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Abstract

Toll-like receptors have a critical role in innate immunity
and host defence. However their role in allergic disease
has not been studied in great detail. The presence of
these receptors on mast cells opens up new possibilities
concerning the role of Toll-like receptors in the patho-
genesis of asthma and atopic dermatitis. The current
review examines the biology of Toll-like receptors ex-
pressed on mast cells. In particular, mast cell expression
of Toll-like receptors and the diverse responses ob-
served following Toll-like receptor-mediated activation
are considered. Several pathogens such as Staphylococ-
cus aureus and respiratory syncytial virus are known to
contribute to the development or maintenance of allergic
disease and also express potent activators of the Toll-like
receptor pathways. The importance of such interactions
and the full role of pathogens in chronic allergic disease
remain to be elucidated. The unusual ability of Toll-like
receptor 2 activators to selectively induce leukotriene
production by mast cells opens up new possibilities con-
cerning mechanisms of disease exacerbation during in-
fection.
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Overview

The mast cell has traditionally been viewed primarily
as an early effector cell in allergic disease. More recently,
it has been recognized that these cells also play a critical
role in host defense as key effector cells of the innate
immune response. A major component of innate immune
function is mediated through a class of pattern recogni-
tion receptors known as the Toll-like receptors (TLR).
Work from a number of groups has recently defined the
expression and function of TLR by mast cells. Studies
suggest that human mast cells have the ability to selective-
ly produce a number of mediators, including leukotriene
C4 (LTCy), without degranulation in response to certain
pathogen products. These observations may have impor-
tant implications for understanding the role of mast cells
and other immune effector cells in allergic disease, partic-
ularly in the context of infection (fig. 1).

Mast Cells and Infection

Studies using rodent models of disease have clearly
implicated the mast cell in host defense against bacterial
infection. Echtenacher et al. [1] and Malaviya et al. [2]
performed groundbreaking studies demonstrating that
W/WY mast cell-deficient mice were highly susceptible to
acute septic peritonitis induced by cecal ligation and
puncture or Klebsiella pneumoniae instillation. Local cor-
rection of the mast cell deficiency, in the peritoneal cavi-
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nals will determine the profile of mediators
released from mast cells. In many situations
the mediators released will likely enhance
effective host defense. However, under some
circumstances TLR-mediated mast cell acti-
vation could lead to a mediator profile that
would be expected to induce acute exacerba-
tions of allergic disease or enhance chronic
allergic inflammation.
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ty, restored the ability of mast cell-deficient mice to sur-
vive infection. Mast cell-deficient mice, subjected to bac-
terial challenge, had a substantial defect in neutrophil
recruitment. The production of both tumor necrosis fac-
tor (TNF) and leukotriene B4 (LTB,4) by mast cells, may
have a critical role in mobilizing an effective neutrophil
response to bacterial challenge. Complement components
also appear to be important in mast cell-dependent host
responses to bacteria [3, 4].

The ability of mast cells to participate effectively in
host responses to viral pathogens is less understood. It has
long been recognized that viral infection of the upper
respiratory tract can exacerbate the symptoms of asthma
[5, 6], which may suggest direct or indirect mast cell-virus
interactions. Some viral infections of the respiratory tract
have also been associated with increased mast cell density
and evidence of mast cell activation [7-9]. However, the
role of mast cells in viral responses in vivo has not been
studied in detail. Recent studies using human cultured
mast cells have suggested that mast cell infection with an
RNA virus (dengue virus) can lead to substantial produc-
tion of a number of inflammatory cytokines and chemo-
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kines such as IL-6, RANTES, MIP-1a and MIP-18 [10,
11]. In contrast, human adenovirus did not induce such
mediator production [11]. A number of other virus-asso-
ciated proteins have also been shown to have the ability to
activate human mast cells and may be of interest with
respect to immunity to HIV [12]. Viral activation of mast
cells may enhance the innate immune response to patho-
gen challenge. However, the ability of the most common
viral pathogens of the respiratory tract to induce mediator
responses from human mast cells remains to be eval-
uated.

