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Obesity rates are climbing, representing a confounding and contributing factor to many disease states, including cancer. With respect to breast cancer, obesity plays a prominent role in the etiology of this disease, with certain subtypes such as triple-negative breast cancer having a strong correlation between obesity and poor outcomes. Therefore, it is critical to examine the obesity-related alterations to the normal stroma and the tumor microenvironment (TME). Adipocytes and adipose stem cells (ASCs) are major components of breast tissue stroma that have essential functions in both physiological and pathological states, including energy storage and metabolic homeostasis, physical support of breast epithelial cells, and directing inflammatory and wound healing responses through secreted factors. However, these processes can become dysregulated in both metabolic disorders, such as obesity and also in the context of breast cancer. Given the well-established obesity-neoplasia axis, it is critical to understand how interactions between different cell types in the tumor microenvironment, including adipocytes and ASCs, govern carcinogenesis, tumorigenesis, and ultimately metastasis. ASCs and adipocytes have multifactorial roles in cancer progression; however, due to the plastic nature of these cells, they also have a role in regenerative medicine, making them promising tools for tissue engineering. At the physiological level, the interactions between obesity and breast cancer have been examined; here, we will delineate the mechanisms that regulate ASCs and adipocytes in these different contexts through interactions between cancer cells, immune cells, and other cell types present in the tumor microenvironment. We will define the current state of understanding of how adipocytes and ASCs contribute to tumor progression through their role in the tumor microenvironment and how this is altered in the context of obesity. We will also introduce recent developments in utilizing adipocytes and ASCs in novel approaches to breast reconstruction and regenerative medicine.
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INTRODUCTION

Between 1999 and 2018, the prevalence of obesity in the United States climbed from 30.5 to 42.3% (Hales et al., 2020). Obesity represents an increasingly common confounding factor to many diseases and conditions, including cancer. Patients with a high body mass index (BMI) have an increased risk of developing many adult cancers (Renehan et al., 2008). Given the prevalence of obesity, it is critical to examine the cellular components of obesity that contribute to these epidemiological trends. Adipocytes, the major cellular component of adipose tissue, and adipose-derived mesenchymal stem cells (ASCs) may be key players. For breast cancer specifically, obesity at diagnosis is associated with higher risk of total mortality and morbidity, as well as worse disease free-survival and overall survival (Lohmann and Goodwin, 2021). Furthermore, increased BMI is associated with more aggressive tumor types and a higher risk of recurrence for breast cancer patients (Zhao et al., 2020). In breast cancer, the proximity of tumors to adipose tissue highlights the need to determine how adipose contributes to the tumor microenvironment.

ASCs and adipocytes are normal components of breast tissue anatomy that provide support through providing energy, hormonal regulation, and cytokines involved in wound healing. In obesity, these cells become altered. Patients with higher BMI have an increased amount of dysfunctional adipocytes leading to gene alteration in the expression profile, inducing inflammation and hypoxia as well as apoptosis. Select patient characteristics have been implicated in variations in ASC expression and ASC contributions to cancer development. Obesity is associated with excessive free fatty acids, cholesterol, triglycerides, hormones such as leptin, interleukins, and chemokines, which all have roles in breast cancer development (Chu et al., 2019).

Interestingly, these cell types may act as a double-edged sword: There is evidence that ASCs, through their interactions with breast cancer cells and immune cells, contribute to tumor progression; however, there have also been promising developments in the use of ASCs in breast reconstruction and tissue engineering. Therefore, it is critical to understand the cell-cell interactions in the tumor microenvironment that contribute to these dual functions. In this review, we will characterize both adipocytes and adipose stem cells’ role in normal physiology and the breast cancer tumor microenvironment, particularly in the context of obesity. Exploring the many roles of ASCs allows for the creation of laboratory models that better address the complexity of the breast cancer tumor microenvironment. Therefore, we will also discuss recent developments in using ASCs in a novel approach to breast reconstruction and in experimental models of breast cancer.



ASCS AND ADIPOCYTES IN BREAST CANCER


Normal Physiology and Obesity-Associated Changes

Adipocytes and ASCs represent significant components of breast tissue stroma with important endocrine signaling functions that contribute to both normal breast physiology and pathological processes such as the development of cancer (Wu et al., 2019). Breast tissue consists of many different specialized cell types, including contractile myoepithelial cells, luminal epithelial cells, and a well-organized stroma consisting of fibroblasts, adipocytes, and adipose stem cells. Complex interactions between epithelial cells and stromal tissue are crucial to establish and maintain normal tissue architecture during development and in physiologic circumstances where breast tissue undergoes remodeling, such as pregnancy and postpartum breast involution (Jindal et al., 2014; Soysal et al., 2015). Because adipocytes and ASCs are prevalent in the breast, we will compare the differential roles of each cell type in the normal breast and breast cancer setting.

Adipocytes constitute the major cellular component of adipose tissue and have important roles in both energy storage and endocrine functions. There are two major types of adipose tissues, each with different characteristics. Brown adipose tissue, characterized by abundant mitochondria, oxidizes lipids during cold-induced thermogenesis, whereas white adipose tissue, the primary type of adipose tissue in the breast, both insulates the body and acts as an energy reservoir through both storage of triglycerides and release of free fatty acids (Church et al., 2012; Hussain et al., 2020). In both tissue types, adipocytes respond to central nervous system signals by secreting peptide hormones and cytokines, collectively known as adipokines, to maintain energy balance and metabolic activity (Choe et al., 2016). Beyond metabolic regulation, the endocrine functions of adipocytes also include the production of estrone and estradiol in peripheral adipose tissues, which are integral to the well-regulated remodeling events that occur in the breast. In this way, adipocytes are essential to the development of the mammary gland during puberty and in the remodeling of breast tissue throughout the lactation cycle and involution (Colleluori et al., 2021).

In the context of obesity, the secretory profile of adipocytes is altered. In breast adipose tissue specifically, mRNA expression of aromatase correlated positively with BMI (Savolainen-Peltonen et al., 2018). Additionally, a survey of adipose depots in pre-menopausal women found that a higher waist circumference is associated with significantly increased estradiol in subcutaneous adipose tissue (Hetemäki et al., 2021). Increased aromatase and estrogen provide requisite ligands for estrogen receptor-positive breast cancer. Furthermore, hypertrophic obese adipocytes exhibit increased expression of pro-inflammatory cytokines, including TNF-alpha, IL-6, and IL-8 (Choe et al., 2016). These pro-inflammatory cytokines are associated with poor survival outcomes in breast cancer.

Adipose stem cells (ASCs) are subsets of mesenchymal stem cells with the multipotent capability to differentiate into many different cell types including osteocytes, chondrocytes, vascular endothelial cells, and adipocytes (Frese et al., 2016). Mesenchymal stem cells (MSCs), also known as mesenchymal stromal cells, are multipotent cells that have been implicated in the wound healing process and are commonly studied in regenerative medicine (Dai et al., 2016). While they were initially described as being present largely in the bone marrow, endogenous MSCs have been found in nearly all tissues (Bakker et al., 2010; Li et al., 2019). Furthermore, they have been found to interact with cells of the immune system during inflammation, proliferation, and tissue remodeling. Upon tissue injury, bone marrow MSCs facilitate the inflammatory process through secretion of cytokines, such as CCL-2, which causes extravasation of monocytes out of the bone marrow and into circulation, whereas activated resident tissue MSCs secrete inflammatory cytokines which attract neutrophils (Brandau et al., 2010; Li et al., 2019). After tissue damage, bone marrow MSCs (BM-MSCs) can also migrate from the bone marrow to a damaged region and differentiate into needed tissues and promote healing through paracrine signaling (Fu et al., 2019). Both exogenous and endogenous MSCs promote proliferation within damaged tissue through secretion of trophic factors (Li et al., 2019). ASCs are the primary type of MSC associated with breast tissue; they share stem cell surface markers, such as CD90, CD105, CD73, CD44, and CD166, with negative expressions of hematopoietic markers CD45 and CD34 (Bourin et al., 2013). Their ability to modulate the immune response has been associated with their regenerative role in damaged tissues (Frese et al., 2016). ASCs and MSCs have been studied extensively in the field of regenerative medicine: BM-MSCs are more popular in research, though the nature of their extraction from the marrow makes them relatively much more difficult to harvest and utilize than ASCs (Frese et al., 2016). ASCs, which are able to be harvested from subcutaneous fat, share not only the differentiation capacity of MSCs, but also their role in wound healing.



