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The Role of Mast Cells in Bacterial Infection
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Mast cells (MCs) are particularly abundant at host-environment interfaces, such as skin and in-
testinal mucosa. Because of their location, it has been hypothesized that MCs can act as sentinel
cells that sense microbial attacks and initiate a protective immune response. Several studies have
suggested that animals deficient in MCs exhibit a worsened pathology in various experimental
models of bacterial infection. However, other studies have indicated that MCs under certain cir-
cumstances may have a detrimental impact on bacterial disease, and there are also recent studies
indicating that MCs are dispensable for the clearance of bacterial pathogens. Herein, we review
the current knowledge of the role of MCs in bacterial infection. (Am J Pathol 2016, 186: 4e14;
http://dx.doi.org/10.1016/j.ajpath.2015.06.024)
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Mast cells (MCs) originate from pluripotent hematopoietic
stem cells of the bone marrow. Having egressed from the bone
marrow, they circulate as immature precursors in the blood,
after which they home to most tissues of the body and there
mature under the influence by local growth factors, such as
stem cell factor and IL-3.1 When MCs mature, they acquire an
abundance of secretory granules that gradually become filled
with a variety of compounds, including biogenic amines, such
as histamine and serotonin, certain preformed cytokines [eg,
tumor necrosis factor (TNF) and IL-4], growth factors (eg,
basic fibroblast growth factor and vascular endothelial growth
factor), proteoglycans of serglycin type, lysosomal hydrolases,
and several MC-restricted proteases [chymases, tryptases, and
carboxypeptidase A3 (CPA3)].2,3

WhenMCs are activated, they may undergo degranulation, a
process in which the contents of their secretory granules are
released to the exterior. The best-characterized mechanism of
MC activation involves the binding of specific antigen to IgE
molecules bound to their high-affinity receptor, FcεRI, on the
MC surface, causing receptor cross-linking and subsequent
signaling events, eventually triggering degranulation.4 How-
ever, MCs can be activated in response to numerous additional
stimuli, such as complement components, IgG, neuropeptides,
pathogen-derived peptides, and various cell wall products of
bacteria.5 More important, in addition to causing secretion of
mediators from preformed stores, MC activation induces de
novo synthesis of a large panel of additional inflammatory
stigative Pathology.

.

mediators, including various lipid-derived compounds, such as
leukotrienes, platelet-activating factor, and prostaglandins, and
transcription and release of a multitude of cytokines and che-
mokines.5 Altogether, MC activation can thus result in the
release of a wide spectrum of proinflammatory compounds,
which together can produce an exceptionally powerful
inflammatory response.
MCs are without doubt best known for their detrimental

impact on allergic and other inflammatory diseases,6e9 but
there is also evidence that MCs can be beneficial to their
host. The latter notion is supported by many lines of evi-
dence. For example, the strategic localization of MCs at
host-environment interfaces, such as skin and intestinal
mucosa, makes it attractive to propose that MCs can act as
sentinel cells that orchestrate the first line of defense toward
invading bacterial and other pathogens. In further support
for this scenario, MCs express a wide variety of pattern
recognition receptors, such as Toll-like receptors, and it has
been shown that activation of MCs by either live bacteria or
purified bacterial cell-wall products causes up-regulation of
expression and release of numerous proinflammatory factors
with important roles in antibacterial responses.10e14
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Mast Cells and Bacteria
On the basis of these notions, research efforts conducted
over the past decades have explored the possibility that MCs
may have a role in the protection toward bacterial patho-
gens. Indeed, there is now a solid documentation supporting
that MCs are protective against a wide array of bacterial
pathogens. However, there are also conflicting findings
suggesting that MCs, in fact, can worsen the outcome of a
bacterial infection and, moreover, there are reports indi-
cating that MCs, under certain circumstances, can be
dispensable for the protective response toward bacterial
pathogens. Finally, there is evidence suggesting that bacteria
can exert immunosuppressive functions through effects on
MCs. In this review, we discuss the role of MCs in bacterial
infection.
MCs in the Protection against Bacterial
Infection

There is a widespread notion that MCs are protective against
bacterial insults (Table 1 and Figure 1). This was introduced
through two hallmark studies published back-to-back in
1996 in which it was shown that MCs were crucial for
protection toward enterobacteria in the cecal ligation and
puncture (CLP) model of sepsis15 and against i.p.-injected
Klebsiella pneumoniae and Escherichia coli.22 Both of
these studies used MC-deficient KitW/W-v mice, in which MC
deficiency is the effect of defective signaling through c-kit
[caused by a mutation in the c-kit gene (KIT), ie, the cell
surface receptor for stem cell factor]. Stem cell factor is the
major growth factor for MCs, and the lack of functional
c-kit signaling causes almost complete ablation of MCs. By
using the KitW/W-v mice, several additional studies have
supported that MCs are protective in the context of
CLP,16,17 but also against infection by a variety of bacterial
pathogens, including Citrobacter rodentium,33 Pseudomonas
aeruginosa,34 Listeria monocytogenes,36 Streptococcus pyo-
genes,37Helicobacter pylori,39 and Francisella tularensis.32 As
an alternative model of MC deficiency, the KitW-sh/W-sh (Sash)
mice have emerged. These mice have an inversion mutation
affecting c-kit transcription,46 and by making use of these mice,
a protective role for MCs in bacterial infection in the context of
the CLP model has been confirmed.19 In addition, studies on
KitW-sh/W-shmice have supported a prominent role forMCs in the
protection against Mycoplasma pneumoniae40 and a role for
MCs in mediating effects of E. coli.25

An important issue when assessing either the KitW/W-v or
KitW-sh/W-sh mice is that both of these are associated with
considerable defects in addition to their MC deficiency. For
example, KitW/W-v mice display a profound neutropenia and
reduction of basophils, melanocyte migration defects, lack
of interstitial cells of Cajal, and are anemic and sterile. The
KitW-sh/W-sh mice are generally less affected outside of the
MC niche in comparison with KitW/W-v mice, but nevertheless
they lack melanocytes, exhibit neutrophilia, and have increased
numbers of basophils.47 Hence, by solely comparing wild-type
The American Journal of Pathology - ajp.amjpathol.org
(WT) with either KitW/W-v or KitW-sh/W-sh mice in any experi-
mental setting, it is not possible tofirmly conclude a role ofMCs,
as opposed to other effects associated with defective c-kit
signaling. To ascertain that MCs contribute in a given
setting, investigators have, therefore, developed an
approach in which MC-deficient mice are reconstituted
with cultured MCs (bone marrowederived MCs). If
reconstitution of the MC-deficient mice reverses the
phenotype back to that of WT mice, it can thus be
concluded that MCs are responsible for a given response.47

As an additional level of refinement, MC-deficient mice
can be reconstituted with either WT MCs or MCs geneti-
cally deficient in individual compounds, thus enabling a
detailed mechanistic analysis of the role of MCs in a given
setting. However, although this approach is conceptually
elegant, it is associated with some problematic issues. For
example, although MCs effectively reconstitute to the
peritoneum and skin, reconstitution is not effective in
other tissues (eg, the brain).48 Moreover, the reconstitution
approach may result in an uneven distribution of MCs,
with one example being that WT mice have low numbers
of MCs in the lung parenchyma and spleen, whereas MC
reconstitution results in high numbers of MCs at these
locations.48 On the basis of these and other issues, several
laboratories have recently developed mice in which MC
deficiency is not an effect of defective c-kit signaling.47,49

Notably, though, these new-generation, MC-deficient
mice have not yet been extensively evaluated in the
context of bacterial infection. Instead, most of the
currently available in vivo evidence for a role of MCs in
bacterial infection has been generated through studies on
KitW/W-v mice (Table 1).

In many cases, the exact mechanisms underlying the anti-
bacterial activities of MCs have not been fully elucidated.
However, as further elaborated below, MCs can hypothetically
combat bacteria either directly by antimicrobial mechanisms or
indirectly by recruiting or modulating the function of other
immune cells.

