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Women with low levels of vitamin D have a higher risk of developing breast cancer. Numerous studies associated the presence of a CD8+ T cell infiltration with a good prognosis. As vitamin D may play a key role in the modulation of the immune system, the objective of this work was to evaluate the impact of vitamin D on the breast cancer progression and mammary tumor microenvironment. We show that vitamin D decreases breast cancer tumor growth. Immunomonitoring of the different immune subsets in dissociated tumors revealed an increase in tumor infiltrating CD8+ T cells in the vitamin D-treated group. Interestingly, these CD8+ T cells exhibited a more active T cell (TEM/CM) phenotype. However, in high-fat diet conditions, we observed an opposite effect of vitamin D on breast cancer tumor growth, associated with a reduction of CD8+ T cell infiltration. Our data show that vitamin D is able to modulate breast cancer tumor growth and inflammation in the tumor microenvironment in vivo. Unexpectedly, this effect is reversed in high-fat diet conditions, revealing the importance of diet on tumor growth. We believe that supplementation with vitamin D can in certain conditions represent a new adjuvant in the treatment of breast cancers.
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INTRODUCTION

Breast cancer is the most frequently diagnosed cancer and the leading cause of cancer-related death in women worldwide (1). It is now well established that the immune system plays an important role in disease outcome in patients affected with cancer. However, the assessment of immune response to the tumor in individual patients is difficult (2). Malignant tumors are associated with changes of peripheral blood lymphocyte phenotype and function (3, 4). However, it is obvious that changes detected in the peripheral blood may not necessarily reflect the situation in the tumor microenvironment. A large body of evidence suggests that the main events determining the outcome of the host-tumor relationship occur at the tumor site (2). A number of parameters have been assessed as biomarkers of the host immune response in the tumor microenvironment (5–7). The presence of tumor-infiltrating lymphocytes (TILs) has been recognized as a biomarker of anti-tumor immune response across a wide range of tumors. The presence of TILs has been associated with improved prognosis in epithelial ovarian carcinoma (8), endometrial cancer (9, 10), and also breast cancer (11–13). It was demonstrated that TILs obtained from patients with breast cancer, exhibited cytolytic activity against tumor cells (14, 15). An Immunoscore based on the combined analysis of CD8+ plus CD45RO+ T cells in specific tumor regions is a useful criteria for the prediction of tumor recurrence and survival in patients with early stage colorectal cancer (16). Moreover, a correlation between tumor infiltrating CD8+ T lymphocytes in invasive breast cancer and better prognosis has been demonstrated.

Behaviors such as reduction in alcohol intake and consumption of fats and red meat, together with an increase in the amount of fibers and vitamin D in the diet, may be direct or indirect protective factors against breast cancer. Vitamin D (VD; cholecalciferol) is mostly known for its major role in bone metabolism and calcium homeostasis (17), but accumulating evidence also suggests that VD is recognized as an immune modulator and has positive effects in the prevention and treatment of cancer (18). Several epidemiologic studies suggest inverse correlations between serum 25-hydroxyvitamin D (25(OH)D) levels and breast cancer development, risk for breast cancer recurrence, and mortality in women with early-stage breast cancer (19–21). Mouse model studies have shown that VD or its biologically active metabolite, calcitriol (1,25(OH)2D3) can inhibit cellular proliferation and angiogenesis and induce differentiation and apoptosis (22, 23). VD modulates its biological effects by directly regulating target gene expression through the vitamin D receptor (VDR), a ligand-regulated transcription factor and a member of the nuclear receptor superfamily. A recent study has shown that VD, through its nuclear binding to VDR, regulates cell death by modulating autophagy in luminal-like breast cancer-cell models, and also in normal mammary gland in mice (24). The indirect biological effects induced by VD in the tumor microenvironment are poorly investigated.

Some studies have indicated that diet may have an influence in approximately 35% of breast cancer cases (25). Weight gain since early adulthood and obesity have been associated with increased post-menopausal breast cancer risk in several prospective studies (26–29). Indeed, obesity favors an increase in circulating estrogens and entails increased risk of hormone-dependent breast cancer (30–32). The pathway of chronic inflammation (pro-inflammatory cytokines) induced by adipose tissue also contributes to both tumor transformation and resistance to therapy (33). It is known that the balance between pro-inflammatory and anti-inflammatory T cells is modified during obesity-induced inflammation in visceral adipose tissue, the pool of pro-inflammatory T cells such as CD4+ and CD8+ T cells is increased, and anti-inflammatory T cells such as Tregs are decreased in diet-induced obesity (34). Moreover, macrophages in obese tissue are mostly M1 macrophages (also known as classically activated macrophages), which secrete pro-inflammatory cytokines such as interleukin (IL)-6 and tumor necrosis factor (TNF)-α (35–37).

Our work aimed to explore the effects of VD on the breast cancer progression in mice from basal to overweight conditions and its consequences on CD8+ T cell infiltration into the tumor. Our data provide evidence that, depending of diet conditions, the VD supplementation has opposite effects on both in CD8+ T cell infiltration and tumor growth.

MATERIALS AND METHODS

Animal Experiments

In accordance with European Directive 2010/63/EU on the use of animals for scientific purposes, the experimental protocol was approved by an Institutional Animal Care and Use Committee. The corresponding Project Authorization (agreement No. 11868-2017101916238361) was delivered by the French Ministry of Research and Higher Education. 6-week-old female C57BL/6J mice were obtained from Janvier Labs (France). The animals were maintained at 21°C under a 12 h light, 12 h dark cycle with a 55% humidity level.

EO771 Tumor Cell Implantation

EO771 cell line, a spontaneously developing breast adenocarcinoma from C57BL/6 mice, was purchased from CH3 BioSystems LLC (Amherst, NY, USA). EO771-GFP+-Luciferase were generated by transduction of GFP-Luciferase lentiviral vector (pRRL-GFP/Luc2 vector), cells were maintained in RPMI-1640 media supplemented with 10% FCS.

To establish orthotopic implantation of breast tumors, EO771-Luc/GFP cells were suspended in 100 μL of a mixture of PBS/Matrigel (v/v) (Corning). 2 × 105 EO771-Luc/GFP cells were injected into the 4th inguinal mammary of the two fat pads of 7-week-old female C57BL/6 mice. Tumor growth was monitored by caliper measurements. To avoid tumor necrosis, and in compliance with regulations for use of vertebrate animals in research, animals were euthanized before the tumors reached 1,500 mm3.