Breast Cancer and the Obesity-Cancer Axis

The breast cancer tumor microenvironment is a complex system and shares many components with healthy breast tissue. It is composed of several specialized cell types, including adipocytes, ASCs, immune cells, cancer-associated fibroblasts, neoplastic cells, and the extracellular matrix (ECM) scaffold and stroma. Complex signaling events and interactions between different cell types in the tumor microenvironment contribute to the hallmarks of cancer, providing a supportive environment during the transformation of normal tissues into high-grade malignancies (Hanahan and Weinberg, 2011).

Breast cancer grows in close proximity to adipose tissue, and cancer-associated adipocytes (CAAs) have been found to be a key player in breast cancer progression (Wu et al., 2019; Trivanović et al., 2020). Through their production of adipokines, adipocytes have the ability to regulate breast cancer through multiple mechanisms (Figure 1; Fujisaki et al., 2015). In samples of human breast cancer tissue, adipocytes located proximally to cancer cells were found to express IL-6 and mmp-11 via immunohistochemistry, whereas more distally located adipocytes did not (Dirat et al., 2011). Cytokines play a vital role in pro-inflammation, anti-infection, and other cellular signaling. When adipocytes are co-cultured with breast cancer cells, cytokines are secreted, specifically IL-8, IL-6, IFNγ-inducible protein 10, CCL2, and CCL5. These cytokines, when produced by immature adipocytes, can lead to an increased tumor initiation and metastasis in breast cancer (Picon-Ruiz et al., 2016). IL-6, IL-8, CCL2, and CCL5 have been found to be stimulators of the proliferation, survival, and invasion of breast cancer cells and are linked to an advanced stage of breast cancer (Nicolini et al., 2006; Soria and Ben-Baruch, 2008; Waugh and Wilson, 2008). Beyond the production of adipokines, adipocytes also have the ability to remodel the tumor microenvironment by releasing extracellular matrix proteins and recruiting other neighboring cells, such as macrophages and other immune cells, mimicking the tumor infiltrates (Chu et al., 2019).
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FIGURE 1. Adipocytes and ASCs in the obese tumor microenvironment. Adipocytes and ASCs contribute to the obese tumor microenvironment through increased secretion of cytokines and adipokines, as well as through increased fatty acid buildup.


The tumorigenic effects of adipocytes are further exacerbated by obesity. When adipocytes are dysfunctional, metabolic substrates, adipokines, and cytokines are released, leading to the promotion of proliferation, progression, invasion, and migration of breast cancer cells (Chu et al., 2019). Adipocytes play an important role in maintaining energy balance, so any adipocyte dysfunction will lead to excessive fatty acids, which can then be up-taken into the breast cancer tumors and thus serve as metabolites for tumor development through β-oxidation (Nieman et al., 2013). These fatty acids are the major source of ATP in the tumor (Choe et al., 2016). In addition to an increase of fatty acids, dysfunctional adipose tissue also increases cholesterol, triglycerides, hormones, and adipokines, which are all linked to metabolic dysfunction, insulin resistance, and resistance to cancer treatment. Insulin resistance can provide nutrients for cancer cell invasion, and when adipocytes are in co-culture with fibroblasts, any anti-cancer drug effects can be reduced through adipocytes metabolizing the drug into a less effective secondary product (Chu et al., 2019).

ASCs are a key component in the breast cancer tumor microenvironment and, through their interactions with the immune system and secretion of trophic factors, play integral roles in tumorigenesis, tumor growth, and distal metastasis. ASCs exhibit an immunomodulatory capacity and promote wound healing and regeneration in inflammatory environments (Sabol et al., 2018). However, this may have implications for cancer. One model depicts cancer as a wound that fails to heal while co-opting the wound healing response to promote their own growth (Dvorak, 2015). Interactions with the immune system can have a large effect on tumor development and growth: for example, CD4+CD25+FoxP3+ regulatory T cells that normally protect the host from autoimmune disease can get hijacked by cancers to suppress immune activity (Allen and Jones, 2010). ASCs are implicated in a variety of solid tumors, wherein their abnormal secretion profile has been shown to include tumorigenic factors. This trend continues in the context of breast cancer. ASCs have been found to secrete cytokines and growth factors, including leptin, IL-6, CXCL5, and PDGF (Sabol et al., 2019a). In a murine model of breast cancer, ASCs enhance breast cancer proliferation through secretion of IGF-1 (Fajka-Boja et al., 2020).

ASCs secrete a variety of interleukins, including IL-6, IL-7, IL-8, IL-11, and IL-12 (Zhao et al., 2018). IL-6 is involved in regulation of activation, growth, differentiation of immune cells during inflammatory, and immune responses. Furthermore, IL-6 has been reported to be strongly expressed by ASCs and is a major player in the proliferation, migration, and invasion of some cancer cells. In this context, ASCs have been shown to enhance the migration of ovarian cancer cells through an IL-6-mediated pathway. IL-6 secreted by ASCs activates the JAK2/STAT3 pathway and increases the level of phosphorylated JAK2 and STAT3, but it does not increase the total levels. The IL-6/JAK2/STAT3 pathway has been shown to increase proliferation and migration of ovarian cancer cells, and ovarian cancer patient derived ascites cells (Kim et al., 2017), as well as the migration and invasion of breast cancer cells (Walter et al., 2009).

When ASCs were co-cultured with breast cancer cell lines, there was a robust increase in cancer cell proliferation that was CXCL5-dependent (Zhao et al., 2018). CXCL5 is a chemokine previously linked to the chemotaxis of inflammatory cells. The secretory activity of ASCs considerably increases under hypoxia or tumorigenesis. Additionally, the interaction between tumor cells and adipose tissue can enhance CXCL5 expression. In in vitro studies with breast cells from tumor-free donors, ASCs significantly increased tumor cell numbers when co-cultured with breast cancer cell lines, independently of the presence of estrogen receptors. Analogously, ASC conditioned media has been reported to increase proliferation of breast cancer cells, but at a slower rate than cancer cells co-cultured with ASCs. Moreover, blocking CXCL5 with an anti-CXCL5 antibody was reported to greatly reduce the ability of ASCs to promote proliferation (Zhao et al., 2018).

Programmed cell death protein 4 (PDCD4) is a tumor suppressor gene, typically upregulated during apoptosis. Overexpression of PDCD4 in carcinoid cells has been linked to reduced proliferation of cancer cells (Göke et al., 2004). ASCs exposed to tumors can develop cytogenetic abnormalities and mesenchymal-to-epithelial transition (MET) (Elmageed et al., 2014). Exosomes from tumor cells have also been linked to genomic instability that leads ASCs to undergo oncogenic neoplastic transformations. These changes are associated with downregulation of the tumor suppressors, large tumor suppressor Homolog2 (Lats2), and PDCD4 (Elmageed et al., 2014). Such is the case of ASCs from patients with prostate cancer and of ASCs exposed to prostate cancer cells conditioned media. These altered ASCs were reported to express epithelial markers, such as androgen receptor (AR), prostate-specific antigen (PSA), CK8, and CK5/18, neoplastic features, including tumorigenic markers, such as Ki67, p53, and Ras, and vasculogenic markers, such as Willebrand factor and α-smooth muscle actin, alongside molecular features similar to those of prostate cancer tumor xenografts (Elmageed et al., 2014).

