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The mammary gland is a heterogeneous organ comprising of immune cells, surrounding adipose stromal cells, vascular cells, mammary epithelial, and cancer stem cells. In response to nutritional stimuli, dynamic interactions amongst these cell populations can be modulated, consequently leading to an alteration of the glandular function, physiology, and ultimately disease pathogenesis. For example, obesity, a chronic over-nutritional condition, is known to disrupt homeostasis within the mammary gland and increase risk of breast cancer development. In contrast, emerging evidence has demonstrated that fasting or caloric restriction can negatively impact mammary tumorigenesis. However, how fasting induces phenotypic and functional population differences in the mammary microenvironment is not well understood. In this review, we will provide a detailed overview on the effect of nutritional conditions (i.e., overnutrition or fasting) on the mammary gland microenvironment and its impact on mammary tumor progression.
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INTRODUCTION
The relationship between nutrition and cancer has been well established with obesity increasing the risk and progression of breast cancer by 20–40% in post-menopausal women (Munsell et al., 2014). As the mammary gland is a heterogeneous organ constituted of white adipose tissue (WAT), nutritional excess conditions can drive interactions between several populations within the WAT, altering mammary gland integrity and function. In particular, obesity-driven WAT remodeling is known to alter secretory immune and fibrotic profiles (Revelo et al., 2014; Ruiz-Ojeda et al., 2019). Due to obesity, adipocyte size increases beyond the physiological range. This induces cellular stress and apoptosis of adipocytes. As a result, pro-inflammatory macrophages infiltrate to surround these apoptotic adipocytes while extracellular matrix (ECM) is deposited, resulting in a constitutive state of fibro-inflammation within the tissue (Castoldi et al., 2015; Verma et al., 2020). Intriguingly, fibro-inflammation is a hallmark of dysfunctional WAT and is associated with increased cancer incidence (Divella et al., 2016). Obesity-induced mammary WAT fibro-inflammation and interactions of various cell populations provide a microenvironment that contributes to the survival of cancerous cells (Quail and Dannenberg, 2019). Consequently, chronic overnutrition conditions can promote tumor initiation, progression, and metastasis (Park et al., 2000; Ramamonjisoa and Ackerstaff, 2017; Quail and Dannenberg, 2019). Thus, modulation of the mammary WAT microenvironment through nutritional alterations could be an innovative intervention for the prevention and treatment of breast cancer.
Over the past few years, fasting regimens have emerged as effective nutritional interventions to aid with weight loss and improve whole-body metabolism (Varady et al., 2008). While caloric restriction (CR) refers to a restriction in caloric intake, intermittent fasting (IF) is characterized by periodic cycles of fasting followed by free eating which can encompass various nutritional regimes and eating strategies (Klempel et al., 2013; Catterson et al., 2018; Kim et al., 2019). For example, time-restricted feeding (TRF) refers to the restriction of energy intake during specific time frames throughout the day (e.g., 16:8 TRF—16-h of fasting with an 8-h of eating window) (Moro et al., 2016). Other forms of IF include fasting days throughout the week (e.g., 2:1 IF—2 days of normal eating followed by 1 day of fasting) (Kim et al., 2017; Kim et al., 2019; Lee et al., 2020). Fasting regimens protect hematopoietic stem cells from chemotherapy-induced immunosuppression (Cheng et al., 2014), restore healthier cardiometabolic profiles (Almeneessier et al., 2018), improve glucose homeostasis and insulin intolerance (Cho et al., 2019), and initiate an anti-inflammatory response (Kim et al., 2017). Interestingly, emerging evidence has demonstrated that fasting can also negatively impact tumorigenesis (Nencioni et al., 2018).
A longer nighttime fast is associated with improved glycemic control (Lee et al., 2020), decreased breast cancer biomarkers such as leptin and insulin-like growth factor 1 (IGF-1) (Marinac et al., 2015a; Marinac et al., 2015b), and overall reduced breast cancer recurrence (Marinac et al., 2016). In one study, mice were subjected to TRF using high-fat diet (HFD) to induce obesity. These obese mice treated with TRF displayed delayed mammary tumor onset, reduced tumor growth, and total tumor weight (Sundaram and Yan, 2018). In addition to the impact fasting has on breast cancer biomarkers and tumor progression, recent literature has highlighted the therapeutic potential of fasting (Buono and Longo, 2018; Nencioni et al., 2018; Zhao et al., 2021). Fasting prior to administration of chemotherapy (Lee et al., 2012), immune checkpoint blockade therapy (Ajona et al., 2020), and radiotherapy (De La Cruz Bonilla et al., 2019) has shown to decrease tumor growth and improve overall survival, indicating that fasting can improve therapeutic effectiveness in various cancer treatments. As such, fasting regimes are emerging as a promising therapy for cancer patients. However, how fasting modulates the tumor microenvironment to improve cancer outcome is not well understood.
As the mammary gland is composed of WAT, WAT contributes many populations that form the tumor microenvironment. WAT is a heterogeneous tissue composed of adipose stromal cells (ASC), various immune cells, vascular cells, and mammary epithelial cells (Verma et al., 2020). Nutritional excess conditions can alter these microenvironmental populations to favor mammary tumor growth. Alterations in ASC regulate adipocyte expansion, inflammation, and ECM formation (Zhang et al., 2019; Verma et al., 2020). Thereby, ASC play a critical role in maintaining tissue integrity (Hillers et al., 2018). Modulation of immune cells can alter their ability to target abnormal cell growth and control immunosuppression (Cheng et al., 2014). On the other hand, vascular cells regulate nutrient and oxygen supply, which are needed for cancer growth (Yang et al., 2018). Together, these populations have the potential to create a pro-tumor microenvironment which enhances cancer stem cell activity and transforms mammary epithelial cells to promote cancer cell growth (Chamberlin et al., 2017). Hence, as WAT dynamically remodels in response to excess nutrition, these microenvironment populations also remodel to form the tumor microenvironment in breast tissue. As such, investigating the impact of fasting on the mammary tumor microenvironment has been of key interest. In this review, we will summarize the impact of obesity and fasting in the mammary WAT microenvironment cell populations including ASCs, immune cells, vascular cells, mammary epithelial and cancer stem cells, with an emphasis on their contributions to tumorigenesis. For the purposes of this review, studies discussed regarding mammary gland in preclinical models are from inguinal WAT.
