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Mast cells are an essential part of the immune system and are best known as important modulators of allergic and anaphylactic immune responses. Upon activation, mast cells release a multitude of inflammatory mediators with various effector functions that can be both protective and damage-inducing. Mast cells can have an anti-inflammatory or pro-inflammatory immunological effect and play important roles in regulating autoimmune diseases including rheumatoid arthritis, type 1 diabetes, and multiple sclerosis. Importantly, chronic inflammation and autoimmunity are linked to the development of specific cancers including pancreatic cancer, prostate cancer, colorectal cancer, and gastric cancer. Inflammatory mediators released from activated mast cells regulate immune responses and promote vascular permeability and the recruitment of immune cells to the site of inflammation. Mast cells are present in increased numbers in tissues affected by autoimmune diseases as well as in tumor microenvironments where they co-localize with T regulatory cells and T effector cells. Mast cells can regulate immune responses by expressing immune checkpoint molecules on their surface, releasing anti-inflammatory cytokines, and promoting vascularization of solid tumor sites. As a result of these immune modulating activities, mast cells have disease-modifying roles in specific autoimmune diseases and cancers. Therefore, determining how to regulate the activities of mast cells in different inflammatory and tumor microenvironments may be critical to discovering potential therapeutic targets to treat autoimmune diseases and cancer.

Keywords: mast cell, autoimmunity, cancer, rheumatoid arthritis, multiple sclerosis, type 1 diabetes


INTRODUCTION

Mast cells were discovered by Paul Ehrlich in 1878 but are estimated to have first appeared approximately 500 million years ago (Crivellato et al., 2003). They are present in all classes of vertebrates and are important modulators of allergic and anaphylactic inflammatory responses (Frossi et al., 2018). Mast cells also aid in tissue repair, wound healing, and the formation of new blood vessels (angiogenesis), as well as innate and adaptive immune responses. However, mast cells and their inflammatory mediators can be both protective and damage-inducing. Increased mast cell density and activation are associated with multiple autoimmune diseases including rheumatoid arthritis (RA), type 1 diabetes (T1D), and multiple sclerosis (MS; Walker et al., 2012). Importantly, these autoimmune diseases are linked to increases in cancer incidence in affected individuals (Mellemkjaer et al., 1996; Vigneri et al., 2009; Grytten et al., 2020). Additionally, mast cells are present in increased numbers within the tumor microenvironments of colorectal, gastric, and pancreatic cancers (Secor et al., 2000; Lee et al., 2002; Ribatti et al., 2010; Dalton and Noelle, 2012; Varricchi et al., 2017). Chronic inflammation and autoimmunity are linked to cancer development and mast cells may play an important part in facilitating carcinogenesis through their ability to regulate inflammatory responses.

Derived from CD34+ hematopoietic stem cells in the bone marrow, mast cells circulate the body in an immature form as mast cell progenitors and mature in target tissues (Moon et al., 2010). Migration and localization of mast cell progenitors to target tissues is mediated by chemokines and interactions between surface adhesion molecules. For example, skin mast cell progenitors adhere to fibroblasts via α4β7 integrin. Upon contact with these fibroblasts, mast cells downregulate the homing chemokine receptors CXCR2 and CX3CR1, hindering further migration (Leist et al., 2017; Frossi et al., 2018). CXCR2 expression on mast cells directs migration to the small intestine and localization is mediated by β7 integrin, α4β7 integrin, vascular cell adhesion molecule 1, and mucosal addressin cell adhesion molecule 1 (Gurish et al., 2001; Abonia et al., 2005). Mast cells are widely dispersed throughout the body, they are primarily found in areas with direct environmental contact (e.g., skin, mucosal tissues) but can also be found associated with blood and lymphatic vessels (Walker et al., 2012).

The growth factors and cytokines present in the surrounding microenvironment of the target tissue influence mast cell phenotype and function giving mast cells a high degree of heterogeneity (Gri et al., 2012; da Silva et al., 2014). Mouse and human mast cells have been historically categorized into two polarized subtypes based on their tissue distribution and content of their cytoplasmic storage granules. Subtypes of human mast cells are defined by the production of proteases (tryptase and/or chymase) while murine mast cells are classified based on location (mucosal or connective) (Elieh Ali Komi et al., 2020). Murine mucosal mast cells are differentiated via the expression of mouse mast cell protease (MCPT)-1 and -2 whereas connective tissue mast cells express MCPT-4, -5, -6, and -7 (Moon et al., 2010). Murine mast cells have been shown to transdifferentiate between phenotypes as a result of changing microenvironmental conditions (Kitamura, 1989). Similar heterogeneity is also observed in human mast cell populations. Human mast cells are classified as tryptase-only (MCT), chymase-only (MCC), or containing both tryptase and chymase (MCTC; Irani and Schwartz, 1994; Welle, 1997). Mast cell distribution in human tissues often contain mixed populations of mast cells (Welle, 1997). Transcriptional analysis of mast cells isolated from the skin, tongue, esophagus, trachea, and peritoneal cavity of mice determined that mast cells are one of the most transcriptionally diverse cell types of the immune system and display tissue-specific regulation of their transcriptomes (Dwyer et al., 2016). Secreted factors within the tissue regulate mast cell activities and functions creating a diverse population of mast cells (Wernersson and Pejler, 2014). The heterogeneity of mast cells in tissues is much more complex than the protease- or location-based historical classification and is likely ever changing in accordance with the dynamic microenvironment of the tissue. Differences between mast cell phenotypes include variances in granule contents, cytokine production, and surface receptor expression. The everchanging microenvironment results in a diverse population of mast cells within a single target tissue making mast cell heterogeneity a complex and robust topic that is discussed in depth in other reviews (Irani and Schwartz, 1994; Welle, 1997; Moon et al., 2010; Frossi et al., 2018).

Upon activation, mast cells can degranulate and release inflammatory mediators associated with allergy and anaphylaxis as well as aid in the protection against invading pathogens (Krystel-Whittemore et al., 2015; Elieh Ali Komi et al., 2020). These mediators can be either pre-formed or de novo, also referred to as “neosynthesized mediators.” Pre-formed mediators (including histamine, proteases, serotonin, heparin, and TNF among others) are stored in the cytoplasmic granules and released upon degranulation. Histamine, an abundant pre-formed mediator, promotes vasodilation and increased capillary permeability that aids in the recruitment of immune cells to the site of inflammation (Riley and West, 1952). Prostaglandins, leukotrienes, and various cytokines and chemokines make up a portion of neosynthesized mediators that are produced and secreted following mast cell activation in response to environmental stimuli (Walker et al., 2012; Elieh Ali Komi et al., 2020). Specific cytokine neosynthesized mediators include anti-inflammatory TGFβ, IL-10, and the proinflammatory T-helper (Th) 1 and Th2-associated cytokines IL-4, IL-6, and IFNγ (da Silva et al., 2014). The inflammatory molecules in the granules vary between mast cell subtypes, which are heterogeneous within a given tissue. Therefore, a single activation signal has the potential to activate different mast cell subtypes resulting in the release of an assortment of molecules with different effector functions (Frossi et al., 2018). Early release of preformed mediators like histamine, prostaglandin D2 (PGD2), chemokine ligand 2 (CCL2), vascular endothelial growth factor (VEGF)-A, and TNF during an inflammatory response aids in increased epithelial cell permeability and vasodilation and promotes the recruitment of other effector cells (Moon et al., 2010). Mast cells communicate with the adaptive immune system by priming T cells through antigen presentation via major histocompatibility complex (MHC)-I or MHC-II and influencing dendritic cell migration and function via the release of IL-1β and TNF (Malaviya et al., 1996; Poncet et al., 1999; Suto et al., 2006; Galli et al., 2008; Reuter et al., 2010; Walker et al., 2012; Table 1).


TABLE 1. Mediators and activities.
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Mast cells are one of the first immune cells to interact with foreign antigen or pathogen. They can be activated via toll-like receptors, complement anaphylatoxins, pathogen-associated molecular patterns (PAMP), Fc receptors (FcεR and FcγR), neuropeptides, hormones, serine proteases, immunoglobulin light chains, and cytokines (Alvarez-Errico et al., 2009; Moon et al., 2010; Min et al., 2020). Monomeric IgE bound to FcεRI promotes survival and priming of mast cells. Cross-linking of IgE- or IgG-antigen complexes induces mast cell degranulation (Kawakami et al., 2005). Additionally, mast cells and T cells exist in close proximity in inflamed tissue and direct contact of mast cells with activated T cells can induce mast cell activation (Baram et al., 2001; Figure 1). It was also recently shown that mast cells can be activated by tumor- and T cell-derived microvesicles (Shefler et al., 2014; Salamon et al., 2020). Mast cells regulate the inflammatory response through direct cell-cell contact with neighboring immune cells or via the release of mediators. T regulatory cells (Tregs), T effector cells, and mast cells often co-localize at sites of inflammation, T cell priming, and specific tumor microenvironments. Tregs are important components of the immune system playing the crucial role of regulating immune responses. Tregs constitutively express OX40 and its ligand (OX40L) is constitutively expressed on mast cells. Via the OX40-OX40L axis, Tregs can downregulate FcεRI expression on mast cells and inhibit FcεRI-mediated mast cell degranulation. Conversely, activated mast cells can reduce T effector cell susceptibility to Treg suppression via the release of IL-6 and OX40 engagement (Gri et al., 2008; Kashyap et al., 2008; Piconese et al., 2009). Differentiation of naïve CD4+ T cells into Th17 cells can be accomplished during T cell activation through signaling with a combination of TGFβ, IL-6, IL-23. TGFβ along with IL-2 results in differentiation into Tregs, however, this can be inhibited by IL-6. Mast cells produce TGFβ, IL-23, and IL-6 and can therefore influence the frequency of Tregs and Th17 cells at co-localization sites (Piconese et al., 2009; Zhu and Paul, 2010). This is important to note as IL-17-producing Th17 cells are associated with disease development in mouse models of multiple sclerosis, rheumatoid arthritis, and type 1 diabetes (Hemdan et al., 2010). Mast cells also release IL-4 which polarizes T cells to a Th2 phenotype further highlighting the regulatory and/or modulatory roles of T cell-mast cell interactions that affect various aspects of the immune response (Malbec and Daëron, 2007; Table 1).
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FIGURE 1. Common mast cell activation mechanisms, responses, and therapeutic targets. A summary of various methods of mast cell activation, mast cell responses, their associated autoimmune diseases, and therapeutic targets. Mast cells can be activated via toll-like receptors, complement anaphylatoxins, Fc receptors (FcεR and FcγR), neuropeptides, hormones, and cytokines. In individuals with rheumatoid arthritis, IL-33-mediated mast cell activation increases IL-8, TNF, and IL-10 production. Increased IL-17, tryptase, and chymase have been observed in the brains of patients with multiple sclerosis. IL-6 released by activated mast cells in the pancreas favors T cell differentiation into a Thl7 phenotype associated with type 1 diabetes. TNF-positive mast cells and increased histamine and histamine metabolites are observed in patients with inflammatory bowel disease. Various therapeutics and their mechanism of action are shown in red. Created with Biorender.com.