VD Supplementation in Standard Diet Condition

To assess the impact of VD on breast cancer progression in basal conditions, the mice (n = 8–10) were fed ad libitum with standard diet (AIN-93M, 10% energy from lipids) (Safe, Augy, France) and received by gavage the native form of VD (cholecalciferol) (40 International Units (IU)/day per mouse; Sigma Aldrich) (Vitamin D group) or vehicle alone (olive oil) (control group) seven times in 2 weeks. As a fat-soluble vitamin, VD was diluted in olive oil to ensure better absorption, as previously described (38–40). VD supplementation was performed seven days after cell injection.

VD Supplementation in High-Fat Diet Conditions

To assess the impact of VD on breast cancer progression on inflammatory conditions associated with overweight, the mice (n = 8) were fed ad libitum with high-fat diet (245-HF, 45% energy from lipids) (Safe, Augy, France). After 8 weeks of high-fat diet, mice were injected with EO771 cells. Seven days after cell injection, mice received VD (cholecalciferol) (40 IU)/day per mouse; Sigma Aldrich) (Vitamin D group) or vehicle alone (olive oil) (control group) seven times in 2 weeks. This VD concentration (40 IU of VD per mouse) has been reported as being non-toxic to rodents, without major risk of hypercalcemia (38, 41).

CD8+ T Cell Depletion

To study the impact of the depletion of CD8+ T cells on EO771 tumor growth, CD8+ T cells were depleted by 11 successive injections of the 53–5.8 mAb (BioXCell) reacting with mouse CD8β in female C57BL/6 mice. Then, 2 × 105 EO771-Luc/GFP cells were injected in the fat pad of the mammary glands (n = 12). Tumor growth was monitored by caliper measurements.

Tumor Dissociation

Mammary tumors were dissociated mechanically and enzymatically using collagenase/hyaluronidase (StemCell Technologies, Grenoble, France) digestion in a water bath under slight agitation at 37°C for 30 min, to generate single-cell suspensions for flow cytometry staining. To study Granzyme B production (intracellular staining after fixation and permeabilization), samples were placed in the presence of Golgi transport inhibitors (Golgi stop/plug) (BD Biosciences, Le Pont-De-Claix, France) during the entire process of cell extraction.

Isolation of Stromal Vascular Fraction

Stromal-vascular cells were isolated from visceral adipose tissue using Clostridium histolyticum collagenase (Sigma Aldrich, Saint-Quentin Fallavier, France) as previously described (38). The samples were incubated at 37°C under shaking conditions until complete digestion. After filtration on a 70 μm sieve (Corning), samples were centrifuged for 10 min at 400 g. The pellet (stromal vascular fraction) was used for flow cytometry analysis and the upper phase (adipocytes) was used to quantify inflammatory markers.

RNA Isolation and Real-Time PCR

Total cellular RNA was extracted using TRIzol reagent (Life Technologies, Villebon-sur-Yvette, France) according to the manufacturer's instructions. cDNAs were synthesized from 1 μg of total RNA using random primers and Moloney murine leukemia virus reverse transcriptase (Life Technologies, Villebon-sur-Yvette, France). Real-time quantitative RT-PCR analyses were performed using the Power SYBR Green PCR Master Mix (Life Technologies, Villebon-sur-Yvette, France) and detected with a CFX96 Real-Time PCR Detection System (Bio-Rad). For each condition, the expression was quantified in duplicates and the ribosomal protein 18S mRNA was used as the endogenous control in the comparative cycle threshold (CT) method (2 −(ΔΔCT)). The respective sets of primers sequences are 18S-F_cgccgctagaggtgaaattct and 18S-R_cattcttggcaaatgctttcg (for 18S mRNA); Il6-F_acaagtcggaggcttaattacacat and Il6-R_ttgccattgcacaactcttttc (for Il6 gene); Ccl2-F_catccacgtgttggctca and Ccl2-R_gatcatcttgctggtgaatgagt (for Ccl2 gene) Ccl5-F_tgcagaggactctgagacagc and Ccl5-R_gagtggtgtccgagccata (for Ccl5 gene); Ccl11-F_agagctccacagcgcttct and Ccl11-R_gcaggaagttgggatgga (for Ccl11 gene); Cx3cl1-F_catccgctatcagctaaacca and Cx3cl1-R_cagaagcgtctgtgctgtgt (for Cx3cl1 gene), Adiponectin- F_tcctggagagaagggagagaaag and Adiponectin-R_tcagctcctgtcattccaaca (for Adiponectin gene); Pparg-F_caagaataccaaagtgcgatcaa and Pparg-R_gagctgggtcttttcagaataataag (for Pparg gene); Cebpa-F_agcaacgagtaccgggtacg and Cebpa-R_tgtttggctttatctcggctc (for Cebpa gene); Pgc1a-F_ ttccaaaaagaagtcccatacaca; and PGC1a-R_gataaagttgttggtttggcttga (for Pgc1a gene).

Flow Cytometry Analysis

Tumor, stromal vascular fraction, spleen and tumor-draining lymph nodes were used for flow cytometry analysis. Before labeling, cells were incubated in Fc-blocking (CD16/32 antibody). Cells were labeled with fluorescent antibodies against CD3, CD4, CD8, CD44, CD62L, PD-1, CD11b, CD11c, F4/80, Granzyme B (intracellular staining after fixation and permeabilization). Antibodies were purchased from (Life Technologies, Villebon-sur-Yvette, France), Biolegend (San Diego, CA, USA) and BD Biosciences (Le Pont-De-Claix, France).

All data were acquired on a FACS FORTESSA 3 lasers flow cytometer (Becton–Dickinson, Le Pont-De-Claix, France) and analyzed with FlowJo software (Tree Star, Ashland, OR, USA).

Analysis of Plasma Samples

Plasma 25(OH)D concentrations were measured using an ELISA kit (Promokine, Promocell). IL-6 cytokine was quantified with Ready-SET-Go! ELISA (Life Technologies, Villebon-sur-Yvette, France). CCL5 chemokine was quantified with Instant ELISA kit (Life Technologies, Villebon-sur-Yvette, France).

Statistical Analysis

The data were expressed as the mean ± SEM. Prism 5.03 software (GraphPad, San Diego, CA, USA) was used for all statistical analysis. Statistical significance between control and VD groups was determined by two-tailed Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001.

