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    Breast cancer malignancy is now becoming a global leading cause of cancer related death among females all around the world. The current developments in breast cancer research have wrought to increase the life expectancy in patients in the 21st century but a long way to go to cure this deadly disease. Among the major challenges, the heterogeneity in cancer cells make the disease more complex. Researchers have made a significant advancement in studying the heterogeneous features in breast cancer and multiple subsets of breast cancer are discovered. In the molecular biology studies, breast cancer stem-like cells, driver mutations and changes in tumor microenvironment are investigated as potentially hallmarks for the disease progression. Immunological aspects in breast cancer are considered cutting-edge science in recent discoveries. I am happy to look at this book that has incorporated all current advances in the breast cancer research. I congratulate Drs. Suman and Priya for editing a nice compilation of the different pieces of findings of breast cancer research in this book. I hope this will help to understand the recent advances in breast cancer to the researchers’ particularly new investigators and clinicians.
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    Breast cancer is the most frequent malignancy in women worldwide. It is associated with several risk factors including mutations, inheritance, and environmental factors. The heterogeneity in breast cancer cells shows the complexity of this disease. Despite newer day-to-day developments in cancer research, advanced breast cancer is still challenging to manage. The scientific innovation in breast cancer research has led to an increase in patient's overall survival in the last few decades. For example- the discovery of sensitive screening tools enhanced early-stage detection of breast cancer and further novel treatment regimens improved therapeutic benefits. The current research is also focused on developing new surgical modalities that are minimally invasive, and new radiation modalities with minimal side effects. This book is intended to target a broad audience who has an interest in breast cancer research and therapy. We have incorporated chapters delineating the recent studies on breast cancer with an emphasis on etiology, diagnosis, and therapy. Chapters uncover the new updated information on breast cancer signaling, immune-response, DNA damage, and epigenetic modifications with bioinformatics resources. The book will allow readers to review the data of numerous studies on immunotherapy and gene therapy as well. The latest concept on the use of nanotechnology in breast cancer, has also been reviewed in detail as nanotechnology has opened a paradigm shift in targeted drug delivery in breast cancer. The specific chapter also shows the importance of dietary polyphenol and its role in breast cancer. The application of radiotherapy in breast cancer is also well described, which will be helpful to gain the concept of clinical radiotherapy. In overall, chapters are organized to give the readers a practical and efficient way to familiarize themselves with the newest ongoing research in the field of breast cancer.
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      Abstract




      Breast cancer is a common death-related cancer in women globally. Early and non-metastatic stage breast cancers are curable in 70-80% of the patients, while advanced-stage distant organ metastatic breast cancers are incurable with present treatment options. Although multiple risk factors are associated with breast cancer, among them, genetic predispositions in BRCA1 and BRCA2 genes are the most causative factor for breast cancer malignancy. The initiation and progression of breast cancer is a multi-step process, which can initiate either in ducts or lobules of the breast tissues. As time progresses pre-invasive lesions form of breast neoplasm transforms into atypical ductal hyperplasia (ADH), ductal carcinoma in situ (DCIS)/lobular carcinoma in situ (LCIS), and eventually become invasive carcinoma. The molecular mechanisms behind the initiation and progression of breast cancer are not completely understood. However, epithelial-mesenchymal transition (EMT) is the assurance of malignancy which disrupts endothelial integrity and therefore, it increases the spreading of cancer cells and facilitates metastasis. After the epithelial-mesenchymal transition of tumor cells, tumor cells invade and migrate the neighboring as well as distant tissues, cross the endothelial barrier and enter the blood, and attach to a secondary site, forming metastases. In this chapter, we have reviewed an overview of the molecular mechanisms of breast cancer progression.
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      INTRODUCTION




      Breast cancer is the most common carcinoma and has a high incidence rate amongst all types of women cancer worldwide [1]. Breast cancer is a heterogeneous disease, which can be divided into several subtypes based on histological appearance and the expression of molecular markers.




      In the United States, it is approximated that one in eight women will develop breast cancer in her lifetime. This development of breast cancer is a complex process, which is multistep events from initiation, progression, to metastasis. The mechanistic basis of breast cancer metastasis is the epithelial to mesenchymal transition (EMT) [2].