Immune Cell Recruitment and Immunomodulation by
MCs

Considering the impressive repertoire of inflammatory
mediators that MCs are able to secrete on appropriate
stimulation, MCs have the capacity to interact with and
thereby have a functional impact on virtually all other
immune cells.50 Such interactions of MCs with other im-
mune cells can be subdivided into the recruitment of cells to
directly control infection, modulation of the function of
inflammatory cells, or interactions with cells involved in
the adaptive immunity. In support of the first scenario, it
was early on established that one of the major functions of
MCs during bacterial infection was to promote neutrophil
recruitment.22,27 It was demonstrated that MC-derived
TNF was of major importance for recruiting neutrophils
into the peritoneum,15 although it should be recognized that
5
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Table 1 Protective Functions of MCs in Bacterial Infection

Bacteria/bacterial
component Model* Mechanism Reference

Cecal microbiota (CLP) KitW/W-v TNF-dependent recruitment of neutrophils 15
MC TLR4-mediated recruitment of neutrophils and cytokine
production

16

Protection conferred by MC-derived IL-12 17
SCF-induced expansion of peritoneal MC populations increases
survival

18

KitW-sh/W-sh Protective effect independent of TNF 19
mMCP4-deficient
(Mcpt4�/�)

Degradation of TNF by MC chymase (prevents toxic effects of elevated
TNF levels)

20

IL15�/� IL-15emediated suppression of chymase expression 21
Klebsiella pneumoniae KitW/W-v TNF-dependent recruitment of neutrophils 22

KitW-sh/W-sh Protection by MC-derived IL-6 by promoting neutrophil killing of
bacteria

23

mMCP6-deficient
(Mcpt6�/�)

Promotion of early neutrophil recruitment and cytokine production by
tryptase

24

Escherichia coli KitW/Wv Promotion of E-selectin expression on vascular endothelium by MC
TNF facilitates DC recruitment into infected tissues; promotion of
DC accumulation in DLNs by MC-derived TNF

25

Participation of TNF in CD4þ T-cell recruitment into DLN 26
Leukotriene-driven recruitment of neutrophils in response to E. coli
expressing FimH

27

In vitro BMMCs Phagocytosis of FimH-expressing enterobacteria and killing via acidic
vacuoles

28

In vitro BMMCs Phagocytosis of bacteria and presentation of antigen through class I
molecules

29

KitW/W-v Activation of MCs by FimH-expressing E. coli; promotion of bacterial
clearance during urinary tract infection by MCs

30

Mycobacterium
tuberculosis

Tlr2�/� Restoration of myeloid cell recruitment and granuloma formation in
Tlr2�/� mice by Tlr2þ/þ MCs; recruitment of CD8þ T cells in response
to infection by MCs

31

Francisella tularensis KitW/W-v

In vitro BMMCs
Inhibition of bacterial replication inside macrophages in an IL-4e
and contact-dependent manner in vitro by MCs; MC-deficient mice
show decreased survival in vivo

32

Citrobacter rodentium KitW/W-v Decreased survival and increased bacterial spread caused by MC
deficiency, despite unimpaired neutrophil recruitment and
lymphocyte activation

33

In vitro BMMCs Direct antimicrobial activity
Pseudomonas aeruginosa KitW/W-v MC-mediated recruitment of neutrophils 34
Listeria monocytogenes MC depletion

(antiec-kit)
MC-mediated recruitment of neutrophils 35

KitW/W-v MC-mediated recruitment of neutrophils; dependent on MC-expressed
a2b2 integrins

36

Streptococcus pyogenes KitW/W-v Protection against tissue necrosis by MCs 37
In vitro BMMCs; HMC-1
(human)

Direct antimicrobial activity: release of extracellular DNA traps
(MCETs)

38

Helicobacter pylori KitW/W-v Mediation of vaccine-induced bacterial clearance by MCs 39
Mycoplasma pneumoniae KitW-sh/W-sh Defective innate responses 40
Group A streptococci KitW-sh/W-sh Camp�/� Direct antimicrobial activity of MC-derived cathelicidin 41
Peptidoglycan
(Staphylococcus aureus)

KitW-sh/W-sh Mediation of recruitment of plasmacytoid and CD8þ DC subsets into
DLN by MCs

42

S. aureus In vitro BMMCs and HMC-1 Direct antimicrobial activity: release of extracellular DNA traps (MCETs) 43
KitW/W-v Protection from S. aureus a-toxineinduced pathology by MCs 44

LPS (Salmonella
minnesota)

Mcpt5-Cre (iDTR/R-DTA) Mediation of neutrophil recruitment during LPS-induced peritonitis
by MC-derived CXCL1 and CXCL2

45

*Findings are derived from in vivo studies unless otherwise specified.
BMMC, bone marrowederived mast cell; CLP, cecum ligation and puncture; DC, dendritic cell; DLN, draining lymph node; LPS, lipopolysaccharide; MC, mast

cell; MCET, MC extracellular trap; SCF, stem cell factor; TLR, Toll-like receptor; TNF, tumor necrosis factor.
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Figure 1 Protective functions of mast cells
(MCs) or MC suppression during bacterial infec-
tion. MCs can contribute to antibacterial defense
by multiple mechanisms. These include the
recruitment of inflammatory cell types, such as
neutrophils, through secretion of cytokines, che-
mokines, lipid mediators, and proteases [eg,
tumor necrosis factor (TNF), leukotrienes, mMCP6,
and CXCL1/2]. MCs can also promote the migration
of dendritic cells (DCs) and T cells to the draining
lymph nodes, and present bacterial antigens
through major histocompatibility complex class I
molecules. MCs may confer direct antibacterial
activity by secreting antimicrobial peptides and by
forming extracellular traps (MCETs). Proteases
secreted by MCs can degrade pathogenic toxins
and may cause degradation of TNF to prevent toxic
effects of excess levels of this cytokine. MCs can
also secrete cytokines that promote antimicrobial
activities of neutrophils (IL-6) or can prevent the
replication of bacteria within macrophages (IL-4).
Finally, commensal bacteria may cause immuno-
suppression by inhibiting MC degranulation.

Mast Cells and Bacteria
the role of TNF in neutrophil recruitment during sepsis has
been the subject of some controversy.18,19 Other studies
have, in addition, implicated MC-derived leukotrienes,27

chemokines CXCL1 and CXCL2,45 or tryptase24 in this
process, suggesting that MCs can promote neutrophil
recruitment through various alternative routes. Intrigu-
ingly, in addition to promoting actual recruitment of neu-
trophils, there is evidence that MCs also can enhance their
antimicrobial activity. This was indicated by a study on the
role of MCs in Klebsiella infection, in which it was shown
that IL-6 was the major MC-derived factor to account for
this effect.23

In addition to promoting the recruitment of neutrophils,
there is evidence suggesting that MCs can play a role in
attracting other immune cell types. For example, there is evi-
dence that CD8þ T cells can be recruited to sites of bacterial
insult through a mechanism involving MC-derived Toll-like
receptor 2.31 Additional cells that are recruited during the
course of a bacterial infection include natural killer cells,
which are important for the control of intracellular bacteria,
such as Listeria monocytogenes.51 Intriguingly, it has been
demonstrated that MCs can have a role in the recruitment of
The American Journal of Pathology - ajp.amjpathol.org
natural killer cells during viral infections,50 but it is not yet
known whether MCs have a corresponding function in the
context of bacterial disease.