RESULTS

Vitamin D Limits Breast Cancer Tumor Progression

To control the efficiency of VD supplementation, 25(OH)D was measured in the serum of mice at the end of the experiment (Supplemental Figure 1). VD decreased tumor growth starting at day 13 post injection and this difference was conserved until mouse sacrifice (day 20) [VD gavage (284 ± 38.9 mm3) compared with control mice (512 ± 31.2 mm3, P < 0.001)] (Figure 1A). In parallel, we detected a decrease in tumor weight (1.6-fold compared with control group) (Figure 1B). Altogether, these data show that VD supplementation is sufficient to reduce tumor growth.
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FIGURE 1. Vitamin D limits EO771 tumor progression in mice. EO771 cells were injected in the fat pad of the mammary glands (n = 8–10) of female mice fed with standard diet. (A) Tumor size was measured with a caliper. The values of tumor volume (mm3) are reported (Mean ± SEM). (B) Tumors were weighed at the end of the experiment (g). Statistical significance between control and VD groups was determined by two-tailed Student's t-test. ***P < 0.001.



Vitamin D Promotes CD8+ T Cell Tumor Infiltration

Numerous studies and more recent pre-clinical or clinical data have highlighted the important role of cytotoxic T cells in breast cancer, especially with respect to immune-checkpoint immunotherapies. Therefore, we wondered whether VD had an impact on CD8+ T cells in our model.

After tumor dissociation, we performed immunomonitoring to study the different immune populations. We observed a significant increase of tumor infiltrating CD8+ T cell frequency (Figure 2A). We next studied T cells subsets. We clearly saw a decrease in the naïve T cells (CD62L+) population in TIL CD8+ cells when VD was present. This observation is correlated with an increase of CD44+ T cell subsets (central and effector memory cells; Figure 2B). To further investigate the activation status of the CD8+ T cells that infiltrated the tumor, we assessed the cytotoxic T cell phenotype by using a specific marker, Granzyme B, and for activated T cell phenotype, PD-1. Indeed, VD-supplemented mice exhibited higher Granzyme B and PD-1 expression levels in tumor infiltrating CD8+ T cells (1.3 and 1.4-fold, respectively) as compared with control mice (Figure 2C). Our results argue for an increased T cell recruitment to the tumor site and T cell activation in VD context compared to control.
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FIGURE 2. Vitamin D modulates the CD8+ T cell phenotype in the tumor in basal conditions. Flow cytometry analysis of the tumor from Control and Vitamin D-treated mice. (A) Quantification of the CD8+ T cells. (B) Quantification of the CD8+ T cell markers (CD44, CD62L) (C) and Granzyme B and PD-1. (D) CD8+ T cells were depleted by the injection of CD8β mAb in C57BL/6J (WT) mice. Then, EO771 cells were injected in the fat pad of the mammary glands (n = 12). Tumor size is measured with a caliper. The values of tumor volume (mm3) are reported (Mean ± SEM). Statistical significance between control and VD groups was determined by two-tailed Student's t-test. *P < 0.05, **P < 0.01 and ***P < 0.001.



Finally, to further characterize the EO771 model and its sensitivity to CD8+ T cells, these cells were depleted by the injection of CD8β mAb. CD8+ T cell depletion exacerbates tumor growth (680 ± 75 mm3) compared with control mice (413 ± 34 mm3, P < 0.01) (Figure 2D), emphasizing the importance of CD8+ T cells in controlling tumor growth.

Vitamin D Modulates Pro-Inflammatory Macrophage Infiltration in Peripheral Tissues, but Not Inside the Tumor

Since VD is known to regulate inflammation (38, 42), we next decided to investigate this in our tumor model. A decrease in IL-6 and CCL5 protein secretion was observed after VD supplementation in mice (2.1 and 1.6-fold, respectively) (Figure 3A). To further characterize this, we studied the effect of VD on cytokine/chemokine gene expression in isolated adipocytes from the visceral adipose tissue. As shown in Figure 3B, the levels of Il6, Ccl5, and Cx3cl1 transcripts were significantly decreased (11, 4.5, and 2-fold, respectively) after VD supplementation. In addition, flow cytometry was used to detect pro-inflammatory macrophages in the stromal vascular fraction of adipose tissue. We observed a reduction in M1 macrophages (F4/80+CD11b+) population in mice supplemented with VD (1.42-fold compared with control mice) (Figure 3C) whereas no modification was observed in macrophage infiltration into the tumor (Figure 4A). We also studied these markers in lymphoid organs like tumor-draining lymph nodes and spleen. In lymph nodes, we observed a reduction in F4/80+CD11b+ macrophage infiltration (1.4-fold compared with control mice) (Figure 4B). Finally, VD reduced F4/80+CD11b+ and F4/80+CD11c+ macrophage levels in spleen of mice supplemented with VD (1.3 and 1.5-fold, respectively) (Figure 4C). We next evaluated the effect of VD supplementation on adipogenesis. For this purpose, the mRNA levels of adiponectin, peroxisome proliferator-activated receptor gamma (Pparg), PPARγ-coactivator 1α (Pgc1a) and CCAAT enhancer binding protein-α (Cebpa) were quantified by RT-qPCR. We have shown that VD supplementation in standard diet condition significantly limits adiponectin expression in adipocytes with a tendency for a decrease in Pparg, Pgc1a and Cebpa (Supplemental Figure 2).
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FIGURE 3. Vitamin D limits inflammation in plasma, adipocytes and stromal vascular fraction of mice. (A) In EO771 breast cancer model (Standard diet), inflammatory cytokines (IL-6 and CCL5) levels were measured in plasma by ELISA (n = 8–10). (B) mRNA levels of Il6, Ccl5 and Cx3cl1 were quantified through qPCR in isolated adipocytes from visceral adipose tissue (n = 10) and expressed relative to 18S ribosomal RNA. The data are expressed as relative expression ratios. (C) Inflammatory macrophages (F4/80+CD11b+) were quantified in stromal vascular fraction of adipose tissue (n = 8–10) by flow cytometry. The values are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared with control group.
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FIGURE 4. Vitamin D modulates macrophage infiltration. Frequencies of macrophages “F4/80+CD11b+” and “F4/80+CD11c+” were analyzed by flow cytometry in tumor (A), tumor-draining lymph nodes (B) and spleen (C) (n = 10). The values are presented as the mean ± SEM. *P < 0.05, **P < 0.01 compared with control group fed with standard diet.