Multiple different mast cell deficient mouse models have been developed to study various aspects of mast cell function. Stem cell factor (SCF), known as c-Kit ligand, is important for mast cell maturation, proliferation, and survival (Okayama and Kawakami, 2006). SCF-induced c-Kit dimerization is required for mast cell development (Gilfillan et al., 2011; Amagai et al., 2015). C-Kit is expressed by hematopoietic stem cells, melanocytes, and germ cells and is mapped to the white spotting locus (W) (Orfao et al., 2007). Two mast cell-deficient mouse models have been developed using mutations in SCF or c-Kit, WBB6F1-KitW/W–v and C57BL/6-KitW–sh. KitW is a point mutation preventing expression of Kit on the cell surface. KitW–v is a mutation in the c-Kit tyrosine kinase domain that reduces kinase activity of the receptor. KitW–sh is an inversion mutation that affects regulatory elements upstream of the c-Kit transcription start site. These mutations inhibit mast cell development; however, these genes are not specific to mast cells and affect other lineages including stem cells, neutrophils, and germ cells (da Silva et al., 2014). Due to off-target effects, Kit-independent mast cell-deficient mice have been developed including a mouse line that utilizes the expression of Cre recombinase from mast cell carboxypeptidase A3 (CPA3). Cpa3 locus driven Cre recombinase expression selectively inhibits mast cell development. Besides a small reduction in basophils, these mice show very few off-target effects (Feyerabend et al., 2011). Another example of a Kit-independent model is the Mcpt5-Cre; R-DTA mice. These mice utilize Cre-specific depletion of mast cells in which the diphtheria toxin alpha chain is produced only in Cre-expressing cells (Reber et al., 2012). These mouse models have been used in countless studies to elucidate how mast cells contribute to the development and progression of various cancers and autoimmune diseases.

Activated mast cells have been found to have a pathophysiological role in inflammatory conditions of the skin, airways, and intestine [inflammatory bowel disease (IBD), Crohn’s disease, and ulcerative colitis] (Moon et al., 2010). Studies have found an increase in mast cell density and activation in many T cell-mediated diseases including RA, T1D, and MS. (Mekori, 2004; Maruotti et al., 2007; Sayed et al., 2008; Walker et al., 2012). The purpose of this review is to summarize the role(s) of mast cells in autoimmune disease development and their role in facilitating cancer development.



MAST CELLS IN AUTOIMMUNITY AND CANCER


Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an autoimmune disease where immune destruction of the synovial joints results in inflammation and pain. Although RA is considered an autoimmune disease and candidate autoantigens have been identified, the etiology of RA remains unknown (Chauhan et al., 2021). A commonly used animal model of RA is the K/BxN mouse which express the KRN T cell receptor transgene and the MHC-II molecule IAg7 (Ditzel, 2004; Monach et al., 2007, 2008). Autoantibody-induced arthritis (AIA) can be induced by the transfer of serum from K/BxN mice to recipient mice. Mast cells are increased in the synovial compartments in RA patients and synovial fibroblasts in AIA produce IL-33, which activates mast cells to release inflammatory mediators including IL-17, IL-13, GM-CSF, MCP-1, and MIP-1α (Robbie-Ryan and Brown, 2002; Table 1). These molecules recruit inflammatory cells and promote an autoreactive disease phenotype (Hueber et al., 2010; Xu et al., 2010). Mast cell-deficient mice showed little to no joint inflammation after serum transfer and disease susceptibility was restored after reconstitution of mast cells (Lee et al., 2002; Robbie-Ryan and Brown, 2002; Walker et al., 2012). These observations identify mast cells as a potential important link between autoantibodies and inflammatory arthritis.

Other forms of arthritis, such as osteoarthritis, have also been associated with mast cells. Studies have found mast cells and their mediators in the synovial and synovium fluids of individuals with osteoarthritis (Wang et al., 2019). Additionally, it was also discovered that IgE-mediated mast cell activation as well as mast cell-derived tryptase play a pathogenic role in the development of osteoarthritis (Wang et al., 2019). It is important to note that synovial mast cells in RA patients differ from those present in osteoarthritis patients in that the complement component 5a receptor 1 (C5a) receptor is only expressed on RA synovial mast cells (Min et al., 2020). Mast cells have various methods of activation which include Fc receptors. The main method of activation is IgE-FcεR interaction, however, mast cells also express the FcγR and can be activated via IgG-FcγR interaction. Importantly, IgG is the major immunoglobulin produced in chronic inflammatory conditions such as RA (Min et al., 2020). Human synovial mast cells express multiple Fc receptors including FcεRI, FcγRI and FcγRII and the release of PGD2 and TNF is mediated by FcγRI-IgG interaction (Lee et al., 2013). Autoantibodies, including anti-citrullinated protein antibody (ACPA), play a critical role in RA pathogenesis in seropositive RA patients (Malmström et al., 2017; Aletaha and Smolen, 2018; Smolen et al., 2018). In human RA synovium, mast cells activated via IL-33 and ACPA immune complexes increase IL-8 and TNF production as well as IL-10 and histamine secretion (Kashiwakura et al., 2013; Rivellese et al., 2015).

Rheumatoid arthritis is positively associated with both Hodgkin’s and non-Hodgkin’s lymphoma, skin cancer, and lung cancer (Mellemkjaer et al., 1996; Askling et al., 2005). RA patients have a nearly two-fold increased risk of developing lymphoma compared to the general population (Klein et al., 2018). Patients with severe longstanding RA have a 70-fold increased risk of developing lymphoma compared to an 8-fold increase in those with intermediate disease. This suggests that risk is dependent upon RA disease severity. These findings further emphasize the link between inflammation and cancer. Treatment for RA involves the use of immunosuppressive therapies including anti-TNF blockers or tumor necrosis factor inhibitors (TNFi; Klein et al., 2018). It is therefore difficult to discern with certainty whether the increase in cancer incident in RA patients is a result of increased immune activation from the disease or a decrease in proinflammatory and antitumor immune responses from the treatments. RA patients given TNF antagonists had cancer incidences similar to other RA patients suggesting that immunosuppression may not be responsible for the cancer incidence increase and possibly pointing to severity of immune activation as the greater risk factor (Askling et al., 2005; Table 2).


TABLE 2. Autoimmunity, mast cell association, and associated cancers.
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Multiple Sclerosis

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system (CNS) in which the myelin sheath that insulates nerve cells in the brain and spinal cord are damaged by autoreactive immune cells. It is characterized by the presence of inflammatory lesions and demyelinating plaques. During MS, disruption of the nervous system’s ability to transmit signals results in double vision, muscle weakness, memory loss, and sensory dysfunction (Chiaravalloti and DeLuca, 2008). A commonly used animal model of MS is the experimental autoimmune encephalomyelitis (EAE) mouse. The EAE mouse is a CD4+ T cell-mediated autoimmune disease model characterized by inflammation in the CNS. As in MS, EAE mice experience a breach of the blood–brain barrier (BBB) allowing for inflammatory infiltrate into the CNS and destruction of myelin and myelin-producing cells (Olitsky and Yager, 1949; Wekerle, 2008). Mast cells have been observed at sites of inflammatory demyelination in the brain and spinal cord of MS patients and mast cell density is increased in CNS plaques of MS patients and EAE mice (Ibrahim et al., 1996; Karagkouni et al., 2013). Additionally, the proportion of degranulated mast cells in the CNS correlates with the clinical onset of disease symptoms in EAE and elevated levels of tryptase are found in the cerebrospinal fluid of MS patients (Dietsch and Hinrichs, 1989; Brenner et al., 1994; Rozniecki et al., 1995; Secor et al., 2000). Activated mast cells can produce IL-17, favoring the differentiation of CD4+ T cells into the Th17 phenotype (Piconese et al., 2009; Hemdan et al., 2010; Zhu and Paul, 2010). In the brains of MS patients, gene microarray data found elevated transcript levels of IL-17, real time PCR analysis revealed increased expression of CCL5 and SCF (two potent mast cell chemoattractants), and of mast cell-associated genes tryptase, chymase, and FcεRI β chain (Lock et al., 2002; Couturier et al., 2008). Inhibition of mast cell degranulation inhibits EAE onset and mast cell deficient mice have delayed disease onset and lower EAE disease scores when compared to controls (Dietsch and Hinrichs, 1989; Dimitriadou et al., 2000; Secor et al., 2000; Brown et al., 2002). Reconstitution of mast cell deficient mice with immature mast cells restores EAE susceptibility (Galli et al., 1992; Brown et al., 2002; Sayed et al., 2008). These findings suggest that mast cells may play an important role in MS development (Brown et al., 2002; Rottem and Mekori, 2005).

The release of histamine from mast cells promotes vascular permeability and allows for an influx of immune cells, including neutrophils, to the site of inflammation. Importantly, recent studies have demonstrated that neutrophils are required for BBB permeability and MS disease onset (Brown et al., 2002; Carlson et al., 2008). Therefore mast cells may have an indirect role in the development of MS via the recruitment of neutrophils to facilitate BBB permeability and initiate disease. A Norwegian study published in 2019 compared the risk of cancer among individuals with MS, their siblings, and the general population. It was reported that MS patients have an increased risk of respiratory (66% increase), urinary (51% increase), and CNS (52% increase) cancer development compared to the population controls. It was also reported that Taiwanese MS patients have a higher risk of developing breast cancer compared to controls (Sun et al., 2014). The overall cancer risk for people with MS was 14% higher than for individuals without MS (Grytten et al., 2020). However, another study reported an overall decrease in cancer incidence among MS patients with significant decreases in colorectal and stomach cancers and an increased risk of non-melanoma skin cancer (Kingwell et al., 2012). The discrepancy in MS-associated cancer risk may be due to varying disease severity or the patients susceptibility to comorbidities (Magyari and Sorensen, 2020; Table 2).



Type 1 Diabetes

Type 1 diabetes (T1D) results from an autoimmune attack against the insulin-producing β-cells in the islets of Langerhans of the pancreas. The resulting failure of glucose homeostasis damages blood vessels and nerves (Bluestone et al., 2010). A widely used mouse model to study T1D is the non-obese spontaneously diabetic mouse (NOD). NOD mice exhibit immune dysregulation, like that observed in human T1D, resulting in the expansion of autoreactive T cells, autoantibody production, as well as the activation of innate immune cells that destroy insulin-producing β-cells. In the healthy pancreas, very few mast cells are present; however, in individuals with T1D, an increase in pancreatic mast cell density is positively correlated with the proportion of apoptotic β-cells (Esposito et al., 2001; Martino et al., 2015). Selective depletion of mast cells in NOD mice delays disease progression and treatment of NOD mice with the mast cell stabilizer cromolyn was also successful at delaying disease onset (Geoffrey et al., 2006; Betto et al., 2017). The release of IL-6 by activated mast cells in the pancreas favors a pathogenic Th17 phenotype associated with T1D (Solt and Burris, 2015; Betto et al., 2017). Together these findings suggest that mast cells and their inflammatory mediators have an important role in T1D disease development.

