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Abstract

Mast cells (MCs) have been implicated in orchestrating the host's early innate immune and 

adaptive immune responses in several models of acute bacterial infections. Most of this activity 

results in early clearance of the bacteria and timely resolution of infection. However, during 

chronic infections because of the prolonged nature of MC-bacterial interactions, the role of the 

MC in determining the fate of infection is markedly more complex. Depending on the nature of 

the pathogen, severity of infection and its association with a preexisting inflammatory disease, 

MCs may promote rather than contain chronic infections and exacerbate their pathological 

sequellae.

Introduction

When infectious bacteria colonize a host, they first encounter and are adapted to penetrate 

varied environments at the interface of the host and the external environment. However, just 

as bacteria are adapted to invade through specific pathways and tissues, so the host's 

immune system has adapted to meet each unique challenge. Whether bacteria prefer to 

colonize the skin, such as Staphylococcus aureus, the gut mucosae, as does Salmonella 

typhimurium, the lungs, in the case of Klebsiella pneumonaie, or the urinary tract, like 

Escherichia coli, each of these potential pathogens are likely to quickly encounter a 

cornerstone of the host's innate defense system, the mast cell (MC). MCs are able to 

recognize various pathogens or their products, and rapidly degranulate, or release pre-stored 

inflammatory mediators (Figure 1). While MCs can directly kill bacteria, most of their 

antimicrobial activity is linked to their ability to recruit neutrophils and antigen presenting 

cells, such as dendritic cells, to the site of infection. Neutrophils are essential for direct 
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killing of bacteria and the antigen presenting cells are subsequently drained from the 

infection site to the lymph nodes, where adaptive immune responses are galvanized. As a 

result, MCs promote the development of a vigorous and largely appropriate innate and 

adaptive immune responses to the pathogens during acute infection. However, in the case of 

chronic and persistent infection, which often involves the persistence of intracellular 

bacteria, MCs are largely implicated in promoting pathological sequellae. This is especially 

true when these infections occur at sites with preexisting inflammatory disease. MCs possess 

several traits that uniquely enable them to exacerbate persistent inflammatory diseases and 

these include: (i) their ability to achieve sustained mediator release (ii) their ability to 

congregate and proliferate at sites of inflammation, and (iii) their longevity. In this article, 

we will review the MC recognition mechanisms of bacterial pathogens and describe their 

seemingly divergent roles in acute and chronic bacterial infections.

Pleiotropic MC Responses to Microbial Pathogens and their Products

Like other immune surveillance cells, MCs are capable of directly recognizing a range of 

bacterial pathogens or secreted products. Additionally, they can indirectly recognize and 

interact with bacteria bound by various host defense proteins, including immunoglobulins, 

complement components and surfactant lipoproteins, which serve as opsonins. The MC 

membrane is also replete with pattern recognition receptors (PRRs), such as Toll-like 

receptors (TLRs), which recognize structurally conserved pathogen-associated molecular 

patterns (PAMPs) [1] even without opsonisation, variously affecting the nature and 

magnitude of the MC response to bacteria. TLR2 on rodent MCs recognizes and bind 

peptidogylcans found on Gram-positive bacteria, triggering MC degranulation and cytokine 

production, while Gram-negative lipopolysaccharide (LPS) stimulates TLR4, promoting a 

vigorous cytokine response without degranulation [2]. Interestingly, upon bacterial 

activation of MC TLRs, only proinflammatory responses were observed to be elicited, but 

not type I interferon [3]. In addition to conventional PRRs, other pathogen receptors are also 

present on the MC cell surface. One such receptor, CD48, detects widely divergent bacteria 

from type-1 fimbriated E. coli and K. pneumonia to Mycobacterium tuberculosis and S. 

aureus [4-6], prompting MC degranulation. Notably, physical contact between bacteria and 

the MC is unnecessary for a MC response. It is much more likely that bacterial toxins and 

cell wall components released by bacteria attempting to penetrate the epithelial barrier 

activate MCs located in the submucosae. Responses to toxins also differ according to the 

specific ligand-receptor interaction. The toxin of Vibrio cholerae which binds GM1 

selectively amplifies production of certain cytokines, such as interleukin-6 (IL-6), while 

inhibiting the production of others [7]. Furthermore, Clostriudium difficile toxin binding to 

neurokinin-1 induces MC degranulation and proinflammation [8] whereas Bordetella 

pertussis toxin binding of G proteins suppresses MC degranulation and histamine release 

[9]. Since each of these bacterial products are known virulence determinants, it is 

conceivable that the MC responses evoked by each may have unique consequences to the 

host's immune responses.