The capacity of ASCs to secrete pro-tumorigenic factors is increased in the context of obesity. ASCs harvested from obese individuals demonstrate increased expression of leptin, IL-1, IL-6, IL-12, PDGF-A, TNF-alpha, leukemia inhibitory factor, intercellular adhesion molecule 1, and granulocyte-colony stimulating factor compared to those harvested from lean individuals (Sabol et al., 2019a). Given the direct effects of obesity and adipose tissue on ASCs that drive aggressive breast cancer phenotypes, it is crucial to perform further studies to identify specific genes and proteins responsible for this phenotypic change. A key protein of interest in this field is leptin, a peptide hormone that is overexpressed in obesity.

Leptin, an adipokine expressed proportionally to fat mass, has a profound effect on prognosis (Abella et al., 2017). Increased leptin and leptin receptor expression is associated with worse prognosis, increased morbidity, mortality, metastasis, and cancer recurrence. This effect is present in many different cancer types, including bladder, lung, breast, prostate, testicular, ovarian, large B-cell lymphoma, mesothelioma, pancreatic, kidney, colorectal, liver, AML, and thyroid cancer (Lin et al., 2018). ASCs harvested from obese individuals (obASCs) generate increased leptin which leads to increased downstream estrogen levels and thus increased proliferation in the case of estrogen receptor-positive (ER+) breast cancer, with the non-estrogen leptin pathway promoting metastasis even in non-ER+ breast cancer (Sabol et al., 2019b). obASCs promote metastasis in triple-negative breast cancer cell lines by upregulating EMT genes and promoting migration in vitro (Sabol et al., 2019b). The pro-metastatic effects of obASCs were dependent upon leptin expression: Leptin KO via shRNA in obASCs abrogated metastatic effects both in vitro and in vivo. Leptin enhances EMT in TNBC through upregulation of Serpine1, Twist1, Snai2, IL-6, PTGS2, CCL5, and CD90 (Sabol et al., 2019b).

Leptin signaling has been shown to have immunomodulatory effects in the context of obesity: Malnutrition is associated with hypoleptinemia and increased susceptibility to infection, whereas obesity leads to hyperleptinemia, which is associated with an increase in autoimmune disorders and inflammation (Francisco et al., 2018). Long-term hyperleptinemia, observed in obesity, is associated with decreased natural killer cell immune activity, possibly due to leptin resistance (Li et al., 2016). Natural killer cells play a vital role in surveilling tissue to eliminate neoplastic growth. In the context of obesity, increased leptin signaling between ASCs and breast cancer cells represents an area where the proliferative and immunomodulatory effects of ASCs contribute to an environment that permits neoplastic growth.

Leptin is both an anorexigenic and pro-inflammatory factor and exists as a link between the neuroendocrine and immune systems. Leptin plays a role in both innate and adaptive immunity: It polarizes T helper cells toward a pro-inflammatory Th1 phenotype, which secretes IFN-γ, rather than the anti-inflammatory Th2 phenotype, which secretes IL-4 (Abella et al., 2017). Leptin has also been found to increase the expression of MMPs, specifically MMP-1, 3, 9, and 13, through the NF-κB, protein kinase C, and MAPK pathways (Abella et al., 2017). Beyond cancer, leptin may play a role in other diseases associated with inflammation: In non-alcoholic fatty liver disease, leptin activates hepatic stellate cells (Ito cells), leading to upregulation of pro-inflammatory and pro-angiogenic effects, acting as an inducer of hepatic fibrogenesis (Francisco et al., 2018). Obese patients with osteoarthritis have more leptin in their synovial fluid compared with lean patients. However, in murine models of osteoarthritis, obese leptin receptor-deficient mice, there was no difference in osteoarthritis rates compared to lean controls, indicating that leptin overexpression, and not necessarily obesity itself, is necessary for osteoarthritis development (Abella et al., 2017).

In the context of the immune system and breast cancer, leptin is hypothesized to induce IL-18 expression both in TAMs (tumor-associated macrophages) and breast cancer cells. Leptin-induced IL-18 expression was regulated via NF-κB/NF-κB1 signaling in TAMs and via PI3K-AKT/ATF-2 signaling in breast cancer cells, which eventually leads to invasion and metastasis in the latter. Effects of leptin on induction of NF-κB phosphorylation in TAMs were also significantly attenuated by a pharmacological NF-κB inhibitor, and for breast cancer cells MCF-7, PI3K inhibitor affected the decrease of Akt phosphorylation (Li et al., 2016). Increased IL-18 levels in the serum of cancer patients correlate with malignancy, and IL-18 acts as a crucial factor for cell migration in gastric cancer and melanoma. Through its impact on the immune system, secretion of leptin by ASCs impacts not only neoplastic cells, but also the resident tumor microenvironment.

There is also evidence that obesity contributes to activation of cancer stem cell signaling in breast cancer. Hillers-Ziemer et al. (2020) found that tumors grown within obese mice had increased expression of cancer stem cell-associated genes, such as SOX2 and NOTCH2, compared to those in lean mice. Additionally, Bowers et al. (2018) found that leptin signaling, which is increased in obASCs, contributes to obesity-mediated CSC enrichment. Tumors from obese mice had higher expression of cancer stem cell-associated genes, such as FOXC2 and TWIST2, while higher levels of the leptin expression found in the surrounding obese mammary fat pads. Furthermore, Bowers et al. found that breast cancer cell lines transfected with an shRNA-based knockdown of the leptin receptor had significant reduction in expression of cancer stem cell markers. As cancer stem cells play a critical role in chemoresistance and metastasis, these data may represent a mechanism by which obese-derived adipose stem cells mediate the cellular events responsible for increased mortality in obese breast cancer patients. However, additional research needs to be done to further establish the relationship between obASCs’ effect on cancer stem cells and increased metastasis in obesity.

Another instance in which obesity contributes to a tumor microenvironment that favors metastasis is through the increased capacity of ASCs from obese patients to differentiate into cancer/carcinoma-associated fibroblasts, or CAFs. CAFs display myofibroblast-like traits; they have been found in higher numbers in invasive tumors and enhance cancer cell proliferation, invasion, and metastasis (Hanahan and Weinberg, 2011; Karagiannis et al., 2012). They can originate from many diverse cell populations, including resident normal fibroblasts and ASCs; these cell types are transformed into CAFs when exposed to tumor derived factors (Strong et al., 2017; Liu et al., 2019). Obesity exacerbates this trend: Following exposure to breast cancer cells, obese ASCs expressed higher levels of CAF markers, including alpha-SMA, NG2, FAP, and FSP, compared to ASCs from lean individuals (Strong et al., 2017). This is another example of how cross talk between breast cancer cells and stromal cells creates a pro-tumor environment: Cancer cells transform stromal cells into CAFs, and CAFs secrete unique cytokines and growth factors, such as CXCL12, VEGF, PDGF, and hepatocyte growth factor (Plaks et al., 2015; De Palma et al., 2017). Co-culture with obese ASCs resulted in breast cancer cells having increased mesenchymal phenotype and proliferative capacity compared to those cultured with lean ASCs, indicating an increased capacity for tumor growth and metastasis. Due to CAFs’ role in supporting tumor growth, it is critical to identify factors that contribute to the development of this population in the tumor microenvironment. Furthermore, there is substantial evidence demonstrating that CAFs are important regulators of the cancer immune response and promote immune evasion of cancer cells (Liu et al., 2019).

Obesity further promotes breast cancer tumorigenic potential by remodeling the extracellular matrix (ECM). Tumor-associated ASCs increase the expression and stiffness of fibronectin via mediation of secreted TGF-B in triple-negative breast cancer (Chandler et al., 2011). Seo et al. found that ASCs isolated from adipose tissue in obese versus lean mice create a stiffer matrix by promoting increased myofibroblast differentiation through mechanotransduction (Seo et al., 2015). This altered matrix contains increased concentrations of aligned collagen-1 and fibronectin fibers and can promote the malignant potential of mammary epithelial cells (Springer et al., 2019). Interstitial fibrosis associated with obesity also contributes to a phenotypic change in macrophages that resembles that of TAMs (Dunne et al., 2014). Bone marrow-derived macrophages cultured on obese versus lean ASC matrix have increased expression of anti-inflammatory macrophage (M2) markers CD206 and arginase-1 (Dunne et al., 2014). Furthermore, transcriptomic data indicate that macrophages from obese versus lean tumor-free human breast adipose have increased expression of genes that are associated with the TAM phenotype (Dunne et al., 2014). These data collectively suggest that obesity-associated ECM can promote tumorigenic potential by recapitulating characteristics of tumor-associated stroma.