      Cancer cell migratory nature is defined by EMT and its converse MET (mesenchymal-epithelial transition) process. There are a series of events that happen when cells transform from epithelial to mesenchymal stages, like cell junction loss and acquiring the migrant nature. During the transformation process, the cells lose their “epithelial” characteristics such as cell to cell adhesion, cell junctions, and cells that express vimentin as the key intermediate filament protein. Undoubtedly, EMT is a shorthand that means changes in the cell shape from coherent “epithelial” monolayer to a migratory fibroblastic or “mesenchymal” phenotype.




      The discovery of more driver genes and the complex molecular pathways of breast cancer pave a better understanding of disease progression. Based on the expression profiles of various genes, breast cancer has been categorized into five distinct subtypes: luminal A, luminal B, normal-like, basal-like, and human epithelial growth factor receptor 2 (HER2) types. All these subtypes have different clinical consequences and therapeutic options [3]. The oncogenes strongly influence the changes in malignancy and distant metastasis. Normal breast stromal cells transform into cancer cells by gain-in-function mutations (oncogene). These mutant genes are driver oncogenes that dysregulate apoptotic pathways to become resistance phenotypes. Further constant oncogenic pressure dilutes the effect of existing chemotherapies and thereby leads to poor patient survival. Thus, targeting oncogenic drivers and their downstream signaling molecules are being pursued rationally for breast cancer. For example, luminal or HER2-positive subtypes of breast cancers are getting treated with endocrine therapies or HER2 targeted therapies. In addition, molecular mechanism-based therapies have brought a paradigm shift in recent therapy. Such therapies consist of DNA repair PARP protein inhibitors for BRCA-mutant basal cancer subtype or CDK4/6 inhibitors for advanced ER+ HER2- breast cancers. Several clinical trials are uncovering the potential therapeutic use of immune checkpoint inhibitors as monotherapy or with other target-based therapies for breast cancer. Additionally, the role of different immune cells and molecular markers in the development and metastasis of breast cancer has been explored in past decades which led to the development and use of immunotherapy for breast cancer patients.




      The family history of having breast cancer or if any close relatives, such as a mother, sister, or daughter ever been diagnosed with breast cancer, the probability of having breast cancer rises at an early stage i.e., premenopausal age [4-6]. Despite the advancements in treatment, the five-year survival risks for patients with metastatic breast cancer are still only very low (22%) [7], and breast cancer still directly affects one in every eight U.S. women [8]. Breast cancers can be sub-categorized based on the expression of distinct molecular and histological markers. Infiltrating ductal carcinoma (~85%) and infiltrating lobular carcinoma (~15%) are categorized as the main histological subtypes of invasive breast cancer [6]. Approximately 75% of all Breast cancer patients have molecular signatures that are designated as hormone receptor-positive cancers, expressing either estrogen receptor (ER) or progesterone receptor (PR) at higher than 1%. Because of the receptor's overexpression, these cancers can be targeted by drugs that directly target the receptors like tamoxifen or aromatase inhibitors. Another group of treatable breast cancers includes human epidermal growth factor receptor 2 (HER2) positive (15-20%), which tend to grow faster than HER2 negative breast cancers, but it can be targeted with anti-Her2 therapies such as trastuzumab [6]. While there has been a success in finding drugs that treat and cure early-stage, ER, PR, and HER2 positive breast cancers, there are no approved target-based therapies to date for triple-negative breast cancer (TNBC). The TNBC patients (~15%) do not display high amounts of any of these molecular markers [6]. For this reason, patients with TNBC have a higher likelihood of recurrence and lower five-year survival rates than those diagnosed with other subtypes of breast cancer.


    




    

      TYPES OF BREAST CANCER




      Breast cancers are classified based on their presence in different areas of the breast such as lobules, ducts, or within tissues. However, based on cell origin, breast cancers are broadly categorized as carcinomas and sarcomas. Carcinomas are the type of breast cancer that arises from epithelial components lying between lobules and terminal ducts. Sarcomas are a very rare form of breast cancer (it is less than 1% of total breast cancer) that arises from the stromal constituents of the breast, these include myofibroblasts and blood vessel cells. These categorizations are inadequate because sometimes a single mammary tumor can be a mixture of different cell types [9-11]. Breast cancers generally fall into two subtypes, histological subtypes, and molecular subtypes.