ADIPOSE STROMAL CELLS AND CANCER ASSOCIATED FIBROBLASTS
Nutritional excess conditions (e.g., obesity) can disrupt the homeostasis of the mammary gland. Pathological obesity is characterized by the expansion of adipocytes through hyperplastic (increase in number) and hypertrophic (increase in size) growth. ASC largely regulate adipocyte expansion. Also known as mesenchymal stem cells or adipocyte precursor cells, ASC are immunomodulatory bipotential stem cells that have the ability to differentiate into adipocytes or fibroblasts (Casteilla et al., 2011). Their adipogenic differentiation and determination is heavily dependent on PPARγ and C/EBPα, two major early key regulators of adipogenesis (Lechner et al., 2013). However, nutritional conditions can impact their differentiation potential. Obese conditions create a chronic-low grade inflammatory state due to the upregulation of pro-inflammatory mediators such as TNFα (Tzanavari et al., 2010). Upregulation of pro-inflammatory TNFα mediates the inhibition and reversal of adipocyte differentiation by suppressing the expression of adipogenic marker PPARγ, resulting in reduced de novo adipogenesis (Karagiannides et al., 2006; Tchkonia et al., 2007). As such, the body stores excess energy through adipocyte hypertrophy. These larger adipocytes exhibit necrotic-like abnormalities and inflammation, contributing to unfavorable fat expansion and insulin resistance (Shao et al., 2018). Furthermore, activation of receptors responsible for immune cytokine signaling such as toll-like receptor 4 exhibit increased ECM deposition and fibrosis (Vila et al., 2014), in part by downregulation of adipogenic marker PPARγ (Wei et al., 2010). Hence, coupled with adipocyte expansion, the microenvironment of obese WAT experiences hypoxia, adipocyte death, dysregulated angiogenesis, ECM deposition, and immune cell infiltration (Verma et al., 2020), overall creating an unhealthy microenvironment. Consequently, this unhealthy microenvironment can inhibit ductal growth, impair mammary gland function, and foster tumor growth (Lin and Li, 2007; Ullah et al., 2017). Thus, healthy WAT expansion is of vast interest to prevent the formation of a pro-tumor microenvironment.
Over recent years, fasting has been shown to be effective against obesity largely due to its effect on the adipocyte population. Obese mice subjected to 16 weeks of an IF regimen consisting of 2 feeding days followed by 1 fasting day exhibited decreased WAT weight as well as adipocyte size, without major alterations in whole-body lean mass (Kim et al., 2017). Tang et al. illustrated that adipogenesis is enhanced in mice subjected to 24-h refeeding after a 72-h fast through an upregulation of differentiation transcription factors promoting adipogenesis such as PPARγ and C/EBPα (Tang et al., 2017). In addition, a hallmark of fasting-induced WAT changes includes beiging or browning, a phenomenon describing adipocytes that acquire brown adipocyte-like characteristics. Subjecting mice to 40% CR, 40% of normal caloric intake, diet for 5 weeks resulted in greater hyperplastic growth, reduced hypertrophy, and multilocular lipids, indicative of WAT browning (Fabbiano et al., 2016). Furthermore, inguinal mammary WAT exhibited increased expression of browning markers such as UCP1, Cidea, PPARγ, and adipose-fatty acid binding protein 4 (Fabp4) (Fabbiano et al., 2016). Similarly, alternate-day fasting for 15 cycles resulted in increased expression of thermogenic browning markers and multilocular lipid accumulation of inguinal WAT. This WAT browning was demonstrated in part due to elevated levels of acetate and lactate (Li et al., 2017). Since WAT browning promotes healthy storage of fat through hyperplastic growth (Fabbiano et al., 2016), IF-induced browning serves as a potential therapy to promote healthy adipogenesis, maintain tissue integrity, and combat the growing obesity epidemic.
While WAT browning has been established as an essential component mediating fasting-induced metabolic benefits, recent evidence has highlighted novel interactions for resident beige adipocytes in mammary tumors. To investigate the influence of UCP1+ beige adipocytes on tumor growth, Singh et al. sorted UCP1+ and UCP1- fractions from xenografted breast cancer tumors. Subcutaneously injecting mammary tumor fraction depleted for UCP1+ adipocytes into nude mice significantly reduced tumor growth, suggesting that beige adipocytes may contribute to breast cancer development (Singh et al., 2016). Additionally, membrane-bound extracellular vesicle exosome interactions between adipocytes and tumor cells have emerged as a potential mechanism to induce WAT browning and lipolysis in the mammary tumor (Zhao et al., 2018; Wu et al., 2019). Co-culturing breast cancer cells and mature adipocytes decreases lipid droplet size, number, triglyceride content, and adipogenic marker PPARγ, while increasing UCP-1 levels and lipolytic activity. Subjecting cancer cells to cultured medium from mature adipocytes increases invasion and downregulation of epithelial marker E-cadherin (Wu et al., 2019), indicating increased aggressiveness. These studies suggest that tumor cells can take advantage of surrounding adipocytes (cancer-associated adipocytes) to induce thermogenesis and lipolysis to amplify their nutrient supply. Often upregulated by lipolysis and obesity is Fabp4. Genetic deletion of Fabp4 eradicated obesity-associated mammary tumor growth and development (Hao et al., 2018), highlighting a potential biomarker to predict obesity-induced aggressiveness. As fasting has been shown to induce WAT browning (Kim et al., 2017), the impact fasting has on preventing or exacerbating cancer-associated adipocytes in the mammary tumor is inconclusive. Since adipocytes within the mammary gland supply lipids to neighboring cells for nutritional functions (Zwick et al., 2018), it is essential to understand whether fasting-induced lipolytic activity could increase energy supply for cancer cells and potentially aggravate progression of mammary tumors.
