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There is increasing awareness of a relationship between our microbiota and the pathogenesis of allergy
and other inflammatory diseases. In investigating the mechanisms underlying microbiota modulation of
allergy the focus has been on the induction phase; alterations in the phenotype and function of antigen
presenting cells, induction of regulatory T cells and shifts in Th1/Th2 balance. However there is evidence
that microbes can influence the effector phase of disease, specifically that certain potentially beneficial
bacteria can attenuate mast cell activation and degranulation. Furthermore, it appears that different non-
pathogenic bacteria can utilize distinct mechanisms to stabilize mast cells, acting locally though direct
interaction with the mast cell at mucosal sites or attenuating systemic mast cell dependent responses,
likely through indirect signaling mechanisms. The position of mast cells on the frontline of defense
against pathogens also suggests they may play an important role in fostering the host-microbiota re-
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Nsvleuro—immune lationship. Mast cells are also conduits of neuro-immuo-endocrine communication, suggesting the ability
Commensals of microbes to modulate cell responses may have implications for host physiology beyond immunology.

Further investigation of mast cell regulation by non-pathogenic or symbiotic bacteria will likely lead to a
greater understanding of host microbiota interaction and the role of the microbiome in health and

disease.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The mast cell, long regarded as a key effector of human allergic
disease and immune responses to helminthic parasites is now
considered a primary inducer and amplifier of both innate and
adaptive immune responses (Vliagoftis and Befus, 2005).

The presence of mast cells in particularly high numbers in the
skin, airway and gut mucosa is indicative of a role as important
gatekeepers/sentinels for fighting infectious organisms at these
portals of entry. Mast cells express a complement of Toll-like and
other microbe associated pattern recognition receptors and acti-
vation by bacteria leads to signals that modulate both innate and
adaptive immune responses that protect against infection. Mast
cells participate in direct killing of organisms by phagocytosis and
reactive oxygen species production and can produce anti-micro-
bial peptides such as cathlicidins (St. John and Abraham, 2013).
Furthermore, mast cells have been found to produce extracellular
traps that encompass and kill organisms in a similar manner to
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neutrophils (von Kockritz-Blickwede et al., 2008). Mast cells also
protect against infection indirectly, processing and presenting
bacterial antigens to T cells and recruiting other inflammatory cells
through the release of proinflammatory mediators (Moon et al.,
2010).

Increased understanding of the importance of the microbiota,
particularly the gut microbiota, to the normal physiology of
mammals has lead to a paradigm shift in immunology. The idea
that the relationship between immunity and microbes is purely
adversarial has been supplanted by an appreciation that the im-
mune system not only evolved to protect against pathogens but,
perhaps largely, to promote and encourage a healthy microbiota.
Under this paradigm the position of mast cells on the frontline of
defense against pathogens suggests they may also play an im-
portant role in fostering the host-microbiota relationship and
regulating the dynamic ecosystem of the holobiont.

There is an emerging evidence that the mast cell plays an im-
portant role in microbiota-host communication and in particular,
that certain non-pathogenic microbes and components of the
microbiota can influence the development and severity of allergic
disease by modulating mast cell function. Beyond allergy, mast
cells translate signals between the nervous, immune and endo-
crine systems (Forsythe and Bienenstock, 2012; Theoharides, 1996)
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to modulate biological responses including intestinal permeability,
pain perception, HPA axis activation, allergen avoidance and an-
xiety-like behaviors. Thus microbial modulation of mast cell
function has the potential to influence a broad range of physiolo-
gical parameters, suggesting mast cells may be important hubs of
inter-kingdom communication.