      

        Histological Subtypes




        Most breast cancers are diagnosed with carcinoma. Under carcinomas, many different types of breast cancer are recognized based on invasiveness compared to the primary tumor sites. Breast cancers fall under three major groups based on pathological characteristics and invasive properties which are non-invasive (or in situ), invasive, and metastatic breast cancer types [9-11].


      




      

        Non-invasive (or in situ) Breast Cancer




        DCIS or ductal carcinoma in situ is a type of breast cancer that starts initiating in the milk duct and has not spread to the remaining part of the breast tissue. DCIS is a pre-or non-invasive type of breast cancer that is also well known as intraductal carcinoma. Although DCIS is a non-invasive, it has a high possibility to be invasive cancer, so early, efficient and suitable treatment is necessary for the patients to inhibit invasive cancer development [12-14].


      




      

        Invasive or Infiltrating Breast Cancer




        The term invasive (or infiltrating) breast cancer defines breast cancer cells that spread (invade) into the neighboring breast tissue. Invasive breast cancers are further divided into two categories, invasive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC). Invasive breast cancer has cancer cells that invade and spread outside of the normal breast lobules and ducts. Approximately two-thirds of the women diagnosed with invasive breast cancer are older than 55 years. Invasive breast cancers have the potential to spread to lymph nodes and other body organs from the original site. Invasive ductal carcinoma is the most common type and constitutes about 80% of all breast cancers. IDC is further divided into tubular, medullary, papillary, mucinous, and cribriform carcinoma of the breast. While ILC is the second most common type and accounts for 10-15% of all breast cancers. Although ILC is the most frequent among older women, it can also affect women at an early age [12-14].


      




      

        Metastatic Breast Cancer




        Metastatic breast cancers are advanced, late-stage types of breast cancer that have spread to other body organs like lymph nodes, liver, lung, brain, and bone. About 30% of the women diagnosed with early-stage breast cancer develop metastatic breast cancer. Breast cancer metastasis depends on the unique molecular and cell biology of the tumor and the stage at the time of the initial diagnosis [12-14].


      




      

        Molecular Subtypes




        Classification of breast cancer based on molecular components is more useful than the classification based on histology for the treatment planning and development of newer targeted therapies. There are five molecular subtypes of breast cancer, luminal A, luminal B, triple-negative or basal-like, HER2-enriched, and normal-like Table 1.




        

          Table 1 Molecular subtypes of breast cancers.




          

            

              

                	Molecular Subtypes



                	Receptor Status



                	Characteristics

              


            



            

              

                	Luminal A



                	ER+, PR±, HER2-, Low Ki67



                	~70%, Most common best prognosis

              




              

                	Luminal B



                	ER+, PR±, HER2±, High Ki67



                	10%–20%, Lower survival than Luminal A

              




              

                	Triple-negative/Basal-like



                	ER-, PR-, HER2-



                	15%–20%, More common in black women, Diagnosed at a younger age, Worst prognosis

              




              

                	HER2-enriched



                	ER-, PR-, HER2+



                	5%–15%

              




              

                	Normal-like



                	ER+, PR±, HER2-, Low Ki67



                	Rare, Low proliferation gene cluster expression

              


            

          




        


      




      

        



        Luminal A




        This subtype is slow-growing, low-grade, and has the best prognosis. This subtype is hormone-receptor-positive (ER+ and/or PR+) and HER2 negative. It also expresses low levels of Ki-67 protein, which is associated with cell proliferation [15, 16].


      




      

        Luminal B




        This subtype is slightly fast-growing than the luminal A subtype and has a slightly worse prognosis. This subtype is hormone-receptor-positive (ER+ and/or PR+) and they are either HER2 positive or HER2 negative with high Ki67 expression levels [15, 16].


      




      

        Triple-Negative/basal-like




        This subtype is hormone-receptor negative (ER- and/or PR-) and HER2 negative. This subtype is most common in women with BRCA1 gene mutations. Also, this subtype is more common in younger and Afro-American women [15, 16].


      




      

        HER2-enriched




        This subtype is hormone-receptor negative (ER- and/or PR-) and HER2 positive. This subtype grows faster than luminal cancers and has a worse prognosis, but often can be successfully treated with targeted therapy against Her2 protein like Herceptin (trastuzumab), Tykerb (lapatinib), Nerlynx (neratinib), etc. [15, 16].