As adipocytes surrounding the tumor lose lipids, these cells can acquire fibroblast-like features. Thereby, cancer-associated adipocytes can represent an intermediate population with fibroblast features including increased fibronectin, collagen 1, fibroblast-stromal protein (FSP) (Bochet et al., 2013), alpha-smooth actin (αSMA) (Inoue et al., 2016), fibroblast activation protein (FAP) (Kahounova et al., 2018), and vimentin expression (Hsia et al., 2016). Although the origin is unknown, one attractive theory is that mature adipocytes can transform into cancer-associated adipocytes and acquire fibroblast features to become fibroblast-like cells (Bochet et al., 2013). These fibroblast-like ASCs are known as cancer associated fibroblasts (CAF). Activated CAFs can impact tumor microenvironment and modulate cancer metastasis through ECM remodeling, angiogenesis, and growth factor secretion (Sahai et al., 2020). Isolating circulating ASCs from obese donors and subjecting them to breast cancer MCF-7 cells in vitro demonstrated decreased adipogenic differentiation potential and increased expression of fibrotic markers such as αSMA, FAP, and FSP (Strong et al., 2017). Furthermore, examination of ASC isolated from diet-induced obese mice mammary gland WAT revealed decreased differentiation and upregulation of activated fibroblasts marker, αSMA. Co-inoculating obese mice ASCs and mammary tumor cells into lean mice resulted in larger tumor growth, enhanced proliferation, and increased invasion (Hillers et al., 2018). In addition, an independent study demonstrated that in lung cancer, CAFs promote epithelial-to-mesenchymal transition and enhance the metastatic potential of cancer cells through an IL-6 mediated pathway. Administering IL-6 neutralizing antibody abolished the effects of CAF-induced cell migration, possibly leading to reduced metastasis (Wang et al., 2017). These findings suggest that HFD-induced obesity can reduce adipogenic differentiation of ASCs while augmenting ASC conversion to CAF (Hillers et al., 2018).
A study by Wu et al. demonstrated that mature adipocytes expressing programmed death-ligand 1 (PD-L1) inhibit activation of anti-tumor CD8+ T cells when administered anti-PD-L1 antibody in vitro. While depletion of PD-L1 expression on mature adipocytes promotes CD8+ T cell activation, ASC specific PD-L1 expression inactivates cytotoxicity of CD8+ T cell, suggesting context dependent immune modulatory function of PD-L1. Pharmacologic inhibition of adipogenesis in mammary tumors reduces PD-L1 expression and enhances anti-tumor efficacy, highlighting a potential role of the ASC population to modulate therapeutic effectiveness by controlling adipogenesis (Wu et al., 2018). Currently, there are no published studies showing the direct impact fasting has on the ASC or CAF population in breast cancer. As fasting is known to decrease IL-6 (Speaker et al., 2016) and is thought to modulate the ASC population to promote healthy adipocyte expansion, understanding how the ASC and CAF populations are modulated in response to fasting is critical to expand our knowledge into fasting-induced microenvironmental changes.
IMMUNE CELLS—MYELOID CELLS
Obesity induces mammary WAT expansion and is coupled with an accumulation of immune cells, specifically macrophages (Kolb and Zhang, 2020; Colleluori et al., 2021). WAT-resident macrophages proliferate while newly recruited monocyte-derived macrophages accumulate. These macrophages can assist with regulating physiological processes and maintaining metabolic function of WAT. In particular, these infiltrated pro-inflammatory adipose-tissue macrophage (ATM) surround necrotic cells to reabsorb lipids forming crown-like structures (CLS). As a highly abundant population, CLS macrophages secrete several pro-inflammatory mediators including TNFα, IL-6, CRP, and MCP-1 (Lumeng et al., 2007; Coats et al., 2017) into the microenvironment, resulting in chronic low-grade inflammation. Since WAT constitutes a major component of the breast tissue microenvironment, this chronic low-grade inflammation is associated with increased breast cancer risk, reduced overall survival, and recurrence-free survival (Pajares et al., 2013; Ecker et al., 2019).
Historically in WAT tissue biology, there are two distinct macrophage population. M1-like CD11c + pro-inflammatory macrophages are induced by pro-inflammatory factors such as interferon gamma (IFN [image: image]), IL-6, IL-1β, and predominantly contribute to the formation of CLS. In comparison, classical CD206+ M2-like macrophages are anti-inflammatory, contributing to tissue repair and production of anti-inflammatory cytokines such as IL-4 and IL-13 (Novak and Koh, 2013). In general, to maintain tissue integrity and homeostasis of WAT, a balance between pro-inflammatory and anti-inflammatory macrophages is required (Lumeng et al., 2007). Intriguingly, as obesity disturbs this balance by favoring M1-like macrophages, IF has been shown to restore balance with M2-like polarization (Zhao et al., 2018). Kim et al. demonstrated that induction of VEGF through a 2:1 feeding-to fasting-regimen of IF induces alternative activation of M2-like macrophages, promoting visceral WAT browning and thermogenesis (Kim et al., 2017). Similarly, 40% CR stimulates browning of mammary inguinal WAT through increased eosinophil infiltration, type 2 cytokine signaling and M2-like macrophage polarization. Suppression of type 2 signaling prevented browning and mammary inguinal WAT loss with CR, highlighting the importance of immune signaling and macrophage polarization for CR benefits (Fabbiano et al., 2016). Since chronic low-grade inflammation and presence of M1-like CLS are associated with increased risk of tumor onset (Carter et al., 2018; Faria et al., 2020), the polarization of M2-like macrophages through IF or CR could contribute to restoring a balance between M1-like and M2-like macrophages in the mammary microenvironment. This subsequently could decrease mammary WAT inflammation and potentially suppress the initiation of mammary tumor formation.
The stage at which IF induces M2-like macrophage polarization and accumulation could alter the benefits of IF on mammary tumorigenesis. Whereas M2-like macrophage accumulation prior to tumor onset can decrease inflammation and thereby suppress tumor onset, accumulation of M2-like macrophages during tumor progression may worsen prognosis. Jeong et al. established an association between M1-like macrophages and higher overall and disease-free survival in tissue microarrays of human invasive breast cancer, suggesting M2-like macrophages accelerate tumor progression (Jeong et al., 2019). Thus, further research is necessary to understand the impact IF-induced M2-like polarization could have during different stages of tumor development. As extremely plastic cells, increasing literature indeed highlights many other macrophage subcategories (Chavez-Galan et al., 2015). In the tumor context, using classical M1-like and M2-like macrophages is insufficient to characterize the tumor-associated macrophage population. Understanding the various roles different tumor-associated macrophage populations play in mammary tumor development and how these populations are altered by IF, could provide novel insight into the shaping of the tumor microenvironment (Narita et al., 2018; Mao et al., 2021).