With the expression of multiple Fc receptors (FcRs), including FcγRII and the high-affinity 

receptor FcεRI, MCs are able to bind both immunoglobulin G (IgG) and IgE. Although IgE 

is not commonly generated against bacteria, IgE specific to Helicobacter pylori and S. 
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aureus have been reported in patients with chronic peptic ulcers and atopic dermatitis, 

respectively [10,11]. Stimulation of both FcεRI and TLRs on MCs synergistically augments 

proinflammatory cytokine production through the activation of mitogen-activated protein 

kinases (MAPK) [12]. MC FcRs can also be activated by bacterial superantigens, such as 

protein A from S. aureus [13]. Complement receptors on MCs can also greatly enhance the 

mast cell response by synergism with the complement system. The cleaved and activated 

C3a and C5a complement proteins are potent MC activators and chemoattractants during 

inflammation [14]. Peritoneal neutrophilia during S. aureus infection has been recently 

shown to be partially MC dependent, with concomitant TLR2 and C5aR activation 

contributing to immune responses [15]. The CR3 receptor for the iC3b fragment is also 

suggested to mediate MC binding to Salmonella [16]. This synergy of MC and complement 

is highlighted in C3-deficient mice, which exhibit greatly reduced MC degranulation and 

TNF-α production upon acute septic peritonitis, impairing neutrophil recruitment and 

bacterial clearance [17]. Thus, MCs have a broad repertoire of receptors that are capable of 

directly or indirectly binding pathogens or their products, with specific interactions evoking 

strikingly different MC responses and enhanced MC responses through involvement of 

multiple receptors.

MC Mediated Immune Responses to Acute Bacterial Infections

Knowledge of the contribution of MCs to outcomes of bacterial infection largely comes 

from comparing acute infections in wild type and MC-deficient mice. These studies reveal 

that MCs primarily function as proinflammatory sentinels mediating the rapid recruitment of 

immune cells to sites of infection and simultaneously mobilizing the adaptive immune 

response in distal lymph nodes (Figure 2). Studies with different bacterial pathogens 

implicate MC products such as TNF [18,19], MC protease-6 [20], IL-4 [21] and IL-6 [22] in 

promoting leukocyte-mediated bacterial clearance either through neutrophil recruitment or 

enhancing antibacterial activities of neutrophils and macrophages. These local and long 

distance effects are achieved in part through the release of their pre-stored mediators 

packaged in small submicron sized, heparin-based particles (granules) [23]. These particles 

release their contents into the surroundings in a regulated fashion, maximizing the potency 

of their cargo. The released mediators promote the recruitment of neutrophils and antigen 

presenting cells to the site of infection. Interestingly, a portion of the MCs granules released 

into the surrounding tissue also gain access into lymphatic vessels and rapidly drain into the 

neighboring lymph nodes [23]. The various MC mediators eluted from exocytosed MC 

particles trigger extensive mobilization of select dendritic cell subtypes, and lymphocytes 

which are necessary for the development of pathogen-specific immune responses [24,25]. A 

potent immunomodulator in MC granules is TNF, which initiates neutrophil and dendritic 

cell migration into tissues and lymphocyte recruitment in nodes by upregulating E-selectin 

[24] and VCAM-1 [26], respectively, on neighboring blood vessels. In addition to promoting 

the maturation and migration of antigen presenting cells at sites of infection, MCs, 

themselves, can serve as antigen presenting cells. This was demonstrated with antigen-

pulsed MCs, which were capable of inducing the proliferation of antigen-specific CD8+ T 

cells and increasing their cytotoxic activity [27].

Chan et al. Page 3

Curr Opin Microbiol. Author manuscript; available in PMC 2015 June 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Direct killing of bacteria is achieved by the release of cathelicidins, broad-spectrum 

antimicrobial peptides highly effective against group A streptococci skin infections [28]. 

Cathelicidins are produced constitutively by MCs but can be induced in response to bacterial 

products, including LPS [29] and pneumolysin of Streptococcus pneumoniae [30]. While 

primarily exocytic in activity, MCs can kill bacteria by endocytosis, an activity supported by 

their ability to generate reactive oxygen species [31].

It is not always clear how MCs function to protect against bacteria. MC-sufficient mice have 

improved morbidity and survival following Mycoplasma pulmonis infection compared to 

MC-deficient mice. The bacterial load and lymph node hypertrophy of MC-sufficient mice 

were also markedly reduced, as was the extent of progressive pneumonia and airway 

occlusion [32]. A recent study examining M. pulmonis lung infections under allergic 

conditions suggested the importance of IL-6 for bacterial clearance, but paradoxically MC-

derived IL-6 was not required [33].