2. Microbiota and allergy: a role for mast cells

The “microbiome hypothesis” proposes that perturbations in
microbiota, because of dietary changes and increased antibiotic
use in’industrialized’ countries, leads to disruption of the normal
microbiota-mediated mechanisms of immunological tolerance in
the mucosa. Consequently, this dysregulation leads to an increased
susceptibility to immunological disorders including allergy (No-
verr and Huffnagle, 2005; Shreiner et al., 2008). Recent studies
utilizing gnotobiotic mice have identified that key bacterial classes
within the microbiota, single bacterial strains, or isolated compo-
nents of these strains, can strongly influence the development of T
cell phenotypes in the intestine (Atarashi et al., 2011; Round and
Mazmanian, 2010). Overall, evidence suggests that the microbiota
of various tissue sites play a central role in governing susceptibility
to the Th2 biased inflammatory response associated with allergy.
Certain components of the microbiota are immunomodulatory,
and colonization of specific subsets of microbes can induce im-
mune signals that are either proinflammatory or tolerogenic in
nature. Studies in animal models also lend support to the micro-
biota hypothesis. In particular, a recent study by Noval Rivas et al.
(2013) identified that mice genetically predisposed to food allergy
(I14raF709) exhibit a specific gut microbiota signature distinct
from sensitization-resistant wild-type mice. Strikingly, adoptive
transfer of microbiota from I14raF709 but not wild type mice into
germ-free recipients lead to up-regulation of OVA-specific TH, and
IgE responses and promoted anaphylaxis. Furthermore, treatment
of neonatal mice with vancomycin, demonstrated to decrease
microbial diversity and increase the population of firmicutes, was
associated with increased severity of allergic airway inflammation
in the adult animal (Russell et al., 2013). Taken together such
studies strongly suggest that dysbiosis provides one mechanism
that can contribute to the pathogenesis of allergy. Furthermore,
there is now evidence of a role for mast cells in linking microbiota
to allergy.

A causal relationship between specific microbiota changes and
allergy is indicated in studies of the skin and allergic dermatitis.
Overall, the skin of atopic dermatitis patients has been demon-
strated to have greatly reduced microbial diversity relative to the
same skin area of healthy controls. Staphylococcus aureus, rarely
present on healthy skin is found on the skin in more than 90% of
atopic dermatitis patients and some treatments to reduce S. aureus
colonization decrease disease severity (Leung et al., 2008). Fur-
thermore, a recent analysis of the microbiota composition of le-
sional skin of moderate-to-severe pediatric atopic dermatitis pa-
tients revealed temporal shifts associated with disease flares and
treatment (Kong et al., 2012). Specifically, the relative abundance
of S. aureus and the skin commensal Staphylococcus epidermidis
was increased with disease severity, whilst Streptococcus, Propio-
nibacterium, and Corynebacterium genera were increased following
therapy (Kong et al., 2012). Significantly, another recent study by
Nakamura et al. (2013) identifies mast cells as a mechanistic link
between S. aureus and atopic dermatitis. These investigators
identified that 8-toxin, produced by S. aureus, was a mast cell
degranulating factor and that S. aureus isolates recovered from
patients with atopic dermatitis produced large amounts of d-toxin.
Furthermore, IgE enhanced &-toxin-induced mast cell degranula-
tion in the absence of antigen. Skin colonization with S. aureus, but

not a mutant deficient in & -toxin, increased IgE and interleukin-4
production and promoted inflammatory skin disease. Crucially, the
enhancement of IgE production and dermatitis by & -toxin was
abrogated in KitW"/W-" mast-cell-deficient mice and restored
by mast cell reconstitution (Nakamura et al., 2013). Thus it appears
that S. aureus infection drives a Th2 type immune response with
associated IgE and inflammatory cytokine production through di-
rect action on mast cells. This study identifies a role for mast cells
in mediating the detrimental effects of changes in the microbiota
on allergic disease development but there is also evidence that
action on mast cells may also contribute to the efficacy of microbe
based therapeutic approaches to allergy.

3. Mast cell suppression by beneficial microbes

It has emerged in recent years that microbal exposure either
naturally in the environment or through dietary supplementation
in the form of probiotics, may protect against allergic disease. For
example, there is evidence that the protective effect of the farming
environment on development of atopic sensitization, hay fever,
and asthma is related to the wider range of microbial exposures in
children living on farms compared to urban dwelling peers (Rie-
dler et al., 2001). This is supported by animal studies demon-
strating that specific bacteria that are abundant in cowsheds,
Acinetobacter Iwoffii F78 and Lactococcus lactis G121, can attenuate
allergic responses in mice (Debarry et al., 2007).