ASCS IN NOVEL LABORATORY MODELS OF BREAST CANCER


3D Model Systems

In cancer research, in vitro 2D cell cultures are most commonly used for understanding cellular biology and morphology, as well as in pre-clinical drug trials (Jacoby and Pasten, 1979). However, there are many disadvantages and limitations with 2D cultures, such as no cell-to-extracellular interactions and cell morphology changes (Kapałczyńska et al., 2018). These limitations of 2D culture systems are addressed by 3D culture systems, because they more closely mimic the behavior of the cells in their natural environment: the human body. 3D cultures can be advantageous over 2D cultures in that these environmental niches are replicated. Figure 2 summarizes the applications of ASCs in 3D laboratory models of breast cancer. For example, spheroids are 3D spheres made up of multiple layers of cells, a model which mimics the characteristics of a solid tumor mass (Kapałczyńska et al., 2018). This spheroid structure introduces cell-to-cell and cell-to-environment interactions in actual tissues relative to 2D cultures.
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FIGURE 2. Adipose-derived stem cells in translational research models. Adipocytes and ASCs have many applications in 3D laboratory models of breast cancer.


3D cancer models can provide more accurate results for drug responses and identification of biomarkers (Ravi et al., 2017). In addition, since spheroids allow local stroma and ECM interactions, these models have been used to show what drives malignant tumor cells to proliferate, invade, and migrate. Research has shown that tumors commonly grow near adipose tissue, and thus, there is a direct relationship to growth of cancer cells. Adipocyte dysfunction has even more directly been related to breast cancer, regulating cancer cells and increasing tumor progression (Choi et al., 2018). As a result, 3D model systems are favorable in order to study the cancer-to-adipocyte interaction. Human ASCs are commonly used in these 3D spheroids to develop an adipocyte microtissue, creating a native adipose tissue-like ECM (Hoefner et al., 2020). These ASC spheroids have been used in combination with 3D bioprinted constructs to use for a 3D breast cancer-adipose tissue model. Horder et al. demonstrated remodeling of the adipose tissue ECM and tumor cell-induced modulation of the lipid content when co-cultured with breast cancer cells by using a 3D printed tissue construct with MDA-MB-231 cells in combination with ASC spheroids. Results showed an increase in fibronectin, collagen I, and collagen VI expression, demonstrating that 3D model systems more accurately represent the complexity of the cellular and matric cross talk within the tumor-stroma microenvironment (Horder et al., 2021). More recently, these 3D spheroids are used in combination with engineered 3D printed scaffolds using biodegradable materials.



3D Bioprinting and Engineered Scaffolds

Biotechnology and fabrication have recently emerged as a superior approach to creating microphysiological systems in order to study different diseases in the human body, especially cancer. Because human tissues are organized in a complex 3D structure with cellular-ECM cross talk, 3D bioprinting allows for the design of a complex architecture with placement of the cellular components in physiological spatial micro-arrangements (Horder et al., 2021). Many different approaches can be taken to create 3D bioprinted cellular models: Individual cells can be printed in hydrogel-based inks, multicellular aggregates, such as spheroids, and complex engineered 3D constructs that mimic microtissues can be bioprinted (Benmeridja et al., 2020; Levato et al., 2020).

Tissue-engineered constructs, which utilizes a biocompatible or biodegradable material to engineer a scaffold, is another novel technique used to recreate the breast mound post-mastectomy. In this technique, the ASCs are seeded on scaffold-based tissue-engineered constructs in which the ASCs will differentiate into adipocytes and form ECM, creating sheets which can be formed into thicker adipose constructs. The design and scaffold material used is important in order to overcome issues related to volume retention and vascularization (Zhang et al., 2009). Scaffolds allow for cells to be cultured in a 3D microenvironment in order to more accurately mimic the native tissue in vivo. There are many factors to consider when designing the scaffold: scaffold pore size (highly porous structure is required for vascular ingrowth and cell differentiation), stiffness, flexibility, biomaterials used, biomechanical properties, and degradation properties of the biomaterial (Stumpf et al., 2020). The advantage of the scaffolds is the biocompatibility and ability to interact with ASCs. One main challenge with these scaffolds is the vascularization of the regenerated tissue. In addition, this method requires long-term maintenance of larger tissue volumes (Petit et al., 2012).

Decellularized extracellular matrix (ECM) is another commonly used technique when designing tissue-engineered scaffolds. These decellularized ECM scaffolds when re-cellularized with the recipient patient’s ASCs (commonly used in cellular therapy due to their capability to differentiate into MSCs and ESCs) can be advantageous for personalized medicine in autologous applications (Gentile et al., 2020). The ECM is also a major component of the tumor microenvironment because it promotes local invasion and drives metastasis. Wishart et al. show that decellularized ECM from tumor-bearing and obese mammary glands drive triple-negative breast cancer (TNBC) cell invasion. By using proteomics, this decellularized ECM scaffold enabled Wishart to identify collagen VI as a driving force behind TNBC invasion via cross talk between NG2-EGFR and MAPK signaling (Wishart et al., 2020). Engineering decellularized ECM scaffolds from different tissues is a valuable method for identifying ECM functions. Dunne et al. show that decellularized human adipose tissue can be used as an in vitro model to recapitulate luminal and HER2+ breast cancer cell growth and drug sensitivity that is seen in vivo. MCF-7, BT474, and SKBR3 cells cultured on decellularized adipose scaffolds exhibited different proliferation, migration, and morphological profiles than cells cultured in 2D conditions (Dunne et al., 2014). Furthermore, these cell lines exhibited either reduced or elevated drug sensitivity to doxorubicin (chemotherapeutic) or lapatinib (an EGFR inhibitor) when on a decellularized adipose scaffold than in 2D culture (Dunne et al., 2014). These data indicate a microenvironment-dependent function of these breast cancer cell lines.



White Adipose Tissue Microphysiological Systems

White adipose tissue (WAT) inflammation has been found to have a positive relationship with breast cancer. Thus, WAT has become increasingly common for use when researching novel targets in breast cancer. Zhao et.al investigated the relationship between breast WAT inflammation, obesity, and breast cancer. Previous studies show that WAT inflammation, defined by the presence of CLS-B, is formed by dying or dead adipocytes surrounded by macrophages. It was found that WAT inflammation usually occurs in overweight and obese breast cancer patients (Iyengar et al., 2016; Zhao et al., 2020). WAT has been used in 3D model systems to study different diseases, such as type 2 diabetes: Membrane mature adipocyte aggregate cultures (MAAC) cultures freshly isolated adipocytes under a permeable small-pored membrane insert in order to facilitate access to nutrients and oxygen (Harms et al., 2019). This method allows for long-term culture of the adipocytes to study long-term effects on WAT. In another 3D microphysiological system, primary WAT is sandwiched between tissue-engineered sheets of adipose-derived stromal cells (ASCs) creating “sandwiched white adipose tissue” (SWAT) which can be used to study long-term studies on WAT physiology and pathology as well as personalized medicines and drug development (Lau et al., 2018). In more recent developments, this system has been used to create a microphysiological system to study breast cancer (BC-MPS) by seeding breast cancer cells on the primary white adipose tissue. This system was found to capture the cross talk between healthy primary human breast mammary breast adipose tissue and breast cancer cells (Brown et al., 2021). WAT has also been used in 3D microfluidic models or organ-on-a-chip devices to study different diseases, such as diabetes or cachexia (Kongsuphol et al., 2019; Rogal et al., 2020).