Toll-Like Receptors and Their Activation

Toll-like receptors are a highly conserved family of pat-
tern recognition receptors that play an essential role in the
induction of immunity through interaction with micro-
bial products from virtually all classes of pathogenic
organisms [13-15]. A receptor, designated Toll, was first
described in Drosophila where it was shown to have a host
defense function. Ten mammalian homologues for these
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Table 1. Selected defined activators of .
TLR Activators

References

TLR

1 Lipopeptide (Pam;Cys) 44
PGN, Zymosan, LTA, Lipopeptides (Pamjscys/Pam,Cys), 18,25, 26, 65,
LPS (P. gingivalis and L. interrogans), HSP 60, bacterial fimbriae, 72,97-107
mycobacteria

3 Poly I:.C (dsRNA) 108

4 LPS, Lipid A, RSV protein F, HSP 60, fibrinogen, M. tuberculosis 18,21, 64,

104, 109-116

5 Flagellin 38,50

6 PGN, Zymosan, Pam,Cys 37,117

7 Antiviral compound R-848, S-27609, Imiquimod 39-41

8 Antiviral compound R-848 39

9 Bacterial DNA (CpG DNA), CpG oligonucleotides 34,35,118

Note the broad range of pathogen types and the ability of some individual TLR to provide
signaling in response to a variety of pathogen products from diverse organisms.

receptors have now been characterized. All are type |
membrane proteins with an ecto-domain containing leu-
cine-rich repeats and a highly conserved intracellular
domain termed the Toll-interleukin-1 receptor-like do-
main on the basis of its strong structural and functional
similarity to the IL-1 receptor [16].

TLRs generally function as part of a macromolecular
complex involving one or more coreceptors. The lipopoly-
saccharide (LPS) signaling complex is the best studied
and involves, in addition to TLR4, LPS binding protein,
the GPI-linked protein CD14, an extracellular adaptor
molecule known as MD2 and one or more intracellular
adaptor molecules such as MyD88 [17-20]. In many
cases, it is unclear whether the specific TLR activator,
such as LPS, actually binds to the TLR, or rather provides
a mechanism for the complex to become active in induc-
ing signaling [21-23]. However, Sato et al. [22] and Iwaki
et al. [23] showed that soluble TLR2 cosedimented with
zymosan and peptidoglycan (PGN) from Staphylococcus
aureus, respectively, suggesting physical interaction be-
tween TLR2 and specific activators. TLRs generally func-
tion within signaling complexes as either homodimers
(e.g. TLR4) or as heterodimers. For example, TLR2 is
known to form functional dimers with either TLR1 or
TLR6 that may have different signaling capacities [24].

A wide range of pathogen-associated and endogenous
stimuli are now known to activate cells via a TLR-depen-
dent pathway. These include a number of agents that are
associated with the development of allergic disease or its
exacerbation, in addition to agents that have been sug-
gested to inhibit the development of atopic responses
(see table 1). The majority of LPS types signal through
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a TLR4-dependent mechanism, although LPS from some
bacterial species such as Leptospira interrogans and Por-
phyromonas gingivalis have been shown to act via TLR2
[25, 26]. High levels of LPS exposure during childhood
have been implicated in the prevention of allergic disease
[27]. These observations may be related to the profound
ability of LPS and other TLR activators to enhance the
expression of certain type 1 cytokines, such as IL-12, IL-
18 and IFN-y by several cell types [28]. However, such
cytokine expression is also highly proinflammatory. Other
TLR4 activators include HsP60, and the F-protein of
respiratory syncytial virus (RSV). RSV infection is fre-
quently linked to asthma-like symptoms in early child-
hood, and its link to the development of asthma has been
extensively studied [29, 30]. It is not yet known if the
changes in airway function that occur as a result of RSV
infection are TLR dependent.