Individuals with diabetes mellitus (DM) have a 20–25% increased risk of developing cancer compared to those without DM (Vigneri et al., 2009). Specifically, individuals with T1D have been reported to have increased incidence of stomach, lung, liver, pancreas, kidney, endometrium, and ovarian cancers. T1D is also associated with an increased overall risk of cancer incidence and mortality (Sona et al., 2018; Suh and Kim, 2019). However, the mechanisms underpinning the association between T1D, and cancer remain unclear. Potential biological mechanisms may include insulin resistance that alters the risk of cancer (Giovannucci et al., 2010; Gordon-Dseagu et al., 2013). Additionally, T1D generally requires lifelong delivery of exogenous insulin. The insulin excess and possible mutagenic effects of insulin or insulin analog may also contribute to the increased risk of cancer development (Sona et al., 2018; Table 2).



Inflammatory Bowel Disease

Inflammatory bowel disease (IBD), is a term encompassing two conditions, Crohn’s disease (CD) and ulcerative colitis (UC). IBD is characterized by chronic inflammation of the gastrointestinal tract caused by an abnormal immune response to intestinal flora. CD can affect any part of the gastrointestinal tract and most often affects the terminal ileus of the small intestine before the large intestine/colon while UC is mainly restricted to the large intestine and rectum (Fakhoury et al., 2014). Chronic inflammation of the gastrointestinal tract can often result in tissue damage.

Intestinal mast cells aid in the preservation of gut homeostasis via the maintenance of intestinal epithelium architecture and clearance of pathogens (Kurashima et al., 2013). Murine mucosal mast cells express MCPT-1 and MCPT-2 and produce lower levels of histamine compared to connective mast cells located in the submucosa (Bowcutt et al., 2014). Similar heterogeneity is observed in the human gastrointestinal tract, approximately 2–3% of total mucosal mast cells are MCT and approximately 1% are of the MCTC subtype populating the submucosa (Schemann and Camilleri, 2013). Effector functions also differ between mast cells of the small and large intestine. Bacterial colonization of the small intestine is lower than that of the colon (Shea-Donohue et al., 2010). Due to the lower bacterial burden in the small intestine, mast cells present in this region have lower expression of TLRs than those residing in the colon (Shea-Donohue et al., 2010). The dynamic microenvironment of the intestinal tract suggests that the phenotype of resident mast cells depends highly on the complex combination of factors present in the target tissue (Hamilton et al., 2014).

Increased mast cell density has been found in the ileum of patients with CD and UC (Nolte et al., 1990; Bischoff, 2009). Importantly, contents of the intestinal mast cells differed between IBD subjects compared to controls. TNF-positive mast cells were increased in the muscularis propria of patients with CD and increased levels of TNF was also detected in feces of patients with IBD (Braegger et al., 1992; Lilja et al., 2000). Laminin, a non-collagenous glycoprotein found in the extracellular matrix, was present in mast cells in the muscularis propria but not in those in the submucosa. These findings suggest that mast cells may be involved in remodeling of inflamed tissue (Gelbmann et al., 1999; Sasaki et al., 2002; He, 2004). Evidence of mast cell degranulation has also been observed in CD (Lloyd et al., 1975). Histamine secretion is increased in CD patients and N-methylhistamine, a metabolite of histamine, is increased in the urine of patients with active CD and UC (Weidenhiller et al., 2000; Winterkamp et al., 2002). Mast cells associated with active UC also release high levels of PGD2 (Fox et al., 1990). Diarrhea is a common occurrence in IBD cases and mast cell-derived tryptase can facilitate the disruption of epithelial junctions. Both histamine and TNF can increase ion transport across the epithelial barrier resulting in enhanced epithelial permeability and fluid transport (Traynor et al., 1993; Crowe et al., 1997; Oprins et al., 2000; Jacob et al., 2005; Strober et al., 2007). As a result of chronic intestinal inflammation, individuals with IBD are at an increased risk of developing intestinal malignancies including colorectal cancer (CRC), small bowel adenocarcinoma, intestinal lymphoma, anal cancer, and cholangiocarcinoma (Axelrad et al., 2016; Table 2).



Mast Cells and Cancer Development

Tumor cells produce several chemotactic factors, such as SCF, VEGFs, and CXCL8/IL-8, that attract mast cells to the tumor microenvironment (TME; Varricchi et al., 2017). The TME is composed of various other cell types including stromal cells, neutrophils, macrophages, and T and B cells. Once in the TME, mast cells mature and begin to produce angiogenic mediators and growth factors that promote tumor growth (Huang et al., 2008; Vahidian et al., 2019). Tumor-associated mast cells (TAMC) help to regulate angiogenesis and are attributed to both tumor promotion and tumor rejection (Aoki et al., 2003; Beer et al., 2008; Johansson et al., 2010; Rabenhorst et al., 2012; Ma et al., 2013; Varricchi et al., 2017). Angiogenesis supplies growing tissue with vital nutrients like oxygen and is essential for tumor growth, invasiveness, and metastasis (Derakhshani et al., 2019). Production of CXCL12 by tumor cells attracts mast cells to the TME and promotes secretion of pro-angiogenic factors such as VEGF-A, heparin, histamine, and SCF (Jorpes, 1959; Theoharides et al., 1982; Kim et al., 1993; Kryczek et al., 2005; Beer et al., 2008; Carmeliet and Jain, 2011; Kolset and Pejler, 2011; Vizio et al., 2013; Derakhshani et al., 2019). Additionally, mast cells promote tumor progression by suppressing immune responses via the release anti-inflammatory cytokines, such as IL-10 and TGFβ (Riley and West, 1952; Nakae et al., 2005; Melillo et al., 2010; Ribatti et al., 2010; da Silva et al., 2014; Krystel-Whittemore et al., 2015; Derakhshani et al., 2019). Tregs, T effector cells, and mast cells often co-localize at sites of inflammation and specific tumor microenvironments. Tregs have a crucial role in regulating immune responses, however, mast cells can reverse Treg suppression of T effector cells (Gri et al., 2008; Kashyap et al., 2008; Piconese et al., 2009). Tumor cells and mast cells also produce immunosuppressive adenosine which is increased in the TME. Adenosine promotes histamine secretion from mast cells which stimulates vasodilation and immune suppression by inhibiting Th1 and Th2 responses through activation of H2 receptors (Riley and West, 1952; Marquardt et al., 1984; Gottfried et al., 2012; Piliponsky et al., 2012). Mast cells also produce CXCL8/IL-8 which can induce epithelial-to-mesenchymal transition (EMT) in which tumor cells acquire metastatic features and resistance to chemotherapy (Scheel and Weinberg, 2012; Visciano et al., 2015; Zheng et al., 2015). Localization and differences in mast cell density between the periphery and center of tumors is also important in the prognosis of specific cancers. In pancreatic adenocarcinoma, mast cell density in the intratumoral border region is associated with a worse prognosis. Conversely, high intratumor mast cell density in human prostate cancer is associated with inhibition of tumor growth and a better prognosis (Fleischmann et al., 2009; Johansson et al., 2010; Cai et al., 2011). The alarmin IL-33 is upregulated in squamous cell carcinoma and activates mast cells by binding to its surface receptor, ST2. Activation of mast cells via IL-33 promotes the production and release of IL-13, CXCL8/IL-8, and VEGF-A from mast cells, further influencing the inflammatory response (Theoharides et al., 2010; Byrne et al., 2011; Chan et al., 2012; Rivellese et al., 2015; He et al., 2018; Table 1).

Chronic inflammation increases an individual’s risk of developing precancerous lesions and adenocarcinomas. The inflamed regions surrounding gastric ulcers increase an individual’s risk of developing gastric cancer and IBD increases one’s risk of developing CRC. In cases of CRC, studies have implicated the innate immune system in the development of precancerous adenomatous polyps (Horton et al., 2000; Itzkowitz and Yio, 2004; Triantafillidis et al., 2009; Terzić et al., 2010). In gastric cancer cases, mast cell density is increased in well-differentiated gastric tumors and likely the source of pro-angiogenic and pro-tumorigenic factors (Mukherjee et al., 2009). Additionally, mast cell density is correlated with the degree of gastric tumor vascularization as stage IV gastric tumors have increased mast cell density and vascularization compared to early stage tumors (Ribatti et al., 2010). Similar to the findings in gastric cancer patients, a correlation was also found between the degree of angiogenesis and mast cell density in CRC. Patients with tumors of low vascularization and low mast cell density had longer survival rates than those with high degrees of vascularization and high mast cell density. High TAMC density may be a useful biomarker for predicting poor survival of patients with CRC (Yodavudh et al., 2008; Hodges et al., 2012). Mast cells are pro-tumorigenic in several solid tumors, such as gastric, pancreas, and thyroid, yet they have also been found to have a protective anti-tumor role in intestinal tumorigenesis. Epidemiologic evidence has suggested a negative association between the presence of mast cells and tumor progression in lung and breast cancers (Sinnamon et al., 2008; Hodges et al., 2012). Together these findings show that the role of mast cells, whether pro-tumorigenic or anti-tumorigenic, is cancer specific and depends greatly on the location and phenotype of the infiltrating mast cells.




