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Abstract: Mast cells (MC) are specialized exocytic cells that lie beneath the external surfaces of the body. For many decades, MCs were
thought to primarily function as effector cells for IgE mediated allergic diseases. However, recent evidence indicates that MCs also function
as important cells in immune surveillance. When activated by pathogens, MCs initiate innate and adaptive immune responses thereby
resulting in protection against pathogens. The question remains if MC activation may also function in establishing immune responses against
allergens and hence allergic disease. New studies suggest that MCs are not only the effector cell of allergy but may also be the initiator of
allergy.

Introduction

Mast cells (MCs) line the surfaces of the body and possess different receptors which recognize specific components from the outside world. These specialized receptors allow the
MC to respond differentially to insults from the external environment. In the case of allergens, MCs have primarily been regarded as effector cells that cause harmful allergic
reactions (Hofmann and Abraham, 2008). However, in the case of pathogens, MCs have recently been shown to have an important role in host defense. Pathogen associated MC
activation can initiate the innate immune response as well as the adaptive immune response. Given their unique role in immune surveillance against pathogens, the question remains
if MCs could potentially play a more central role in the development of immune responses to allergens and hence, allergic disease. New evidence suggests that MCs can participate
in the initiation of primary adaptive immune response to allergens, a process known as allergen sensitization. Here, we will briefly review the role of MCs as effector cells of allergic
reactions and their more recently described role in promoting protective innate and adaptive immune responses to pathogens. We will then discuss the contribution of MCs in
initiating and polarizing the primary immune responses to allergens. Finally, we will describe how microbial infections may severely exacerbate allergy symptoms in patients by
activating MCs.

Role as Harmful Effector Cells During Allergic Responses

MCs have long been recognized as the principle effector cell responsible for IgE mediated allergic reactions. In patients prone to allergies, allergens are recognized, processed, and
presented by antigen presenting cells such as dendritic cells to naïve T cells. Naïve T cells that recognize the allergen as foreign then differentiate into Th2 type T cells which
produce specific cytokines that cause B cells to synthesize allergen specific IgE. This primary immune response is termed allergen sensitization and has been previously thought to
occur without involvement of MCs. The allergen specific IgE then binds to the high affinity IgE receptor (FcεRI) located on the MC surface. Upon re-exposure, the allergen binds
and crosslinks IgE-FcεRI on the MC surface resulting in MC degranulation, or release of MC granules. These granules contain preformed mediators such as histamine that cause the
symptoms of allergic reactions thereby establishing the MC as the effector cell of allergic diseases (Hofmann and Abraham, 2009). Upon activation by allergen, MCs also begin to
synthesize lipid mediators such as prostaglandins and leukotrienes as well as cytokines and chemokines (Hofmann and Abraham, 2009). Prostaglandins and leukotrienes mediate
some of the symptoms of allergic diseases such as bronchoconstriction. The cytokines and chemokines secreted by MCs recruit inflammatory cells such as eosinophils, basophils,
and T cells to the site of allergen exposure. These cells then participate in the late phase response to allergen and promote many of the well known pathological sequelae associated
with allergy (Hofmann and Abraham, 2009).

Initiator of Innate Immune Responses and Adaptive Immune Responses to Invading Pathogens
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MCs line the surfaces of the body including the respiratory tract, the gastrointestinal tract, genitourinary tract, and the skin and are in prime position to recognize invading
pathogens. To function as immune surveillance cells, MCs have developed at least 3 mechanisms of pathogen recognition: (i) Direct binding of pathogens or their components by
pathogen associated molecular pattern (PAMP) receptors located on the MC surface; (ii) binding of antibody or complement coated bacteria by complement receptors or
immunoglobulin receptors, or (iii) recognition of endogenous peptides produced by infected or injured host cells (Hofmann and Abraham, 2009). Depending on the type of receptor
engaged on the MC surface, different immune responses to the pathogen are triggered (Qiao et al., 2006).