Bacterial and viral DNAs can be distinguished from
mammalian DNA by their high content of unmethylated
CpG motifs. CpG-rich bacterial and viral DNA sequences
as well as synthetic CpG-containing oligonucleotides have
been demonstrated to enhance the development of a Thl
response and prevent allergic inflammation in several ani-
mal models [31-33]. More recently, CpG oligonucleotides
have been shown to act through a mechanism highly
dependent upon TLR9 to induce a type 1 cytokine
response [34, 35]. These features of TLR9 function are
currently being exploited not only in vaccine technology
but also in the treatment of allergic disease, as reviewed
by Krieg [36]. Although, in rodent models, TLRY is
expressed on a variety of cells types, the expression of
functional TLR9 in the human may be restricted to plas-
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macytoid dendritic cells. CpG motif-mediated activation
would then be expected to enhance their maturation and
antigen-presenting capacity. CpG administration en-
hances the induction of effective Th1 responses in several
human vaccine studies and may modulate allergic re-
sponses through this mechanism.

TLR3 is expressed on a wide variety of cell types found
at the host-environment interface including epithelial
cells, as well as a variety of immune effector cells. This
TLR family member has recently been demonstrated to
provide a mechanism by which double-stranded RNA
species activate the innate immune response. This re-
sponse is mimicked by the synthetic analogue poly I:C.
Signaling through TLR3 appears not to primarily utilize
the MyD88 adapter molecule and leads to the expression
of high levels of IFN-y- and type-1-associated chemokines
in a variety of cell types.

One of the functionally more complex TLRs is TLR2,
which usually forms heterodimers with either TLR1 or
TLR6, although it is capable of signal transduction as a
TLR2/TLR2 homodimer. This TLR mediates signals in
response to the peptidoglycan associated with the cell
walls of many gram-positive bacteria including S. aureus.
In addition, responses to the yeast cell wall component
zymosan as well as a variety of bacterial lipoproteins and
lipopeptides are TLR2 dependent. It has been suggested
that responses to PGN and zymosan occur predominantly
through a TLR2/TLR6 heterodimer [37] while responses
to tripalmytoylated lipopeptides such as Pam3;CSK,4 occur
through a TLR2/TLR1 heterodimer [24].

TLRS has recently been shown to bind to bacterial fla-
gellin, but may have additional activators [38]. The bio-
logically relevant ligands to TLR7 and TLR8 have not
been fully elucidated. However, a number of synthetic
antiviral compounds, such as R-848, S-27609 and Imiqui-
mod are known to activate cells via TLR7 [39-41]. There
is a great deal of work remaining to be done to fully under-
stand the range of activators through which this critical
family of host defense receptors can be activated.

Expression of TLRs by Structural and
Inflammatory Cells

TLRs are widely expressed on both immune effector
cells and structural cells throughout the body; however,
the range of TLRs expressed by specific cell types is quite
variable. Monocytes express a wide range of TLRs includ-
ing TLR1, TLR2, TLR4, TLRS, TLR6 and TLRS. B cells
express TLR1, TLR6, TLR7, TLR10 and possibly TLR9,
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while plasmacytoid dendritic cells express TLR1, TLR3,
TLR6, TLR7, TLR9 and TLR 10 [42-45]. NK cells have
also been shown to express TLR4 and TLR3, although
they appear to lack expression of TLR2. An initial study
by Muzio et al. [46] showed that human neutrophils
expressed the RNA for TLR1, 2 and 4 but not TLR3 or 5.
However, a more recent and extensive study on neutro-
phil expression of TLRs by Hayashi et al. [47] showed
expression of TLR1, 2, 4, 5, 6, 7, 8, 9 and 10 but not
TLR3. TLR-mediated activation leads to the production
of IL-8, superoxide generation, L-selectin shedding, in-
creased phagocytosis and respiratory burst [48]. These
data are consistent with the pivotal role of neutrophils in
host defense against a variety of pathogens.