MAST CELLS AS A POTENTIAL THERAPEUTIC TARGET

Several different methods of targeting and controlling mast cells and mast cell activation have been developed as potential therapeutics (Figure 1). Sialic acid-binding immunoglobulin-like lectins (Siglec)-8 is expressed on the surface of human eosinophils, mast cells, and basophils. Antibody-mediated engagement of Siglec-8 (lirentelimab) inhibits mast cell degranulation. A humanized IgG1 antibody against Siglec-8 is in clinical development for the treatment of mast cell-mediated diseases (Kiwamoto et al., 2012; O’Sullivan et al., 2018; Youngblood et al., 2020). Molecules like programmed cell death-1 (PD-1) ligands (PD-L1 and PD-L2) are upregulated on tumor cells, impeding the activation of PD-1+ effector cells upon ligand-receptor interaction (Sharma and Allison James, 2015). Human mast cells express PD-L1 and PD-L2. There are monoclonal antibodies targeting the PD-1/PD-L1 pathway (nivolumab, pembrolizumab, avelumab, atezolizumab, and durvalumab) that provide antitumor immunity by removing this impediment and may be a potential therapeutic method for inhibiting mast cell-associated tumor growth (Varricchi et al., 2017; Lv et al., 2019; Zhao et al., 2020). Mast cells promote proliferation of colon cancer cells and depletion of mast cells via injection with the chimeric toxin Fce-PE40, which binds to mouse FcεR, was shown to decrease colon tumor weight and volume without inducing mast cell degranulation or anaphylaxis in vivo (Wang et al., 2016). Symptoms of mast cell activation or mediator release are treated with H1/H2 antihistamines and mast cell stabilizers (Lee and Akin, 2013). Continuous infusion of diphenhydramine, a histamine H1 receptor blocker, has been used to suppress mast cell activation. Additionally, glucocorticoids aid in the reduction of SCF and mast cell activation. Omalizumab, a humanized anti-IgE murine monoclonal antibody, binds to the domain of the Fc region of IgE preventing mast cell activation and has been deemed safe and effective in case reports of mast cell activation disease (MCAD; Molderings et al., 2016). TNF is critical in the pathogenesis of several inflammatory diseases. Anti-TNF antibodies (infliximab, adalimumab) have become important for the treatment of CD and RA (Adegbola et al., 2018). Sulfasalazine has been used to treat IBD and is also shown to inhibit MC mediator secretion (Bissonnette et al., 1996). It is likely that mast cells play a role in cancer development or progression via regulation of inflammatory responses. These aforementioned approaches may be effective therapeutic strategies for preventing or treating various autoimmune diseases and cancers.



CONCLUSION

Mast cells have a high degree of heterogeneity, and the inflammatory response of the surrounding immune cells have considerable influence on mast cell phenotype. Conversely, mast cells can influence the immune response in some cancers and tissues affected by autoimmunity. It is therefore important to identify the stimuli that can activate mast cells in different disease settings and tumor microenvironments. Additionally, mast cells within inflamed tissues and tumors may have either pro- or anti-tumorigenic properties. Questions remain regarding how mast cells are activated, the extent of mast cell involvement in various diseases, and the role of mast cells in early- versus late-stage tumors. Though these questions remain unanswered, the disease-exacerbating role for mast cells in autoimmunity and the development of certain cancers cannot be ignored. This review summarized findings that implicate mast cells as a potential therapeutic target to possibly alter disease onset, severity, and progression in patients.



AUTHOR CONTRIBUTIONS

CN took the lead on conceptualization of the review topic and gathered information referenced in the manuscript. SH assisted in manuscript revision. RD supported in manuscript revision and organization. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the American Cancer Society (Grant RSG-12-171-01-LIB), the National Institutes of Health/National Institute of Diabetes and Digestive and Kidney Diseases (Grant R01 DK110406), the Digestive Diseases Research Core Center of the Washington University School of Medicine National Institute of Diabetes and Digestive and Kidney Diseases (Grant P30DK52574), and the American Gastroenterological Association Funderburg Research Award (RD).



REFERENCES

Abonia, J. P., Austen, K. F., Rollins, B. J., Joshi, S. K., Flavell, R. A., Kuziel, W. A., et al. (2005). Constitutive homing of mast cell progenitors to the intestine depends on autologous expression of the chemokine receptor CXCR2. Blood 105, 4308–4313. doi: 10.1182/blood-2004-09-3578

Adegbola, S. O., Sahnan, K., Warusavitarne, J., Hart, A., and Tozer, P. (2018). Anti-TNF therapy in Crohn’s disease. Int. J. Mol. Sci. 19:2244. doi: 10.3390/ijms19082244

Aletaha, D., and Smolen, J. S. (2018). Diagnosis and management of rheumatoid arthritis: a review. JAMA 320, 1360–1372. doi: 10.1001/jama.2018.13103

Alvarez-Errico, D., Lessmann, E., and Rivera, J. (2009). Adapters in the organization of mast cell signaling. Immunol. Rev. 232, 195–217. doi: 10.1111/j.1600-065X.2009.00834.x

Amagai, Y., Matsuda, A., Jung, K., Oida, K., Jang, H., Ishizaka, S., et al. (2015). A point mutation in the extracellular domain of KIT promotes tumorigenesis of mastcells via ligand-independent auto-dimerization. Sci. Rep. 5:9775. doi: 10.1038/srep09775

Aoki, M., Pawankar, R., Niimi, Y., and Kawana, S. (2003). Mast cells in basal cell carcinoma express VEGF, IL-8 and RANTES. Int. Arch. Allergy Immunol. 130, 216–223. doi: 10.1159/000069515

Askling, J., Fored, C. M., Brandt, L., Baecklund, E., Bertilsson, L., Feltelius, N., et al. (2005). Risks of solid cancers in patients with rheumatoid arthritis and after treatment with tumour necrosis factor antagonists. Ann. Rheum. Dis. 64, 1421–1426. doi: 10.1136/ard.2004.033993

Axelrad, J. E., Lichtiger, S., and Yajnik, V. (2016). Inflammatory bowel disease and cancer: The role of inflammation, immunosuppression, and cancer treatment. World J. Gastroenterol. 22, 4794–4801. doi: 10.3748/wjg.v22.i20.4794

Baram, D., Vaday, G. G., Salamon, P., Drucker, I., Hershkoviz, R., and Mekori, Y. A. (2001). Human mast cells release metalloproteinase-9 on contact with activated T cells: juxtacrine regulation by TNF-α. J. Immunol. 167, 4008–4016. doi: 10.4049/jimmunol.167.7.4008

Beer, T. W., Ng, L. B., and Murray, K. (2008). Mast cells have prognostic value in Merkel cell carcinoma. Am. J. Dermatopathol. 30, 27–30. doi: 10.1097/DAD.0b013e31815c932a

Betto, E., Usuelli, V., Mandelli, A., Badami, E., Sorini, C., Capolla, S., et al. (2017). Mast cells contribute to autoimmune diabetes by releasing interleukin-6 and failing to acquire a tolerogenic IL-10(+) phenotype. Clin. Immunol. 178, 29–38. doi: 10.1016/j.clim.2015.12.013

Bischoff, S. C. (2009). Physiological and pathophysiological functions of intestinal mast cells. Semin. Immunopathol. 31, 185–205. doi: 10.1007/s00281-009-0165-4

Bissonnette, E. Y., Enciso, J. A., and Befus, A. D. (1996). Inhibitory effects of sulfasalazine and its metabolites on histamine release and TNF-alpha production by mast cells. J. Immunol. 156, 218–223.

Bluestone, J. A., Herold, K., and Eisenbarth, G. (2010). Genetics, pathogenesis and clinical interventions in type 1 diabetes. Nature 464, 1293–1300. doi: 10.1038/nature08933

Bowcutt, R., Forman, R., Glymenaki, M., Carding, S. R., Else, K. J., and Cruickshank, S. M. (2014). Heterogeneity across the murine small and large intestine. World J. Gastroenterol. 20, 15216–15232. doi: 10.3748/wjg.v20.i41.15216

Braegger, C. P., Nicholls, S., Murch, S. H., Stephens, S., and MacDonald, T. T. (1992). Tumour necrosis factor alpha in stool as a marker of intestinal inflammation. Lancet 339, 89–91. doi: 10.1016/0140-6736(92)90999-J

Brenner, T., Soffer, D., Shalit, M., and Levi-Schaffer, F. (1994). Mast cells in experimental allergic encephalomyelitis: characterization, distribution in the CNS and in vitro activation by myelin basic protein and neuropeptides. J. Neurol. Sci. 122, 210–213. doi: 10.1016/0022-510X(94)90300-X

Brown, M. A., Tanzola, M. B., and Robbie-Ryan, M. (2002). Mechanisms underlying mast cell influence on EAE disease course. Mol. Immunol. 38, 1373–1378. doi: 10.1016/S0161-5890(02)00091-3

Byrne, S. N., Beaugie, C., O’Sullivan, C., Leighton, S., and Halliday, G. M. (2011). The immune-modulating cytokine and endogenous Alarmin interleukin-33 is upregulated in skin exposed to inflammatory UVB radiation. Am. J. Pathol. 179, 211–222. doi: 10.1016/j.ajpath.2011.03.010

Cai, S. W., Yang, S. Z., Gao, J., Pan, K., Chen, J. Y., Wang, Y. L., et al. (2011). Prognostic significance of mast cell count following curative resection for pancreatic ductal adenocarcinoma. Surgery 149, 576–584. doi: 10.1016/j.surg.2010.10.009

Carlson, T., Kroenke, M., Rao, P., Lane, T. E., and Segal, B. (2008). The Th17-ELR+ CXC chemokine pathway is essential for the development of central nervous system autoimmune disease. J. Exp. Med. 205, 811–823. doi: 10.1084/jem.20072404

Carmeliet, P., and Jain, R. K. (2011). Molecular mechanisms and clinical applications of angiogenesis. Nature 473, 298–307. doi: 10.1038/nature10144

Chan, J. K., Roth, J., Oppenheim, J. J., Tracey, K. J., Vogl, T., Feldmann, M., et al. (2012). Alarmins: awaiting a clinical response. J. Clin. Invest. 122, 2711–2719. doi: 10.1172/JCI62423

Chauhan, K., Jandu, J. S., Goyal, A., Bansal, P., and Al-Dhahir, M. A. (2021). Rheumatoid Arthritis. StatPearls. Treasure Island, FL: StatPearls Publishing.

Chiaravalloti, N. D., and DeLuca, J. (2008). Cognitive impairment in multiple sclerosis. Lancet Neurol. 7, 1139–1151. doi: 10.1016/S1474-4422(08)70259-X

Couturier, N., Zappulla, J. P., Lauwers-Cances, V., Uro-Coste, E., Delisle, M. B., Clanet, M., et al. (2008). Mast cell transcripts are increased within and outside multiple sclerosis lesions. J. Neuroimmunol. 195, 176–185. doi: 10.1016/j.jneuroim.2008.01.017

Crivellato, E., Beltrami, C. A., Mallardi, F., and Ribatti, D. (2003). Paul Ehrlich’s doctoral thesis: a milestone in the study of mast cells. Br. J. Haematol. 123, 19–21. doi: 10.1046/j.1365-2141.2003.04573.x

Crowe, S. E., Luthra, G. K., and Perdue, M. H. (1997). Mast cell mediated ion transport in intestine from patients with and without inflammatory bowel disease. Gut 41, 785–792. doi: 10.1136/gut.41.6.785

da Silva, E. Z., Jamur, M. C., and Oliver, C. (2014). Mast cell function: a new vision of an old cell. J. Histochem. Cytochem. 62, 698–738. doi: 10.1369/0022155414545334

Dalton, D. K., and Noelle, R. J. (2012). The roles of mast cells in anticancer immunity. Cancer Immunol. Immunother. 61, 1511–1520. doi: 10.1007/s00262-012-1246-0

Derakhshani, A., Vahidian, F., Alihasanzadeh, M., Mokhtarzadeh, A., Lotfi Nezhad, P., and Baradaran, B. (2019). Mast cells: a double-edged sword in cancer. Immunol. Lett. 209, 28–35. doi: 10.1016/j.imlet.2019.03.011

Dietsch, G. N., and Hinrichs, D. J. (1989). The role of mast cells in the elicitation of experimental allergic encephalomyelitis. J. Immunol. 142, 1476–1481.