Our data show a reduction of pro-inflammatory cytokines and macrophages (M1) in accordance with previously published data.

Vitamin D Increases EO771 Tumor Progression in Mice Subjected to a High-Fat Diet

Since obesity increases tumor progression, we next wondered whether VD would reverse overweight-related inflammation and reduce tumor progression, similarly to basal diet conditions. Mice were first fed for 8 weeks with a high-fat diet (45% energy from lipids) leading to a significant gain of weight (Supplemental Figure 3A) and a reduction of 25(OH)D compared with control mice (Supplemental Figure 3B). EO771 were then injected as in previous experiments, and VD was administrated 1 week after tumor cell transplant.

Similarly to standard fat diet, VD administration resulted in increase of plasmatic 25(OH)D concentration (Supplemental Figure 4A). VD administration also resulted in a lower systemic inflammation with reduced IL-6 and CCL5 plasmatic concentrations (Supplemental Figure 4A), reduced Il6, Ccl2, Ccl5, Cx3cl1, and Ccl11 proinflammatory cytokine mRNA expression in visceral adipocytes (Supplemental Figure 4B) and no modification of adipogenic markers (Supplemental Figure 4C). Surprisingly, in contrast to basal diet conditions, VD supplementation of overweight-mice resulted in a faster tumor progression. Hence VD significantly increased tumor growth starting at day 15 post injection. Prior to sacrifice, a higher tumor volume was observed in obese mice that received VD gavage (642 ± 45 mm3) compared with control mice (486 ± 53 mm3, P < 0.05) (Figure 5A). The increase of tumor volume correlated with the increase in tumor weight (1.4-fold compared with control group) (Figure 5B). We next evaluated the infiltration of CD8 T cells in the tumor. Unexpectedly, we observed in VD-supplemented overweight mice a reduction of infiltrating CD8 T cells compared with control mice (Figure 5C) but no modification in the CD62L/CD44 T cell subsets. When studying macrophage population, we observed an increase of F4/80+CD11b+ and F4/80+CD11c+ macrophages in tumor of obese mice supplemented with VD (Supplemental Figure 5A). We also assessed macrophage frequency in other tissues. We showed that there is an increase of M1 macrophages in the tumor-draining lymph nodes (Supplemental Figure 5B). Finally, VD reduced F4/80+CD11c+ macrophage levels in spleen as observed in basal conditions (Supplemental Figure 5C).
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FIGURE 5. Vitamin D increases EO771 tumor progression in overweight mice. EO771 cells were injected in the fat pad of the mammary glands (n = 8) of female mice fed with high-fat diet. (A) The tumor size was measured with a caliper. The values of tumor volume (mm3) are reported (Mean ± SEM). (B) Tumors were weighed at the end of the experiment (g). (C) CD8+ T cells and their markers were quantified by flow cytometry. Statistical significance between control and VD groups was determined by two-tailed Student's t-test. *P < 0.05.



DISCUSSION

In the present study, using female mice injected with EO771 breast cancer cells and supplemented with VD, we report a beneficial role of VD on tumor growth progression and inflammation. Indeed, VD supplementation reduced tumor weight and increased CD8+ T cell infiltration into the tumor. Interestingly, these CD8+ T cells exhibited a more active central/effector memory T cell phenotype, which are considered to have increased anti-tumor properties (43). These data are in agreement with data that highlight TILs as an important predictive and prognostic biomarker in patients with breast cancer (44). Ono et al. observed an association between pathological response and TIL score in patients with triple-negative breast cancer, but not in patients with other tumor types (45). Therefore, a general consensus emerged on the central role played by effector T cells in the anti-tumor response. Similar results were obtained in colorectal cancer in which quantification of immune cell densities revealed the major positive role of cytotoxic and memory T cells for patient survival (46). The present study indeed also reports that CD8+ T cells infiltrating the tumor harbor an activated/cytotoxic phenotype eliciting PD-1/Granzyme B expression. In line with these results, several studies on cancer patients have reported that PD-1 expression is highly expressed on tumor infiltrating CD8+ T cells in various immunogenic tumors (47–49).

Surprisingly, in contrast to standard diet condition, VD supplementation of overweight-mice resulted in increased tumor progression without CD8+ T cell infiltration (illustrated in Figure 6). The impact of VD supplementation on inflammation associated with obesity has been largely described. It has been reported a beneficial role of VD supplementation on weight gain limitation in mice (50, 51). Indeed, such supplementation reduced the weight gain induced by high-fat diet and improved insulin sensitivity. The reduced weight gain in VD supplemented mice is primarily due to a limitation of fat mass accumulation (50). We have also shown in a previous study that VD displays immunoregulatory effects and reduces adipocyte inflammation in vitro and in vivo. Indeed, VD supplementation decreases the expression and secretion of a large range of inflammatory markers and macrophage infiltration in the adipose tissue of high-fat diet fed mice (38). In the present study, we report a beneficial role of VD supplementation on inflammation both in basal or overweight conditions. We have shown that VD is able to limit the expression of inflammatory markers in adipocytes (Il6, Ccl5, and Cx3cl1) and their secretion (IL-6 and CCL5) in the plasma. These results are in agreement with the previously reported anti-inflammatory effects of VD on adipocytes (38, 52). Taken together, our results reveal the influence of diet on tumor growth control and CD8+ T cell infiltration by VD supplementation. The difference observed between normal and high-fat diet conditions could be explained by a modification in the VD metabolism in adipocytes, in particular Cyp27a1 in overweight mice, which is involved in the first hydroxylation of cholecalciferol (data not shown). This enzyme is known to be increased in adipose tissue of obese mice, which suggests the possible increase of 25-hydroxylation in adipose tissue, resulting in higher local production of 25(OH)D in adipose tissue (53). Several studies about obesity have demonstrated that 25(OH)D is diluted in a higher volume in obese patients (54). We hypothesized that the increase of adipocytes in overweight-mice reduces 25(OH)D in plasma, which could have an impact on a decreased CD8+ T cell infiltration.


[image: image]

FIGURE 6. Vitamin D controls breast cancer tumor growth and CD8+ T cells infiltrating the tumor. VD supplementation was validated in both models by the quantification of the 25(OH)D levels and inflammatory cytokines (IL-6 and CCL5) in plasma and mRNA levels of inflammatory markers (Il6, Ccl5, Ccl2, Ccl11, and Cx3cl1) in adipocytes. Tumor size was measured and CD8+ T cells were quantified in the tumor.