Clinical trials indicate that feeding mothers with Lactobacillus
rhamnosus GG in the pre and early post-natal period may be ef-
fective in the treatment and prevention of early atopic disease in
children (Kalliomaki et al., 2001, 2003). In a similar vein, Lacto-
bacillus fermentum was shown to be beneficial in improving the
extent and severity of atopic dermatitis in young children (Weston
et al., 2005). However, it should be noted that there have also been
a number of clinical trials showing no effect of the same bacterial
strains on the incidence or severity of allergic disease (Vliagoftis
et al., 2008) and a greater understanding of host-microbe inter-
actions will be required to identify the true therapeutic potential
of probiotics in allergy.

Animal models have provided strong evidence indicating that
oral administration of certain microbes can have systemic effects
on immune responses, it has been shown that perinatal treatment
with L. rhamnosus GG suppresses the development of experi-
mental allergic asthma in adult mice (Blumer et al., 2007; Feleszko
et al,, 2007). L. rhamnousus ]JB-1, could attenuate an allergen in-
duced allergic airway response in adult mice (Forsythe et al., 2007;
Karimi et al., 2009) and others have since confirmed these anti-
allergic effects in the airway using a variety of bacteria (Lim et al.,
2009; Adam et al., 2010; Li et al., 2010). In addition, several strains
of lactobacillus have been shown to attenuate allergic dermatitis
when administered orally to mice (Inoue et al., 2007; Hacini-Ra-
chinel et al.,, 2009; Won et al., 2011). A number of mechanisms
have been identified that may contribute to the ability of these
bacteria to attenuate allergic inflammation including altered an-
tigen presentation by dendritic cells (Hart et al., 2004; Stagg et al.,
2004), Th1 polarization (Adel-Patient et al., 2005; Hisbergues
et al,, 2007) or the induction of regulatory T cells (Karimi et al.,
2009, 2012). More recently there has been evidence that certain
Lactobacilli may influence the effector phase of adaptive in-
flammation (Schiffer et al., 2011). Specifically, it is emerging that
inhibition of mast cell responses is a component of the im-
munomodulatory effects of certain bacteria and may be a con-
tributing factor to the ability of candidate probiotic organisms to
attenuate allergic inflammation (Kim et al.,, 2008; Magerl et al.,
2008; Oksaharju et al., 2011; Forsythe et al., 2012).

Early evidence that commensal bacteria communicate with
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mast cells came from the observations that nonpathogenic Es-
cherichia coli strains could inhibit mast cell activation following
direct co-culture in vitro and ex vivo following injection of the
bacteria into the peritoneal cavity of mice (Magerl et al., 2008).
More recently (Wesolowski and Paumet, 2014) it was identified
that E. coli disrupts the sequence of events leading to secretory
granule fusion with the cell membrane. Specifically, the interaction
between IKK( and SNAP23 is inhibited resulting in the hypopho-
sphorylation of SNAP23. Subsequent formation of the ternary
SNARE complex between SNAP23, Syntaxin4 and VAMPS8 is
strongly reduced leading to impaired VAMP8-dependent granule
release (Wesolowski and Paumet, 2014).

Lactobacilli have also been demonstrated to directly inhibit
mast cell activation in vitro, however this ability appears to be
highly strain specific (Kawahara, 2010; Oksaharju et al., 2011;
Schiffer et al., 2011; Forsythe et al.,, 2012). Overnight incubation
with a strain of Lactobacillus casei inhibits IgE-dependent mouse
mast cell and human basophil activation (Schiffer et al., 2011).
Inhibition could be induced by both viable and irradiated L. casei,
suggesting the no involvement of secreted metabolites. A role for a
structural component of the bacteria, rather than a secreted me-
tabolite, is further supported by the observation that inhibition
was also prevented when mouse mast cells were separated from
bacteria by a semipermeable membrane, indicating a requirement
for L. casei/mast cell contact (Schiffer et al., 2011). However, the
mechanism underlying the ability of lactobacilli to inhibit mast cell
function is unknown and it may be that different strains employ
distinct approaches to suppress cell activity. This is supported by
observations that L. casei induced inhibition of mast cells was not
mediated by TLR or NOD1/2 receptors, while another study de-
monstrated that inhibition of IgE mediated mast cell activation by
a strain of Lactobacillus reuteri was at least partially mediated by
TLR2 (Schiffer et al., 2011).