Dimitriadou, V., Pang, X., and Theoharides, T. C. (2000). Hydroxyzine inhibits experimental allergic encephalomyelitis (EAE) and associated brain mast cell activation. Int. J. Immunopharmacol. 22, 673–684. doi: 10.1016/S0192-0561(00)00029-1

Ditzel, H. J. (2004). The K/BxN mouse: a model of human inflammatory arthritis. Trends Mol. Med. 10, 40–45. doi: 10.1016/j.molmed.2003.11.004

Dwyer, D. F., Barrett, N. A., and Austen, K. F. (2016). Expression profiling of constitutive mast cells reveals a unique identity within the immune system. Nat. Immunol. 17, 878–887. doi: 10.1038/ni.3445

Elieh Ali Komi, D., Wöhrl, S., and Bielory, L. (2020). Mast cell biology at molecular level: a comprehensive review. Clin. Rev. Allergy Immunol. 58, 342–365. doi: 10.1007/s12016-019-08769-2

Esposito, I., Friess, H., Kappeler, A., Shrikhande, S., Kleeff, J., Ramesh, H., et al. (2001). Mast cell distribution and activation in chronic pancreatitis. Hum. Pathol. 32, 1174–1183. doi: 10.1053/hupa.2001.28947

Fakhoury, M., Negrulj, R., Mooranian, A., and Al-Salami, H. (2014). Inflammatory bowel disease: clinical aspects and treatments. J. Inflamm. Res. 7, 113–120. doi: 10.2147/JIR.S65979

Feyerabend, T. B., Weiser, A., Tietz, A., Stassen, M., Harris, N., Kopf, M., et al. (2011). Cre-mediated cell ablation contests mast cell contribution in models of antibody- and T cell-mediated autoimmunity. Immunity 35, 832–844. doi: 10.1016/j.immuni.2011.09.015

Fleischmann, A., Schlomm, T., Köllermann, J., Sekulic, N., Huland, H., Mirlacher, M., et al. (2009). Immunological microenvironment in prostate cancer: high mast cell densities are associated with favorable tumor characteristics and good prognosis. Prostate 69, 976–981. doi: 10.1002/pros.20948

Fox, C. C., Lazenby, A. J., Moore, W. C., Yardley, J. H., Bayless, T. M., and Lichtenstein, L. M. (1990). Enhancement of human intestinal mast cell mediator release in active ulcerative colitis. Gastroenterology 99, 119–124. doi: 10.1016/0016-5085(90)91238-2

Frossi, B., Mion, F., Sibilano, R., Danelli, L., and Pucillo, C. E. M. (2018). Is it time for a new classification of mast cells? What do we know about mast cell heterogeneity? Immunol. Rev. 282, 35–46. doi: 10.1111/imr.12636

Galli, S. J., Tsai, M., Gordon, J. R., Geissler, E. N., and Wershil, B. K. (1992). Analyzing mast cell development and function using mice carrying mutations at W/c-kit or Sl/MGF (SCF) loci. Ann. N. Y. Acad. Sci. 664, 69–88. doi: 10.1111/j.1749-6632.1992.tb39750.x

Galli, S. J., Tsai, M., and Piliponsky, A. M. (2008). The development of allergic inflammation. Nature 454, 445–454. doi: 10.1038/nature07204

Gelbmann, C. M., Mestermann, S., Gross, V., Köllinger, M., Schölmerich, J., and Falk, W. (1999). Strictures in Crohn’s disease are characterised by an accumulation of mast cells colocalised with laminin but not with fibronectin or vitronectin. Gut 45, 210–217. doi: 10.1136/gut.45.2.210

Geoffrey, R., Jia, S., Kwitek, A. E., Woodliff, J., Ghosh, S., Lernmark, A., et al. (2006). Evidence of a functional role for mast cells in the development of type 1 diabetes mellitus in the BioBreeding rat. J. Immunol. 177, 7275–7286. doi: 10.4049/jimmunol.177.10.7275

Gilfillan, A. M., Austin, S. J., and Metcalfe, D. D. (2011). Mast cell biology: introduction and overview. Adv. Exp. Med. Biol. 716, 2–12. doi: 10.1007/978-1-4419-9533-9_1

Giovannucci, E., Harlan, D. M., Archer, M. C., Bergenstal, R. M., Gapstur, S. M., Habel, L. A., et al. (2010). Diabetes and cancer: a consensus report. CA Cancer. J. Clin. 60, 207–221. doi: 10.3322/caac.20078

Gordon-Dseagu, V. L., Shelton, N., and Mindell, J. S. (2013). Epidemiological evidence of a relationship between type-1 diabetes mellitus and cancer: a review of the existing literature. Int. J. Cancer 132, 501–508. doi: 10.1002/ijc.27703

Gottfried, E., Kreutz, M., and Mackensen, A. (2012). Tumor metabolism as modulator of immune response and tumor progression. Semin. Cancer Biol. 22, 335–341. doi: 10.1016/j.semcancer.2012.02.009

Gri, G., Frossi, B., D’Inca, F., Danelli, L., Betto, E., Mion, F., et al. (2012). Mast cell: an emerging partner in immune interaction. Front. Immunol. 3:120. doi: 10.3389/fimmu.2012.00120

Gri, G., Piconese, S., Frossi, B., Manfroi, V., Merluzzi, S., Tripodo, C., et al. (2008). CD4+CD25+ regulatory T cells suppress mast cell degranulation and allergic responses through OX40-OX40L interaction. Immunity 29, 771–781. doi: 10.1016/j.immuni.2008.08.018

Grytten, N., Myhr, K. M., Celius, E. G., Benjaminsen, E., Kampman, M., Midgard, R., et al. (2020). Risk of cancer among multiple sclerosis patients, siblings, and population controls: a prospective cohort study. Mult. Scler. 26, 1569–1580. doi: 10.1177/1352458519877244

Gurish, M. F., Tao, H., Abonia, J. P., Arya, A., Friend, D. S., Parker, C. M., et al. (2001). Intestinal mast cell progenitors require CD49dbeta7 (alpha4beta7 integrin) for tissue-specific homing. J. Exp. Med. 194, 1243–1252. doi: 10.1084/jem.194.9.1243

Hamilton, M. J., Frei, S. M., and Stevens, R. L. (2014). The multifaceted mast cell in inflammatory bowel disease. Inflamm. Bowel Dis. 20, 2364–2378. doi: 10.1097/MIB.0000000000000142

He, S. H. (2004). Key role of mast cells and their major secretory products in inflammatory bowel disease. World J. Gastroenterol. 10, 309–318. doi: 10.3748/wjg.v10.i3.309

He, Z., Song, J., Hua, J., Yang, M., Ma, Y., Yu, T., et al. (2018). Mast cells are essential intermediaries in regulating IL-33/ST2 signaling for an immune network favorable to mucosal healing in experimentally inflamed colons. Cell Death Dis. 9:1173. doi: 10.1038/s41419-018-1223-4

Hemdan, N. Y. A., Birkenmeier, G., Wichmann, G., Abu El-Saad, A. M., Krieger, T., Conrad, K., et al. (2010). Interleukin-17-producing T helper cells in autoimmunity. Autoimmun. Rev. 9, 785–792. doi: 10.1016/j.autrev.2010.07.003

Hodges, K., Kennedy, L., Meng, F., Alpini, G., and Francis, H. (2012). Mast cells, disease and gastrointestinal cancer: a comprehensive review of recent findings. Transl. Gastrointest. Cancer 1, 138–150.

Horton, K. M., Abrams, R. A., and Fishman, E. K. (2000). Spiral CT of colon cancer: imaging features and role in management. Radiographics 20, 419–430. doi: 10.1148/radiographics.20.2.g00mc14419

Huang, B., Lei, Z., Zhang, G.-M., Li, D., Song, C., Li, B., et al. (2008). SCF-mediated mast cell infiltration and activation exacerbate the inflammation and immunosuppression in tumor microenvironment. Blood 112, 1269–1279. doi: 10.1182/blood-2008-03-147033

Hueber, A. J., Asquith, D. L., Miller, A. M., Reilly, J., Kerr, S., Leipe, J., et al. (2010). Mast cells express IL-17A in rheumatoid arthritis synovium. J. Immunol. 184, 3336–3340. doi: 10.4049/jimmunol.0903566

Ibrahim, M. Z., Reder, A. T., Lawand, R., Takash, W., and Sallouh-Khatib, S. (1996). The mast cells of the multiple sclerosis brain. J. Neuroimmunol. 70, 131–138. doi: 10.1016/S0165-5728(96)00102-6

Irani, A. M., and Schwartz, L. B. (1994). Human mast cell heterogeneity. Allergy Proc. 15, 303–308. doi: 10.2500/108854194778816472

Itzkowitz, S. H., and Yio, X. (2004). Inflammation and cancer IV. Colorectal cancer in inflammatory bowel disease: the role of inflammation. Am. J. Physiol. Gastrointest. Liver Physiol. 287, G7–G17. doi: 10.1152/ajpgi.00079.2004

Jacob, C., Yang, P. C., Darmoul, D., Amadesi, S., Saito, T., Cottrell, G. S., et al. (2005). Mast cell tryptase controls paracellular permeability of the intestine. Role of protease-activated receptor 2 and beta-arrestins. J. Biol. Chem. 280, 31936–31948. doi: 10.1074/jbc.M506338200

Johansson, A., Rudolfsson, S., Hammarsten, P., Halin, S., Pietras, K., Jones, J., et al. (2010). Mast cells are novel independent prognostic markers in prostate cancer and represent a target for therapy. Am. J. Pathol. 177, 1031–1041. doi: 10.2353/ajpath.2010.100070

Jorpes, J. E. (1959). Heparin: a mucopolysaccharide and an active antithrombotic drug. Circulation 19, 87–91. doi: 10.1161/01.CIR.19.1.87

Karagkouni, A., Alevizos, M., and Theoharides, T. C. (2013). Effect of stress on brain inflammation and multiple sclerosis. Autoimmun. Rev. 12, 947–953. doi: 10.1016/j.autrev.2013.02.006

Kashiwakura, J., Yanagisawa, M., Lee, H., Okamura, Y., Sasaki-Sakamoto, T., Saito, S., et al. (2013). Interleukin-33 synergistically enhances immune complex-induced tumor necrosis factor alpha and interleukin-8 production in cultured human synovium-derived mast cells. Int. Arch. Allergy Immunol. 161 (Suppl. 2), 32–36. doi: 10.1159/000350424

