the influence of PA (18). Based on these 
findings, the objective of this study was to assess the influence 
of PA in the maturation process of BMDCs under immunosup-
pressive conditions, in order to improve our understanding of 
the behaviour of BMDCs under these conditions.

Although the clinical effects of PA under immunosuppres-
sive conditions, such as in cancer patients, are not yet fully 
understood, the use of a prolonged exercise protocol in this 
study was justified, given the previously described benefits of 
PA. In the present study, female Balb/c mice served as experi-
mental models and carcinogenesis was induced using DMBA, 
a traditional carcinogen that also has immunosuppressive 
properties (17,18).

In the present study, mice that performed PA and received 
DMBA (GIV) showed external tumour masses, while mice 
that received DMBA but did not perform PA (GIII) had a 
frequency of external tumour masses of 35%. Similar findings 
were observed in a study by Lane et al (22), wherein animals 
that performed PA and consumed a balanced diet had lower 
levels of tumours compared with animals that did not perform 
exercise. Furthermore, in a previous study, the body compo-
sition of animals that performed PA was not altered by the 

Figure 1. Immunolabelling of bone marrow‑derived dendritic cells (BMDCs) from the various groups. (A) BMDCs were labelled with anti‑CD11b and 
anti‑CD11c antibodies to reveal total and mature DCs, respectively. (B) Co‑expression of CD80 and CD86, and (C) co‑expression of CD80 and major histo-
compatibility complex class II, were assessed by immunolabelling and flow cytometry. Data are presented as the mean ± standard error of the mean. #P<0,05 
vs. GI. *P<0,05 vs. GIII. GI, non‑7,12‑dimethyl‑benzanthracene (DMBA)/non‑physical activity (PA) group; GII, non‑DMBA/PA group; GIII, DMBA/non‑PA 
group; GIV, DMBA/PA group; CD, cluster of differentiation.
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exercise regimen, although trained animals showed greater 
tumor masses compared with the sedentary group (23).

In order for an anti‑tumour immune response to be effec-
tive, its various components must work synergistically; the 
components of the innate immune response, including macro-
phages, natural killer cells and DCs (3), must act together 
with those of the acquired immune response, including T and 
B lymphocytes (4).

Previous studies demonstrated that mature DCs were 
able to induce a potent and specific anti‑tumour response by 
stimulating T‑cells, in particular CD8 T‑cells, and inhibiting 
metastasis to the lungs (3,24).

In the present study, bone marrow cells were shown to 
differentiate into DCs that underwent maturation following 
culturing under the influence of stimulatory factors, in spite of 
the immunosuppressive effects of DMBA. BMDCs from GIII 
mice (DMBA induction without PA) showed a higher synthesis 
level of suppressive cytokines. However, the number of differ-
entiated BMDCs was significantly higher in the groups that 
performed PA, and the expression pattern of cytokines was 
associated with Th1 and M1 profiles.

The expression levels of costimulatory molecules were also 
increased in BMDCs from the mice that were subjected to PA. 
These results were consistent with those reported in previous 
studies (25,26), wherein PA was associated with an increase in 

the number of DCs, as well as increases in the expression of 
MHC class II, CD80 and CD86. However, Ru and Peijie (27) 
reported that over‑training could induce immunosuppression by 
reducing the number of DCs and costimulatory molecule expres-
sion. Chiang et al (25) demonstrated that the groups subjected 
to PA produced higher levels of IL‑12 compared with sedentary 
groups, mainly when comparing groups under DMBA induction 
(GIII vs. GIV). In the present study, the groups that underwent 
a training protocol showed increased expression levels of IL‑12 
and IFN‑γ, and reduced expression levels of suppressive cyto-
kines in the supernatant of cultured BMDCs.

In conclusion, the present study demonstrated that PA 
stimulated the maturation of BMDCs and increased the expres-
sion of IL‑12 and IFN‑γ, and decreased the synthesis of IL‑4 
and TGF‑β, by these cells. These results suggested a potential 
polarization of the immune response towards a Th1 profile, 
which is thought to exert anti‑tumour effects. Therefore, the 
authors of the present study suggest that a combination of 
DC‑based immunotherapy and PA should be investigated 
in further studies, in particular with regard to the activation 
of tumour‑specific T‑cells by DCs and tumour‑infiltration 
by immune cells. Furthermore, patients with cancer should 
consider performing regular PA to complement conventional 
therapies, including chemotherapy, radiotherapy and surgery, 
as well as newer therapies, such as immunotherapy.

Figure 2. Representation of cytokines synthesised by bone marrow‑derived dendritic cells (BMDCs). The levels of (A) IL‑12, (B) IFN‑γ, (C) IL‑4 and (D) TGF‑β 
in the supernatant of BMDCs from the various groups were determined using ELISAs. GI, non‑7,12‑dimethyl‑benzanthracene (DMBA)/non‑physical activity 
(PA) group; GII, non‑DMBA/PA group; GIII, DMBA/non‑PA group; GIV, DMBA/PA group. IL, interleukin; IFN‑γ, interferon‑γ; TGF‑β, transforming growth 
factor‑β.
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