Though macrophages are the most abundant leukocytes, eosinophils and myeloid derived suppressor cells (MDSC) also exist in the mammary gland. As shown by Fabbino et al., CR stimulates browning of mammary WAT through increased eosinophil infiltration (Fabbiano et al., 2016). Increased serum eosinophils counts are associated with better breast cancer prognosis, response to therapy, and long-term survival (Martens et al., 2016). Notably, a positive association between eosinophilia and disease outcome has been detected widely in metastatic melanoma (Simon et al., 2020) and recently in breast cancer (Onesti et al., 2020). In fact, Zheng et al. demonstrated that immune checkpoint blockade administration of anti-CTLA-4 treatment in MMTV-Polyomavirus Middle T-antigen (MMTV-PyMT) model increased eosinophil infiltration. Pharmacological depletion of eosinophils decreased the anti-tumor effect of CTLA-4, thereby promoting tumor growth (Zheng et al., 2020). As eosinophils counts are predictive for cancer prognosis (Martens et al., 2016) and play at least a partial role in mediating immune checkpoint blockade antibody response in mammary tumors (Zheng et al., 2020), IF-mediated upregulation in eosinophils may contribute to enhancing therapeutic efficacy and consequently improving breast cancer prognosis.
On the other hand, little is known about the direct impact of fasting on the MDSC population in the mammary gland and tumor microenvironment. Under HFD conditions, mammary tumors isolated from obese mice displayed increased tumor progression and enhancement of the MDSC population. Depleting MDSC in obese mice protected against diet-induced metabolic dysfunction and inflammation, which was sufficient to decrease tumor volume, liver metastasis, and improve overall survival. They discovered that HFD induces MDSC′ PD-L1 expression, thereby inactivating CD8+ T cell cytotoxic activity (Clements et al., 2018) and enhancing immunosuppression. However, the direct interaction of fasting on the immunophenotype of MDSC has not been clearly documented.
Intriguingly, metformin, an AMP-activated protein kinase (AMPK) activator, has become an emerging therapy in breast cancer (Goodman et al., 2014). Preclinical AMPK activator, OSU-53, suppresses breast cancer (MDA-MB-231 xenograft) growth by 47–49% (Lee et al., 2011). Importantly, AMPK and its downstream pathways have been shown to be activated by IF or fasting (Kajita et al., 2008; Viscarra et al., 2011). Since obesity-induced chronic low-grade inflammation is known to increase tumor-associated MDSCs, anti-obesity interventions such as IF could modulate the MDSC population (Salminen et al., 2019). In a study by Turbitt et al., mice were subjected to one of three possible treatments including 10%kcal HFD feeding, 60%kcal HFD feeding, or 30%kcal CR feeding for 16 weeks. These dietary regimens produced overweight, obese, and lean mice respectively which were subsequently injected with pancreatic tumor cells. A linear association between greater adiposity and tumor growth was observed, with obese animals bearing the largest tumors. Additionally, overweight/obese tumors contained a lower CD8: MDSC ratio, with an overall greater proportion of MDSC’s and a lower proportion of CD8+ T cell (Turbitt et al., 2019). Though this study was conducted in pancreatic cancer, systemic activation of AMPK through CR could have important implications in modulating the MDSC population in breast cancer.
IMMUNE CELLS—LYMPHOID CELLS
While myeloid populations like tumor-associated macrophages, eosinophils, and MDSCs are predominantly involved in immunosuppression, lymphoid populations inherently aid with alleviating this immunosuppression and participating in tumor-killing cytotoxic activity. In particular, CD8+ T cells play a critical role in modulating the mammary WAT microenvironment in response to obesity and tumorigenesis. MMTV-PyMT mice fed 60% HFD for 14–20 weeks promoted tumor initiation and progression via modulation of CD8+ T cell population (Kado et al., 2019). Obesity induced a phenotypic switch in tumor CD8+ T cells to promote early exhaustion as cells acquire exhaustive immune checkpoint receptor PD-1 (Kado et al., 2019). Consequently, the increase in PD-1+ CD8+ cells by diet-induced obesity resulted in reduced expression of cytotoxic genes such as IFN [image: image] and granzyme B (GzB) (Kado et al., 2019), suggesting that obesity decreases anti-tumor cytotoxic activity by induction of T cell exhaustion. Along with decreased proliferative capacity and activity of CD8+ T cells, an independent study discovered HFD initiates metabolic reprogramming of cancer cell to increase lipid uptake, while starving CD8+ T cells (Ringel et al., 2020). Prolyl-hydroxylase 3 (PHD3) is a protein in normal cells that has been shown to inhibit excessive lipid metabolism. Overexpression of PHD3 in tumor cells enhanced anti-tumor activity by blocking cancer cell metabolic reprogramming, resulting in slower tumor growth (Ringel et al., 2020). As similar metabolic reprogramming was observed in human cancers, this study provided a novel insight into changes in cellular components of the tumor microenvironment in response to diet-induced obesity. Taken together, these studies highlight the immunosuppressive nature of diet-induced obesity on tumor-associated CD8+ T cells.