One important and much studied class of PAMP receptors are the Toll like receptors (TLRs). The two most studied TLRs on MCs are TLR 2 and TLR 4 (Varadaradjalou et al.,
2003; McCurdy et al., 2003). TLR 2 recognizes peptidoglycan from gram positive bacteria, gram negative bacteria, and mycobacteria, and zymosan from yeast. TLR 4 binds to
lipopolysaccharide (LPS) from gram negative bacteria, lipid A, fibrinogen, and Mycobacterium tuberculosis (Varadaradjalou et al., 2003). When TLR 2 or TLR 4 is engaged, human
MCs release cytokines which recruit immune cells to the sites of infection such as neutrophils which then destroy the pathogen (Varadaradjalou et al., 2003; McCurdy et al., 2003).
Studies have shown that MC deficient mice are less able than wild-type mice to clear Escherichia coli in an acute peritonitis model, and Klebsiella pneumoniae and Franciscella
tularenesis in a lung infection model. In all of these models, MC deficient mice have decreased survival due to impaired innate host responses thereby indicating that MCs are
critical to the innate immune response against pathogens (Malaviya et al., 1999; Ketavarapu et al., 2008; Sutherland et al., 2008).

MCs also have profound effects on two of the central cells of adaptive immunity: dendritic cells and T cells. Dendritic cells or antigen presenting cells are recruited to sites of
pathogen invasion where they take up pathogen components, or antigens. They then travel to nearby lymph nodes where they present the antigen to naïve T cells. These stimulated
naïve T cells then differentiate into different T cell subsets, each with their own function in fighting pathogens. Interestingly, MCs have been shown to modulate the activities of
both dendritic cells and T cells (Galli et al., 2005). In order to establish an adaptive immune response, dendritic cells laden with antigen must travel from infection sites to lymph
nodes where they mature and interact with T cells. Studies have shown that pathogens at infection sites stimulate MC degranulation which releases pre-stored tumor necrosis factor
α (TNF-α), a cytokine which functions to guide dendritic cells first to infection sites and then to lymph nodes (Suto et al., 2006; McLachlan et al., 2003). In addition to its local
action, MC derived TNF-α also drains to nearby lymph nodes and attracts T cells from the blood to the nodes (Kunder et al., 2009). The T cells are then in prime position to engage
dendritic cells entering lymph nodes from the infection sites. This interaction of T cells and dendritic cells in the lymph nodes as coordinated by MCs begins the adaptive immune
response.

Figure 1. Mast Cell Roles in Allergic Disease 1.
MCs degranulate when allergen binds to IgE on
the MC surface. 2. MCs play a key role in
allergen sensitization when allergen exposure
occurs in the presence of bacterial byproducts.
3. Allergen and bacterial products act
synergistically to increase MC granule release.

MCs may also influence the type of adaptive immune response made to a pathogen through cytokine secretion. Upon activation, MCs release cytokines such as IL-4 and IL-13
which can induce a stimulated naïve T cell to become a Th2 type T cell which can then drive antibody responses as described previously. In support of this concept, one study has
shown that MC activators, when paired with an antigen, can induce strong antibody responses in the host that are protective against pathogen challenge (McLachlan et al., 2008).

MCs can also directly activate T cells by functioning as antigen presenting cells under certain conditions. When complement and antibody receptors on the MC surface bind
bacteria coated with complement or antibody, the MC can then endocytose these bacteria, break them down, and express bacterial antigens in association with MHC I, one of the
co-stimulatory molecules for T cells, on the MC surface (Malaviya et al., 1996). The co-expression of MHC I and bacterial antigens by MCs activates CD8 T cells which then can
kill infected host cells (Malaviya et al., 1996). Studies suggest that MCs may also be able to act as antigen presenting cells to activate other types of naïve T cells, namely CD4 T
cells which are important in coordination of immune cells and in antibody responses such as those in allergy (Nakano et al., 2009; Kambayashi et al., 2009). In summary, MCs
initiate and coordinate the adaptive immune response by directing migration of dendritic and T cells to lymph nodes, by secreting T cell polarizing cytokines, and possibly by direct
antigen presentation to T cells.