      




      

        Normal-like




        This subtype is like the luminal A subtype, hormone-receptor-positive (ER+ and/or PR+), HER2 negative, and expresses low levels of Ki67 protein. Although normal-like breast cancer has a good prognosis, its prognosis is slightly worse than luminal A subtype [15, 16].


      


    




    

      CELLULAR AND MOLECULAR BASIS OF BREAST CANCER PROGRESSION




      

        



        Molecular Mechanisms of Breast Cancer




        Breast cancer is the accumulation of diverse malignancies that establish themselves in the mammary glands. As a result of rapid signs of advances in molecular biology, our understanding of breast cancer progression has been extended to cellular, molecular and genomic levels.




        There are several cellular and molecular factors involved in breast cancer progression. Among molecular factors, integrins play a prime role in cancer cell motility and survival and interaction of cells to the extracellular matrix [17]. Matrix metalloproteinases (MMPs) belong to the zinc-dependent endopeptidases family, and they can degrade the extracellular matrix (ECM) and facilitate protein degradation at the invadopodium facing side of the invasive breast cancer cells [18, 19]. In normal epithelial tissues, E-cadherin is a cell-cell effector that plays a prime role in cancer metastasis [20, 21]. Decreased level of E-cadherin in breast cancer affects cell-cell interaction and is associated with metastatic potential. Also the downregulation of such proteins is the reason for the poor prognosis of triple-negative breast cancer patients [22, 23]. In lobular breast carcinoma, there is a loss of invasion-suppressor function due to E-cadherin gene (CDH1) mutation [24].




        Epithelial to mesenchymal transition (EMT) transition is a cellular procedure playing a prime role in cancer advancement and metastasis [25]. Decreased E-cadherin is a crucial indicator of EMT transition. Reducing epithelial markers in epithelial cancer cells promotes the ability of cancer cells to invade, metastasize and release proteases that break down the extracellular matrix (ECM) [26]. Increased N-cadherin and decreased E-cadherin expression of breast cancer cells increase their ability to invade and metastasize [27]. Cancer cells undergoing EMT change their epithelial adherent type of morphology and look like mesenchymal motile cells [28]. Reduction in the epithelial cell markers expression, including E-cadherin, occludin, and cytokeratin initiates the EMT process. An increase in the mesenchymal cell markers expression, including vimentin and N-cadherin has been observed in the EMT process. Some precise transcription factors like SNAIL, SLUG, TWIST, ZEB1, and ZEB2 promote EMT by downregulating E-cadherin expression [29]. EMT transcription factors control some pathways like transforming growth factor-β (TGFβ), Wingless/β-catenin, and the phosphatidylinositol 3' kinase serine/ threonine kinase (PI3K/ AKT) which are associated with poor prognosis of breast cancer.




        TGFβ also has the potential to induce EMT, it has been demonstrated that TGFβ functions as a tumor suppressor as well as a metastatic activator. At the initial stage of tumor progression, TGFβ arrests the tumor growth and induces cell apoptosis [30]. Though tumor suppressor roles of TGFβ are overpowered when the tumor progresses, and cancer cells are exposed to TGFβ. During this stage metastatic potential is enhanced due to the transition of tumor cells from epithelial phenotypes to mesenchymal phenotypes [31]. TGFβ signaling pathway functions are either SMAD-dependent or SMAD-independent pathways. TGFβ ligand binds to type I and type II serine/threonine receptors during the SMAD-dependent signaling pathway. TβRII phosphorylates TβRI and thus phosphorylated TβRI phosphorylates SMAD2 and SMAD3and activates these proteins. In the cytoplasm, SMAD2/3 interacts with SMAD4 forming a complex that is then transported into the nucleus where this complex binds with zinc finger protein (GLI1) and modulates the gene transcription [32]. Curiously, in a mammary epithelial model, SMAD2 and SMAD3 were observed to be upregulated and initiate EMT transition [33]. TGFβ signaling might also get activated independently of the SMAD signaling pathway through the PI3K/AKT pathway which regulates various cellular pathways [34]. PI3K activates AKT, which is a serine/threonine kinase that activates various downstream effectors to control cell proliferation and inhibit apoptosis hence increasing cell survival. mTOR is amongst downstream targets of the PI3K/AKT pathway which induces cell proliferation [34]. Further, AKT/mTOR activation governs glycogen synthase kinase-3β (GSK3β) and nuclear factor-ĸ B (NFĸB). GSK3β modulates many cellular responses such as cell cycle and apoptosis. Activated NFĸB stimulates and increases cell viability, cell proliferation as well as malignant transformation [35]. There is some evidence in support of the upregulated PI3K/AKT/mTOR pathway in breast cancer [36]. Additionally, SMAD-dependent and SMAD-independent pathways regulate transcription factors that are involved in EMT progressions such as TWIST, SNAIL, and SLUG [37].