Kashyap, M., Thornton, A. M., Norton, S. K., Barnstein, B., Macey, M., Brenzovich, J., et al. (2008). Cutting edge: CD4 T cell-mast cell interactions alter IgE receptor expression and signaling. J. Immunol. 180, 2039–2043. doi: 10.4049/jimmunol.180.4.2039

Kawakami, T., Kitaura, J., Xiao, W., and Kawakami, Y. (2005). IgE regulation of mast cell survival and function. Novartis Found Symp. 271, 145–51; discussion 108–14. doi: 10.1002/9780470033449.ch8

Kim, K. J., Li, B., Winer, J., Armanini, M., Gillett, N., Phillips, H. S., et al. (1993). Inhibition of vascular endothelial growth factor-induced angiogenesis suppresses tumour growth in vivo. Nature 362, 841–844. doi: 10.1038/362841a0

Kingwell, E., Bajdik, C., Phillips, N., Zhu, F., Oger, J., Hashimoto, S., et al. (2012). Cancer risk in multiple sclerosis: findings from British Columbia, Canada. Brain 135, 2973–2979. doi: 10.1093/brain/aws148

Kitamura, Y. (1989). Heterogeneity of mast cells and phenotypic change between subpopulations. Annu. Rev. Immunol. 7, 59–76. doi: 10.1146/annurev.iy.07.040189.000423

Kiwamoto, T., Kawasaki, N., Paulson, J. C., and Bochner, B. S. (2012). Siglec-8 as a drugable target to treat eosinophil and mast cell-associated conditions. Pharmacol. Ther. 135, 327–336. doi: 10.1016/j.pharmthera.2012.06.005

Klein, A., Polliack, A., and Gafter-Gvili, A. (2018). Rheumatoid arthritis and lymphoma: incidence, pathogenesis, biology, and outcome. Hematol. Oncol. 36, 733–739. doi: 10.1002/hon.2525

Kolset, S. O., and Pejler, G. (2011). Serglycin: a structural and functional chameleon with wide impact on immune cells. J. Immunol. 187:4927. doi: 10.4049/jimmunol.1100806

Kryczek, I., Lange, A., Mottram, P., Alvarez, X., Cheng, P., Hogan, M., et al. (2005). CXCL12 and vascular endothelial growth factor synergistically induce neoangiogenesis in human ovarian cancers. Cancer Res. 65, 465–472.

Krystel-Whittemore, M., Dileepan, K. N., and Wood, J. G. (2015). Mast cell: a multi-functional master cell. Front. Immunol. 6:620. doi: 10.3389/fimmu.2015.00620

Kurashima, Y., Goto, Y., and Kiyono, H. (2013). Mucosal innate immune cells regulate both gut homeostasis and intestinal inflammation. Eur. J. Immunol. 43, 3108–3115. doi: 10.1002/eji.201343782

Lee, D. M., Friend, D. S., Gurish, M. F., Benoist, C., Mathis, D., and Brenner, M. B. (2002). Mast cells: a cellular link between autoantibodies and inflammatory arthritis. Science 297, 1689–1692. doi: 10.1126/science.1073176

Lee, H., Kashiwakura, J., Matsuda, A., Watanabe, Y., Sakamoto-Sasaki, T., Matsumoto, K., et al. (2013). Activation of human synovial mast cells from rheumatoid arthritis or osteoarthritis patients in response to aggregated IgG through Fcγ receptor I and Fcγ receptor II. Arthritis Rheum. 65, 109–119. doi: 10.1002/art.37741

Lee, M. J., and Akin, C. (2013). Mast cell activation syndromes. Ann. Allergy Asthma Immunol. 111, 5–8. doi: 10.1016/j.anai.2013.02.008

Leist, M., Sünder, C. A., Drube, S., Zimmermann, C., Geldmacher, A., Metz, M., et al. (2017). Membrane-bound stem cell factor is the major but not only driver of fibroblast-induced murine skin mast cell differentiation. Exp. Dermatol. 26, 255–262. doi: 10.1111/exd.13206

Lilja, I., Gustafson-Svärd, C., Franzén, L., and Sjödahl, R. (2000). Tumor necrosis factor-alpha in ileal mast cells in patients with Crohn’s disease. Digestion 61, 68–76. doi: 10.1159/000007737

Lloyd, G., Green, F. H., Fox, H., Mani, V., and Turnberg, L. A. (1975). Mast cells and immunoglobulin E in inflammatory bowel disease. Gut 16, 861–865. doi: 10.1136/gut.16.11.861

Lock, C., Hermans, G., Pedotti, R., Brendolan, A., Schadt, E., Garren, H., et al. (2002). Gene-microarray analysis of multiple sclerosis lesions yields new targets validated in autoimmune encephalomyelitis. Nat. Med. 8, 500–508. doi: 10.1038/nm0502-500

Lv, Y., Zhao, Y., Wang, X., Chen, N., Mao, F., Teng, Y., et al. (2019). Increased intratumoral mast cells foster immune suppression and gastric cancer progression through TNF-α-PD-L1 pathway. J. Immunother. Cancer 7:54. doi: 10.1186/s40425-019-0530-3

Ma, Y., Hwang, R. F., Logsdon, C. D., and Ullrich, S. E. (2013). Dynamic mast cell–stromal cell interactions promote growth of pancreatic cancer. Cancer Res. 73:3927. doi: 10.1158/0008-5472.CAN-12-4479

Magyari, M., and Sorensen, P. S. (2020). Comorbidity in multiple sclerosis. Front. Neurol. 11:851. doi: 10.3389/fneur.2020.00851

Malaviya, R., Twesten, N. J., Ross, E. A., Abraham, S. N., and Pfeifer, J. D. (1996). Mast cells process bacterial Ags through a phagocytic route for class I MHC presentation to T cells. J. Immunol. 156, 1490–1496.

Malbec, O., and Daëron, M. (2007). The mast cell IgG receptors and their roles in tissue inflammation. Immunol. Rev. 217, 206–221. doi: 10.1111/j.1600-065X.2007.00510.x

Malmström, V., Catrina, A. I., and Klareskog, L. (2017). The immunopathogenesis of seropositive rheumatoid arthritis: from triggering to targeting. Nat. Rev. Immunol. 17, 60–75. doi: 10.1038/nri.2016.124

Marquardt, D. L., Gruber, H. E., and Wasserman, S. I. (1984). Adenosine release from stimulated mast cells. Proc. Natl. Acad. Sci. U.S.A. 81, 6192–6196. doi: 10.1073/pnas.81.19.6192

Martino, L., Masini, M., Bugliani, M., Marselli, L., Suleiman, M., Boggi, U., et al. (2015). Mast cells infiltrate pancreatic islets in human type 1 diabetes. Diabetologia 58, 2554–2562. doi: 10.1007/s00125-015-3734-1

Maruotti, N., Crivellato, E., Cantatore, F. P., Vacca, A., and Ribatti, D. (2007). Mast cells in rheumatoid arthritis. Clin. Rheumatol. 26, 1–4. doi: 10.1007/s10067-006-0305-3

Mekori, Y. A. (2004). The mastocyte: the “other” inflammatory cell in immunopathogenesis. J. Allergy Clin. Immunol. 114, 52–57. doi: 10.1016/j.jaci.2004.04.015

Melillo, R. M., Guarino, V., Avilla, E., Galdiero, M. R., Liotti, F., Prevete, N., et al. (2010). Mast cells have a protumorigenic role in human thyroid cancer. Oncogene 29, 6203–6215. doi: 10.1038/onc.2010.348

Mellemkjaer, L., Linet, M. S., Gridley, G., Frisch, M., Møller, H., and Olsen, J. H. (1996). Rheumatoid arthritis and cancer risk. Eur. J. Cancer 32a, 1753–1757. doi: 10.1016/0959-8049(96)00210-9

Min, H. K., Kim, K. W., Lee, S. H., and Kim, H. R. (2020). Roles of mast cells in rheumatoid arthritis. Korean J. Intern. Med. 35, 12–24. doi: 10.3904/kjim.2019.271

Molderings, G. J., Haenisch, B., Brettner, S., Homann, J., Menzen, M., Dumoulin, F. L., et al. (2016). Pharmacological treatment options for mast cell activation disease. Naunyn Schmiedebergs Arch. Pharmacol. 389, 671–694. doi: 10.1007/s00210-016-1247-1

Monach, P., Hattori, K., Huang, H., Hyatt, E., Morse, J., Nguyen, L., et al. (2007). The K/BxN mouse model of inflammatory arthritis: theory and practice. Methods Mol. Med. 136, 269–282. doi: 10.1007/978-1-59745-402-5_20

Monach, P. A., Mathis, D., and Benoist, C. (2008). The K/BxN arthritis model. Curr. Protoc. Immunol. 15:15.22. doi: 10.1002/0471142735.im1522s81

Moon, T. C., St Laurent, C. D., Morris, K. E., Marcet, C., Yoshimura, T., Sekar, Y., et al. (2010). Advances in mast cell biology: new understanding of heterogeneity and function. Mucosal. Immunol. 3, 111–128. doi: 10.1038/mi.2009.136

Mukherjee, S., Bandyopadhyay, G., Dutta, C., Bhattacharya, A., Karmakar, R., and Barui, G. (2009). Evaluation of endoscopic biopsy in gastric lesions with a special reference to the significance of mast cell density. Indian J. Pathol. Microbiol. 52, 20–24. doi: 10.4103/0377-4929.44956

Nakae, S., Suto, H., Kakurai, M., Sedgwick, J. D., Tsai, M., and Galli, S. J. (2005). Mast cells enhance T cell activation: importance of mast cell-derived TNF. Proc. Natl. Acad. Sci. U.S.A. 102, 6467–6472. doi: 10.1073/pnas.0501912102

Nolte, H., Spjeldnaes, N., Kruse, A., and Windelborg, B. (1990). Histamine release from gut mast cells from patients with inflammatory bowel diseases. Gut 31, 791–794. doi: 10.1136/gut.31.7.791

Okayama, Y., and Kawakami, T. (2006). Development, migration, and survival of mast cells. Immunol. Res. 34, 97–115. doi: 10.1385/IR:34:2:97

Olitsky, P. K., and Yager, R. H. (1949). Experimental disseminated encephalomyelitis in white mice. J. Exp. Med. 90, 213–224. doi: 10.1084/jem.90.3.213

Oprins, J. C., Meijer, H. P., and Groot, J. A. (2000). Tumor necrosis factor-alpha potentiates ion secretion induced by muscarinic receptor activation in the human intestinal epithelial cell line HT29cl.19A. Ann. N. Y. Acad. Sci. 915, 102–106. doi: 10.1111/j.1749-6632.2000.tb05230.x

Orfao, A., Garcia-Montero, A. C., Sanchez, L., and Escribano, L. (2007). Recent advances in the understanding of mastocytosis: the role of KIT mutations. Br. J. Haematol. 138, 12–30. doi: 10.1111/j.1365-2141.2007.06619.x