The Role of MCs in Adaptive Immunity to Bacterial
Infection

Although the major lines of evidence available to date
suggest a role for MCs in mediating the recruitment of
effector cells that directly control bacterial infection, there is
also limited support for a role of MCs in orchestrating the
adaptive immunity to bacterial pathogens. In a study where
E. coli was administered intradermally, it was demonstrated
that MC-derived TNF participated in CD4þ T-cell recruit-
ment into the draining lymph nodes (DLNs).26 Along the
same line, intradermal injection of Staphylococcus aureus
peptidoglycan initiated MC-dependent migration of certain
dendritic cell (DC) subsets into DLNs in mice.42,52

Furthermore, it was shown that the recruitment of DCs
into infected tissues and their subsequent homing to DLNs
was dependent on MC-derived TNF in an E. coli urinary
tract infection model and in s.c. infection.25 Mechanistically,
7
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Table 2 Detrimental Functions of MCs in Bacterial Infection

Bacteria/bacterial
component Model* Proposed mechanism Reference

Cecal microbiota (CLP) KitW-sh/W-sh (severe protocol
of CLP)

Pathogenic effects of MC-derived TNF 19

Red mast cell and basophil mice
(severe protocol of CLP)

MC-derived IL-4 suppresses phagocytic
capacity of macrophages

73

Ctsc�/� Cathepsin Cedependent degradation of IL-6 74
MC stabilization MC stabilization lowers levels of HMBG1 75

Exotoxin A (Pseudomonas aeruginosa) In vitro
HMC-1 (human cell line)
CBMCs (human)

Exotoxin A induces MC apoptosis 76

Escherichia coli KitW-sh/W-sh

MC-specific IL-10 ablation
MC-derived IL-10 causes immunosuppression
that leads to bacterial persistence

77

In vitro human intestinal
MCs

E. coli a-hemolysin induces MC lysis 78

Streptolysin O (Streptococcus pyogenes) KitW/W-v MCs exacerbate the proinflammatory effects of
S. pyogenes streptolysin O

44

Peptidoglycan (Staphylococcus aureus) MC stabilization MCs are responsible for the diarrhea induced
by S. aureus peptidoglycan

79

Staphylococcal enterotoxin A (S. aureus) House musk shrew (Suncus
murinus)

Staphylococcal enterotoxin A accumulates in
submucosal MCs and induces release of
serotonin

80

S. aureus KitW-sh/W-sh S. aureus d-toxin causes MC-dependent
inflammation

81

Murine skin MCs, (in vivo)
BMMCs, HMC-1

S. aureus invades MCs and persists
intracellularly

43

Mycobacterium tuberculosis In vitro
RBL-2H3 (cell line)

Bacteria enter MCs and replicate intracellularly 82

LPS (toxic doses) KitW/W-v MC stabilization inhibits release of HMGB1
from apoptotic cells

75

*Findings are derived from in vivo studies unless otherwise specified.
BMMC, bone marrowederived mast cell; CBMC, cord bloodederived mast cell; CLP, cecum ligation and puncture; LPS, lipopolysaccharide; MC, mast cell;

TNF, tumor necrosis factor.

Johnzon et al
MC-derived TNF was shown to up-regulate E-selectin on
proximal blood vessels, which, in turn, promoted DC
migration.25 Collectively, these findings suggest that MCs, at
least partially, may be responsible for increasing the likeli-
hood of effective T-cell/DC interaction in DLNs, which, in
turn, may enhance the adaptive immunity against bacterial
pathogens. It has also been demonstrated that MCs can
present bacterial antigens to T-cell hybridomas via class I
major histocompatibility complex molecules.29 Hence, the
latter findings provide further support for a role of MCs in
regulating adaptive immune responses against bacteria.29

Consistent with this, Shelburne et al25 showed that MCs
promoted the antibody response to E. coli, and it has
been demonstrated that MCs play a critical role in anti-
Helicobacter vaccination.39

Direct Killing of Bacteria by MCs

Several studies have indicated that MCs can act directly on
bacteria, although it should be recognized that there is only
limited in vivo evidence to support this notion. In an early
report, it was shown that MCs can phagocytose FimH-
expressing enterobacteria (E. coli, K. pneumoniae, and
8

Enterobacter cloacae) in vitro and kill them via acidic
vacuoles.28 Consistent with this, antigen-activated MCs
are capable of generating antimicrobial reactive oxygen
species,53 and there are indications of a role for
MC-derived reactive oxygen species production in the
killing of bacteria.28

There is also some evidence that MCs can express and
secrete various antimicrobial peptides.38,41,54 In one study, it
was shown that MCs deficient in the antimicrobial peptide
cathelicidin show a 50% reduction in the killing of group A
Streptococcus compared with WT MCs.54 Moreover, it has
been shown that MC-deficient mice exhibit defective killing of
group A Streptococcus and that MC-deficient mice recon-
stituted with cathelicidin-deficient MCs developed significantly
larger lesions compared with mice reconstituted with WT
MCs after cutaneous group A Streptococcus infection.41

Hence, this study provides in vivo support for a direct anti-
bacterial activity of MCs. It has also been shown that MCs,
similar to neutrophils, can exert antibacterial activities
through the formation of extracellular traps. This has been
observed as a response to Streptococcus pyogenes38 and
S. aureus.38,43 Finally, it has been demonstrated that MCs
confer antibacterial activity by inhibiting intramacrophage
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Detrimental functions of mast cells (MCs) or MC suppression during bacterial infection. During severe sepsis, the secretion of excessive tumor
necrosis factor (TNF) by MCs may contribute to the pathology. MC-derived IL-4 can also cause worsened disease, by reducing the capacity of macrophages to
phagocytose bacteria. MC-derived IL-1, IL-6, and TNF may also contribute to the pathology by promoting granuloma formation, thereby increasing the
bacterial persistence in the lesion. MC-derived IL-10 can promote bacterial persistence by its immunosuppressive function. Toxins can cause MC lysis, thereby
leading to the release of proinflammatory alarmins that have potential pathogenic impact. Bacteria may also enter MCs, and persist intracellularly. Suppression
of MC functionality can be achieved by bacteria-derived phosphatases (SptPs) that can enter MCs and prevent MC degranulation by interfering with signaling
mechanisms. TLR, Toll-like receptor.

Mast Cells and Bacteria
replication of Francisella tularensis by an IL-4e and cell-
cell contact-dependent mechanism.32

Role of MC Proteases in Bacterial Infection

Various MC-restricted proteases are major components of MC
granules, and are thus released in high quantities when MCs
degranulate.3,55 As reviewed recently, MC proteases can have a
major impact on various pathological settings, and a large
number of potential substrates for the various MC-restricted
proteases have been identified.3,47 There is now considerable
evidence supporting the notion that MC proteases can
contribute significantly to the body’s antibacterial defense. In
one study, mice lacking the tryptase mouse mast cell protease 6
(mMCP6; encoded by Mcpt6) showed decreased survival in
response to i.p. Klebsiella infection, and it was suggested that
mMCP6 conferred protection by activating the release of
neutrophil chemoattractants from cells present at the site of
infection.24 In agreement with this, it has been demonstrated
that administration of various recombinant tryptases in vivo
leads to the recruitment of immune cell populations, including
neutrophils56e59 and eosinophils.60,61 It has also been shown
that tryptase is a component of MC extracellular traps produced
in response to Streptococcus pyogenes.38 However, the func-
tional significance ofMC extracellular trapeassociated tryptase
remains to be determined, although it may be speculated that
MC-derived tryptase can have similar direct antibacterial ac-
tivities as those expressed by neutrophil proteases.62

There is also evidence for a protective role of the MC
chymases in settings of bacterial infection. Orinska et al21

showed that the ablation of IL-15 in mice resulted in
The American Journal of Pathology - ajp.amjpathol.org
increased survival in the CLP model, and it was suggested
that this was because of increased expression of the
chymase mMCP2 that could activate the chemokine
neutrophil-activating peptide (NAP)-2/CXCL7 by limited
proteolysis. The latter notion is thus in agreement with
another study in which human chymase was shown to
proteolytically activate NAP-2/CXCL7,63 and it has also
been reported that chymase can activate a range of addi-
tional chemokines.64 Together, these findings suggest a
proinflammatory role of chymase, and there are several
studies supporting this notion by demonstrating that the
administration of recombinant or purified chymases in vivo
causes an inflammatory reaction.65e67 According to
published data, the proinflammatory activities of chymases
may thus be because of activation of chemokines, but there
are also reports suggesting that chymases can contribute to
inflammation by cleaving cell-cell or cell-matrix con-
tacts.68e70 A protective role of chymase is also supported by
a study showing that mice deficient in mMCP4 (ie, the main
chymase expressed by MCs of connective tissue subtype;
encoded by Mcpt4) were considerably more vulnerable to
CLP than were corresponding WT controls.20 Intriguingly,
it was shown that mMCP4 had a role in reducing the levels
of TNF, thereby preventing excessive and potentially
harmful accumulation of this cytokine. These findings are
thus in good agreement with previous studies indicating that
MC-derived TNF is a major pathogenic factor during severe
CLP.19 There are, to date, no reports in which Cpa3�/� mice
have been assessed in models of bacterial disease. However,
it is notable that CPA3 has a major role in degrading
endothelin, a toxic peptide that may be released during
9
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sepsis.71 Hence, CPA3 may have a protective role by
reducing the levels of endothelin and, potentially, other
toxic peptides released from either bacteria or endogenous
sources during bacterial infection. It has also been demon-
strated that MC-derived neurolysin has a prominent role in
degrading neurotensin, thereby limiting the toxic effects of
this peptide during severe CLP.72