We next wondered if the observed contrasting effects could be due to a modification of adipogenic markers under VD supplementation. Using RT-qPCR approach, we found that VD limited adiponectin expression and a tendency for a decrease in Pparg, Pgc1a, and Cebpa without modification in high-fat condition. Our results obtained in normal diet fed-mice are in accordance with previous results reported in mouse models (55) but they cannot explain the difference between the two conditions. Indeed, the effects of VD on adipogenesis have been analyzed in several animal models, and the majority of these studies suggest that VD plays an inhibitory role in adipogenesis. The few cell culture and supplementation studies that have investigated adipogenesis in human cells indicate that, in contrast to findings from rodent studies, VD is proadipogenic (56, 57). The difference in results among mouse and human studies could be due to differences in diet, treatment periods, cell types, and/or VD treatment protocols.

Differences on CD8+ T cell infiltration into the tumor of standard diet and high-fat diet-fed mice could finally be explained by the decrease of expression levels of chemokine receptor CCR7 which is expressed on central memory T cells and involved in chemotaxis (58). Further studies are needed to investigate the molecular mechanisms involved in the regulation of CD8+ T cell migration inside the tumor under different kinds of diets.

A CD8+ T cell infiltrate is generally associated with a good cancer patient prognosis. However, other immune cell infiltrates are associated with a poor patient prognosis [infiltrates with immunosuppressive cell types such as regulatory T cells (Tregs), tumor-associated macrophages (TAMs) or myeloid-derived suppressor cells (MDSCs)] (59). In this study, only CD4+CD25+CD127low/- T cell subset has been considered (Supplemental Figure 6), as this subset could contain some Tregs. Flow cytometry analysis showed that VD did not affect the presence of CD4+CD25+CD127low/- T cells in the tumor both in basal and high-fat conditions. It would be of interest to further analyze, in the tumor microenvironment, these cell types harboring immunosuppressive properties: among immune cells but also in other cell lineages such as the cancer-associated fibroblasts (CAFs).

Adipose tissue is increasingly recognized as an active endocrine organ, which secretes several adipose tissue-specific hormones including adipokines. It plays a significant role in the regulation of homeostasis. Importantly, tumor progression does not necessarily depend on fat mass, but may be influenced more significantly by the specific metabolic state of the local adipocyte population (60). Adipose tissue is altered during inflammatory context related to obesity (61) and breast cancer (62). The factors inducing leukocyte and chemokine infiltration in adipose tissue are probably numerous. The paracrine, autocrine and endocrine signals appear to be responsible for this phenomenon (63). Indeed, adipose tissue and adipocytes in particular produce and release a variety of adipokines notably chemokines which are defined as “cytokines with selective chemoattractant properties,” coordinating leukocyte movement to sites of inflammation or injury (64). Most of the breast body is made up of adipose tissue which contains both adipocytes and immune cells. In following studies, it will be important to combine immunomonitoring to adipocyte behavior studies.

The clinical data related to the effect of VD supplementation on breast cancer are still unclear. Indeed, only a few VD supplementation trials with breast cancer have been conducted, and these have suffered from major limitations (as inappropriate dose…) (65). Another recent multicentric, randomized, placebo-controlled trial, with a two-by-two factorial design, of vitamin D3 (cholecalciferol) and omega-3 fatty acids for the prevention of cancer, was conducted in the United States. Supplementation with VD did not result in a lower incidence of invasive cancer than placebo (66). Given the interest in using VD to reduce cancer risk in lean patients, further research is needed, particularly randomized controlled trials, to demonstrate in humans whether individuals with low levels of circulating 25(OH)D are at increased risk of developing cancer (VD in prevention strategy) and whether VD supplements can reduce cancer risk and progression and improve outcome (VD in therapy). In conditions where VD favors access for cytolytic T cells to the tumor site, VD supplementation (T-cell migration inducer) could be combined with an immune checkpoint immunotherapy (T-cell activation inducer) in the treatment of breast cancers.

In conclusion, our results show that VD modulates tumor growth progression and the infiltration of the cytotoxic CD8+ T cells in the tumor of mice depending on the type of diet. If our data can be confirmed in human in randomized clinical trials, VD supplementation could represent a new adjuvant in the treatment of breast cancers.

ETHICS STATEMENT

In accordance with European Directive 2010/63/EU on the use of animals for scientific purposes, the experimental protocol was approved by an Institutional Animal Care and Use Committee. The corresponding Project Authorization (agreement No. 2017101916238361) was delivered by the French Ministry of Research and Higher Education.

AUTHOR CONTRIBUTIONS

EK, GG, SOM, RC, and JAN designed the study, performed the experiments and analyzed the results. AG, EJ, BBT, CF, and DO assisted with realization and interpretation of the experiments. JAN supervised and directed the research. EK and JAN wrote the manuscript. All authors discussed the results and commented on the manuscript.

FUNDING

This work was supported by institutional grants from the Institut National de la Santé et de la Recherche Médicale (Inserm), Centre National de la Recherche Scientifique (CNRS) and Aix-Marseille Université to CRCM; by the Fondation pour la Recherche Médicale (Equipe FRM DEQ20180339209). EK was supported by a post-doctoral fellowship from the Fondation pour la Recherche Médicale (SPF20160936267). GG was supported by a post-doctoral fellowship from the Fondation ARC pour la recherche sur le cancer, then the Janssen Horizon Fund. SOM and BBT were supported by a fellowship from Aix-Marseille Université. DO is senior scholar of the Institut Universitaire de France.