O’Sullivan, J. A., Carroll, D. J., Cao, Y., Salicru, A. N., and Bochner, B. S. (2018). Leveraging Siglec-8 endocytic mechanisms to kill human eosinophils and malignant mast cells. J. Allergy Clin. Immunol. 141, 1774–1785.e7. doi: 10.1016/j.jaci.2017.06.028

Piconese, S., Gri, G., Tripodo, C., Musio, S., Gorzanelli, A., Frossi, B., et al. (2009). Mast cells counteract regulatory T-cell suppression through interleukin-6 and OX40/OX40L axis toward Th17-cell differentiation. Blood 114, 2639–2648. doi: 10.1182/blood-2009-05-220004

Piliponsky, A. M., Chen, C. C., Rios, E. J., Treuting, P. M., Lahiri, A., Abrink, M., et al. (2012). The chymase mouse mast cell protease 4 degrades TNF, limits inflammation, and promotes survival in a model of sepsis. Am. J. Pathol. 181, 875–886. doi: 10.1016/j.ajpath.2012.05.013

Poncet, P., Arock, M., and David, B. (1999). MHC class II-dependent activation of CD4+ T cell hybridomas by human mast cells through superantigen presentation. J. Leukoc. Biol. 66, 105–112. doi: 10.1002/jlb.66.1.105

Rabenhorst, A., Schlaak, M., Heukamp, L. C., Förster, A., Theurich, S., Büttner, R., et al. (2012). Mast cells play a protumorigenic role in primary cutaneous lymphoma. Blood 120, 2042–2054. doi: 10.1182/blood-2012-03-415638

Reber, L. L., Marichal, T., and Galli, S. J. (2012). New models for analyzing mast cell functions in vivo. Trends Immunol. 33, 613–625. doi: 10.1016/j.it.2012.09.008

Reuter, S., Stassen, M., and Taube, C. (2010). Mast cells in allergic asthma and beyond. Yonsei Med. J. 51, 797–807. doi: 10.3349/ymj.2010.51.6.797

Ribatti, D., Guidolin, D., Marzullo, A., Nico, B., Annese, T., Benagiano, V., et al. (2010). Mast cells and angiogenesis in gastric carcinoma. Int. J. Exp. Pathol. 91, 350–356. doi: 10.1111/j.1365-2613.2010.00714.x

Riley, J. F., and West, G. B. (1952). Histamine in tissue mast cells. J. Physiol. 117, 72–73.

Rivellese, F., Suurmond, J., Habets, K., Dorjée, A. L., Ramamoorthi, N., Townsend, M. J., et al. (2015). Ability of interleukin-33- and immune complex-triggered activation of human mast cells to down-regulate monocyte-mediated immune responses. Arthritis Rheumatol. 67, 2343–2353. doi: 10.1002/art.39192

Robbie-Ryan, M., and Brown, M. (2002). The role of mast cells in allergy and autoimmunity. Curr. Opin. Immunol. 14, 728–733. doi: 10.1016/S0952-7915(02)00394-1

Rottem, M., and Mekori, Y. A. (2005). Mast cells and autoimmunity. Autoimmun Rev 4, 21–27. doi: 10.1016/j.autrev.2004.05.001

Rozniecki, J. J., Hauser, S. L., Stein, M., Lincoln, R., and Theoharides, T. C. (1995). Elevated mast cell tryptase in cerebrospinal fluid of multiple sclerosis patients. Ann. Neurol. 37, 63–66. doi: 10.1002/ana.410370112

Salamon, P., Mekori, Y. A., and Shefler, I. (2020). Lung cancer-derived extracellular vesicles: a possible mediator of mast cell activation in the tumor microenvironment. Cancer Immunol. Immunother. 69, 373–381. doi: 10.1007/s00262-019-02459-w

Sasaki, Y., Tanaka, M., and Kudo, H. (2002). Differentiation between ulcerative colitis and Crohn’s disease by a quantitative immunohistochemical evaluation of T lymphocytes, neutrophils, histiocytes and mast cells. Pathol. Int. 52, 277–285. doi: 10.1046/j.1440-1827.2002.01354.x

Sayed, B. A., Christy, A., Quirion, M. R., and Brown, M. A. (2008). The master switch: the role of mast cells in autoimmunity and tolerance. Annu. Rev. Immunol. 26, 705–739. doi: 10.1146/annurev.immunol.26.021607.090320

Scheel, C., and Weinberg, R. A. (2012). Cancer stem cells and epithelial–mesenchymal transition: concepts and molecular links. Semin. Cancer Biol. 22, 396–403. doi: 10.1016/j.semcancer.2012.04.001

Schemann, M., and Camilleri, M. (2013). Functions and imaging of mast cell and neural axis of the gut. Gastroenterology 144, 698–704.e4. doi: 10.1053/j.gastro.2013.01.040

Secor, V. H., Secor, W. E., Gutekunst, C. A., and Brown, M. A. (2000). Mast cells are essential for early onset and severe disease in a murine model of multiple sclerosis. J. Exp. Med. 191, 813–822. doi: 10.1084/jem.191.5.813

Sharma, P., and Allison James, P. (2015). Immune checkpoint targeting in cancer therapy: toward combination strategies with curative potential. Cell 161, 205–214. doi: 10.1016/j.cell.2015.03.030

Shea-Donohue, T., Stiltz, J., Zhao, A., and Notari, L. (2010). Mast cells. Curr. Gastroenterol. Rep. 12, 349–357. doi: 10.1007/s11894-010-0132-1

Shefler, I., Pasmanik-Chor, M., Kidron, D., Mekori, Y. A., and Hershko, A. Y. (2014). T cell-derived microvesicles induce mast cell production of IL-24: relevance to inflammatory skin diseases. J. Allergy Clin. Immunol. 133, 217-24.e1–3. doi: 10.1016/j.jaci.2013.04.035

Sinnamon, M. J., Carter, K. J., Sims, L. P., Lafleur, B., Fingleton, B., and Matrisian, L. M. (2008). A protective role of mast cells in intestinal tumorigenesis. Carcinogenesis 29, 880–886. doi: 10.1093/carcin/bgn040

Smolen, J. S., Aletaha, D., Barton, A., Burmester, G. R., Emery, P., Firestein, G. S., et al. (2018). Rheumatoid arthritis. Nat. Rev. Dis. Primers 4:18001. doi: 10.1038/nrdp.2018.1

Solt, L. A., and Burris, T. P. (2015). Th17 cells in Type 1 diabetes: a future perspective. Diabetes Manag. (Lond) 5, 247–250. doi: 10.2217/dmt.15.19

Sona, M. F., Myung, S. K., Park, K., and Jargalsaikhan, G. (2018). Type 1 diabetes mellitus and risk of cancer: a meta-analysis of observational studies. Jpn. J. Clin. Oncol. 48, 426–433. doi: 10.1093/jjco/hyy047

Strober, W., Fuss, I., and Mannon, P. (2007). The fundamental basis of inflammatory bowel disease. J. Clin. Invest. 117, 514–521. doi: 10.1172/JCI30587

Suh, S., and Kim, K. W. (2019). Diabetes and cancer: cancer should be screened in routine diabetes assessment. Diabetes Metab. J. 43, 733–743. doi: 10.4093/dmj.2019.0177

Sun, L. M., Lin, C. L., Chung, C. J., Liang, J. A., Sung, F. C., and Kao, C. H. (2014). Increased breast cancer risk for patients with multiple sclerosis: a nationwide population-based cohort study. Eur. J. Neurol. 21, 238–244. doi: 10.1111/ene.12267

Suto, H., Nakae, S., Kakurai, M., Sedgwick, J. D., Tsai, M., and Galli, S. J. (2006). Mast cell-associated TNF promotes dendritic cell migration. J. Immunol. 176, 4102–4112. doi: 10.4049/jimmunol.176.7.4102

Terzić, J., Grivennikov, S., Karin, E., and Karin, M. (2010). Inflammation and colon cancer. Gastroenterology 138, 2101–2114.e5. doi: 10.1053/j.gastro.2010.01.058

Theoharides, T. C., Bondy, P. K., Tsakalos, N. D., and Askenase, P. W. (1982). Differential release of serotonin and histamine from mast cells. Nature 297, 229–231. doi: 10.1038/297229a0

Theoharides, T. C., Zhang, B., Kempuraj, D., Tagen, M., Vasiadi, M., Angelidou, A., et al. (2010). IL-33 augments substance P-induced VEGF secretion from human mast cells and is increased in psoriatic skin. Proc. Natl. Acad. Sci. U.S.A. 107, 4448–4453. doi: 10.1073/pnas.1000803107

Traynor, T. R., Brown, D. R., and O’Grady, S. M. (1993). Effects of inflammatory mediators on electrolyte transport across the porcine distal colon epithelium. J. Pharmacol. Exp. Ther. 264, 61–66.

Triantafillidis, J. K., Nasioulas, G., and Kosmidis, P. A. (2009). Colorectal cancer and inflammatory bowel disease: epidemiology, risk factors, mechanisms of carcinogenesis and prevention strategies. Anticancer Res. 29, 2727–2737.

Vahidian, F., Duijf, P. H. G., Safarzadeh, E., Derakhshani, A., Baghbanzadeh, A., and Baradaran, B. (2019). Interactions between cancer stem cells, immune system and some environmental components: friends or foes? Immunol. Lett. 208, 19–29. doi: 10.1016/j.imlet.2019.03.004

Varricchi, G., Galdiero, M. R., Loffredo, S., Marone, G., Iannone, R., and Granata, F. (2017). Are mast cells masters in cancer? Front. Immunol. 8:424. doi: 10.3389/fimmu.2017.00424

Vigneri, P., Frasca, F., Sciacca, L., Pandini, G., and Vigneri, R. (2009). Diabetes and cancer. Endocr. Relat. Cancer 16, 1103–1123. doi: 10.1677/ERC-09-0087

Visciano, C., Liotti, F., Prevete, N., Cali, G., Franco, R., Collina, F., et al. (2015). Mast cells induce epithelial-to-mesenchymal transition and stem cell features in human thyroid cancer cells through an IL-8–Akt–Slug pathway. Oncogene 34, 5175–5186. doi: 10.1038/onc.2014.441

Vizio, B., Biasi, F., Scirelli, T., Novarino, A., Prati, A., Ciuffreda, L., et al. (2013). Pancreatic-carcinoma-cell-derived pro-angiogenic factors can induce endothelial-cell differentiation of a subset of circulating CD34+ progenitors. J. Transl. Med. 11:314. doi: 10.1186/1479-5876-11-314

Walker, M. E., Hatfield, J. K., and Brown, M. A. (2012). New insights into the role of mast cells in autoimmunity: evidence for a common mechanism of action? Biochim. Biophys. Acta 1822, 57–65. doi: 10.1016/j.bbadis.2011.02.009