        Angiogenesis is the process of blood vessel formation, and the process is required for the survival, invasion, and metastasis of growing tumors. Angiogenesis has been widely studied in-depth; those working for anticancer drug discovery have focused on the anti-angiogenesis therapeutic approach [38-40]. Clinical data show that breast cancer is angiogenesis-dependent cancer [41]. Several angiogenesis-inducing factors have been identified. Among angiogenesis factors vascular endothelial growth factor (VEGF) potentially enhances angiogenesis in many types of cancer [42]. VEGF regulates vascular permeability by inducing endothelial cell proliferation which results in new vessel formation. VEGF is associated with relapse-free survival, overall survival, or both as observed in clinical studies [43]. Early-stage breast cancer patients with higher VEGF expression show a higher recurrence rate and death than low-angiogenic tumor patients [44], despite conventional adjuvant therapy treatment. VEGF binds and activates VEGFR1 and VEGFR2 receptors present on endothelial cells and induces endothelial cell motility, vascular permeability, cell survival, and proliferation [45, 46]. Although the role of VEGFR1 in cancer angiogenesis is still under investigation, the effect of this receptor on cancer angiogenesis has been recognized broadly [47-51]. VEGF signaling increases vascular permeab- ility and enables metastasis progression in cancer patients. VEGF not only triggers angiogenesis and increases breast cancer aggressiveness, but it also has many non-angiogenic functions [52]. In breast cancer cells VEGF pathway increases cell survival through AKT and extracellular signal-regulated kinase (ERK) signaling [53]. These key molecular markers help cancer cells to avoid apoptosis [54] and increase migration [44].


      




      

        Cellular Mechanisms of Breast Cancer Progression




        In the breast cancer tissues, some cells promote breast cancer progression, while others are opposed to breast cancer progression. This equilibrium is maintained by various cytokines and other factors secreted by immune cells. The tumor microenvironment (TME) has a tremendous contribution to breast tumor heterogeneity and cancer development, including initiation and progression of metastasis. Several cell populations are present in the tumor microenvironment which include different immune cells, tumor-associated fibroblasts, endothelial precursors, mesenchymal stromal/stem cells (MSC), adipocytes, and mature cells. Further, several other factors including cytokines, chemokines, growth factors, hormones, metabolites, and constituents of the extracellular matrix (ECM) support tumor maturation and make the tumors diverse. Interestingly, when MSC interacts with breast cancer cells, it establishes the probable carcinoma stem cell niche which generates cancer stem cell-like cells (CSCs) or tumor-initiating cells (TICs) [55-60]. The normal breast duct has luminal epithelial cells, which are covered with myoepithelial cells. These myoepithelial cells yield and attach to the basement membrane. The breast microenvironment has various stromal cell types, including fibroblasts, adipocytes, endothelial cells, immune cells, and adipocytes and it is composed of an extracellular matrix (ECM) [61]. Macrophages, myoepithelial and endothelial cells, including various ECM molecules are components of the breast microenvironment and play a prime role in mammary duct morphogenesis [62].