Detrimental Effects of MCs

Although most published studies point to a protective
function of MCs in the context of bacterial disease, there are
studies suggesting that MCs, in fact, can worsen the
outcome of a bacterial insult (Table 2 and Figure 2). In a
hallmark study, Piliponsky et al19 showed, by using the
KitW-sh/W-sh mice, that the type of impact of MCs on CLP
was critically dependent on the extent of disease severity,
where MCs were protective during moderately severe CLP,
whereas they were detrimental in severe CLP. Moreover, the
data suggested that MC-derived TNF was the major path-
ogenic factor behind the detrimental impact of MCs during
severe CLP.19 In another study, further proof for a detri-
mental function of MCs during severe CLP was obtained.73

In this study, the authors developed a model in which MC
deficiency was independent of c-kit, by engineering mice to
express the diphtheria toxin receptor under control of the
FcεRI b-chain promoter.73 By assessing these mice in se-
vere CLP, they demonstrated that MC deficiency resulted in
improved survival in comparison with MC-sufficient ani-
mals. Moreover, it was demonstrated that the detrimental
effect of MCs was because of suppression of the phagocytic
activity of macrophages, and that this suppression was because
of secretion of IL-4 by MCs.73 However, the mice were not
assessed in milder CLP, and it thus remains to be confirmed, by
using these new-generation, MC-deficient mice, whether MCs
have a protective role in less severe bacterial disease. A detri-
mental impact of MCs on bacterial disease is also supported by
a study in which toxic doses of lipopolysaccharide were
administered to WT and MC-deficient mice.75 It has also been
reported that MC-derived IL-10 can cause immunosuppression
in the context of chronic bladder infection, leading to bacterial
persistence.77 Moreover, cathepsin C, expressed by MCs, has
been shown to adversely affect survival in CLP.74

MCs in Immune Evasion

Many immune cells are exploited by pathogens as a means of
immune evasion. MCs are no exception. As a strategy to evade
host immunity,Mycobacterium tuberculosis has been observed
to enter MCs and to replicate intracellularly in vitro.82

Furthermore, S. aureus can invade MCs, and persists intracel-
lularly by increasing the thickness of its cell wall.43 Further-
more, pulmonary MC-derived IL-1, IL-6, and TNF promote
granuloma formation in tuberculosis.31 Notably, although
granulomas are associated with decreased mortality, they also
10
prevent bacterial clearance and thus promote chronic
infection.83

MC Suppression

Immunosuppression is an important strategy by which patho-
genic bacteria can avoid the host immune response, and there is
now substantial evidence from in vitro, in vivo, and ex vivo
studies that MCs can be targets for such immunosuppression.

MC Suppression by Commensal Bacteria

It has been shown that high densities of unfimbriated and
nonpathogenic E. coli strains inhibit degranulation of peritoneal
MCs in vitro and ex vivo.84 Considering the high density of
E. coli found in the intestine, it is thus likely that intestinal
MCs may be the subject to immunosuppression through this
mechanism. Similarly, it has been demonstrated that another
commensal bacterium, Enterococcus faecalis, can interfere
with IgE receptoremediatedMCdegranulation.85 Furthermore,
an in vitro study using four probiotic bacterial strains
(Lactobacillus rhamnosus, Propionibacterium freudenreichii
species, Shermanii, and Bifidobacterium animalis species
Lactis) revealed a bacteria-dependent down-regulation of
proinflammatory genes (TNF and IL8) and up-regulation of
anti-inflammatory genes (IL10) in MCs. This effect was most
pronounced when all four strains were combined,86 raising the
possibility that similar synergistic effects on MCs may be
prevalent in vivo, considering the highly heterogeneous
microbiota of the intestine.

MC Suppression as a Mechanism of Pathogenesis

In a recent study, striking evidence for a role ofMC suppression
in enhancing the virulence of pathogenic bacteria was
obtained.87 The authors showed that Salmonella typhimurium
suppressed the neutrophil-recruiting activity of MCs by deliv-
ering a tyrosine phosphatase (SptP) to MCs, and it was
demonstrated thatSptP actedby inducing thedephosphorylation
of Syk and N-ethylmaleimideesensitive factor. It was shown
that this mechanism allowed rapid dissemination of S. typhi-
murium and, in support for this, an SptP-deficient S. typhimu-
rium mutant was markedly less virulent than the WT strain.

MCs and Bacterial Toxins

Toxins are abundantly expressed by many bacteria88 and, in
many cases, there is evidence that the impact of MCs on
bacterial disease may be associated with effects related to
these toxins. In some cases, bacterial toxins promote MC
responses that could be beneficial to the host. For example,
Clostridium difficile toxin A induces MC-dependent
neutrophil recruitment,89 and MCs are responsible for the
transient inflammation caused by Streptococcus pyogenese
derived streptolysin O. Moreover, MCs have been shown to
ajp.amjpathol.org - The American Journal of Pathology
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limit the detrimental effects of S. aureus a-toxin.44 In other
cases, toxins may promote harmful MC activation. For
example, it has been suggested that MCs are responsible for
the diarrhea induced by S. aureus peptidoglycan.79 On a
different angle, it has been shown that IgE specific to
S. aureus enterotoxins can be induced independent of
sensitization to other allergens and that elevations of these
IgE antibodies show a positive correlation with the inci-
dence of asthma.90 A direct link between staphylococcal
toxins and inflammatory skin disease was recently
described. Skin colonization by a d-toxineproducing
S. aureus strain induced inflammation in WT mice, whereas
d-toxinedeficient S. aureus did not.81Moreover, it was shown
that the induction of skin inflammation by d-toxin was
diminished in MC-deficient KitW-sh/W-sh mice, suggesting a
detrimental role of MCs. In another study, perorally admin-
istered staphylococcal enterotoxin A was found to bind to
submucosal MCs in the gastrointestinal tract of the house
musk shrew (Suncus murinus), and was demonstrated to
induce MC degranulation associated with the release of sero-
tonin. Because staphylococcal enterotoxinA is associatedwith
food poisoning, the authors suggested a link between MC-
derived serotonin and the vomiting reflex typically seen in
staphylococcal food poisoning.80

There are also indications that MCs may have a detrimental
impact on cystic fibrosis. This disease is typically associated
with pulmonary P. aeruginosa infection, and it has been shown
that one of the toxins produced by P. aeruginosa, exotoxin A,
has the capacity to induce MC apoptosis.76 It has also been
shown that theE. coli toxina-hemolysin induces lysis of human
intestinal MCs in vitro,78 potentially leading to the release of
inflammatory compounds, such as alarmins, and various
granule-contained mediators that could worsen the pathology.

Settings Where MCs May Be Redundant in
Antibacterial Responses

In a recent study, the impact of MCs on bacterial infection was
assessed by using a newly developed mouse model where MC
deficiency is independent of the effects on c-kit.91 In contrast to
many other studies on this subject, the authors did not see any
difference in inflammation, bacterial clearance, or cytokine
production when comparing the response of WT versus
MC-deficient mice to mild bacterial infection induced by i.p.
administration of S. aureus.13 Hence, in this setting, MCs were
dispensable for combating bacterial infection, and there are also
indications from other studies that MCs under certain condi-
tions may be dispensable in antibacterial responses.19

Can Knowledge of MC-Mediated Actions on
Bacterial Disease Be Exploited for Therapeutic
Intervention?