Microfluidic Chip Systems

Organ-on-a-chip models have recently become a promising alternative to non-human animal models. By adding microfluidics into microphysiological systems, a more physiologically relevant human microenvironment is created because the human tissue is supplied by a vasculature-like microfluidic perfusion (Rogal et al., 2020). For example, Rogal et al. outlines a novel WAT-on-a-chip multilayer device which incorporated chambers specifically for white adipose tissue with different channels for media flow in order to provide nutrients for the WAT. Since WAT is a key contributor to many metabolic diseases, this device provides a model for studying multiple diseases as well as pharmaceutical discovery. These chip systems are an especially effective development for human oncology since the addition of microfluidics mimic the flow of tumor microenvironment at the micrometer scale and are capable of controlling physicochemical properties, such as interstitial pressure, soluble gradient factors, and oxygen tension (Del Piccolo et al., 2021). The tumor microenvironment is incredibly complex, and tumor cells can spread from the primary affected organ to other parts of the body through multiple steps known as the metastatic cascade. A critical step of the metastatic cascade involves tumor cells going through an epithelial-mesenchymal transition (EMT) to become invasive and migratory. The microfluidic organ-on-a-chip systems are beneficial when studying EMT and migration, as they mimic the physicochemical properties of the tumor microenvironment. Ultimately, these 3D microphysiological systems (spheroids, scaffolds, and organ-on-a-chip systems) all provide a system that more closely mimics the human body by using engineered human tissues and creating a physiological microenvironment, and thus are advantageous to breast cancer therapy.




ASC SUITABILITY FOR TISSUE ENGINEERING


Oncological Safety

Adipose-derived stem cells have emerged as key players in developing novel tissue engineering techniques, even more so in the field of breast reconstruction. However, a main concern is the oncological safety of ASC therapies or surgical implantation of the engineered constructs. ASCs have the potential to influence the behavior of breast cancer cells due to secreted adipokines and their effect on the tumor microenvironment (O’Halloran et al., 2017). Furthermore, as mentioned in the above sections, adipokines, which are involved in the promotion of tumor growth, are pro-inflammatory and secreted in an increased amount in obese individuals, which may place obese individuals at a greater risk of cancer recurrence when using ASCs in breast reconstruction. However, while it is clear that ASCs have a role in breast cancer progression, there is no evidence that ASCs have an effect on the growth and progression of distant tumors when used in wound repair (Yarak and Okamoto, 2010). It has been demonstrated in murine models that dermal wound microenvironments can retain ASCs, preventing them from migrating to distant neoplastic foci and causing tumor progression (Altman et al., 2011). This study suggests adipose-derived stem cell therapy for reconstructive surgery is a feasible and safe method in a malignant environment. While this is promising, it is clear that more research is needed to fully resolve questions of safety.



Novel Approaches to Breast Reconstruction: Autologous Fat Grafting

ASC-enhanced fat grafting is a novel alternative to prosthetic implants for breast reconstruction for patients who have undergone a mastectomy. This method utilizes tissue engineering strategies by using ASCs to generate adipose tissue in the breast to reaugment the breast post-mastectomy (O’Halloran et al., 2017; Herly et al., 2018). However, the efficacy of this method is questionable as one study reported an increased rate of local recurrence of up to 10.8%, although this study specifically sampled patients with intraepithelial neoplasia and there are limited published studies that broadly account for breast cancer recurrence statistics after autologous fat grafting (O’Halloran et al., 2017; Herly et al., 2018). However, Stumpf et al. reported after a 5-year follow-up on a total of 320 patients, there was no significant difference in locoregional recurrence rates found between patients who had received immediate AFG (autologous fat grafting) and those who underwent breast-conserving surgery alone (Petit et al., 2012, 2013). This study further supports that immediate AFG reconstruction is an oncologically safe technique for women who have undergone a mastectomy due to breast cancer. There are many factors that still need to be considered for AFG reconstruction in order to prevent localized recurrence: the timing of AFG after surgery, adequate follow-up, use of low-risk vs. high-risk patients, etc. (Wise et al., 2015). However, the biggest challenge with autologous fat grafting is being able to utilize large concentrations of ASCs in order to generate a large amount of adipose tissue (Zhang et al., 2009).




CONCLUSION AND FUTURE DIRECTIONS

In this review, we have delineated adipocytes’ and ASCs’ many physiological and pathological roles, including breast cancer. They are a key component of the breast tumor microenvironment and provide both proliferative cues and drive carcinogenesis, especially in the context of obesity. Future directions into this area of research include using pharmacological or molecular inhibitors of downstream targets of ASCs to test their direct effects on cancer development and progression. We have described adipocytes and ASCs in novel laboratory models of breast cancer. Novel microphysiological systems enable more translational research of complicated cell-to-cell and cell-to-tissue interactions that occur in the human body. These 3D models can range from spheroids, 3D printed scaffolds or constructs, microphysiological systems to organ-on-a-chip systems, which are useful for studying the mechanisms behind cancer invasion and migration with implications for pharmaceutical discovery and targeted cancer therapy. Adipocytes and ASCs are also promising tools in cancer therapeutics and regenerative medicine, due to their plastic nature. Further investigation is required to ensure the safety of ASC use in tissue-engineered constructs and/or autologous grafting.



AUTHOR CONTRIBUTIONS

CB and KH wrote this manuscript with help of MA, MW, and TC. KH and GW created figures. KN and MSA contributed to the final revision of this manuscript. BC-B, BB, and MB contributed financially to the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This project received funding from the National Institutes of Health 1R01CA174785-01A1 (BC-B) and 1R41CA257425-01 (MB). The project was also supported by Award Number TL1TR003106 from the National Center for Advancing Translational Sciences. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Center for Advancing Translational Sciences or the National Institutes of Health.



ACKNOWLEDGMENTS

Figures were created with BioRender.com. We thank Krewe de Pink, an organization of breast cancer survivors, their families, and community members based in New Orleans who are devoted to supporting local breast cancer research. We also thank the patients who donate breast cancer tissue.



REFERENCES

 Abella, V., Scotece, M., Conde, J., Pino, J., Gonzalez-Gay, M. A., Gómez-Reino, J. J., et al. (2017). Leptin in the interplay of inflammation, metabolism and immune system disorders. Nat. Rev. Rheumatol. 13, 100–109. doi: 10.1038/nrrheum.2016.209 

 Allen, M., and Jones, J. L. (2010). Jekyll and Hyde: the role of the microenvironment on the progression of cancer. J. Pathol. 223, 163–177. doi: 10.1002/path.2803 

 Altman, A. M., Prantl, L., Muehlberg, F. L., Song, Y. H., Seidensticker, M., Butler, C. E., et al. (2011). Wound microenvironment sequesters adipose-derived stem cells in a murine model of reconstructive surgery in the setting of concurrent distant malignancy. Plast. Reconstr. Surg. 127, 1467–1477. doi: 10.1097/PRS.0b013e31820a6400 

 Bakker, E., Qattan, M., Mutti, L., Demonacos, C., and Krstic-Demonacos, M. (2010). The role of microenvironment and immunity in drug response in leukemia. Biochim. Biophys. Acta 1863, 414–426. doi: 10.1016/j.bbamcr.2015.08.003 

 Benmeridja, L., De Moor, L., De Maere, E., Vanlauwe, F., Ryx, M., Tytgat, L., et al. (2020). High-throughput fabrication of vascularized adipose microtissues for 3D bioprinting. J. Tissue Eng. Regen. Med. 14, 840–854. doi: 10.1002/term.3051 

 Bourin, P., Bunnell, B. A., Casteilla, L., Dominici, M., Katz, A. J., March, K. L., et al. (2013). Stromal cells from the adipose tissue-derived stromal vascular fraction and culture expanded adipose tissue-derived stromal/stem cells: a joint statement of the International Federation for Adipose Therapeutics and Science (IFATS) and the International Society for Cellular Therapy (ISCT). Cytotherapy 15, 641–648. doi: 10.1016/j.jcyt.2013.02.006 

 Bowers, L. W., Rossi, E. L., McDonell, S. B., Doerstling, S. S., Khatib, S. A., Lineberger, C. G., et al. (2018). Leptin signaling mediates obesity-associated CSC enrichment and EMT in preclinical TNBC models. Mol. Cancer Res. 16, 869–879. doi: 10.1158/1541-7786.MCR-17-0508 