It is important to note that while evidence suggests that direct
inhibition of mast cells by non-pathogenic bacteria in vitro re-
quires cell contact with the microbe, many of these bacteria when
delivered orally, or into the peritoneal cavity, can inhibit systemic
mast cell dependent responses. For example the requirement for
direct bacteria mast cell interaction cannot readily explain the
ability of L. casei to inhibit IgE mediated passive systemic ana-
phylaxis when delivered i.p. (Schiffer et al., 2011). There is also
direct evidence to suggest systemic mast cell suppression may be
mediated by a mechanism independent of contact between mast
cells and bacteria. The L. rhamnosus strain JB-1 does not inhibit
mast cell degranulation following direct in vitro co-culture (For-
sythe et al., 2012). However, feeding this L. rhamnosus strain to rats
inhibited peritoneal mast cell response to stimulation ex vivo and
attenuated passive cutaneous anaphylaxis, strongly implying an
indirect mechanism of action involving additional cell types (For-
sythe et al.,, 2012). Overall, studies indicate that certain bacteria,
many regarded as putative probiotics, can attenuate mast cell re-
sponses to stimuli and open the possibility that these abilities
could be harnessed to provide novel strategies for reducing the
severity of allergic responses and other inflammatory conditions.
However to fully realize their therapeutic potential it will be im-
portant to understand the strategies employed by mast cell sup-
pressing microbes.

4. Microbial mechanisms of mast cell suppression

It is clear that microbes, both pathogenic and beneficial/sym-
biotic, have evolved a number of approaches to modulate mast cell
function and, in particular, to suppress degranulation. As with
immunology in general, until recently the majority of studies in
this area have focused on pathogen/host interactions, where

pathogens utilize these mechanisms to aid virulence by neu-
tralizing the anti-microbial activity of the mast cell. Little is known
about the mechanisms employed by normal components of the
microbiota and putative probiotics, however it seems probable
that they are similar to those utilized pathogens. Indeed, it may be
that pathogens have co-opted strategies initially evolved to facil-
itate symbiotic relationships.

4.1. Direct suppression

Mast cells express a complement of pattern recognition re-
ceptors including TLRs, NOD-Like receptors and carbohydrate
binding proteins. The sialic acid-binding immunoglobulin-type
lectins (Siglecs) are a class of carbohydrate receptor involved lar-
gely in the suppression of immune responses. A number of Siglec
receptors are expressed by mast cells and activation of these re-
ceptors has been demonstrated to inhibit IgE mediated mast cell
degranulation (Jenner et al., 2006; Bochner, 2009; Mizrahi et al.,
2014). It is thought the role of Siglecs is to recognize sialic acid as a
“self-associated molecular pattern” (SAMPs) and deliver inhibitory
signals to innate immune cells to help maintain the baseline non-
activated state and dampen reactivity following an immune re-
sponse (Varki, 2011). However, a range of commensals and pa-
thogens have evolved SAMP molecular mimics to take advantage
of the immunosuppressive action. A number of human pathogens
are coated with N-acetylneuraminic acid (Neu5Ac), a sialic acid
commonly found in humans, and these sialoglycan mimics dam-
pen immune responses by ligating inhibitory Siglecs (Carlin et al.,
2009). It seems likely that non-pathogenic organisms have also
adopted SAMP mimicry to allow them to establish a niche within
the commensal microbiota.