Intriguingly, Biase et al. revealed a fasting-mimicking diet (FMD), a high-fat and low-carb CR diet, to enhance CD8+ tumor-infiltrating lymphocytes (TIL) in breast cancer (Di Biase et al., 2016). Triple negative breast cancer 4T1 tumor-bearing female mice subjected to 4 days of FMD sensitized tumors to chemotherapeutic doxorubicin and cyclophosphamide treatment as tumor volume was significantly decreased by 3-fold. The combination of FMD and chemotherapy (doxorubicin) significantly increased CD8+ TILs and their cytotoxic enzyme (e.g., GzB) and enhanced tumor cell apoptosis (Di Biase et al., 2016). Conversely, depleting CD8+ TIL’s by neutralizing antibody increases regulatory T cells (Tregs). Subjecting Balb/C nude mice lacking T-lymphocytes to FMD was not effective at reducing tumor size, increasing GzB, or cleaved-caspase-3 levels, highlighting the critical role that TIL play in mediating FMD effects (Di Biase et al., 2016). This study uncovered Heme-Oxygenase 1 downregulation to be essential for FMD-induced increase in CD8+ TIL cytotoxicity. Overall, this study suggests that FMD increases CD8+ TIL cytotoxicity by reducing Heme-Oxygenase 1 expression with associated Treg downregulation (Di Biase et al., 2016). Since HFD was shown to change metabolic programming of cancer cells in the tumor microenvironment and IF is known to decrease several metabolic parameters such as insulin and glucose, future studies should investigate how IF can impact tumor microenvironment metabolic programming. In particular, it would be interesting to see the impact of IF on PHD3. This could provide promising novel targets and IF mimetics that could improve anti-tumor activity and enhance current therapeutics.
Another key lymphoid population that plays an important role in anti-tumor properties is Natural Killer cells (NK). Though an important population in the tumor context, NK cells have not been thoroughly examined for their role in obesity in the mammary gland (Ohmura et al., 2010). Under obese conditions, alterations in resident NK cells have been observed in epididymal fat but not subcutaneous fat (Lee et al., 2016). A subpopulation of NK cells resembling T cells exists and are referred to as NKT cells. With just 4 days of HFD, NKT cells are activated and promote M2-like macrophage polarization in the depot. NKT-deficient CD1d −/− mice subjected to HFD challenge showed impaired metabolic parameters, without polarization of M2-like macrophages (Ji et al., 2012). This suggests that NKT cells play a WAT depot specific role in contributing to obesity-induced WAT remodeling. Additionally, compared to lean counterparts, obese mammary tumor-bearing mice demonstrated decreased ligand NKp46 expression on circulating NK cells and increased activating NK receptor NKG2D ligand MULT1 expression in visceral WAT (Spielmann et al., 2020). As such, this paper alluded that NK cells may be occupied in managing inflamed visceral WAT microenvironments during obese conditions and therefore are unable to kill mammary tumor cells, leading to accelerated tumor growth. Future research into the effect of prolonged HFD feeding on NK/NKT receptor and ligand activity in the mammary gland could provide insight into whether there is a differential role for NK cells in mammary WAT.
In an independent liver study, mice subjected to a 3 days fast increased tumor-necrosis factor-related apoptosis inducing ligand and CD69+ NK cells, without major alterations in resident NK cell number. These NK cells displayed enhanced antitumor function in comparison to the fed group (Dang et al., 2014). Though this study was conducted in the liver, such an effect in a mammary tumor could be instrumental in targeting tumors. As one of the key populations responsible for cytotoxic activity in tumors, understanding how NK cells change under obese conditions in the mammary gland could shed light into on their potential contribution to anti-tumor activity by fasting regimens.
Collectively, fasting regimens can alleviate immunosuppression by potentially increasing eosinophil, CD8+ T cells, and NK cells while decreasing MDSC cells (Figure 1). However, as fasting is a systemic response, it may alter immune populations not only in the mammary gland or tumor, but in circulation as well. Several studies have alluded to variations in cell number, immune cell production, and T cell priming in lymphoid organs upon fasting (Strissel et al., 2010; Shushimita et al., 2014; Buono and Longo, 2019; Nagai et al., 2019; Rangan et al., 2019). Upon 50% CR, CD8+, CD4+ T cells, Tregs, NK, and mature B cells decreased in WAT and spleen, yet CD8+ and CD4+ T cells were increased in bone marrow (Collins et al., 2019). This allows cells to preserve a state of energy conservation and allow for T cell priming by CXCR4-CXCL12 activity on CD4+ memory T cells. As the major function of CD4+ memory T cells is immunosurveillance, memory T cell homing was associated with enhanced protection against infections and tumors (Collins et al., 2019). Similarly, another study revealed prolonged fasting (48-h) significantly deceased white blood cell and hemopoietic stem cell numbers. Refeeding after fasting increased the number and activity of hematopoietic progenitor populations, suggesting that refeeding can rejuvenate immune cells to weaken immunosuppression caused by chemotoxicity in a cancer context (Cheng et al., 2014). In a randomized study of 129 patients, subjecting HER2-negative early breast cancer patients to FMD and chemotherapy reduced disease progression and DNA damage in plasma T-lymphocytes (De Groot et al., 2020), thereby reducing hematological toxicity (De Groot et al., 2015). Altogether, these studies imply that fasting accelerates recovery after chemotoxicity in breast cancer through T cell priming and functioning of the bone marrow. Future research investigating changes in lymphoid populations within lymphoid organs, tumor, and in circulation upon fasting and refeeding could provide insight into how fasting changes the lymphoid immune response.
[image: Figure 1]FIGURE 1 | Schematic depicting immune population changes in mammary tumor microenvironment in response to obesity and fasting conditions.
VASCULAR CELLS
With obesity, several pro-angiogenic factors are secreted from the microenvironment to induce a transient switch to activate angiogenesis. Activation of angiogenesis is critical to ensure a sufficient supply of nutrients and oxygen to cells for healthy expansion. However, a balance between pro-angiogenic and anti-angiogenic factors is necessary to prevent endothelial cell dysfunction (Herold and Kalucka, 2020). Obesity-related expansion of WAT is accompanied by endothelial dysfunction as there is an increase in the pro-angiogenic and pro-inflammatory stimulus. Maintaining an adequate supply while sustaining proper endothelial function is essential to prevent WAT inflammation, fibrosis, and pockets of hypoxia, all of which contribute to unhealthy WAT and are hallmarks for mammary tumorigenesis.