ACKNOWLEDGMENTS

The authors wish to thank Hervé Luche (Ciphe, Marseille), Jean-François Landrier (C2VN, Marseille), Magali Irla (CIML, Marseille) for advice and Valérie Ferrier-Depraetere (Institut Paoli-Calmettes, CRCM) for critical reading of the manuscript. EK, SOM, and JAN (équipe NACRe #39) thank the NACRe (Réseau National Alimentation Cancer Recherche) Network for helpful discussions. We thank Canceropôle PACA for continued support the development of the TrGET preclinical assay platform. We are grateful to the CRCM animal facility for taking care of the mouse strain colonies and the CRCM cytometry platform for FACS analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.01307/full#supplementary-material

REFERENCES

 1. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. Estimates of worldwide burden of cancer in 2008: GLOBOCAN 2008. Int J Cancer. (2010) 127:2893–917. doi: 10.1002/ijc.25516

 2. Malyguine AM, Strobl SL, Shurin MR. Immunological monitoring of the tumor immunoenvironment for clinical trials. Cancer Immunol Immunother. (2012) 61:239–47. doi: 10.1007/s00262-011-1148-6

 3. Melichar B, Jandik P, Krejsek J, Solichova D, Drahosova M, Skopec F, et al. Mitogen-induced lymphocyte proliferation and systemic immune activation in cancer patients. Tumori. (1996) 82:218–20.

 4. Melichar B, Touskova M, Solichova D, Kralickova P, Kopecky G. CD4+ T-lymphocytopenia and systemic immune activation in patients with primary and secondary liver tumours. Scand J Clin Lab Invest. (2001) 61:363–70. doi: 10.1080/003655101316911404

 5. Melichar B, Freedman RS. Immunology of the peritoneal cavity: relevance for host-tumor relation. Int J Gynecol Cancer. (2002) 12:3–17. doi: 10.1136/ijgc-00009577-200201000-00002

 6. Melichar B, Nash MA, Lenzi R, Platsoucas CD, Freedman RS. Expression of costimulatory molecules CD80 and CD86 and their receptors CD28, CTLA-4 on malignant ascites CD3+ tumour-infiltrating lymphocytes (TIL) from patients with ovarian and other types of peritoneal carcinomatosis. Clin Exp Immunol. (2000) 119:19–27. doi: 10.1046/j.1365-2249.2000.01105.x

 7. Melichar B, Savary CA, Patenia R, Templin S, Melicharova K, Freedman RS. Phenotype and antitumor activity of ascitic fluid monocytes in patients with ovarian carcinoma. Int J Gynecol Cancer. (2003) 13:435–43. doi: 10.1046/j.1525-1438.2003.13331.x

 8. Tomsova M, Melichar B, Sedlakova I, Steiner I. Prognostic significance of CD3+ tumor-infiltrating lymphocytes in ovarian carcinoma. Gynecol Oncol. (2008) 108:415–20. doi: 10.1016/j.ygyno.2007.10.016

 9. Kondratiev S, Sabo E, Yakirevich E, Lavie O, Resnick MB. Intratumoral CD8+ T lymphocytes as a prognostic factor of survival in endometrial carcinoma. Clin Cancer Res. (2004) 10:4450–6. doi: 10.1158/1078-0432.CCR-0732-3

 10. de Jong RA, Leffers N, Boezen HM, ten Hoor KA, van der Zee AG, Hollema H, et al. Presence of tumor-infiltrating lymphocytes is an independent prognostic factor in type I and II endometrial cancer. Gynecol Oncol. (2009) 114:105–10. doi: 10.1016/j.ygyno.2009.03.022

 11. Menard S, Tomasic G, Casalini P, Balsari A, Pilotti S, Cascinelli N, et al. Lymphoid infiltration as a prognostic variable for early-onset breast carcinomas. Clin Cancer Res. (1997) 3:817–9.

 12. Mohammed ZM, Going JJ, Edwards J, Elsberger B, Doughty JC, McMillan DC. The relationship between components of tumour inflammatory cell infiltrate and clinicopathological factors and survival in patients with primary operable invasive ductal breast cancer. Br J Cancer. (2012) 107:864–73. doi: 10.1038/bjc.2012.347

 13. Mahmoud SM, Paish EC, Powe DG, Macmillan RD, Grainge MJ, Lee AH, et al. Tumor-infiltrating CD8+ lymphocytes predict clinical outcome in breast cancer. J Clin Oncol. (2011) 29:1949–55. doi: 10.1200/JCO.2010.30.5037

 14. Topalian SL, Solomon D, Rosenberg SA. Tumor-specific cytolysis by lymphocytes infiltrating human melanomas. J Immunol. (1989) 142:3714–25.

 15. Baxevanis CN, Dedoussis GV, Papadopoulos NG, Missitzis I, Stathopoulos GP, Papamichail M. Tumor specific cytolysis by tumor infiltrating lymphocytes in breast cancer. Cancer. (1994) 74:1275–82. doi: 10.1002/1097-0142(19940815)74:4<1275::AID-CNCR2820740416>3.0.CO;2-Q

 16. Galon J, Fox BA, Bifulco CB, Masucci G, Rau T, Botti G, et al. Immunoscore and Immunoprofiling in cancer: an update from the melanoma and immunotherapy bridge 2015. J Transl Med. (2016) 14:273. doi: 10.1186/s12967-016-1029-z

 17. Veldurthy V, Wei R, Oz L, Dhawan P, Jeon YH, Christakos S, et al. calcium homeostasis and aging. Bone Res. (2016) 4:16041. doi: 10.1038/boneres.2016.41

 18. Pandolfi F, Franza L, Mandolini C, Conti P. Immune modulation by vitamin D: special emphasis on its role in prevention and treatment of cancer. Clin Ther. (2017) 39:884–93. doi: 10.1016/j.clinthera.2017.03.012

 19. Perez-Lopez FR, Chedraui P, Haya J. Review article: vitamin D acquisition and breast cancer risk. Reprod Sci. (2009) 16:7–19. doi: 10.1177/1933719108327595

 20. Shao T, Klein P, Grossbard ML. Vitamin D and breast cancer. Oncologist. (2012) 17:36–45. doi: 10.1634/theoncologist.2011-0278

 21. Vaughan-Shaw PG, O'Sullivan F, Farrington SM, Theodoratou E, Campbell H, Dunlop MG, et al. The impact of vitamin D pathway genetic variation and circulating 25-hydroxyvitamin D on cancer outcome: systematic review and meta-analysis. Br J Cancer. (2017) 116:1092–110. doi: 10.1038/bjc.2017.44

 22. Feldman D, Krishnan AV, Swami S, Giovannucci E, Feldman BJ. The role of vitamin D in reducing cancer risk and progression. Nat Rev Cancer. (2014) 14:342–57. doi: 10.1038/nrc3691

 23. Chen PT, Hsieh CC, Wu CT, Yen TC, Lin PY, Chen WC, et al. 1alpha,25-Dihydroxyvitamin D3 inhibits esophageal squamous cell carcinoma progression by reducing IL6 signaling. Mol Cancer Ther. (2015) 14:1365–75. doi: 10.1158/1535-7163.MCT-14-0952