An important question is how we can use the knowledge of
the role of MCs in bacterial infection for therapeutic
The American Journal of Pathology - ajp.amjpathol.org
purposes? As reviewed herein, it appears that MCs can be
detrimental under certain settings of bacterial disease, and it
is therefore plausible that agents that interfere with MCs can
have beneficial effects under such circumstances. Potential
regimens for this purpose include agents that have global
inhibitory actions on MCs, such as MC stabilizers that
prevent MC degranulation or agents that induce selective
MC apoptosis.92 Alternatively, if the exact detrimental
mechanism of MCs can be identified at the molecular level,
it may be possible to specifically target this mechanism.
However, given that MCs in many settings have been
shown to be beneficial to the host, it is critical to fine-tune
any anti-MC regimens such that beneficial MC activities
are not compromised. As an alternative, it may be possible
to take advantage of identified protective functions of MCs.
For example, given the demonstration that MC proteases
can be protective against bacterial infection, it may be
possible to treat bacterial disease by administering these
compounds. However, MC proteases are known to have
detrimental activities in certain settings,2 thus limiting their use
in antibacterial therapy. As another approach to exploit MCs
for host protection toward bacterial insult, it has been suggested
that MC-activating compounds can be used as adjuvants to
enhance effectiveness of vaccination strategies.93

Concluding Remarks and Future Directions

As reviewed herein, past efforts have revealed a bewildering
array of functions for MCs in various contexts of bacterial
infection. It is also apparent that, according to published find-
ings, MCs can have fundamentally different impact on bacterial
infection in different settings (ie, protective, detrimental, or
dispensable). One plausible explanation for these apparent
discrepancies may lie within the use of different mouse models
of MC deficiency. This is most likely a critical issue, especially
considering that the relevance of c-kitedependent models of
MC deficiency (KitW/W-v and KitW-sh/W-sh) has recently been
questioned.91,94 A careful assessment of new-generation
(c-kiteindependent) MC-deficient mice in various models for
bacterial infection will therefore be an important direction for
future research. Another potential explanation for the
complexity of published studies on this subject is that MCs
might have differential impact on different bacterial species,
and perhaps that the effect of MCs on a given bacterial species
can differ markedly depending on the virulence of the respec-
tive bacterial strain used in the experiments. Moreover, it ap-
pears that MCs may affect bacterial infection differently
depending on the bacterial load used for infection and also
depending on the route of administration. Clearly, all of these
issues will warrant a careful and systematic evaluation to get
more comprehensive insight into the role of MCs in bacterial
disease. It is also striking that so few studies have addressed the
in vivo impact of MCs on bacterial infection in humans. For
example, the possibility that human sepsis is associated with
systemic release of MC-derived compounds or the possibility
that human antibacterial responses are accompanied by MC
11
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activation (eg, degranulation) has not been extensively inves-
tigated. To obtain a full understanding of how MCs contribute
during bacterial disease, further studies are needed.
References

1. Gurish MF, Austen KF: Developmental origin and functional
specialization of mast cell subsets. Immunity 2012, 37:25e33

2. Wernersson S, Pejler G: Mast cell granules: armed for battle. Nat Rev
Immunol 2014, 14:478e494

3. Pejler G, Rönnberg E, Waern I, Wernersson S: Mast cell proteases:
multifaceted regulators of inflammatory disease. Blood 2010, 115:
4981e4990

4. Rivera J, Fierro NA, Olivera A, Suzuki R: New insights on mast cell
activation via the high affinity receptor for IgE. Adv Immunol 2008,
98:85e120

5. Galli SJ, Nakae S, Tsai M: Mast cells in the development of adaptive
immune responses. Nat Immunol 2005, 6:135e142

6. Voehringer D: Protective and pathological roles of mast cells and
basophils. Nat Rev Immunol 2013, 13:362e375

7. Galli SJ, Grimbaldeston M, Tsai M: Immunomodulatory mast cells:
negative, as well as positive, regulators of immunity. Nat Rev
Immunol 2008, 8:478e486

8. Bischoff SC: Role of mast cells in allergic and non-allergic immune
responses: comparison of human and murine data. Nat Rev Immunol
2007, 7:93e104

9. Metz M, Maurer M: Mast cells: key effector cells in immune re-
sponses. Trends Immunol 2007, 28:234e241

10. Marshall JS: Mast-cell responses to pathogens. Nat Rev Immunol
2004, 4:787e799

11. Kulka M, Fukuishi N, Rottem M, Mekori YA, Metcalfe DD: Mast
cells, which interact with Escherichia coli, up-regulate genes associ-
ated with innate immunity and become less responsive to Fc(epsilon)
RI-mediated activation. J Leukoc Biol 2006, 79:339e350

12. Rönnberg E, Guss B, Pejler G: Infection of mast cells with live strepto-
cocci causes a toll-like receptor 2- and cell-cell contact-dependent cyto-
kine and chemokine response. Infect Immun 2010, 78:854e864

13. Ronnberg E, Johnzon CF, Calounova G, Garcia Faroldi G, Grujic M,
Hartmann K, Roers A, Guss B, Lundequist A, Pejler G: Mast cells are
activated by Staphylococcus aureus in vitro but do not influence the
outcome of intraperitoneal S. aureus infection in vivo. Immunology
2014, 143:155e163

14. Sandig H, Bulfone-Paus S: TLR signaling in mast cells: common and
unique features. Front Immunol 2012, 3:185

15. Echtenacher B, Mannel DN, Hultner L: Critical protective role of mast
cells in a model of acute septic peritonitis. Nature 1996, 381:75e77

16. Supajatura V, Ushio H, Nakao A, Okumura K, Ra C, Ogawa H:
Protective roles of mast cells against enterobacterial infection are
mediated by Toll-like receptor 4. J Immunol 2001, 167:2250e2256

17. Nakano N, Nishiyama C, Kanada S, Niwa Y, Shimokawa N,
Ushio H, Nishiyama M, Okumura K, Ogawa H: Involvement of mast
cells in IL-12/23 p40 production is essential for survival from poly-
microbial infections. Blood 2007, 109:4846e4855

18. Maurer M, Echtenacher B, Hultner L, Kollias G, Mannel DN,
Langley KE, Galli SJ: The c-kit ligand, stem cell factor, can enhance
innate immunity through effects on mast cells. J Exp Med 1998, 188:
2343e2348

19. Piliponsky AM, Chen CC, Grimbaldeston MA, Burns-Guydish SM,
Hardy J, Kalesnikoff J, Contag CH, Tsai M, Galli SJ: Mast cell-derived
TNF can exacerbate mortality during severe bacterial infections in
C57BL/6-KitW-sh/W-sh mice. Am J Pathol 2010, 176:926e938

20. Piliponsky AM, Chen CC, Rios EJ, Treuting PM, Lahiri A,
Abrink M, Pejler G, Tsai M, Galli SJ: The chymase mouse mast cell
protease 4 degrades TNF, limits inflammation, and promotes survival
in a model of sepsis. Am J Pathol 2012, 181:875e886
12
21. Orinska Z, Maurer M, Mirghomizadeh F, Bulanova E, Metz M,
Nashkevich N, Schiemann F, Schulmistrat J, Budagian V, Giron-
Michel J, Brandt E, Paus R, Bulfone-Paus S: IL-15 constrains mast
cell-dependent antibacterial defenses by suppressing chymase activ-
ities. Nat Med 2007, 13:927e934

22. Malaviya R, Ikeda T, Ross E, Abraham SN: Mast cell modulation of
neutrophil influx and bacterial clearance at sites of infection through
TNF-alpha. Nature 1996, 381:77e80

23. Sutherland RE, Olsen JS, McKinstry A, Villalta SA, Wolters PJ: Mast
cell IL-6 improves survival from Klebsiella pneumonia and sepsis by
enhancing neutrophil killing. J Immunol 2008, 181:5598e5605

24. Thakurdas SM, Melicoff E, Sansores-Garcia L, Moreira DC,
Petrova Y, Stevens RL, Adachi R: The mast cell-restricted tryptase
mMCP-6 has a critical immunoprotective role in bacterial infections.
J Biol Chem 2007, 282:20809e20815