A key pro-angiogenic molecule implicated in mammary gland expansion and tumorigenesis is Vascular Endothelial Growth Factor (VEGF). VEGF is known to regulate vascular permeability, angiogenesis, and the expansion of lymphatic vessels through lymphangiogenesis (Kim et al., 2017). Under basal conditions, overexpression of adipose-specific VEGF triggers angiogenesis and browning of inguinal mammary WAT (Elias et al., 2012; Sun et al., 2012; Sung et al., 2013). Intriguingly, transplanting this overexpressing adipose-VEGF tissue into diet-induced obese mice improved systemic metabolic benefits and reduced inflammation (Park et al., 2017). Notably, 24-h fasting significantly increases inguinal WAT-VEGF expression in overall tissue and adipocytes (Hua et al., 2021). In fact, metabolic benefits of IF such as WAT browning, and M2-like macrophage polarization have been shown to be mediated by adipose-VEGF expression. Whereas adipose-VEGF knockout mice are unable to gain metabolic benefits of IF, periodic expression of adipose-VEGF (i.e., IF-mimicking effect) is sufficient to induce IF metabolic improvements in non-fasted animals (Kim et al., 2017), highlighting the important role VEGF plays in promoting the healthy remodeling of obese WAT.
As upregulation of VEGF promotes healthy expansion of WAT, this same mechanism can promote growth and dissemination of solid tumors such as breast cancer. Unlike the formation of mature vessels under normal and obese conditions, intratumor vessels are irregular, disorganized, and leaky, leading to hypoxia and inefficient delivery of antitumor agents into tumor microenvironment (Yang et al., 2018). In contrast to obese conditions where it is beneficial to upregulate VEGF, in the tumor context VEGF is thought to aid in the proliferation and expansion of tumor. Silencing VEGF expression via small interfering RNA significantly reduced tumor growth and angiogenesis in breast cancer MCF-7 xenografted mice (Chen et al., 2017). As such, combining traditional chemotherapies with anti-VEGF therapies has been extensively investigated in many cancers. However, anti-VEGF therapy such as bevacizumab has largely failed to improve survival in breast cancer patients. In particular, obese breast cancer patients respond poorly to anti-VEGF therapy due to decreased sensitivity in the tumor (Incio et al., 2018). HFD feeding in breast cancer cell E0771 inoculated mice decreased anti-VEGF therapy efficacy from 50 to 28%. These obese tumors experienced hypovascularity, hypoxia, and increased abundance of cancer-associated adipocytes (Incio et al., 2018). Treatment of anti-VEGF therapy-induced cancer cell necrosis in adipocyte-poor regions while adipocyte-rich regions remained viable, attributed to increased pro-inflammatory molecule IL-6. Inhibiting IL-6 and VEGF increased functional vascular density, reduced hypoxia, attenuated infiltration of Tregs, decreased mammary tumor growth, and metastasis (Incio et al., 2018). Furthermore, combining anti-VEGF blockade with inhibition of IL-6 plus chemotherapeutic agent doxorubicin in obese mice delayed tumor progression similar to lean mice on VEGF blockade and doxorubicin. Inhibition of IL-6 did not further delay progression in lean animals, thereby suggesting that obesity promotes resistance to anti-VEGF therapy in breast cancer specifically by IL-6 (Incio et al., 2018). As subcutaneous IL-6 is known to decrease with fasting (Speaker et al., 2016), combining IF with anti-VEGF therapy could have a beneficial impact on tumor growth. Research examining the impact of IF could prove to be a powerful tool for anti-VEGF therapy effectiveness. As anti-VEGF therapy has shown poor clinical results in mitigating breast cancer, this insight is essential to understand the translatability of IF into a clinical setting.
In addition to VEGF, angiopoietin-like 4 (ANGPTL4) has been investigated in implanted E0071 mammary tumors. Knocking out or neutralizing ANGPTL4 in mice decreased obesity-induced angiogenesis and tumor growth (Kolb et al., 2019). As 24-h fasting in humans has been shown to increase mRNA and protein ANGPTL4 in mammary WAT (Ruppert et al., 2020), fasting may accelerate obesity-induced tumor angiogenesis. As a result, this could contribute to cancer cell survival through an ample supply of oxygen and nutrients. However, De Lorenzo et al. investigated the impact of 4T1 cell implantation into the mammary gland of BALB/c mice after 5 weeks of 40% CR. Along with CR decreasing tumor weight, metastasis, cell proliferation, and increasing apoptosis, CR mice also displayed significantly lower intratumor microvessel density than control counterparts. This significant decrease was attributed to decreased total vessel length and circulating serum VEGF levels, suggesting CR decreases tumor angiogenesis (De Lorenzo et al., 2011). Collectively, there is a lack of studies investigating the impact of IF in the tumor microenvironment on pro-angiogenic, anti-angiogenic factors, and overall vascular cells. As lymphangiogenesis is an integral process through which cancer cells metastasize, understanding the impact IF has on the vascular microenvironment will provide insight into cancer cell dissemination into local and distant organs. In-depth analysis of vascular markers and collective population will provide a better understanding of IF’s potential to modulate the breast cancer vascular microenvironment.
MAMMARY EPITHELIAL CELLS AND CANCER STEM CELLS
A predominant population of the mammary gland are mammary epithelial cells. Remodeling of these cells initiates processes that are characteristic to the mammary gland during lactation and puberty (Olson et al., 2010). During these processes, mammary epithelial cells interact closely with neighboring adipocytes (Colleluori et al., 2021). As such, the mammary epithelial population is sensitive to nutritional conditions. Subjecting C57BL/6–60% HFD decreased basal/myoepithelial specific markers while increasing mammary epithelial progenitor activity and estrogen receptor expression, specifically in luminal cells. Interestingly, switching mice fed HFD for 15 weeks to control diet for a further 5 weeks, mimicking a weight loss regimen, reversed the observed epithelial cell changes. These results were recapitulated in human mammary tissue, indicating that obesity can directly alter stem/progenitor epithelial populations (Chamberlin et al., 2017).
To investigate mammary epithelial gland structure alterations in response to obesity, Mustafi et al. subjected 4-week-old spontaneous tumor developing simian virus 40 large T antigen (SV40taG) mice to 60% HFD for 8 weeks. In addition to enhanced tumor progression, ex vivo MRI and histology demonstrated denser parenchyma, irregularly enlarged ducts, dilated blood vessels, increased WAT, and increased tumor invasion (Mustafi et al., 2017), showcasing HFD-induced mammary epithelial dysregulation. Indeed, dissociation of obese mammary tumor into single cells grown in vitro revealed increased proliferation rates and self-renewal capacity in an independent study. Growing these cancer stem cell-enriched populations on collagen-coated migration chambers showed increased invasiveness, increased expression of the mesenchymal marker N-cadherin, and higher cancer stem cell-associated genes Sox2 and Notch Receptor 2 (Hillers-Ziemer et al., 2020). Collectively, these studies suggest amplification of cancer stem cell activity, proliferation, and aggressiveness in response to obesity.