In view of the importance of MCs in orchestrating effective immune responses against a 

broad spectrum of bacteria, it is unsurprising that bacteria have evolved strategies in 

subverting MC function. For reasons that are not immediately clear, certain commensal 

E.coli strains appear able to inactivate MCs, inhibiting degranulation for days after exposure 

[34]. B. pertussis is able to block histamine release by MCs and selectively inhibit MC IL-6 

release through pertussis toxin [35]. Certain pathogens even appear to have evolved 

mechanisms to destroy MCs. Exotoxin A of Pseudomonas aeruginosa, for instance, induces 

human MC apoptosis by down-regulating anti-apoptotic proteins and activating of caspase-8 

and -3 pathways [36].

Diverse MC Mediated Immune Responses to Chronic infection

Incomplete clearance of bacterial infections may result in chronic disease. Often, these 

infections are limited to a particular physiological site. There is considerably less known 

regarding the role of MCs in chronic infections compared to acute infections. To date, data 

suggest that MCs display widely divergent effects depending on the nature of the bacterial 

pathogen and whether or not the infection is associated with a preexisting inflammatory 

disorder. During mycobacterial infections of the lungs, MCs appear to play a critical role by 

encouraging the development of granulomas, which contain mycobacterial spread [37]. MCs 

aggregate around granulomas, promoting their growth and enhance homing of activated 

CD8+ T cells to the lungs by regulating the local cytokine milieu [37]. Many chronic 

infections are closely linked to preexisting inflammatory disorders and, in these contexts, 

MCs appear to be more harmful than beneficial. These include Staphylococcal infections in 

atopic dermatitis [38], P. aeroginosa infections of inflamed cystic fibrotic lungs [39], and H. 

pylori infections in chronic gastritis [40]. These and other examples are listed in Table 1. In 

these cases, MCs exacerbate the inflammatory condition through hypersecretion of 

proinflammatory mediators such as IL-1α and β [39] and anomalous recruitment of 

cytotoxic immune cells including neutrophils and eosinophils. Often, the MC-activating 

bacterial factors are exotoxins, such as strepolysin O for Group A Streptococci and α- toxin 

for S. aureus in chronic urticaria [41], and the cytotoxin VacA of H. pylori in chronic 

gastritis [42], which lead to enhanced apoptosis of epithelial cells and increase in tissue 
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fibrosis in the antral gastric mucosa [40]. Hyperactivation of MCs by concurrent infection 

and inflammatory disorders can lead to pathological tissue damage.

The capacity of MCs to aggregate and proliferate at sites of inflammation contributes to 

their ability to exacerbate chronic infections in an inflamed tissue environment. Unlike other 

immune cells that migrate to inflamed locations, MCs that are already located in tissues can 

actively proliferate in spite of their terminal differentiation, thereby increasing their local 

numbers. MCs are also able to mediate multiple cycles of mediator release of pre-stored and 

de novo synthesized mediators. Since in chronic infections the interactions between bacteria 

and the MC are likely to be prolonged and frequent, this property of MCs has significant 

relevance. Interestingly, it has been suggested that subsequent MC degranulation responses 

may be enhanced over the original response, as the regranulation process in an inflamed site 

can change in response to pathogen encounter or exposure to inflammatory mediators, 

resulting in a different composition of mediators within new MC granules [43]. With large 

bacterial loads, dysregulated MC secretory responses may contribute to pathogenesis. For 

example, MCs exhibit a protective role in a cecal ligation and puncture (CLP) model of 

moderate septic peritonitis but in severe CLP or in a S. typhimurium peritonitis infection 

with high bacterial load, MC responses conversely led to increased mouse mortality [44]. 

These harmful effects of MCs may in part be related to their physical location adjacent to 

blood vessels. MCs lining blood vessels may be susceptible to activation by bacteria 

transported in the circulation and the resulting outpouring of mediators can potentially have 

lethal effects on the host. Mediators released by hyperactive MCs rapidly gain access into 

blood vessels resulting in severe systemic effects in which mast cell stabilization can 

potentially improve survival [45]. The functional importance of systemic MC degranulation 

during infection was recently evaluated by compartment-specific MC reconstitution of MC-

deficient mice. These studies compared the morbidity associated with CLP in MC-deficient 

mice following MC repletion of the peritoneal compartment alone and repletion of both the 

peritoneal systemic compartments. While morbidity after CLP in mice locally repleted with 

MCs markedly improved, reconstitution in peritoneal and systemic compartments decreased 

survival. Additionally, mice systemically reconstituted with IL-6−/− MCs had improved 

survival compared to controls, suggesting the contribution of IL-6 to the detrimental effects 

of systemic MC activation [46]. These results indicate that while immediate and local MC 

activation during infection is beneficial, systemic and sustained MC activation may not be. 