Wang, Q., Lepus, C. M., Raghu, H., Reber, L. L., Tsai, M. M., Wong, H. H., et al. (2019). IgE-mediated mast cell activation promotes inflammation and cartilage destruction in osteoarthritis. Elife 8:e39905. doi: 10.7554/eLife.39905

Wang, S., Li, L., Shi, R., Liu, X., Zhang, J., Zou, Z., et al. (2016). Mast cell targeted chimeric toxin can be developed as an adjunctive therapy in colon cancer treatment. Toxins 8:71. doi: 10.3390/toxins8030071

Weidenhiller, M., Raithel, M., Winterkamp, S., Otte, P., Stolper, J., and Hahn, E. G. (2000). Methylhistamine in Crohn’s disease (CD): increased production and elevated urine excretion correlates with disease activity. Inflamm. Res. 49, 35–36. doi: 10.1007/PL00000171

Wekerle, H. (2008). Lessons from multiple sclerosis: models, concepts, observations. Ann. Rheum. Dis. 67 (Suppl. 3), iii56–iii60. doi: 10.1136/ard.2008.098020

Welle, M. (1997). Development, significance, and heterogeneity of mast cells with particular regard to the mast cell-specific proteases chymase and tryptase. J. Leukoc. Biol. 61, 233–245. doi: 10.1002/jlb.61.3.233

Wernersson, S., and Pejler, G. (2014). Mast cell secretory granules: armed for battle. Nat. Rev. Immunol. 14, 478–494. doi: 10.1038/nri3690

Winterkamp, S., Weidenhiller, M., Otte, P., Stolper, J., Schwab, D., Hahn, E. G., et al. (2002). Urinary excretion of N-methylhistamine as a marker of disease activity in inflammatory bowel disease. Am. J. Gastroenterol. 97, 3071–3077. doi: 10.1111/j.1572-0241.2002.07028.x

Xu, D., Jiang, H. R., Li, Y., Pushparaj, P. N., Kurowska-Stolarska, M., Leung, B. P., et al. (2010). IL-33 exacerbates autoantibody-induced arthritis. J. Immunol. 184, 2620–2626. doi: 10.4049/jimmunol.0902685

Yodavudh, S., Tangjitgamol, S., and Puangsa-art, S. (2008). Prognostic significance of microvessel density and mast cell density for the survival of Thai patients with primary colorectal cancer. J. Med. Assoc. Thai 91, 723–732.

Youngblood, B. A., Leung, J., Falahati, R., Williams, J., Schanin, J., Brock, E. C., et al. (2020). Discovery, function, and therapeutic targeting of siglec-8. Cells 10:19. doi: 10.3390/cells10010019

Zhao, B., Zhao, H., and Zhao, J. (2020). Efficacy of PD-1/PD-L1 blockade monotherapy in clinical trials. Ther. Adv. Med. Oncol. 12:1758835920937612. doi: 10.1177/1758835920937612

Zheng, X., Carstens, J. L., Kim, J., Scheible, M., Kaye, J., Sugimoto, H., et al. (2015). Epithelial-to-mesenchymal transition is dispensable for metastasis but induces chemoresistance in pancreatic cancer. Nature 527, 525–530. doi: 10.1038/nature16064

Zhu, J., and Paul, W. E. (2010). Heterogeneity and plasticity of T helper cells. Cell Res. 20, 4–12. doi: 10.1038/cr.2009.138


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 Noto, Hoft and DiPaolo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fcell-09-752350-g001.jpg
Common Mast Cell Activation Mechanisms, Responses, and Therapeutic Targets

IL-33

TLR
C5a @)\
CD88
Neuropeptide
receptor

Histamine
Receptor
Histamine
antagonist PD-L1
(Diphenhydramine)
Antl PD L1

(Avelumab, Atezolizumab,
Durvalumab)

Q
ST2
IL-1RACp

1

Hormone
receptor

FcyRI IgG
Siglec-8
Y \
@ o\
O

Anti-TNF
(Infliximab, Adalimumab)

_\\

Anti-IgE
(Omalizumab)

Anti-Siglec-8
(Lirentelimab)

Activators
Complement (C5a)
PAMPs
Fc Receptors (IgE & 1gG)
Neuropeptides
Hormones
Serine Proteases
Cytokines (IL-33)

Responses

Rheumatoid Arthritis
IL-8, TNF, IL-10

Multiple Sclerosis
IL-17, tryptase, chymase

Type 1 Diabetes
IL-6

Inflammatory Bowel Disease
TNF, histamine

Therapeutics
Anti-IgE
Anti-Siglec-8
Anti-TNF
Anti-PD-L1/PD-L2
Histamine antagonists






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Mast Cells as Important Regulators in Autoimmunity and Cancer Development



		INTRODUCTION



		MAST CELLS IN AUTOIMMUNITY AND CANCER



		Rheumatoid Arthritis



		Multiple Sclerosis



		Type 1 Diabetes



		Inflammatory Bowel Disease



		Mast Cells and Cancer Development









		MAST CELLS AS A POTENTIAL THERAPEUTIC TARGET



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fcell-09-752350-t001.jpg
Mediator(s)

Activities

References

Histamine

PGD2, CCL2, VEGF-A, TNF
IL-1p , TNF

TGFB , IL-6, IL-23

TGFB +IL-2

IL-6

IL-4
IL-17, IL-13, GM-CSF, MCP-1, MIP-1a

CCL5, SCF

SCF, VEGF, CXCLS8/IL-8
CXcL12

IL-10, TGFB

Adenosine

CXCL8/IL-8

Heparin, VEGF-A

IL-33

Promotes vascular permeability, vasodilation,
angiogenesis, inhibition of Th1 and Th2
responses

Promote epithelial cell permeability,
vasodilation, recruitment of effector cells

Influence dendritic cell migration and function

Differentiation of CD4* T cells into Th17
Differentiation of CD4* T cells into Tregs

Inhibition of Treg differentiation and favors Th17
differentiation

Differentiation of CD4* T cells into Th2

Immune cell recruitment, released by
IL-33-mediated mast cell activation

Mast cell chemoattractants
Attracts mast cells to TME

Attracts mast cells to TME and promotes
release of pro-angiogenic mediators by mast
cells

Suppression of immune response

Suppression of immune response and
promotes histamine secretion from mast cells

Induction of epithelial-to-mesenchymal
transition

Angiogenesis

Mast cell activation

Riley and West, 1952

Moon et al., 2010

Malaviya et al., 1996; Poncet et al., 1999; Suto et al., 2006; Galli
et al., 2008; Reuter et al., 2010; Walker et al., 2012

Piconese et al., 2009; Zhu and Paul, 2010

Piconese et al., 2009; Zhu and Paul, 2010

Piconese et al., 2009; Zhu and Paul, 2010; Solt and Burris, 2015;
Betto et al., 2017

Malbec and Daéron, 2007

Robbie-Ryan and Brown, 2002; Hueber et al., 2010; Xu et al., 2010

Lock et al., 2002; Couturier et al., 2008

Varricchi et al., 2017

Jorpes, 1959; Theoharides et al., 1982; Kim et al., 1993; Kryczek
et al., 2005; Beer et al., 2008; Carmeliet and Jain, 2011; Kolset and
Pejler, 2011; Vizio et al., 2013; Derakhshani et al., 2019

Riley and West, 1952; Nakae et al., 2005; Melillo et al., 2010;
Ribatti et al., 2010; da Silva et al., 2014; Krystel-Whittemore et al.,
2015; Derakhshani et al., 2019

Riley and West, 1952; Marquardt et al., 1984; Gottfried et al., 2012;
Piliponsky et al., 2012

Scheel and Weinberg, 2012; Visciano et al., 2015; Zheng et al.,
2015

Jorpes, 1959; Theoharides et al., 1982; Kim et al., 1993; Kryczek
et al., 2005; Beer et al., 2008; Carmeliet and Jain, 2011; Kolset and
Pejler, 2011; Vizio et al., 2013; Derakhshani et al., 2019
Theoharides et al., 2010; Byrne et al., 2011; Chan et al., 2012;
Rivellese et al., 2015; He et al., 2018






OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Mast Cells as Important
Regulators in Autoimmunity
and Cancer Development






OPS/images/fcell-09-752350-t002.jpg
Autoimmune disease

Mast cell association

Associated cancer

References

Rheumatoid arthritis

Multiple sclerosis

Type 1 diabetes

Inflammatory bowel disease

>
>

Mast cell mediators promote immune cell
recruitment and angiogenesis

Mast cells increased in synovial
compartments

Mast cell mediators promote vascular
permeability and immune cell recruitment
Mast cells present at sites of inflammatory
demyelination

Mast cell density is increased in MS
plaques

Increase in pancreatic mast cell density
that correlates with apoptotic beta cells

Increased mast cell density in ileum
Increased histamine and histamine
metabolites

Skin, lung, Hodgkin’s and
non-Hodgkin’s lymphoma

Respiratory, urinary, breast, CNS,
non-melanoma skin cancer

Stomach, lung, liver, pancreas,
kidney, endometrium, ovarian

Colorectal cancer, small bowel
adenocarcinoma, intestinal
lymphoma, anal cancer,
cholangiocarcinoma

Mellemkjaer et al., 1996; Lee et al., 2002,
2013; Robbie-Ryan and Brown, 2002;
Askling et al., 2005; Hueber et al., 2010; Xu
et al., 2010; Walker et al., 2012;
Kashiwakura et al., 2013; Rivellese et al.,
2015; Malmstrom et al., 2017; Aletaha and
Smolen, 2018; Klein et al., 2018; Smolen
et al., 2018; Min et al., 2020

Dietsch and Hinrichs, 1989; Galli et al.,
1992; Brenner et al., 1994; Rozniecki et al.,
1995; Ibrahim et al., 1996; Dimitriadou

et al., 2000; Secor et al., 2000; Brown

et al., 2002; Lock et al., 2002; Rottem and
Mekori, 2005; Couturier et al., 2008; Sayed
et al., 2008; Kingwell et al., 2012;
Karagkouni et al., 2013; Sun et al., 2014;
Grytten et al., 2020; Magyari and Sorensen,
2020

Esposito et al., 2001; Geoffrey et al., 2006;
Vigneri et al., 2009; Martino et al., 2015;
Solt and Burris, 2015; Betto et al., 2017;
Sona et al., 2018; Suh and Kim, 2019

Lloyd et al., 1975; Fox et al., 1990; Nolte
et al., 1990; Braegger et al., 1992; Traynor
et al., 1993; Crowe et al., 1997; Gelomann
et al., 1999; Lilja et al., 2000; Oprins et al.,
2000; Weidenhiller et al., 2000; Sasaki

et al., 2002; Winterkamp et al., 2002; He,
2004; Jacob et al., 2005; Strober et al.,
2007; Bischoff, 2009; Kurashima et al.,
2013; Axelrad et al., 2016









OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