 Brandau, S., Jakob, M., Hemeda, H., Bruderek, K., Janeschik, S., Bootz, F., et al. (2010). Tissue-resident mesenchymal stem cells attract peripheral blood neutrophils and enhance their inflammatory activity in response to microbial challenge. J. Leukoc. Biol. 88, 1005–1015. doi: 10.1189/jlb.0410207 

 Brown, L. M., Hebert, K. L., Gurrala, R. R., Byrne, C. E., Burow, M., Martin, E. C., et al. (2021). Modeling breast cancer in human breast tissue using a microphysiological system. J. Vis. Exp. 170:e62009. doi: 10.3791/62009 

 Chandler, E. M., Saunders, M. P., Yoon, C. J., Gourdon, D., and Fischbach, C. (2011). Adipose progenitor cells increase fibronectin matrix strain and unfolding in breast tumors. Phys. Biol. 8:15008. doi: 10.1088/1478-3975/8/1/015008 

 Choe, S. S., Huh, J. Y., Hwang, I. J., Kim, J. I., and Kim, J. B. (2016). Adipose tissue remodeling: its role in energy metabolism and metabolic disorders. Front. Endocrinol. 7:30. doi: 10.3389/fendo.2016.00030 

 Choi, J., Cha, Y. J., and Koo, J. S. (2018). Adipocyte biology in breast cancer: from silent bystander to active facilitator. Prog. Lipid Res. 69, 11–20. doi: 10.1016/j.plipres.2017.11.002 

 Chu, D. T., Phuong, T., Tien, N., Tran, D. K., Nguyen, T. T., Thanh, V. V., et al. (2019). The effects of adipocytes on the regulation of breast cancer in the tumor microenvironment: an update. Cell 8:857. doi: 10.3390/cells8080857 

 Church, C., Horowitz, M., and Rodeheffer, M. (2012). WAT is a functional adipocyte? Adipocytes 1, 38–45. doi: 10.4161/adip.19132 

 Colleluori, G., Perugini, J., Barbatelli, G., and Cinti, S. (2021). Mammary gland adipocytes in lactation cycle, obesity and breast cancer. Rev. Endocr. Metab. Disord. 22, 241–255. doi: 10.1007/s11154-021-09633-5 

 Dai, R., Wang, Z., Samanipour, R., Koo, K. I., and Kim, K. (2016). Adipose-derived stem cells for tissue engineering and regenerative medicine applications. Stem Cells Int. 2016:6737345. doi: 10.1155/2016/6737345

 De Palma, M., Biziato, D., and Petrova, T. V. (2017). Microenvironmental regulation of tumour angiogenesis. Nat. Rev. Cancer 17, 457–474. doi: 10.1038/nrc.2017.51 

 Del Piccolo, N., Shirure, V. S., Bi, Y., Goedegebuure, S. P., Gholami, S., Hughes, C. C. W., et al. (2021). Tumor-on-chip modeling of organ-specific cancer and metastasis. Adv. Drug Deliv. Rev. 175:113798. doi: 10.1016/j.addr.2021.05.008 

 Dirat, B., Bochet, L., Dabek, M., Daviaud, D., Dauvillier, S., Majed, B., et al. (2011). Cancer-associated adipocytes exhibit an activated phenotype and contribute to breast cancer invasion. Cancer Res. 71, 2455–2465. doi: 10.1158/0008-5472.CAN-10-3323 

 Dunne, L. W., Huang, Z., Meng, W., Fan, X., Zhang, N., Zhang, Q., et al. (2014). Human decellularized adipose tissue scaffold as a model for breast cancer cell growth and drug treatments. Biomaterials 35, 4940–4949. doi: 10.1016/j.biomaterials.2014.03.003 

 Dvorak, H. F. (2015). Tumors: wounds that do not heal--redux. Cancer Immunol. Res. 3, 1–11. doi: 10.1158/2326-6066.CIR-14-0209 

 Elmageed, Z. Y. A., Yang, Y., Thomas, R., Ranjan, M., Mondal, D., Moroz, K., et al. (2014). Neoplastic reprogramming of patient-derived adipose stem cells by prostate cancer cell-associated exosomes. Stem Cells 32, 983–997. doi: 10.1002/stem.1619 

 Fajka-Boja, R., Szebeni, G. J., Hunyadi-Gulyás, É., Puskás, L. G., and Katona, R. L. (2020). Polyploid adipose stem cells shift the balance of IGF1/IGFBP2 to promote the growth of breast cancer. Front. Oncol. 10:157. doi: 10.3389/fonc.2020.00157 

 Francisco, V., Pino, J., Campos-Cabaleiro, V., Ruiz-Fernández, C., Mera, A., Gonzalez-Gay, M. A., et al. (2018). Obesity, fat mass and immune system: role for leptin. Front. Physiol. 9:640. doi: 10.3389/fphys.2018.00640 

 Frese, L., Dijkman, P. E., and Hoerstrup, S. P. (2016). Adipose tissue-derived stem cells in regenerative medicine. Transfus. Med. Hemother. 43, 268–274. doi: 10.1159/000448180 

 Fu, X., Liu, G., Halim, A., Ju, Y., Luo, Q., and Song, A. G. (2019). Mesenchymal stem cell migration and tissue repair. Cell 8:784. doi: 10.3390/cells8080784 

 Fujisaki, K., Fujimoto, H., Sangai, T., Nagashima, T., Sakakibara, M., Shiina, N., et al. (2015). Cancer-mediated adipose reversion promotes cancer cell migration via IL-6 and MCP-1. Breast Cancer Res. Treat. 150, 255–263. doi: 10.1007/s10549-015-3318-2 

 Gentile, P., Sterodimas, A., Pizzicannella, J., Dionisi, L., De Fazio, D., Calabrese, C., et al. (2020). Systematic review: allogenic use of stromal vascular fraction (SVF) and Decellularized extracellular matrices (ECM) as advanced therapy medicinal products (ATMP) in tissue regeneration. Int. J. Mol. Sci. 21:4982. doi: 10.3390/ijms21144982 

 Göke, R., Gregel, C., Göke, A., Arnold, R., Schmidt, H., and Lankat-Buttgereit, B. (2004). Programmed cell death protein 4 (PDCD4) acts as a tumor suppressor in neuroendocrine tumor cells. Ann. N. Y. Acad. Sci. 1014, 220–221. doi: 10.1196/annals.1294.024 

 Hales, C. M., Carroll, M. D., Fryar, C. D., and Ogden, C. L. (2020). Prevalence of obesity and severe obesity among adults: United States, 2017–2018. NCHS Data Brief, no 360.

 Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation. Cell 144, 646–674. doi: 10.1016/j.cell.2011.02.013 

 Harms, M. J., Li, Q., Lee, S., Zhang, C., Kull, B., Hallen, S., et al. (2019). Mature human white adipocytes cultured under membranes maintain identity, function, and can transdifferentiate into brown-like adipocytes. Cell Rep. 27, 213–225.e5. doi: 10.1016/j.celrep.2019.03.026 

 Herly, M., Ørholt, M., Larsen, A., Pipper, C. B., Bredgaard, R., Gramkow, C. S., et al. (2018). Efficacy of breast reconstruction with fat grafting: a systematic review and meta-analysis. J. Plast. Reconstr. Aesthet. Surg. 71, 1740–1750. doi: 10.1016/j.bjps.2018.08.024 

 Hetemäki, N., Mikkola, T. S., Tikkanen, M. J., Wang, F., Hämäläinen, E., Turpeinen, U., et al. (2021). Adipose tissue estrogen production and metabolism in premenopausal women. J. Steroid Biochem. Mol. Biol. 209:105849. doi: 10.1016/j.jsbmb.2021.105849 

 Hillers-Ziemer, L. E., McMahon, R. Q., Hietpas, M., Paderta, G., LeBeau, J., McCready, J., et al. (2020). Obesity promotes cooperation of cancer stem-like cells and macrophages to enhance mammary tumor angiogenesis. Cancers 12:502. doi: 10.3390/cancers12020502 