 24. Tavera-Mendoza LE, Westerling T, Libby E, Marusyk A, Cato L, Cassani R, et al. Vitamin D receptor regulates autophagy in the normal mammary gland and in luminal breast cancer cells. Proc Natl Acad Sci U S A. (2017) 114:E2186–94. doi: 10.1073/pnas.1615015114

 25. Doll R, Peto R. The causes of cancer: quantitative estimates of avoidable risks of cancer in the United States today. J Natl Cancer Inst. (1981) 66:1191–308. doi: 10.1093/jnci/66.6.1192

 26. Huang Z, Hankinson SE, Colditz GA, Stampfer MJ, Hunter DJ, Manson JE, et al. Dual effects of weight and weight gain on breast cancer risk. JAMA. (1997) 278:1407–11. doi: 10.1001/jama.278.17.1407

 27. Lahmann PH, Lissner L, Gullberg B, Olsson H, Berglund G. A prospective study of adiposity and postmenopausal breast cancer risk: the malmo diet and cancer study. Int J Cancer. (2003) 103:246–52. doi: 10.1002/ijc.10799

 28. Morimoto LM, White E, Chen Z, Chlebowski RT, Hays J, Kuller L, et al. Obesity, body size, and risk of postmenopausal breast cancer: the Women's Health Initiative (United States). Cancer Causes Control. (2002) 13:741–51. doi: 10.1023/A:1020239211145

 29. Feigelson HS, Jonas CR, Teras LR, Thun MJ, Calle EE. Weight gain, body mass index, hormone replacement therapy, and postmenopausal breast cancer in a large prospective study. Cancer Epidemiol Biomarkers Prev. (2004) 13:220–4. doi: 10.1158/1055-9965.EPI-03-0301

 30. Eliassen AH, Colditz GA, Rosner B, Willett WC, Hankinson SE. Adult weight change and risk of postmenopausal breast cancer. JAMA. (2006) 296:193–201. doi: 10.1001/jama.296.2.193

 31. Key TJ, Appleby PN, Reeves GK, Roddam A, Dorgan JF, Longcope C, et al. Body mass index, serum sex hormones, and breast cancer risk in postmenopausal women. J Natl Cancer Inst. (2003) 95:1218–26. doi: 10.1093/jnci/djg022

 32. Stephenson GD, Rose DP. Breast cancer and obesity: an update. Nutr Cancer. (2003) 45:1–16. doi: 10.1207/S15327914NC4501_1

 33. Duong MN, Cleret A, Matera EL, Chettab K, Mathe D, Valsesia-Wittmann S, et al. Adipose cells promote resistance of breast cancer cells to trastuzumab-mediated antibody-dependent cellular cytotoxicity. Breast Cancer Res. (2015) 17:57. doi: 10.1186/s13058-015-0569-0

 34. Morin SO, Poggi M, Alessi MC, Landrier JF, Nunes JA. Modulation of T cell activation in obesity. Antioxid Redox Signal. (2017) 26:489–500. doi: 10.1089/ars.2016.6746

 35. Dalmas E, Clement K, Guerre-Millo M. Defining macrophage phenotype and function in adipose tissue. Trends Immunol. (2011) 32:307–14. doi: 10.1016/j.it.2011.04.008

 36. Nishimura S, Manabe I, Nagasaki M, Eto K, Yamashita H, Ohsugi M, et al. CD8+ effector T cells contribute to macrophage recruitment and adipose tissue inflammation in obesity. Nat Med. (2009) 15:914–20. doi: 10.1038/nm.1964

 37. Osborn O, Olefsky JM. The cellular and signaling networks linking the immune system and metabolism in disease. Nat Med. (2012) 18:363–74. doi: 10.1038/nm.2627

 38. Karkeni E, Marcotorchino J, Tourniaire F, Astier J, Peiretti F, Darmon P, et al. Vitamin D limits chemokine expression in adipocytes and macrophage migration in vitro and in male mice. Endocrinology. (2015) 156:1782–93. doi: 10.1210/en.2014-1647

 39. Kone YF, Gnahoue G, Yapi F. Evaluation of doses-response and combined preventive effects of zinc and vitamin D on liver toxicity induced by carbon tetrachloride in wistar rats. Int J Biochem Biophys. (2017) 5:46–52. doi: 10.13189/ijbb.2017.050202

 40. Wolf E, Utech M, Stehle P, Busing M, Helfrich HP, Stoffel-Wagner B, et al. Oral high-dose vitamin D dissolved in oil raised serum 25-hydroxy-vitamin D to physiological levels in obese patients after sleeve gastrectomy-A double-blind, randomized, and placebo-controlled trial. Obes Surg. (2016) 26:1821–9. doi: 10.1007/s11695-015-2004-0

 41. Fleet JC, Gliniak C, Zhang Z, Xue Y, Smith KB, McCreedy R, et al. Serum metabolite profiles and target tissue gene expression define the effect of cholecalciferol intake on calcium metabolism in rats and mice. J Nutr. (2008) 138:1114–20. doi: 10.1093/jn/138.6.1114

 42. Karkeni E, Bonnet L, Marcotorchino J, Tourniaire F, Astier J, Ye J, et al. Vitamin D limits inflammation-linked microRNA expression in adipocytes in vitro and in vivo: a new mechanism for the regulation of inflammation by vitamin D. Epigenetics. (2018) 13:156–62. doi: 10.1080/15592294.2016.1276681

 43. Butler MO, Friedlander P, Milstein MI, Mooney MM, Metzler G, Murray AP, et al. Establishment of antitumor memory in humans using in vitro-educated CD8+ T cells. Sci Transl Med. (2011) 3:80ra34. doi: 10.1126/scitranslmed.3002207

 44. Melichar B, Studentova H, Kalabova H, Vitaskova D, Cermakova P, Hornychova H, et al. Predictive and prognostic significance of tumor-infiltrating lymphocytes in patients with breast cancer treated with neoadjuvant systemic therapy. Anticancer Res. (2014) 34:1115–25.