25. Shelburne CP, Nakano H, St John AL, Chan C, McLachlan JB,
Gunn MD, Staats HF, Abraham SN: Mast cells augment adaptive
immunity by orchestrating dendritic cell trafficking through infected
tissues. Cell Host Microbe 2009, 6:331e342

26. McLachlan JB, Hart JP, Pizzo SV, Shelburne CP, Staats HF,
Gunn MD, Abraham SN: Mast cell-derived tumor necrosis factor
induces hypertrophy of draining lymph nodes during infection. Nat
Immunol 2003, 4:1199e1205

27. Malaviya R, Abraham SN: Role of mast cell leukotrienes in neutro-
phil recruitment and bacterial clearance in infectious peritonitis. J
Leukoc Biol 2000, 67:841e846

28. Malaviya R, Ross EA, MacGregor JI, Ikeda T, Little JR,
Jakschik BA, Abraham SN: Mast cell phagocytosis of FimH-
expressing enterobacteria. J Immunol 1994, 152:1907e1914

29. Malaviya R, Twesten NJ, Ross EA, Abraham SN, Pfeifer JD: Mast
cells process bacterial Ags through a phagocytic route for class I
MHC presentation to T cells. J Immunol 1996, 156:1490e1496

30. Malaviya R, Ikeda T, Abraham SN: Contribution of mast cells to
bacterial clearance and their proliferation during experimental cystitis
induced by type 1 fimbriated E. coli. Immunol Lett 2004, 91:103e111

31. Carlos D, Frantz FG, Souza-Junior DA, JamurMC, Oliver C, Ramos SG,
Quesniaux VF, Ryffel B, Silva CL, Bozza MT, Faccioli LH: TLR2-
dependent mast cell activation contributes to the control of Mycobacte-
rium tuberculosis infection. Microbes Infect 2009, 11:770e778

32. Ketavarapu JM, Rodriguez AR, Yu JJ, Cong Y, Murthy AK,
Forsthuber TG, Guentzel MN, Klose KE, Berton MT,
Arulanandam BP: Mast cells inhibit intramacrophage Francisella
tularensis replication via contact and secreted products including
IL-4. Proc Natl Acad Sci U S A 2008, 105:9313e9318

33. Wei OL, Hilliard A, Kalman D, Sherman M: Mast cells limit systemic
bacterial dissemination but not colitis in response to Citrobacter
rodentium. Infect Immun 2005, 73:1978e1985

34. Siebenhaar F, Syska W, Weller K, Magerl M, Zuberbier T, Metz M,
Maurer M: Control of Pseudomonas aeruginosa skin infections in
mice is mast cell-dependent. Am J Pathol 2007, 170:1910e1916

35. Gekara NO, Weiss S: Mast cells initiate early anti-Listeria host de-
fences. Cell Microbiol 2008, 10:225e236

36. Edelson BT, Li Z, Pappan LK, Zutter MM: Mast cell-mediated in-
flammatory responses require the alpha 2 beta 1 integrin. Blood 2004,
103:2214e2220

37. Matsui H, Sekiya Y, Takahashi T, Nakamura M, Imanishi K,
Yoshida H, Murayama SY, Tsuchimoto K, Uchiyama T, Ubukata K:
Dermal mast cells reduce progressive tissue necrosis caused by sub-
cutaneous infection with Streptococcus pyogenes in mice. J Med
Microbiol 2011, 60:128e134

38. von Kockritz-Blickwede M, Goldmann O, Thulin P, Heinemann K,
Norrby-Teglund A, Rohde M, Medina E: Phagocytosis-independent
antimicrobial activity of mast cells by means of extracellular trap
formation. Blood 2008, 111:3070e3080

39. Velin D, Bachmann D, Bouzourene H, Michetti P: Mast cells are
critical mediators of vaccine-induced Helicobacter clearance in the
mouse model. Gastroenterology 2005, 129:142e155
ajp.amjpathol.org - The American Journal of Pathology

http://refhub.elsevier.com/S0002-9440(15)00539-8/sref1
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref1
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref1
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref2
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref2
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref2
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref3
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref3
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref3
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref3
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref4
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref4
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref4
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref4
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref5
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref5
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref5
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref6
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref6
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref6
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref7
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref7
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref7
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref7
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref8
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref8
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref8
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref8
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref9
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref9
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref9
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref10
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref10
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref10
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref11
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref11
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref11
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref11
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref11
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref12
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref12
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref12
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref12
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref13
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref13
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref13
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref13
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref13
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref13
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref14
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref14
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref15
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref15
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref15
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref16
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref16
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref16
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref16
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref17
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref17
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref17
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref17
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref17
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref18
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref18
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref18
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref18
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref18
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref19
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref19
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref19
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref19
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref19
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref20
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref20
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref20
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref20
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref20
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref21
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref21
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref21
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref21
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref21
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref21
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref22
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref22
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref22
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref22
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref23
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref23
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref23
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref23
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref24
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref24
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref24
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref24
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref24
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref25
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref25
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref25
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref25
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref25
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref26
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref26
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref26
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref26
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref26
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref27
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref27
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref27
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref27
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref28
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref28
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref28
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref28
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref29
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref29
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref29
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref29
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref30
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref30
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref30
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref30
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref31
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref31
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref31
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref31
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref31
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref32
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref32
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref32
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref32
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref32
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref32
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref33
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref33
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref33
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref33
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref34
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref34
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref34
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref34
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref35
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref35
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref35
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref36
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref36
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref36
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref36
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref37
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref37
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref37
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref37
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref37
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref37
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref38
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref38
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref38
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref38
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref38
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref39
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref39
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref39
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref39
http://ajp.amjpathol.org


Mast Cells and Bacteria
40. Xu X, Zhang D, Lyubynska N, Wolters PJ, Killeen NP, Baluk P,
McDonald DM, Hawgood S, Caughey GH: Mast cells protect mice
from Mycoplasma pneumonia. Am J Respir Crit Care Med 2006,
173:219e225

41. Di Nardo A, Yamasaki K, Dorschner RA, Lai Y, Gallo RL: Mast
cell cathelicidin antimicrobial peptide prevents invasive group A
Streptococcus infection of the skin. J Immunol 2008, 180:
7565e7573

42. Dawicki W, Jawdat DW, Xu N, Marshall JS: Mast cells, histamine,
and IL-6 regulate the selective influx of dendritic cell subsets into an
inflamed lymph node. J Immunol 2010, 184:2116e2123

43. Abel J, Goldmann O, Ziegler C, Holtje C, Smeltzer MS, Cheung AL,
Bruhn D, Rohde M, Medina E: Staphylococcus aureus evades the
extracellular antimicrobial activity of mast cells by promoting its own
uptake. J Innate Immun 2011, 3:495e507

44. Metz M, Magerl M, Kuhl NF, Valeva A, Bhakdi S, Maurer M: Mast
cells determine the magnitude of bacterial toxin-induced skin
inflammation. Exp Dermatol 2009, 18:160e166

45. De Filippo K, Dudeck A, Hasenberg M, Nye E, van Rooijen N,
Hartmann K, Gunzer M, Roers A, Hogg N: Mast cell and macro-
phage chemokines CXCL1/CXCL2 control the early stage of
neutrophil recruitment during tissue inflammation. Blood 2013,
121:4930e4937

46. Grimbaldeston MA, Chen CC, Piliponsky AM, Tsai M, Tam SY,
Galli SJ: Mast cell-deficient W-sash c-kit mutant Kit W-sh/W-sh mice
as a model for investigating mast cell biology in vivo. Am J Pathol
2005, 167:835e848

47. Galli SJ, Tsai M, Marichal T, Tchougounova E, Reber LL, Pejler G:
Approaches for analyzing the roles of mast cells and their proteases
in vivo. Adv Immunol 2015, 126:45e127