In addition to interactions with inhibitory receptors on host
cells, bacteria can directly modulate mast cell signaling pathways.
After penetrating the gut epithelium, the highly invasive pathogen
Salmonella typhimurium eludes a neutrophil response by disabling
local mast cells. Salmonella utilizes a type III secretion system to
inject Salmonella Protein Tyrosine Phosphatase (SptP) into the
mast cell cytosol (Choi et al., 2013). This potent phosphatase acts
on multiple signaling targets involved in mast cell degranulation,
including preventing the phosphorylation of Syk. The plague
bacteria, Yersinia pestis, produces a structurally similar phospha-
tase, YoPH, that also imbues this pathogen with the ability to in-
activate mast cells (Choi et al., 2013). Certain microbes, including
fungi, produce toxins that modulate mast cell function. Gliotoxin, a
metabolite of the pathogenic fungus Aspergillus fumigatus sup-
presses FceRI-dependent and -independent mast cell responses,
including degranulation, leukotriene C4 secretion, and TNF and IL-
13 production (Niide et al., 2006; Urb et al., 2009).

Bacteria communicate with each other through a cell density
dependent signaling system, termed quorum sensing (Walters and
Sperandio, 2006; Kendall and Sperandio, 2007). These signals are
mediated by small hormone-like molecules and allow a population
of bacteria to co-ordinate their gene expression and activities. It is
becoming evident that certain components of the quorum sensing
system can also influence the behavior of eukaryotic cells (Rum-
baugh, 2007; Lowery et al., 2008).

Gram-negative bacteria appear to use several types of small
molecules. Of these, the best-described signaling system is the
N-acyl-homoserine lactone (AHSL) system. AHSLs are fatty-acid-
based signaling molecules and mediate bacterial processes by in-
teracting with inducible transcriptional regulators (Walters and
Sperandio, 2006; Subramoni and Venturi, 2009). These molecules
differ significantly only in the constituents of their fatty acid de-
rived acyl chains. Homologs of the AHSL synthase (LuxI-type
synthase) and AHSL receptor (LuxR-type receptor) regulate re-
sponses to the structurally distinct AHSL.
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It has been demonstrated that AHSL, and in particular N-(3-
oxododecanoyl)-.-homoserine lactone (30C12-HSL) which func-
tions as a transcriptional regulator in Pseudomonas aeruginosa, can
also alter mammalian cell responses. 30C12-HSL can promote the
upregulation of pro-inflammatory cytokines and chemokines in
lung epithelial cells, induce apoptosis of neutrophils and macro-
phages and inhibit lymphocyte proliferation and TNF production
(Ritchie et al., 2003, 2007; Vikstrom et al., 2006; Zimmermann
et al,, 2006). There have been somewhat contradictory reports
regarding the effect of AHSL on mast cell function suggesting that
30C12-HSL may attenuate mast cell responses by inducing apop-
tosis or enhance mast cell degranulation (Wu et al., 2001; Li et al.,
2009). These differential effects may depend on the phenotype of
the mast cell and the concentration of AHSL. Gram-positive bac-
teria use a range of small peptides to coordinate their activities
(Jimenez and Federle, 2014). However, to date there is little in-
formation regarding the effect of these peptides on regulating host
cells. Nevertheless, inter-kingdom communication, with bacteria
derived small signaling molecules influencing mast cell activity, is
clearly a potential means through which specific microbes may
influence allergy development or disease severity and deserves
further investigation.