While obese conditions enhance mesenchymal marker expression, CR has importantly been shown to affect epithelial-to-mesenchymal transition in the mammary tumor. As a critical pathway involved in tumor invasion, growth, and metastasis, Dunlap et al. investigated the impact of CR focusing on two characterized cell types in the mammary tumor of transgenic MMTV-WNT-1 mice. Compared to epithelial cells (CD44 high/CD24 high), mesenchymal cells from MMTV-WNT-1(CD44 high/CD24 low) mice were tumor-initiating cells with greater tumorsphere-forming and migration abilities. Obese tumors from mice fed with 60% HFD prior to and after tumor implantation experienced upregulated mesenchymal cells and overall enhanced epithelial-to-mesenchymal transition characterized by markers such as N-cadherin, Fibronectin, transforming growth factor-β (TGFβ), Snail, and Oct4. On the other hand, 30% CR suppressed tumor progression, inhibited epithelial-to-mesenchymal transition and intratumoral adipocyte accumulation, implying that dietary interventions such as CR can modulate epithelial-mesenchymal-transition thereby affecting the progression of mammary tumors (Dunlap et al., 2012).
In addition to the influence nutritional conditions can have on epithelial cells, adipokines regulated by nutritional conditions such as leptin can impact the mammary gland and tumor microenvironment. Increased under obese conditions, leptin is associated with increased breast cancer risk and thereby serves as a potential biomarker for post-menopausal overweight/obese patients (Pan et al., 2018). Upregulation of leptin disrupts epithelial polarity and sensitizes non-cancer cells to proliferative stimuli to expand the stem cell/progenitor population, subsequently initiating early stages of malignancy (Tenvooren et al., 2019). Additionally, leptin promotes expression of epithelial-to-mesenchymal transcription factors, cancer stem cell activity, expression of metastatic TGFβ1 pathway (Mishra et al., 2017; Olea-Flores et al., 2019), in part by activation of inflammasomes (Raut et al., 2019). As leptin is secreted by adipocytes within the breast tissue, leptin can alter the tumor microenvironment. Increased leptin due to obesity explains the increased risk of invasive/metastatic tumors and overall poor survival in obese breast cancer patients. Intriguingly, numerous studies have shown fasting significantly decreases leptin (Trepanowski et al., 2018; Al-Rawi et al., 2020) and increases adiponectin (Varady et al., 2010; Kim et al., 2017). Adipose-secreted cytokine adiponectin decreases breast cancer growth by the accumulation and activation of autophagosomes resulting in autophagic cell death in the mammary tumor (Chung et al., 2017). Currently, there lacks research examining the effect of fasting-related decreases in leptin and increases in adiponectin on mammary epithelial polarization, cancer stem cell activity, autophagy, invasion, and metastasis. This could enhance our knowledge and provide a potential explanation for the delayed onset observed in mammary tumor fasting studies.
DISCUSSION
In this review, we provided a detailed overview on of the effect of nutritional conditions such as obesity and fasting on ASCs, CAFs, immune cells, vascular cells, mammary epithelial, and cancer stem cells, all of which play an important role in the tumor microenvironment (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic summarizing the population changes in mammary tumor microenvironment in response to obesity and fasting conditions.
Studies have highlighted potential mechanisms responsible for modulating the tumor microenvironment in response to fasting. As immune surveillance is a critical component to killing cancer cells, most studies have examined the mechanism through which immune cell activity is modulated to enhance cytotoxicity. Ajona et al. demonstrated that the enhanced anti-tumor activity in response to fasting in combination with immune checkpoint blockade is attributed to decreased IGF-1 and IGF-1R in tumor cells. Subjecting mammary tumor-bearing mice to IGF-1R inhibitor and immune checkpoint blockade was sufficient to mimic the anti-tumor effect of fasting in lung cancer (Ajona et al., 2020). Furthermore, abolishing IGF-1 adequately mimicked prolonged fasting (48-h) and accelerated hematopoietic stem-cell protection and renewal following chemotherapy, thereby relieving immunosuppression (Cheng et al., 2014).
Although a reduction in IGF-1 is thought to be a leading candidate explaining fasting-induced tumor immunogenicity and improved therapeutic response, there are other possible mechanisms. Reduction in stress oxygenase enzyme Heme Oxygenase-1 by FMD increased immunogenicity via cytotoxic CD8+ T cells infiltration in mammary tumors and overall improved response to chemotherapy (Di Biase et al., 2016). On the other hand, FMD or fasting in HER2-negative breast cancer patients resulted in better mitigation of DNA damage in T-lymphocytes (De Groot et al., 2020). As immune cells are a key population responsible for anti-tumor activity, further research examining the mechanism behind fasting-induced immune cell changes are warranted.
Cancer cells and normal cells undergo differential stress resistance responses, and cancer cells are generally more sensitive to nutrient deprivation than normal cells (Raffaghello et al., 2008). Typically tumor cell survival is dependent on initiation of the “Warburg effect,” a phenomenon where the tumor cells experience high glucose uptake with lactate production under hypoxic conditions (Vander Heiden et al., 2009). This promotes ATP production through oxygen-independent pathways with reduced ROS-related DNA damage, contributing to chemoresistance (Zhou et al., 2010; Zhao et al., 2013). Bianchi et al. demonstrated that 48-h fasting promotes an anti-Warburg effect in colon cancer which drives glycolysis and oxidative phosphorylation to generate ROS and subsequent cancer cell apoptosis (Bianchi et al., 2015). This could explain the reported fasting-induced enhanced cancer cell sensitivity to chemotherapy and immunotherapy, which results in improved treatment response.