48. Tanzola MB, Robbie-Ryan M, Gutekunst CA, Brown MA: Mast cells
exert effects outside the central nervous system to influence experi-
mental allergic encephalomyelitis disease course. J Immunol 2003,
171:4385e4391

49. Rodewald HR, Feyerabend TB: Widespread immunological functions
of mast cells: fact or fiction? Immunity 2012, 37:13e24

50. Gri G, Frossi B, D’Inca F, Danelli L, Betto E, Mion F, Sibilano R,
Pucillo C: Mast cell: an emerging partner in immune interaction.
Front Immunol 2012, 3:120

51. Shegarfi H, Sydnes K, Lovik M, Inngjerdingen M, Rolstad B,
Naper C: The role of natural killer cells in resistance to the intra-
cellular bacterium Listeria monocytogenes in rats. Scand J Immunol
2009, 70:238e244

52. Jawdat DM, Rowden G, Marshall JS: Mast cells have a pivotal role in
TNF-independent lymph node hypertrophy and the mobilization of
Langerhans cells in response to bacterial peptidoglycan. J Immunol
2006, 177:1755e1762

53. Brooks AC, Whelan CJ, Purcell WM: Reactive oxygen species
generation and histamine release by activated mast cells: modulation
by nitric oxide synthase inhibition. Br J Pharmacol 1999, 128:
585e590

54. Di Nardo A, Vitiello A, Gallo RL: Cutting edge: mast cell antimi-
crobial activity is mediated by expression of cathelicidin antimicro-
bial peptide. J Immunol 2003, 170:2274e2278

55. Pejler G, Åbrink M, Ringvall M, Wernersson S: Mast cell proteases.
Adv Immunol 2007, 95:167e255

56. Hallgren J, Karlson U, Poorafshar M, Hellman L, Pejler G: Mecha-
nism for activation of mouse mast cell tryptase: dependence on
heparin and acidic pH for formation of active tetramers of mouse mast
cell protease 6. Biochemistry 2000, 39:13068e13077

57. Huang C, Friend DS, Qiu WT, Wong GW, Morales G, Hunt J,
Stevens RL: Induction of a selective and persistent extravasation of
neutrophils into the peritoneal cavity by tryptase mouse mast cell
protease 6. J Immunol 1998, 160:1910e1919

58. He S, Walls AF: Human mast cell tryptase: a stimulus of microvas-
cular leakage and mast cell activation. Eur J Pharmacol 1997, 328:
89e97
The American Journal of Pathology - ajp.amjpathol.org
59. He S, Walls AF: The induction of a prolonged increase in micro-
vascular permeability by human mast cell chymase. Eur J Pharmacol
1998, 352:91e98

60. Huang C, De Sanctis GT, O’Brien PJ, Mizgerd JP, Friend DS,
Drazen JM, Brass LF, Stevens RL: Evaluation of the substrate
specificity of human mast cell tryptase beta I and demonstration of its
importance in bacterial infections of the lung. J Biol Chem 2001, 276:
26276e26284

61. He S, Peng Q, Walls AF: Potent induction of a neutrophil and
eosinophil-rich infiltrate in vivo by human mast cell tryptase: selec-
tive enhancement of eosinophil recruitment by histamine. J Immunol
1997, 159:6216e6225

62. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y,
Weiss DS, Weinrauch Y, Zychlinsky A: Neutrophil extracellular traps
kill bacteria. Science 2004, 303:1532e1535

63. Schiemann F, Grimm TA, Hoch J, Gross R, Lindner B, Petersen F,
Bulfone-Paus S, Brandt E: Mast cells and neutrophils proteolytically
activate chemokine precursor CTAP-III and are subject to counter-
regulation by PF-4 through inhibition of chymase and cathepsin G.
Blood 2006, 107:2234e2242

64. Berahovich RD, Miao Z, Wang Y, Premack B, Howard MC,
Schall TJ: Proteolytic activation of alternative CCR1 ligands in
inflammation. J Immunol 2005, 174:7341e7351

65. He S, Walls AF: Human mast cell chymase induces the accumulation
of neutrophils, eosinophils and other inflammatory cells in vivo. Br J
Pharmacol 1998, 125:1491e1500

66. Tomimori Y, Muto T, Fukami H, Saito K, Horikawa C, Tsuruoka N,
Saito M, Sugiura N, Yamashiro K, Sumida M, Kakutani S, Fukuda Y:
Chymase participates in chronic dermatitis by inducing eosinophil
infiltration. Lab Invest 2002, 82:789e794

67. Watanabe N, Tomimori Y, Saito K, Miura K, Wada A, Tsudzuki M,
Fukuda Y: Chymase inhibitor improves dermatitis in NC/Nga mice.
Int Arch Allergy Immunol 2002, 128:229e234

68. Lin L, Bankaitis E, Heimbach L, Li N, Abrink M, Pejler G, An L,
Diaz LA, Werb Z, Liu Z: Dual targets for mouse mast cell protease-4
in mediating tissue damage in experimental bullous pemphigoid. J
Biol Chem 2011, 286:37358e37367

69. Bankova LG, Lezcano C, Pejler G, Stevens RL, Murphy GF,
Austen KF, Gurish MF: Mouse mast cell proteases 4 and 5 mediate
epidermal injury through disruption of tight junctions. J Immunol
2014, 192:2812e2820

70. McDermott JR, Bartram RE, Knight PA, Miller HR, Garrod DR,
Grencis RK: Mast cells disrupt epithelial barrier function during
enteric nematode infection. Proc Natl Acad Sci U S A 2003, 100:
7761e7766

71. Schneider LA, Schlenner SM, Feyerabend TB, Wunderlin M,
Rodewald HR: Molecular mechanism of mast cell mediated innate
defense against endothelin and snake venom sarafotoxin. J Exp Med
2007, 204:2629e2639

72. Piliponsky AM, Chen CC, Nishimura T, Metz M, Rios EJ,
Dobner PR, Wada E, Wada K, Zacharias S, Mohanasundaram UM,
Faix JD, Abrink M, Pejler G, Pearl RG, Tsai M, Galli SJ: Neurotensin
increases mortality and mast cells reduce neurotensin levels in a
mouse model of sepsis. Nat Med 2008, 14:392e398

73. Dahdah A, Gautier G, Attout T, Fiore F, Lebourdais E, Msallam R,
Daeron M, Monteiro RC, Benhamou M, Charles N, Davoust J,
Blank U, Malissen B, Launay P: Mast cells aggravate sepsis by
inhibiting peritoneal macrophage phagocytosis. J Clin Invest 2014,
124:4577e4589

74. Mallen-St Clair J, Pham CT, Villalta SA, Caughey GH, Wolters PJ:
Mast cell dipeptidyl peptidase I mediates survival from sepsis. J Clin
Invest 2004, 113:628e634

75. Ramos L, Pena G, Cai B, Deitch EA, Ulloa L: Mast cell stabilization
improves survival by preventing apoptosis in sepsis. J Immunol 2010,
185:709e716

76. Jenkins CE, Swiatoniowski A, Issekutz AC, Lin TJ: Pseudomonas
aeruginosa exotoxin A induces human mast cell apoptosis by a
13

http://refhub.elsevier.com/S0002-9440(15)00539-8/sref40
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref40
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref40
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref40
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref40
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref41
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref41
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref41
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref41
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref41
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref42
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref42
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref42
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref42
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref43
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref43
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref43
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref43
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref43
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref44
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref44
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref44
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref44
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref45
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref45
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref45
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref45
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref45
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref45
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref46
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref46
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref46
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref46
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref46
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref47
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref47
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref47
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref47
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref48
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref48
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref48
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref48
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref48
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref49
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref49
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref49
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref50
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref50
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref50
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref51
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref51
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref51
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref51
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref51
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref52
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref52
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref52
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref52
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref52
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref53
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref53
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref53
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref53
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref53
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref54
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref54
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref54
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref54
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref55
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref55
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref55
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref56
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref56
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref56
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref56
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref56
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref57
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref57
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref57
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref57
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref57
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref58
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref58
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref58
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref58
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref59
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref59
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref59
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref59
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref60
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref60
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref60
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref60
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref60
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref60
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref61
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref61
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref61
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref61
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref61
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref62
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref62
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref62
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref62
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref63
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref63
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref63
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref63
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref63
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref63
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref64
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref64
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref64
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref64
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref65
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref65
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref65
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref65
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref66
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref66
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref66
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref66
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref66
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref67
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref67
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref67
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref67
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref68
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref68
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref68
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref68
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref68
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref69
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref69
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref69
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref69
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref69
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref70
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref70
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref70
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref70
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref70
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref71
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref71
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref71
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref71
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref71
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref72
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref72
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref72
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref72
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref72
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref72
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref73
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref73
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref73
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref73
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref73
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref73
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref74
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref74
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref74
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref74
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref75
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref75
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref75
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref75
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref76
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref76
http://ajp.amjpathol.org