4.2. Indirect suppression

In addition to direct action on mast cells, regulatory effects may
be mediated indirectly via modulation of other host cells. The
exact nature of such mechanisms and the potential intermediary
cells are currently unknown. However, de Kivit et al. (2012) con-
ducted studies suggesting galectins may play a role in the me-
chanism thorough which modulation of gut bacteria leads to
systemic alteration in mast cell function. Galectins are secreted by
keratinocytes, intestinal epithelial cells and various immune cells,
including dendritic cells, macrophages and mast cells (Hirashima
et al., 2004; Rabinovich and Toscano, 2009; Larsen et al., 2011;
Smetana et al., 2013). Galectins have been described to be involved
in many physiological processes, including cell signaling, cell ad-
hesion, chemotaxis and apoptosis. A diet containing prebiotic ga-
lacto- and fructo-oligosaccharides and a strain of Bifidobacterium
breve protected against acute allergic symptoms and suppressed
mast cell degranulation in whey-sensitized mice. The anti-allergic
effects of the synbiotic treatment were correlated with increased
galectin-9 expression by intestinal epithelial cells and increased
levels of galectin-9 in serum (de Kivit et al., 2012). Crucially, serum
derived from whey-sensitized synbiotic-treated mice was able to
suppress IgE-mediated mast cell degranulation and the extent of
this suppression was correlated with serum galectin-9 (de Kivit
et al., 2012). In vitro, studies of mast cell degranulation involving
RBL-2H3 cells demonstrated that galectin-9 suppressed IgE
mediated degranulation. This inhibitory effect was completely
abrogated in the presence of lactose, indicating lectin activity of
galectin-9 is critical. It is known that galectin-9 strongly and
specifically binds IgE, a heavily glycosylated immunoglobulin, and
that this interaction blocks IgE-antigen complex formation thus
preventing degranulation. Whether galectin-9 or other galectins,
such as galectin-1 (Rabinovich et al., 2000) contribute universally
to probiotic and prebiotic stabilization mast cells remains to be
determined, as does the characteristics of specific bacteria that
trigger galectin production.

The indirect stabilization of peritoneal mast cells in rats fol-
lowing feeding with L. rhamonosus JB-1 was associated with in-
hibition of a specific K* channel (Forsythe et al., 2012). The KCa3.1
channel current is critical to the function of many immune cells
(Beeton et al., 2001; Wulff et al., 2003, 2004; Chandy et al., 2004)
KCa3.1 opening, while not required for mast cell mediator secre-
tion, potentiates degranulation (Mark Duffy et al., 2004; Shumilina

et al., 2008). The KCa3.1 opener 1-EBIO enhances IgE-dependent
Ca2+ influx and degranulation in response to a submaximal sti-
mulus (Mark Duffy et al., 2004), while cells from KCa3.1 deficient
(KCa3.1—/—) mice demonstrate attenuated degranulation in re-
sponse to FceR1 mediated activation (Shumilina et al., 2008). In-
deed the degree of attenuation in response to IgE mediated acti-
vation of mast cells following L. rhamnosus feeding was similar to
that observed in KCa3.1 deficient mice (Shumilina et al., 2008).
While the mechanism through which oral treatment with L.
rhamnosus leads to inhibition of the ion channel is unknown, the
activation of a range of Gs-coupled receptors including [3,-adre-
noceptors, A, adenosine receptors and EP2 prostaglandin re-
ceptors can lead to inhibition of the KCa3.1 current (Duffy et al.,
2005, 2007, 2008). It is possible that other Gs-coupled receptors
may also inhibit KCa3.1 opening and a variety of immune or
neuronal derived mediators could be responsible for the effects of
L. thamnosus on the ion channel.