Initiator of the Primary Immune Responses to Allergens

Over the past decade, ample evidence has accumulated showing the critical role that MCs play in immune responses to pathogens, or dangerous foreign substances. Less is known
about the role of MCs in initiating innate and adaptive immune responses to innocuous substances such as pollen or food. However, new evidence is emerging to suggest that MCs
may coordinate and drive a Th2 immune response to innocuous agents particularly when these innocuous agents are encountered in the setting of endotoxin exposure thereby
resulting in allergen sensitization (Eisenbarth et al., 2002; Nigo et al., 2006). Endotoxins and peptidoglycan are common contaminants in the environment and can act on MCs via
TLRs as described previously. When an individual encounters allergen and low doses of endotoxin or peptidoglycan in the environment simultaneously, MC activation through TLR
signaling may lead to MC secretion of cytokines such as TNF-α into the local environment. Dendritic cells which have taken up the innocuous allergen may then become activated
by TNF-α and may migrate to the lymph node where they activate T cells thereby leading to an inappropriate Th2 immune response to the innocent allergen in a “bystander
phenomenon” resulting in allergen sensitization (Eisenbarth et al., 2002; Nigo et al., 2006). Thus in this scenario, the endotoxin or peptidoglycan serves as a powerful adjuvant
potentiating an immune response to allergens. Furthermore, the critical role that MCs play in defense against pathogens is counterproductive here as it induces allergic sensitization.

Recent evidence from mouse studies suggests that MCs may indeed function in allergic sensitization. In a mouse model of asthma, intranasal administration of low doses of
lipopolysaccharide (LPS), or endotoxin, in association with antigen resulted in increased eosinophil infiltration into the lungs which is a marker of asthma. Wild-type mice treated
with antigen alone had less eosinophils in their lungs (Nigo et al., 2006). When these studies were performed in MC deficient mice, eosinophil accumulation failed to occur in
response to LPS and antigen and was only restored when the MC deficient mice were reconstituted with wild-type MCs. Interestingly eosinophils failed to accumulate in MC
deficient mice reconstituted with TLR 4 knockout MCs (Nigo et al., 2006). These experiments suggest that in the setting of TLR 4 activation by low doses of endotoxin, MCs are
critical to the induction of Th2 T cell responses to allergens, or to allergen sensitization.

Exacerbations of Allergic Diseases

Infections have been shown to exacerbate allergic diseases, especially asthma and atopic dermatitis. These exacerbations may be due to dual activation of the MC both by allergen
and by pathogen. When the MC encounters an allergen and a pathogen at the same time, IgE receptors and PAMPs on the MC surface may be simultaneously activated thereby
enhancing the MC response and exacerbating allergic disease. Studies have shown that dual activation of TLRs by bacterial products and the IgE receptor by allergen acts
synergistically to increase cytokine production by MCs which may increase allergic disease (Qiao et al., 2006). For example, release of augmented amounts of TNF-α from MCs
activated by pathogens and by allergens may increase bronchial contractility and worsen asthma. Atopic dermatitis, an allergic condition of the skin, may also be exacerbated by
dual activation of MCs. Approximately 90% of patients with atopic dermatitis have skin colonization with Staphylococcus aureus, a gram positive bacterium, which contains
peptidoglycan (Abeck and Mempel, 1998). Peptidoglycan may bind to TLR 2 on MCs in the skin at the same time as binding of allergens from the environment to the FcεRI on
MCs thereby markedly enhancing release of proinflammatory cytokines which worsens the skin disease (Supajatura et al., 2002). Overall, activation of TLR signaling in addition to
IgE receptor signaling in the setting of infection and allergen exposure causes enhanced MC activation and worsening of established allergic disease.

MCs may also amplify exacerbations of allergic disease in the absence of infection through their potential ability to act as antigen presenting cells. MCs may act similarly to B cells
and participate in a process termed facilitated antigen binding (Wilcock et al., 2006). In a facilitated antigen binding model, allergens bound to the IgE-FcεRI on the MC surface
would be endocytosed, processed, and presented in association with MHC I or even perhaps MHC II on the MC surface. MCs bearing allergen-MHC complexes could then
stimulate allergen specific T cells leading to proliferation, cytokine secretion, and enhancement of allergic disease.
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Conclusions

For many years, MCs were considered merely as the effector cells of the allergic response. Within the last decade, a new role for MCs in defense against pathogens has been
described. We now know that MCs play a critical function in both the initiation of the innate immune response and in coordination of the adaptive immune response. For pathogens,
this response is protective. For allergens, this response may be harmful and may result in establishment and exacerbation of allergic disease. By further defining the role of the MC
in both innate and adaptive immune defense, we will likely begin to understand the multidimensional role of the MC in allergy as well. These insights will likely lead to new
treatments for allergic disease.
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