Johnzon et al
caspase-8 and -3-dependent mechanism. J Biol Chem 2004, 279:
37201e37207

77. Chan CY, St John AL, Abraham SN: Mast cell interleukin-10 drives
localized tolerance in chronic bladder infection. Immunity 2013, 38:
349e359

78. Kramer S, Sellge G, Lorentz A, Krueger D, Schemann M,
Feilhauer K, Gunzer F, Bischoff SC: Selective activation of human
intestinal mast cells by Escherichia coli hemolysin. J Immunol 2008,
181:1438e1445

79. Feng BS, He SH, Zheng PY, Wu L, Yang PC: Mast cells play a
crucial role in Staphylococcus aureus peptidoglycan-induced diar-
rhea. Am J Pathol 2007, 171:537e547

80. Ono HK, Nishizawa M, Yamamoto Y, Hu DL, Nakane A,
Shinagawa K, Omoe K: Submucosal mast cells in the gastrointestinal
tract are a target of staphylococcal enterotoxin type A. FEMS
Immunol Med Microbiol 2012, 64:392e402

81. Nakamura Y, Oscherwitz J, Cease KB, Chan SM, Munoz-Planillo R,
Hasegawa M, Villaruz AE, Cheung GY, McGavin MJ, Travers JB,
Otto M, Inohara N, Nunez G: Staphylococcus delta-toxin induces
allergic skin disease by activating mast cells. Nature 2013, 503:
397e401

82. Munoz S, Rivas-Santiago B, Enciso JA: Mycobacterium tuberculosis
entry into mast cells through cholesterol-rich membrane micro-
domains. Scand J Immunol 2009, 70:256e263

83. Gengenbacher M, Kaufmann SH: Mycobacterium tuberculosis: suc-
cess through dormancy. FEMS Microbiol Rev 2012, 36:514e532

84. Magerl M, Lammel V, Siebenhaar F, Zuberbier T, Metz M,
Maurer M: Non-pathogenic commensal Escherichia coli bacteria
can inhibit degranulation of mast cells. Exp Dermatol 2008, 17:
427e435

85. Kasakura K, Takahashi K, Itoh T, Hosono A, Momose Y, Itoh K,
Nishiyama C, Kaminogawa S: Commensal bacteria directly suppress
in vitro degranulation of mast cells in a MyD88-independent manner.
Biosci Biotechnol Biochem 2014, 78:1669e1676
14
86. Oksaharju A, Kankainen M, Kekkonen RA, Lindstedt KA,
Kovanen PT, Korpela R, Miettinen M: Probiotic Lactobacillus
rhamnosus downregulates FCER1 and HRH4 expression in human
mast cells. World J Gastroenterol 2011, 17:750e759

87. Choi HW, Brooking-Dixon R, Neupane S, Lee CJ, Miao EA,
Staats HF, Abraham SN: Salmonella typhimurium impedes innate
immunity with a mast-cell-suppressing protein tyrosine phosphatase,
SptP. Immunity 2013, 39:1108e1120

88. Henkel JS, Baldwin MR, Barbieri JT: Toxins from bacteria. EXS
2010, 100:1e29

89. Wershil BK, Castagliuolo I, Pothoulakis C: Direct evidence of mast
cell involvement in Clostridium difficile toxin A-induced enteritis in
mice. Gastroenterology 1998, 114:956e964

90. Tomassen P, Jarvis D, Newson R, Van Ree R, Forsberg B,
Howarth P, Janson C, Kowalski ML, Kramer U, Matricardi PM,
Middelveld RJ, Todo-Bom A, Toskala E, Thilsing T, Brozek G, Van
Drunen C, Burney P, Bachert C: Staphylococcus aureus enterotoxin-
specific IgE is associated with asthma in the general population: a
GA(2)LEN study. Allergy 2013, 68:1289e1297

91. Dudeck A, Dudeck J, Scholten J, Petzold A, Surianarayanan S,
Kohler A, Peschke K, Vohringer D, Waskow C, Krieg T, Muller W,
Waisman A, Hartmann K, Gunzer M, Roers A: Mast cells are key
promoters of contact allergy that mediate the adjuvant effects of
haptens. Immunity 2011, 34:973e984

92. Reber LL, Frossard N: Targeting mast cells in inflammatory diseases.
Pharmacol Ther 2014, 142:416e435

93. McLachlan JB, Shelburne CP, Hart JP, Pizzo SV, Goyal R, Brooking-
Dixon R, Staats HF, Abraham SN: Mast cell activators: a new class of
highly effective vaccine adjuvants. Nat Med 2008, 14:536e541

94. Feyerabend TB, Weiser A, Tietz A, Stassen M, Harris N, Kopf M,
Radermacher P, Moller P, Benoist C, Mathis D, Fehling HJ,
Rodewald HR: Cre-mediated cell ablation contests mast cell contri-
bution in models of antibody- and T cell-mediated autoimmunity.
Immunity 2011, 35:832e844
ajp.amjpathol.org - The American Journal of Pathology

http://refhub.elsevier.com/S0002-9440(15)00539-8/sref76
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref76
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref76
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref77
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref77
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref77
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref77
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref78
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref78
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref78
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref78
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref78
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref79
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref79
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref79
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref79
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref80
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref80
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref80
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref80
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref80
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref81
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref81
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref81
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref81
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref81
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref81
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref82
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref82
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref82
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref82
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref83
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref83
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref83
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref84
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref84
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref84
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref84
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref84
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref85
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref85
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref85
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref85
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref85
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref86
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref86
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref86
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref86
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref86
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref87
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref87
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref87
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref87
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref87
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref88
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref88
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref88
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref89
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref89
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref89
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref89
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref90
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref90
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref90
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref90
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref90
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref90
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref90
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref91
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref91
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref91
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref91
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref91
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref91
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref92
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref92
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref92
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref93
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref93
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref93
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref93
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref94
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref94
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref94
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref94
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref94
http://refhub.elsevier.com/S0002-9440(15)00539-8/sref94
http://ajp.amjpathol.org

	The Role of Mast Cells in Bacterial Infection
	MCs in the Protection against Bacterial Infection
	Immune Cell Recruitment and Immunomodulation by MCs
	The Role of MCs in Adaptive Immunity to Bacterial Infection
	Direct Killing of Bacteria by MCs
	Role of MC Proteases in Bacterial Infection

	Detrimental Effects of MCs
	MCs in Immune Evasion
	MC Suppression
	MC Suppression by Commensal Bacteria
	MC Suppression as a Mechanism of Pathogenesis

	MCs and Bacterial Toxins
	Settings Where MCs May Be Redundant in Antibacterial Responses
	Can Knowledge of MC-Mediated Actions on Bacterial Disease Be Exploited for Therapeutic Intervention?
	Concluding Remarks and Future Directions
	References