 Hoefner, C., Muhr, C., Horder, H., Wiesner, M., Wittmann, K., Lukaszyk, D., et al. (2020). Human adipose-derived mesenchymal stromal/stem cell spheroids possess high adipogenic capacity and acquire an adipose tissue-like extracellular matrix pattern. Tissue Eng. Part A 26, 915–926. doi: 10.1089/ten.TEA.2019.0206 

 Horder, H., Guaza, L. M., Grummel, N., Nadernezhad, A., Herbig, J., Ergün, S., et al. (2021). Bioprinting and differentiation of adipose-derived stromal cell spheroids for a 3D breast cancer-adipose tissue model. Cell 10:803. doi: 10.3390/cells10040803 

 Hussain, M. F., Roesler, A., and Kazak, L. (2020). Regulation of adipocyte thermogenesis: mechanisms controlling obesity. FEBS J. 287, 3370–3385. doi: 10.1111/febs.15331 

 Iyengar, N. M., Zhou, X. K., Gucalp, A., Morris, P. G., Howe, L. R., Giri, D. D., et al. (2016). Systemic correlates of white adipose tissue inflammation in early-stage breast cancer. Clin. Cancer Res. 22, 2283–2289. doi: 10.1158/1078-0432.CCR-15-2239 

 Jacoby, W., and Pasten, I. (1979). Methods in enzymology. Cell Culture 58, 375–379.

 Jindal, S., Gao, D., Bell, P., Albrektsen, G., Edgerton, S. M., Ambrosone, C. B., et al. (2014). Postpartum breast involution reveals regression of secretory lobules mediated by tissue-remodeling. Breast Cancer Res. 16:R31. doi: 10.1186/bcr3633 

 Kapałczyńska, M., Kolenda, T., Przybyła, W., Zajączkowska, M., Teresiak, A., Filas, V., et al. (2018). 2D and 3D cell cultures - a comparison of different types of cancer cell cultures. Arch. Med. Sci. 14, 910–919. doi: 10.5114/aoms.2016.63743 

 Karagiannis, G. S., Poutahidis, T., Erdman, S. E., Kirsch, R., Riddell, R. H., and Diamandis, E. P. (2012). Cancer-associated fibroblasts drive the progression of metastasis through both paracrine and mechanical pressure on cancer tissue. Mol. Cancer Res. 10, 1403–1418. doi: 10.1158/1541-7786.MCR-12-0307 

 Kim, B., Kim, H. S., Kim, S., Haegeman, G., Tsang, B. K., Dhanasekaran, D. N., et al. (2017). Adipose stromal cells from visceral and subcutaneous fat facilitate migration of ovarian cancer cells via IL-6/JAK2/STAT3 pathway. Cancer Res. Treat. 49, 338–349. doi: 10.4143/crt.2016.175 

 Kongsuphol, P., Gupta, S., Liu, Y., Bhuvanendran Nair Gourikutty, S., Biswas, S. K., and Ramadan, Q. (2019). In vitro micro-physiological model of the inflamed human adipose tissue for immune-metabolic analysis in type II diabetes. Sci. Rep. 9:4887. doi: 10.1038/s41598-019-41338-3 

 Lau, F. H., Vogel, K., Luckett, J. P., Hunt, M., Meyer, A., Rogers, C. L., et al. (2018). Sandwiched white adipose tissue: a microphysiological system of primary human adipose tissue. Tissue Eng. 24, 135–145. doi: 10.1089/ten.tec.2017.0339 

 Levato, R., Jungst, T., Scheuring, R. G., Blunk, T., Groll, J., and Malda, J. (2020). From shape to function: the next step in bioprinting. Adv. Mater. 32:1906423. doi: 10.1002/adma.201906423 

 Li, P., Gong, Z., Shultz, L. D., and Ren, G. (2019). Mesenchymal stem cells: From regeneration to cancer. Pharmacol. Ther. 200, 42–54. doi: 10.1016/j.pharmthera.2019.04.005 

 Li, K., et al. (2016). Leptin promotes breast cancer cell migration and invasion via IL-18 expression and secretion. Int. J. Oncol. 48, 2479–2487. doi: 10.3892/ijo.2016.3483 

 Lin, T.-C., Huang, K. W., Liu, C. W., Chang, Y. C., Lin, W. M., Yang, T. Y., et al. (2018). Leptin signaling liupaxis specifically associates with clinical prognosis and is multifunctional in regulating cancer progression. Oncotarget 9, 17210–17219. doi: 10.18632/oncotarget.24966 

 Liu, T., Han, C., Wang, S., Fang, P., Ma, Z., Xu, L., et al. (2019). Cancer-associated fibroblasts: an emerging target of anti-cancer immunotherapy. J. Hematol. Oncol. 12:86. doi: 10.1186/s13045-019-0770-1 

 Lohmann, A. E., and Goodwin, P. J. (2021). Obesity and breast cancer: expanding the hypothesis space. J. Natl. Cancer Inst. 113, 107–108. doi: 10.1093/jnci/djaa091 

 Nicolini, A., Carpi, A., and Rossi, G. (2006). Cytokines in breast cancer. Cytokine Growth Factor Rev. 17, 325–337. doi: 10.1016/j.cytogfr.2006.07.002 

 Nieman, K. M., Romero, I. L., Van Houten, B., and Lengyel, E. (2013). Adipose tissue and adipocytes support tumorigenesis and metastasis. Biochim. Biophys. Acta 1831, 1533–1541. doi: 10.1016/j.bbalip.2013.02.010 

 O’Halloran, N., Courtney, D., Kerin, M. J., and Lowery, A. J. (2017). Adipose-derived stem cells in novel approaches to breast reconstruction: their suitability for tissue engineering and oncological safety. Breast Cancer 11:117822341772677. doi: 10.1177/1178223417726777 

 Petit, J., Botteri, E., Lohsiriwat, V., Rotmensz, N., Bertolini, F., Curigliano, G., et al. (2012). Locoregional recurrence risk after lipofilling in breast cancer patients. Ann. Oncol. 23, 582–588. doi: 10.1093/annonc/mdr158 

 Petit, J., Rietjens, M., Botteri, E., Rotmensz, N., Bertolini, F., and Curigliano, G. (2013). Evaluation of fat grafting safety in patients with intra epithelial neoplasia: a matched-cohort study. Ann. Oncol. 24, 1479–1484. doi: 10.1093/annonc/mds660 

 Picon-Ruiz, M., Pan, C., Drews-Elger, K., Jang, K., Besser, A. H., Zhao, D., et al. (2016). Interactions between adipocytes and breast cancer cells stimulate cytokine production and drive Src/Sox2/miR-302b–mediated malignant progression. Cancer Res. 76, 491–504. doi: 10.1158/0008-5472.CAN-15-0927 

 Plaks, V., Kong, N., and Werb, Z. (2015). The cancer stem cell niche: how essential is the niche in regulating stemness of tumor cells? Cell Stem Cell 16, 225–238. doi: 10.1016/j.stem.2015.02.015 

 Ravi, M., Ramesh, A., and Pattabhi, A. (2017). Contributions of 3D cell cultures for cancer research. J. Cell. Physiol. 232, 2679–2697. doi: 10.1002/jcp.25664 

 Renehan, A. G., Tyson, M., Egger, M., Heller, R. F., and Zwahlen, M. (2008). Body-mass index and incidence of cancer: a systematic review and meta-analysis of prospective observational studies. Lancet 371, 569–578. doi: 10.1016/S0140-6736(08)60269-X

 Rogal, J., Binder, C., Kromidas, E., Roosz, J., Probst, C., Schneider, S., et al. (2020). WAT-on-a-chip integrating human mature white adipocytes for mechanistic research and pharmaceutical applications. Sci. Rep. 10:6666. doi: 10.1038/s41598-020-63710-4 