        Breast tumors evolve through a sequential process starting from epithelial cell proliferation and progression to invasive and metastatic carcinomas [63]. During breast cancer progression, tumor-associated stromal cells have altered phenotypes and altered methylation patterns [64]. Fibroblasts support breast cancer invasion by disrupting the myoepithelial cell layer and basement membrane. Sonic hedgehog (HH) and transforming growth factor β (TGFβ) pathways are activated in myoepithelial cells which transform fibroblasts into myofibroblasts to support fibroblasts in breast cancer progression. Normal fibroblast cells produce and remodel the extracellular matrix (ECM) while carcinomas-associated fibroblasts (CAFs) have tumor-promoting roles [65]. CAFs secrete stromal-derived factor 1 (SDF1 /CXCL1), which promotes tumor cell proliferation and induces angiogenesis in a paracrine manner via CXCR4 signaling [66]. There are many hypotheses about the origin of CAFs and the widely accepted hypothesis supports that overproduced signals from neighboring tumor epithelial cells change the native phenotypes of interstitial fibroblasts and transform them into CAFs. Alternatively, bone marrow-derived mesenchymal stem cells are employed to the tumor sites by endocrine stimulation from tumor-derived factors and differentiate the native interstitial fibroblast cells into CAFs. Fibroblast cells synthesize matrix metalloproteinases (MMPs, an endopeptidase family) and degrade extracellular matrix (ECM). MMPs (MMP3 and MMP7) induce the activation of cytokines, chemokines, and various growth factors to increase tumor cell proliferation and promote tumor progression. MMPs also have a role in promoting angiogenesis (MMP1, 2, 9, and 14) [67].


      




      

        Immune Cells and Breast Cancer Progression




        Immune cells are one of the most important cells playing a role in breast cancer progression. However, the mechanisms of communication between immune cells and tumor cells are not well understood. Immune cells are dynamic cells present within tumors. Leukocytes might have a role in the invasiveness of breast cancer [68]. Different immune cells, such as macrophages, B cells, T cells, Cd4+ and CD8+ cytotoxic T cells infiltrate in the tumor parenchyma and tumor stroma. In the tumor microenvironment, immune cells have two different roles which are either pro-tumorigenic or anti-tumorigenic. M1 macrophages (classically activated or anti-tumorigenic), mature dendritic cells, NK cells, B cells, CD8+ T cells, CD4+ and Th1 cells, etc. participate in tumor eradication, however, M2 macrophages (alternatively activated or pro-tumorigenic), myeloid-derived suppressor cells (MDSCs), CD4+ Th2 cells, regulatory B cells, CD4+ Tregs cells, etc. are tumor promoters [69, 70]. Tumor-associated macrophages (TAMs) degrade the extracellular matrix (ECM) and induce tumor invasion. TAMs also promote angiogenesis by EGFR (epidermal growth factor receptor) signaling activation, and secretion of various proteases, and paracrine signaling between tumor cells [71].


      




      

        



        Innate Immunity in Breast Cancer




        

          



          NK Cells




          NK cells are categorized as the components of the innate immune system, however, the role of NK cells in breast cancer is not clearly understood to date. Although some studies have shown that NK cells prevent and inhibit early and late metastatic cancer. NK cells do not acquire any training to fight against specific antigens. They are trained to fight against any unnaturally changed cells and this is accomplished by immunoglobulin-like MHC class I-specific receptors present on NK cell surfaces. These receptors phosphorylate internal inhibitory immunoreceptor tyrosine-based inhibitory motifs on the identification of generally expressed MHC class I on functional host cells. NK cells are the first line of protection in the context of mammalian immunity [72]. If there is any defect in NK cell-mediated cytotoxicity, it affects the initial stages of human tumorigenesis. In breast cancer, various features of host immunity are either altered or compromised, changes in the number and function of NK cells are one of them [73]. The cytokines produced by breast cancer cells can change the nature of healthy NK cells to favor metastases instead of anti-tumor activity. Some reports have shown that breast cancer cells evade NK cells by undergoing dormant stage and downregulating activating receptors [74].


        




        

          Myeloid-derived Suppressor Cells (MDSCs)




          The MDSCs are the distinct population of myeloid origin, which show pro-tumor activating through inhibition of cytotoxic immune cells [75]. These cells function as suppressors of T-cell responses with high arginase 1 activity. High MDSCs are a well-known indicator of poor prognostic markers for various cancers and are involved in the pro-tumorigenic pathway by inhibiting and suppressing anti-tumor responses of the host [75, 76]. Breast cancer patients have a higher number of circulating MDSCs compared to normal matched controls [77]. A higher number of MDSCs have been isolated from breast cancer patients compared to healthy control which results in a poor prognosis of breast cancer. When these cells are cultured in vitro with T cells, these cells inhibit the lymphocyte population significantly in comparison to MDSCs isolated from normal healthy controls [77]. Early-stage breast cancer patients with high neutrophil counts (a type of MDSCs) have a higher neutrophil to lymphocyte ratio and there is more chance of cancer relapse in these patients [78].