Thus, both temporal and spatial aspects of MC activation appear to be additional 

determinants of the beneficial or harmful contributions of MC during infection.

Therapeutic Strategies Employing Modulators of MCs or their Products

The extensive control of MCs on host innate and adaptive immune responses has led to 

various strategies to modulate host immunity for therapeutic benefit. Recently, the feasibility 

of employing small molecule activators of MCs to boost immune responses to various 

vaccine antigens was examined at a nasal mucosal site in mice [47]. These small molecule 

activators of MCs served as potent vaccine adjuvants evoking systemic as well as mucosal 

immunity against a variety of vaccine antigens. This was also shown to be protective against 

both infectious agents and their toxins in rodent and rabbit models [48,49]. Additionally, it is 

conceivable that pharmacologic ‘stabilizers” of MCs might be an effective adjunct to current 
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treatment regimens to reduce MC contribution to the pathology of chronic infections in 

inflammatory disorders. Several FDA approved pharmacological agents exist, acting by 

either blocking activity of MCs or MC products such as histamine [50], leukotrienes [51] or 

TNF [52], that can potentially be used to manage chronic infections or their MC-promoted 

symptoms. For example, in the mouse model, MC stabilization was shown to be effective in 

ameliorating S. aureus-induced diarrhea, which is promoted by PGN activation of MCs in a 

manner dependent on TLR2 and NOD2 [53]. In each case of either purposeful MC 

activation or stabilization, the powerful control of the MC on tissue homeostasis and success 

of pathogen clearance emphasizes the importance of proceeding with caution when 

exploiting or suppressing their functions.

Conclusion

MCs have several unique attributes that make them powerful immune surveillance cells. 

Upon recognition of various pathogens or their products, they are capable of orchestrating 

protective immunity by activating and recruiting immune cells involved in the early innate 

and adaptive immune responses. The critical nature of these MC-promoted events is clearly 

illustrated by the numerous models of infection where the presence of MCs can prevent 

lethal infection outcomes. However, MC functions can also be detrimental chronic 

infections, especially at sites with a preexisting inflammatory disorder. Thus, MCs play 

widely disparate functional roles depending on the nature and location of bacterial 

infections. A greater understanding of these pathogen-specific roles that MCs play within 

tissues is necessary to develop unique strategies to promote bacterial clearance, prevent 

persistent infection, and reduce collateral tissue damage.
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Highlights

➢ Mast cells directly and indirectly bind bacterial pathogens or secreted products

➢ Mast cells can mediate acute and adaptive immune responses upon bacterial 

infection

➢ Immediate and local mast cell activation during acute infection is beneficial

➢ Systemic and sustained mast cell activation can exacerbate pathological sequellae

➢ Activate/suppressing mast cells can modulate host immunity for therapeutic 

benefit
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Figure 1. Mast Cells as Sentinels of Immune Surveillance
(a) Toluidine blue stain of porcine small intestine (40x magnification). Mast cells, stained 

deep purple (black arrows), are strategically located underneath the gut epithelium. (b) TEM 

of a mast cell interacting with Staphlococcus. Some of the external bacteria (white arrows) 

have been endocytosed within the mast cell (black arrow). Additionally, the mast cell has 

undergone the degranulation process due to the presence of large empty granule vacuoles 

(white arrowheads).
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Figure 2. Mast Cell Mediated Immune Response Upon Bacterial Infection
Mast cells have been shown to be crucial in the recruitment of neutrophils for bacterial 

clearance during infection. They are also important for dendritic cell extravagation, as well 

as their migration to the draining lymph nodes where initiation of adaptive immunity occurs. 

Mast cells are also crucial for lymph node hypertrophy, where there is retention of 

circulating T cells and subsequently, greater B cell proliferation and antibody production. 

However, at sites predisposed with chronic bacterial infection, these MC mediated 

recruitment of immune cells can become exaggerated and lead to disease pathology.
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Table 1

Inflammatory Diseases Exacerbated by MC-bacterial interactions.

Disease Bacteria Additional Immune cells associated with pathology

Asthma Mycoplasma Chlamydia eosinophil
T cell

Atopie Dermatitis Staphylococcus Streptococcus eosinophil
dendritic cell

T cell

Cystitic Fibrosis Pseudomonas neutrophil

Chronic Gastritis Helicobacter eosinophil
neutrophil

Irritable Bowel Syndrome commensal gut microflora macrophage
neutrophil

T cell
B cell

macrophage

Interstitial Cystitis chronic urinary tract infections T cell
B cell

macrophage

Mast cell activation and hyperplasia have been observed and correlated to the worsening of pathology in numerous diseases, many of which are 
also predisposed to bacterial infections.
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