While the fasting effect has been investigated in the tumor immune cells, the impact fasting has on other cell populations in tumor is unknown. As discussed in this review, there are several potential mechanisms such as fasting-associated VEGF induction (Chen et al., 2017; Kim et al., 2017; Yang et al., 2018), AMPK activation (Kajita et al., 2008; Viscarra et al., 2011; Salminen et al., 2019), and downregulation of adipose-secreted leptin (Weigle et al., 1997; Pan et al., 2018) that can impact these individual populations. Since the tumor microenvironment is quite heterogeneous with various cell types, each population in the breast tissue plays an important role to contribute to disease pathogenesis. It is likely that a single mechanism is not responsible for modulating various cell populations in tumor microenvironment in response to fasting. Therefore, deepening our knowledge about how obesity and fasting can alter ASCs, CAFs, vascular cells, mammary epithelial, and cancer stem cells is essential to not only understand the microenvironmental transformation that undergoes with breast cancer, but also how to prevent it. Furthermore, expanding our understanding of possible mechanisms altering these populations could highlight novel targets that could be explored for cancer treatments.
Though not discussed in this review, a common effect that accompanies cancer progression is cancer cachexia. This occurs when cancer cells secrete factors that induce a hypermetabolic phenotype in adipose tissue and muscle tissue (Vazeille et al., 2017). As cancer patients commonly lose appetite, the hypermetabolic phenotype is often accompanied by inadequate caloric intake. This leads to drastic reductions in both lean and fat mass (Porporato, 2016). In fact, metastatic cancer patients with hypermetabolism associated with cancer cachexia exhibit reduced therapeutic response and survival (Vazeille et al., 2017; Baracos et al., 2018). As IF is known to increase resting energy expenditure and metabolic rate under non-tumorigenic conditions (Liu et al., 2019), it is possible that IF could have further adverse effects in metastatic cancer patients exhibiting cancer cachexia. Hence, studies in the future must closely examine the effect of IF on cancer cachexia.
Over recent years, new technologies have emerged to help provide a comprehensive detailed overview of tumor microenvironment interactions. Single-cell analyses such as high dimensional mass cytometry, known as CyTOF, utilize 40+ cell surface and intracellular markers to phenotypically and functionally characterize populations (Gadalla et al., 2019). Similarly, single-cell RNA or nuclei sequencing provides insight into the transcriptomic changes within each population in the microenvironment (Seow et al., 2020), also highlighting metabolic alterations (Xiao et al., 2019). Most recently, Jackson et al. revealed novel subgroups of breast cancer and associated cellular populations using single-cell analyses, highlighting the potential to use such techniques for targeted patient diagnosis and treatment (Jackson et al., 2020). These techniques have been used to investigate immune checkpoint blockade receptor expression on TIL (Beyrend et al., 2019), as well as to characterize and compare stromal cell heterogeneity between cancers (Qian et al., 2020). Future research utilizing these techniques will provide a unique opportunity to explore the tumor microenvironment in response to nutritional conditions such as obesity and fasting in an efficient and comprehensive manner (Jackson et al., 2020), with potential insight into each population.
Although many clinical studies have investigated the effect of fasting regimens in healthy, obese, and diabetic humans (Heilbronn et al., 2005; Harvie et al., 2011; Varady et al., 2013; Dorff et al., 2016; Gabel et al., 2018; Sutton et al., 2018; Hutchison et al., 2019; Lee et al., 2020; Wilkinson et al., 2020), there are few studies that have investigated the impact of fasting in cancer conditions. A 10-case series report examined the feasibility of fasting prior (48–140 h) and/or following chemotherapy (5–56 h) in cancer patients. Aside from hunger and light-headedness, no major side effects were reported. In fact, 6 patients reported a reduction in fatigue, weakness, and gastrointestinal side effects (Safdie et al., 2009). To further evaluate the quality of life in a randomized control study, Bauersfeld et al. conducted a trial where 34 ovarian and breast cancer patients were randomized to either a 60-h fasting duration (maximum 350 kcal), 36-h prior to chemotherapy and 24-h after chemotherapy, or control diet for the first 3 cycles of chemotherapy or second 3 cycles of chemotherapy. In addition to self-reported improved quality of life, decreased fatigue, and no major changes in weight, a greater benefit was observed with individuals subjected to fasting prior to chemotherapy in the first 3 cycles rather than later 3 cycles (Bauersfeld et al., 2018). Taken together, these studies suggest positive adherence and feasibility to fasting regimens in cancer patients.
In addition to the quality of life, a study of HER2-negative breast cancer patients with stage 2/3 breast cancer were randomized to 48-h fasting (24-h prior to and 24-h after chemotherapy) to evaluate chemotherapy-induced toxicity. Interestingly, erythrocyte and thrombocyte counts 1 week after chemotherapy were significantly greater in the fasted group, indicating reduced hematological toxicity and faster recovery of DNA damage (De Groot et al., 2015). Similarly, in an independent study, 48-h fasting prior to platinum-based chemotherapy or 72-h fasting (48-h prior to and 24-h after chemotherapy) resulted in decreased leukocyte DNA damage and a non-significant trend towards reduced neutropenia (Dorff et al., 2016). These studies are summarized in Table 1. Collectively, these studies suggest that fasting regimens in combination with current therapies are feasible and demonstrate positive benefits with mitigating toxicity.
TABLE 1 | Summary of the outcomes and limitations of all clinical trials discussed in this review examining the effect of fasting on cancer.
[image: Table 1]Currently, there are many clinical trials undergoing to further examine the adherence, feasibility, and effectiveness of fasting in various cancers (Nencioni et al., 2018; U.S. National Library of Medicine, 2021). This research will shed light on whether fasting-associated benefits observed in preclinical models are translated into clinical settings, as well as the potential of fasting as a therapy. As the obesity epidemic increases worldwide, the global cancer burden is also expected to increase (Sung et al., 2021). Since fasting is a tangible, zero-cost, non-toxic, and easily applicable regimen, investigating the potential of fasting in the cancer setting is of significant value as current therapies are insufficient. Overall, this review provided a comprehensive overview of the current literature exploring obesity as well as fasting, with an emphasis on the mammary gland tissue and the development of breast cancer. As breast cancer is the most commonly diagnosed cancer (Sung et al., 2021), understanding how fasting regimens influence the mammary tumor microenvironment will provide insight into the mechanisms behind fasting-induced tumor benefits and can provide novel fasting-mimetics that can be easily translated in clinical settings.
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