        




        

          Macrophages




          Macrophages play a very important physiological role in the development and function of various tissues like the brain and mammary gland. In the tumor microenvironment, macrophages are abundantly distributed inflammatory cells. Macrophages can account for up to 50 percent of the mass of breast tumors [79]. Macrophages are recruited through the expression of local chemo-attractants like colony-stimulating factor 1 (CSF1) and macrophage chemoattractant protein 1 (MCP1). Overexpression of both these chemo-attractants is correlated with the poor prognosis in various types of tumors. Macrophages are recruited to the tumor site via potent chemo-attractants and their normal functions are changed to promote tumor progression and metastasis.




          MIF (Macrophage migration inhibitory factor) is a chemo-attractant and plays an important role in tumor development. Tumor cells secrete MIF, which activates metalloproteinase production by macrophages and supports tumor cell invasion [80]. Macrophages are broadly divided into anti-tumorigenic (M1) and pro-tumorigenic (M2) macrophages. Macrophages are an integral part of the innate immune system of the body. Macrophages play an important role in the protection from intracellular pathogens and cancer cells [81]. INF-γ activated M1 macrophage secrete proinflammatory cytokines for example interferons and interleukins which promote inflammation. M1 macrophages release IL-12 and IL-23 in high amounts [82]. M1 macrophages show their anti-tumor activity by acting as antigen-presenting cells [83]. They have the potential to kill intracellular pathogens by stimulating the inducible NO synthase (iNOS) gene and producing nitric oxide (NO). In this way, M1 macrophages protect the host from infections and tumor cells [84].




          The M2 macrophages encourage tumor growth and metastasis, and these macrophages are stated as tumor-associated macrophages [85]. As distinct from M1 macrophages, M2 macrophages are stimulated by immune complexes or other cytokines and induce Th2 type responses [85]. Breast cancer also has a hypoxia condition, since they have a low oxygen supply. This low oxygen develops necrotic bed area in the tumor due to a sudden decrease in oxygen supply which results in cell death. Cell death debris in this hypoxic environment inside the tumor influences macrophage function and attracts them [86]. Due to hypoxia transcription factors, HIF-1α and HIF-2α are upregulated in the macrophages. HIF-1α is a hypoxia marker and it makes breast cancer most aggressive and malignant [87]. HIF-2α in TAMs increases tumor vascularity by upregulating the expression of VEGF in breast cancer [88].


        


      




      

        Adaptive Immunity in Breast Cancer




        

          



          T Regulatory Cells (Tregs)




          Tregs are capable of interfering with cell mediated (Th1) and humoral responses (Th2), Treg cells play a vital role in nourishing tolerance against self-antigens and overpowering undesirable immune responses. Treg cells have a very efficient mechanism to encounter the diverse range of self/foreign peptides, the activation of these cells is regulated by higher expression of accessory molecules. In this way, Treg cells provide immune tolerance to the host by suppressing immune response through discrimination between self-and non-self-antigens. Additionally, Treg cells prevent antitumor immunity and stimulate tumor growth [89]. Several subtypes of Treg cells have been identified and characterized as CD8+, and CD4+Treg cells [89]. A transcription factor forkhead box P3 (Foxp3) is expressed by Treg cells, which is the most important Treg cell marker. Many other transcription factors, molecular chaperones, histone proteins, and RNA binding proteins bind directly or indirectly with FoxP3 in response to external stimuli [90]. Tumor cells induce Treg cells to compromise the cytotoxic immune system response to tumor antigens [91]. Treg cells express various proteins, including FOX3, IL-10, and transforming growth factor β (TGF-β) to suppress cytotoxic T cells in growing tumors in mice [92].




          Upon tumor progression, breast cancer cells accumulate Fox3 positive Treg cells, transient depletion of Treg cells in prevailing, immune-suppressive breast tumors induce anti-tumor immunity in primary and metastatic tumors [93]. Many genes expressed by tumor cells are modulated by FOXP3 and it binds to the upstream of the transcription start site of CCR7 and CXCR4 genes. CCR7 and CXCR4 are chemokine receptors that are reported to be involved in cancer invasion and metastasis [94]. FoxP3 is also known to be expressed on breast cancer tumor cells and associated with a poor prognosis. Higher FoxP3 expression was observed in breast tumor tissue compared to normal breast tissue [95]. Cytokine TGF-β is secreted by Treg cells, which induces tumor growth. Antigen-presenting cells like dendritic cells activate Treg cells while it encounters tumor-associated antigen. This can lead to an immune escape, inhibition of effector T cells, and development & progression of tumor [96]. Many studies have shown the direct correlation between VEGF expression and tumor vascularity and malignancy. TGF-β1 secreted by activated Treg cells can induce VEGF expression which can increase tumor vascularity and development [97].