 Sabol, R. A., Bowles, A. C., Côté, A., Wise, R., O’Donnell, B., Matossian, M. D., et al. (2019a). Leptin produced by obesity-altered adipose stem cells promotes metastasis but not tumorigenesis of triple-negative breast cancer in orthotopic xenograft and patient-derived xenograft models. Breast Cancer Res. 21:67. doi: 10.1186/s13058-019-1153-9 

 Sabol, R. A., Bowles, A. C., Côté, A., Wise, R., Pashos, N., and Bunnell, B. A. (2018). Therapeutic potential of adipose stem cells. Adv. Exp. Med. Biol. 1341, 15–25. doi: 10.1007/5584_2018_248 

 Sabol, R. A., Giacomelli, P., Beighley, A., and Bunnell, B. A. (2019b). Adipose stem cells and cancer: concise review. Stem Cells 37, 1261–1266. doi: 10.1002/stem.3050 

 Savolainen-Peltonen, H., Vihma, V., Wang, F., Turpeinen, U., Hämäläinen, E., Haanpää, M., et al. (2018). Estrogen biosynthesis in breast adipose tissue during menstrual cycle in women with and without breast cancer. Gynecol. Endocrinol. 34, 1039–1043. doi: 10.1080/09513590.2018.1474868 

 Seo, B. R., Bhardwaj, P., Choi, S., Gonzalez, J., Andresen Eguiluz, R. C., Wang, K., et al. (2015). Obesity-dependent changes in interstitial ECM mechanics promote breast tumorigenesis. Sci. Transl. Med. 7:301ra130. doi: 10.1126/scitranslmed.3010467 

 Soria, G., and Ben-Baruch, A. (2008). The inflammatory chemokines CCL2 and CCL5 in breast cancer. Cancer Lett. 267, 271–285. doi: 10.1016/j.canlet.2008.03.018 

 Soysal, S. D., Tzankov, A., and Muenst, S. E. (2015). Role of the tumor microenvironment in breast cancer. Pathobiology 82, 142–152. doi: 10.1159/000430499 

 Springer, N. L., Iyengar, N. M., Bareja, R., Verma, A., Jochelson, M. S., Giri, D. D., et al. (2019). Obesity-associated extracellular matrix remodeling promotes a macrophage phenotype similar to tumor-associated macrophages. Am. J. Pathol. 189, 2019–2035. doi: 10.1016/j.ajpath.2019.06.005 

 Strong, A. L., Pei, D. T., Hurst, C. G., Gimble, J. M., Burow, M. E., and Bunnell, B. A. (2017). Obesity enhances the conversion of adipose-derived stromal/stem cells into carcinoma-associated fibroblast leading to cancer cell proliferation and progression to an invasive phenotype. Stem Cells Int. 2017, 1–11. doi: 10.1155/2017/9216502 

 Stumpf, C. C., Zucatto, E., Cavalheiro, J. A. C., de Melo, M. P., Cericato, R., Damin, A. P. S., et al. (2020). Oncologic safety of immediate autologous fat grafting for reconstruction in breast-conserving surgery. Breast Cancer Res. Treat. 180, 301–309. doi: 10.1007/s10549-020-05554-0 

 Trivanović, D., Vignjević Petrinović, S., Okić Djordjević, I., Kukolj, T., Bugarski, D., and Jauković, A. (2020). Adipogenesis in different body depots and tumor development. Front. Cell Dev. Biol. 8:571648. doi: 10.3389/fcell.2020.571648 

 Walter, M., Liang, S., Ghosh, S., Hornsby, P. J., and Li, R. (2009). Interleukin 6 secreted from adipose stromal cells promotes migration and invasion of breast cancer cells. Oncogene 28, 2745–2755. doi: 10.1038/onc.2009.130 

 Waugh, D. J. J., and Wilson, C. (2008). The interleukin-8 pathway in cancer. Clin. Cancer Res. 14, 6735–6741. doi: 10.1158/1078-0432.CCR-07-4843 

 Wise, M. W., Hilaire, H. S., Sadeghi, A., and Dupin, C. (2015). “Autologous breast reconstruction,” in Breast Disease. ed. A. Riker (New York: Springer), 279–304.

 Wishart, A. L., Conner, S. J., Guarin, J. R., Fatherree, J. P., Peng, Y., McGinn, R. A., et al. (2020). Decellularized extracellular matrix scaffolds identify full-length collagen VI as a driver of breast cancer cell invasion in obesity and metastasis. Sci. Adv. 6:eabc3175. doi: 10.1126/sciadv.abc3175 

 Wu, Q., Li, B., Li, Z., Li, J., and Sun, S. (2019). Cancer-associated adipocytes: key players in breast cancer progression. J. Hematol. Oncol. 12:95. doi: 10.1186/s13045-019-0778-6 

 Yarak, S., and Okamoto, O. K. (2010). Human adipose-derived stem cells: current challenges and clinical perspectives. An. Bras. Dermatol. 85, 647–656. doi: 10.1590/S0365-05962010000500008 

 Zhang, Y., Daquinag, A., Traktuev, D. O., Amaya-Manzanares, F., Simmons, P. J., March, K. L., et al. (2009). White adipose tissue cells are recruited by experimental tumors and promote cancer progression in mouse models. Cancer Res. 69, 5259–5266. doi: 10.1158/0008-5472.CAN-08-3444 

 Zhao, Y. X., Sun, Y. L., Ye, J. H., Zhang, Y., Shi, X. B., Wang, J. M., et al. (2020). The relationship Between white adipose tissue inflammation and overweight/obesity in Chinese female breast cancer: a retrospective study. Adv. Ther. 37, 2734–2747. doi: 10.1007/s12325-020-01368-0 

 Zhao, Y., Zhang, X., Zhao, H., Wang, J., and Zhang, Q. (2018). CXCL5 secreted from adipose tissue-derived stem cells promotes cancer cell proliferation. Oncol. Letters 15, 1403–1410. doi: 10.3892/ol.2017.7522 

Conflict of Interest: The 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Brock, Hebert, Artiles, Wright, Cheng, Windsor, Nguyen, Alzoubi, Collins-Burow, Martin, Lau, Bunnell and Burow. 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/xhtml/Nav.xhtml




Contents





		Cover



		A Role for Adipocytes and Adipose Stem Cells in the Breast Tumor Microenvironment and Regenerative Medicine



		Introduction



		ASCs and Adipocytes in Breast Cancer



		Normal Physiology and Obesity-Associated Changes



		Breast Cancer and the Obesity-Cancer Axis









		ASCs in Novel Laboratory Models of Breast Cancer



		3D Model Systems



		3D Bioprinting and Engineered Scaffolds



		White Adipose Tissue Microphysiological Systems



		Microfluidic Chip Systems









		ASC Suitability for Tissue Engineering



		Oncological Safety



		Novel Approaches to Breast Reconstruction: Autologous Fat Grafting









		Conclusion and Future Directions



		Author Contributions



		Funding



		Acknowledgments



		References



















OPS/images/fphys-12-751239-g001.jpg
Obese Breast *

* Macrophage
& Neutrophil
‘& Lymphocyte
> Adipocyte
= Adipose-derived
Stem Cell (ASC)

‘Tumor growth and
development

2 . Release of Cytokines
> -6
- IFNy-inducible protein 10
cct2

ccLs
Release of Adipokines

Leptin
Adiponectin

|

Excess Fatty Acid Build Up

B

Cancer cells take up
fatty acids as
metabolites






OPS/images/fphys-12-751239-g002.jpg
Various 3D Models for
Translational Research

555

Adipose-derived Stem Cells

|
! ! !

Bioprinting BC-MPS Microfluidic
and Chip
Engineered .
Scaffolds : l£ 5! \: ‘
N /
" ASC Cell Sheet JeT—
mimics flow of
5 i fluids in a buman
O Adipocyte ori
« TNBC Cell
Seafold-bused
cell culture

# Macrophage





OPS/images/cover.jpg
? frontiers
in Physiology

A Role for Adipocytes and Adipose
Stem Cells in the Breast Tumor
Microenvironment and Regenerative
Medicine









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Physiology