4.3. Immunomodulation of mast cells

There is strong evidence linking the immunomodulatory
function of certain commensal bacteria, and components thereof,
to induction of Treg and their associated cytokines (Karimi et al.,
2009; Feleszko et al., 2007; Round and Mazmanian, 2010). Maz-
manian et al. (2008) demonstrated that oral ingestion of poly-
saccharide A (PSA) derived from Bacteroides fragilis protects ani-
mals from experimental colitis through induction of IL-10-produ-
cing CD4+ T cells. Bifidobacterium infantis induces expression of
Foxp3+ T cells that protect mice against S. typhimurium infection
(O’'Mahony et al., 2008), while early life treatment of mice with L.
Rhamnosus GG leads to an attenuated allergic airway response in
adult animals that is also associated with an increase in Foxp3* T
cells (Feleszko et al., 2007). L. Rhamnosus ]JB-1 significantly in-
creases the proportion of CD4*CD25Foxp3™ Treg cells in the
mesenteric lymph nodes and spleen of non-sensitized adult mice
(Karimi et al., 2009). In OVA-sensitized mice challenged with in-
haled antigen this increase in Foxp3 was also observed in the
mediastinal lymph nodes indicating that L. rhamnosus induced
Treg can migrate to the airways in response to inflammation. Al-
though the suppressive activity of Treg cells requires prior acti-
vation through their T-cell receptor, once activated, Treg cells can
suppress in an antigen-nonspecific way called “bystander sup-
pression” (Tang and Bluestone, 2008). Recently, it has been shown
that constitutive Foxp3™ Treg can control mast cell activation and
IgE-dependent anaphylaxis in mice (Kanjarawi et al., 2013). In-
hibition of mast cell degranulation by Tregs appears to require
0X40/0X40 ligand interactions. It is known from in vivo transfer
studies that a population of Treg cells can create conditions that
promote the outgrowth of new populations of Treg cells with
antigen specificities distinct from those of the original Treg po-
pulation (Tang and Bluestone, 2008). The stabilization of mast cells
and reduction of mast cell dependent systemic responses follow-
ing exposure to specific bacteria or shifts in microbiota composi-
tion may be a consequence of such a T cell driven regulatory
milieu.

5. Microbiota-mast cell communication beyond allergy

In addition to being at the frontline of host defense mast cells
can translate signals between the nervous, immune and endocrine
systems (Theoharides, 1996; Forsythe and Bienenstock, 2012). A
range of neurotransmitters and hormones can activate mast cells,
in turn, a variety of molecules, including histamine and serotonin,
synthesized and released by mast cells can influence neuronal
activity and endocrine function (Frieling et al., 1991, 1993).
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Similarly, mast cell derived cytokines including TNF and growth
factors, such as NGF, modulate the threshold for activation of local
neurons and promote nerve fiber growth (Leon et al., 1994; van
Houwelingen et al., 2002; Arnett et al., 2003; Kakurai et al., 2006).

Such bi-directional interaction between mast cells and neu-
roendocrine systems plays an important role in maintaining
homeostasis and host defense including the instigation of beha-
vioral changes leading to avoidance of allergens and other noxious
stimuli (Costa-Pinto and Basso, 2012). Mast cell may also play a
role in mediating behavior in normal animals, as deficiency in
mice results in a more anxious phenotype (Nautiyal et al., 2008),
and participate in regulation of the HPA axis (Matsumoto et al.,
2001). There is also strong evidence for mast cells as important
participants in visceral hypersensitivity and pain perception, par-
ticularly in irritable bowel syndrome (Barbara et al., 2007; Wood,
2007). While causal relationships have not been established, there
are marked parallels between the contribution of mast cells to
neural and endocrine responses and the physiological effects de-
scribed following exposure to certain non-pathogenic bacteria.
These include decreased intestinal permeability, myenteric nerve
activation, anti-nociception, HPA regulation, and changes in anxi-
ety-like behavior (Kamiya et al., 2006; Kunze et al., 2006; Wang
et al,, 2010; Bravo et al., 2011). This opens the possibility that mast
cell/microbe interactions can influence aspects of host biology
beyond allergy and inflammation and raises the question of how
much mast cells contribute to the broader physiological effects of
symbionts/beneficial bacteria.

6. Conclusion

Given the position of mast cells as immune sentinels, con-
centrated in the skin and mucosal surfaces, it is not surprising that
these cells are involved in both defense against pathogens and in
maintaining the beneficial relationship between host and micro-
biota. It is clear that organisms have, both pathogenic and com-
mensal, have developed diverse mechanisms for modulating mast
cell activity. Most emphasis to date has been focused on the ability
of certain bacteria to inhibit mast cell degranulation but it may be
that microbes modulate a number of aspects of mast cell pheno-
type and function, such as differential mediator release or shifts to
a more immunoregulatory phenotype. Such questions have yet to
be addressed in detail. However, studies aimed at identifying
characteristics of mast cell regulating microbes and elucidating
their mechanism of action could provide important new strategies
to tackle allergy and other inflammatory disorders and could po-
tential provide insight into the broader physiological effects of our
microbiota.
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