        


      




      

        B-lymphocytes




        B lymphocytes are well-known contributors to generating immune responses against cancer by secreting antigen-specific immunoglobulins. Early neoplastic cells are removed by acutely activated B-cells. B-cell precursors mature in the bone marrow and there is a series of immunoglobulin genes recombination that occurs to provide a varied range of B cell receptors on B-lymphocyte’s surface. Mature B-cells enter into the secondary lymphoid organs like lymph nodes and spleen. While encountering antigens, B-lymphocytes undergo clonal expansion to enhance their capacity to recognize diverse foreign antigens [98]. During breast cancer progression, breast tumor-associated stroma and secondary lymphoid organs have enriched mature B lymphocytes (native and activated B cells). Dividing/mature B-cells are enriched in draining lymph nodes of breast cancer patients compared to healthy control [99]. B-lymphocytes are present inside the breast tumor-associated stroma and play a prominent role in breast cancer. Numerous reports confirmed that infiltrating B-lymphocytes are predominant in all lymphocytes in the premalignant breast tissue and breast hyperplasia [100, 101]. Invasive breast cancers have a higher number of B cells, which account for approximately 60% of the lymphocyte population comprising neoplasia [102].


      




      

        



        T-lymphocytes




        Although B lymphocytes are predominated during early breast carcinogenesis, T-lymphocytes are associated with breast cancer progression [103]. Both CD4+ and CD8+ infiltrating T-lymphocytes are widespread in invasive and higher-grade DCIS breast cancer [104]. Approximately 1% to 45% of the total cellular mass of invasive breast carcinomas comprises infiltrated T-cells [105]. The presence of T-lymphocytes in rapidly proliferating tumors can serve as a great prognostic indicator [106]. Infiltration of a particular T-lymphocytes differs considerably, which is involved in the disease advancement and generally patient survival.




        The high occurrence of CD4+ T-helper cells correlates with disease advancement, metastasis to lymph nodes, and tumor size increase [105]. It is observed that CD4+ T cells mediated cytotoxic-T lymphocyte responses can be involved in either minimizing or eradicating cancer occurrence, although CD8+ T lymphocytes are not more effective. CD8+ T lymphocytes are generally active in primary tumor sites and activated under the stimulation of various cytokines and chemokines that can be matured into Th1 cells or Th2 cells [107]. Active stimulants induce Th1-polarized CD4+ T-helper cells to secrete IFN-γ, TGF-β, TNFα, and IL-2 [108]. Together with the cytotoxic properties of CD8+ T cells, these cytokines speed up the antigen processing by the proteasomal system [109]. These cytokines stimulate MHC class I and class II expression along with antigen displaying cofactors in neoplastic cells. CD4+ Th1 cells secrete IFN-γ and stimulate the activation of macrophage cytotoxic activity by M1 macrophages [110]. In contrast, Th2-polarized CD4+ T lymphocytes release IL-4, IL-5, IL-6, IL-10, and IL-13 and prompt T-cell-derived cytotoxicity loss and promote humoral immunity (B-cell function) [111]. The infiltration of specific subtypes of T lymphocytes differs significantly and may upset disease advancement and overall patient survival. Altogether Th1 responses are favorable toward anti-tumor immunity [112, 113].


      


    




    

      SUMMARY AND FUTURE DIRECTIONS




      Breast cancer is one of the causes of cancer-related mortality in women worldwide. Breast tumor cells hijack the normal, cellular molecular signaling of the cells to achieve tumorigenesis and cell proliferation across the breast tissues. Gradually the mechanisms behind tumorigenesis and cell proliferation become better understood and DNA mutations leading to tumorigenesis are also explored. An in-depth study of the cellular and molecular mechanisms of breast cancer has the potential to lead to efficient treatment regimes.
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