 45. Ono M, Tsuda H, Shimizu C, Yamamoto S, Shibata T, Yamamoto H, et al. Tumor-infiltrating lymphocytes are correlated with response to neoadjuvant chemotherapy in triple-negative breast cancer. Breast Cancer Res Treat. (2012) 132:793–805. doi: 10.1007/s10549-011-1554-7

 46. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages C, et al. Type, density, and location of immune cells within human colorectal tumors predict clinical outcome. Science. (2006) 313:1960–4. doi: 10.1126/science.1129139

 47. Ahmadzadeh M, Johnson LA, Heemskerk B, Wunderlich JR, Dudley ME, White DE, et al. Tumor antigen-specific CD8 T cells infiltrating the tumor express high levels of PD-1 and are functionally impaired. Blood. (2009) 114:1537–44. doi: 10.1182/blood-2008-12-195792

 48. Thompson RH, Dong H, Lohse CM, Leibovich BC, Blute ML, Cheville JC, et al. PD-1 is expressed by tumor-infiltrating immune cells and is associated with poor outcome for patients with renal cell carcinoma. Clin Cancer Res. (2007) 13:1757–61. doi: 10.1158/1078-0432.CCR-06-2599

 49. Wu X, Zhang H, Xing Q, Cui J, Li J, Li Y, et al. PD-1(+) CD8(+) T cells are exhausted in tumours and functional in draining lymph nodes of colorectal cancer patients. Br J Cancer. (2014) 111:1391–9. doi: 10.1038/bjc.2014.416

 50. Marcotorchino J, Tourniaire F, Astier J, Karkeni E, Canault M, Amiot MJ, et al. Vitamin D protects against diet-induced obesity by enhancing fatty acid oxidation. J Nutr Biochem. (2014) 25:1077–83. doi: 10.1016/j.jnutbio.2014.05.010

 51. Sergeev IN, Song Q. High vitamin D and calcium intakes reduce diet-induced obesity in mice by increasing adipose tissue apoptosis. Mol Nutr Food Res. (2014) 58:1342–8. doi: 10.1002/mnfr.201300503

 52. Ding C, Wilding JP, Bing C. 1,25-dihydroxyvitamin D3 protects against macrophage-induced activation of NFkappaB and MAPK signalling and chemokine release in human adipocytes. PLoS ONE. (2013) 8:e61707. doi: 10.1371/journal.pone.0061707

 53. Park JM, Park CY, Han SN. High fat diet-Induced obesity alters vitamin D metabolizing enzyme expression in mice. Biofactors. (2015) 41:175–82. doi: 10.1002/biof.1211

 54. Drincic AT, Armas LA, Van Diest EE, Heaney RP. Volumetric dilution, rather than sequestration best explains the low vitamin D status of obesity. Obesity (Silver Spring). (2012) 20:1444–8. doi: 10.1038/oby.2011.404

 55. Dix CF, Barcley JL, Wright ORL. The role of vitamin D in adipogenesis. Nutr Rev. (2018) 76:47–59. doi: 10.1093/nutrit/nux056

 56. Sun X, Morris KL, Zemel MB. Role of calcitriol and cortisol on human adipocyte proliferation and oxidative and inflammatory stress: a microarray study. J Nutrigenet Nutrigenomics. (2008) 1:30–48. doi: 10.1159/000109873

 57. Nimitphong H, Holick MF, Fried SK, Lee MJ. 25-hydroxyvitamin D(3) and 1,25-dihydroxyvitamin D(3) promote the differentiation of human subcutaneous preadipocytes. PLoS ONE. (2012) 7:e52171. doi: 10.1371/journal.pone.0052171

 58. Correale P, Rotundo MS, Botta C, Del Vecchio MT, Tassone P, Tagliaferri P. Tumor infiltration by chemokine receptor 7 (CCR7)(+) T-lymphocytes is a favorable prognostic factor in metastatic colorectal cancer. Oncoimmunology. (2012) 1:531–2. doi: 10.4161/onci.19404

 59. Lanitis E, Dangaj D, Irving M, Coukos G. Mechanisms regulating T-cell infiltration and activity in solid tumors. Ann Oncol. (2017) 28(suppl_12):xii18–32. doi: 10.1093/annonc/mdx238

 60. Rajala MW, Scherer PE. Minireview: the adipocyte–at the crossroads of energy homeostasis, inflammation, and atherosclerosis. Endocrinology. (2003) 144:3765–73. doi: 10.1210/en.2003-0580

 61. Greenberg AS, Obin MS. Obesity and the role of adipose tissue in inflammation and metabolism. Am J Clin Nutr. (2006) 83:461S−5S. doi: 10.1093/ajcn/83.2.461S

 62. Park J, Euhus DM, Scherer PE. Paracrine and endocrine effects of adipose tissue on cancer development and progression. Endocr Rev. (2011) 32:550–70. doi: 10.1210/er.2010-0030

 63. Balistreri CR, Caruso C, Candore G. The role of adipose tissue and adipokines in obesity-related inflammatory diseases. Mediators Inflamm. (2010) 2010:802078. doi: 10.1155/2010/802078

 64. Viola A, Luster AD. Chemokines and their receptors: drug targets in immunity and inflammation. Annu Rev Pharmacol Toxicol. (2008) 48:171–97. doi: 10.1146/annurev.pharmtox.48.121806.154841

 65. Lappe JM, Heaney RP. Why randomized controlled trials of calcium and vitamin D sometimes fail. Dermatoendocrinol. (2012) 4:95–100. doi: 10.4161/derm.19833

 66. Manson JE, Cook NR, Lee IM, Christen W, Bassuk SS, Mora S, et al. Vitamin D supplements and prevention of cancer and cardiovascular disease. N Engl J Med. (2019) 380:33–44. doi: 10.1056/NEJMoa1809944

Conflict of Interest Statement: DO is the cofounder and shareholder of Imcheck Therapeutics.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Karkeni, Morin, Bou Tayeh, Goubard, Josselin, Castellano, Fauriat, Guittard, Olive and Nunès. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-10-01307-g005.gif
+ viamin

o Contol

el






OPS/images/fimmu-10-01307-g006.gif





OPS/images/fimmu-10-01307-g003.gif





OPS/images/fimmu-10-01307-g004.gif
o
{

A

Y
ng ¢ w
i






OPS/images/fimmu-10-01307-g001.gif





OPS/images/fimmu-10-01307-g002.gif





OPS/images/cover.jpg
’ frontiers
in Immunology

Vitamin D Controls Tumor Growth
and CD8+ T Cell Infiltration
in Breast Cancer









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