In the intestine, epithelial cells express low levels of
TLR2 and TLR4 near the apical surface [49] while TLRS
was selectively expressed on the basolateral surface of the
epithelium [50]. A wide range of pathogens and other
stimuli has been shown to enhance the expression of
TLRs at this epithelial site [51-53]. In contrast, in the
human airways, it has been consistently found that epithe-
lial cells express a number of TLRs and respond to their
activators. A study by Becker et al. [54] showed that
human tracheobronchial epithelial cells responded to LPS
in a CDI14-dependent manner to produce B-defensin-2.
They also showed that these cells express the RNA for
TLRs 1-6 in both the absence and presence of LPS activa-
tion [55]. Droemann et al. [56] also showed that alveolar
epithelial cells express TLR2. This suggests an important
innate immune function for epithelial cells in the lung.

Early work by Plotz et al. [57] demonstrated a CD14-
dependent response of peripheral blood eosinophils to
LPS. Eosinophil expression of mRNA for CD14, TLR2
and low levels of TLR 4 were also observed. A marked
increase in the release of TNF and eosinophil cationic
protein was observed following activation with either LPS
or lipid A, which are thought to act via TLR4. However,
not all studies of eosinophils have led to similar conclu-
sions [58].

A number of structural cells also express TLRs. Hu-
man endothelial cells express TLR2 and TLR4 [59] as do
human fibroblasts [60]. Of potential importance to host
responses in the skin. Keratinocytes express TLR1, TLR2
and TLRS5 [61]. In many cell types, TLRs are expressed at
relatively low levels on the cell surface, which might limit
their detection by flow cytometry or immunohistochemi-
cal techniques. Since the major function of some of these
molecules has been shown to be intracellular [62], the lack
of surface expression does not rule out an important role
for these molecules.
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TLR Expression and Function on Mast Cells -
Mouse Studies

In view of the strategic location, importance in host
defense and role in allergic disease of TLRs, a number of
groups have examined the expression of TLR by mast
cells and their ability to respond to TLR activators.
Murine mast cells have been demonstrated to express
TLR1, TLR2, TLR6, and TLRS8 but not TLRS5 [63]. Ini-
tial functional studies focused on murine mast cells and
mast cell lines. The availability of mouse strains deficient
in TLR4 function [64] as well as TLR2 knockout animals
[65] made it possible to assess the specific role of TLR4
and TLR2 on murine mast cells quite conclusively. It has
been recognized for a number of years that rodent mast
cells can respond to LPS. Such activation leads to the pro-
duction of a range of cytokines, such as IL-6, without con-
current degranulation [66]. The specific role of TLR4 in
this response was not examined until 2001. Supajatura et
al. [67] and McCurdy et al. [63] separately reported that
inflammatory cytokine production by mast cells following
LPS activation was TLR4 dependent using cells derived
from C3H/Hej and C57Bl/10ScNCr mice and appro-
priate controls. In addition, Supajatura et al. [67] reported
that W/WV mice reconstituted with TLR4 mutated mast
cells had significantly higher mortality than those recon-
stituted with normal mast cells following cecal ligation
and puncture. The increased mortality was associated
with defective neutrophil recruitment and production of
pro-inflammatory cytokines. Supajatura et al. [67] ex-
tended these studies to compare the roles of TLR2 and
TLR4 on mouse mast cells. PGN derived from S. aureus
was demonstrated to induce the expression of a number of
cytokines from mouse mast cells including TNF, IL-4,
IL-5, IL-6 and IL-13, while LPS activation did not induce
IL-4 or IL-5 production [68]. Studies of intradermal injec-
tion sites suggested that PGN could induce some features
of allergic inflammation, possibly through TLR2 depen-
dent action as a degranulating agent, although the latter
observation remains controversial [69].

Somewhat contrasting data, concerning the mast cell
cytokine profiles induced by LPS, were obtained from
another group [70]. They observed substantial TH2 cyto-
kine production by LPS-activated mast cells including
IL-5, IL-13 and IL-10. Such cytokine expression was high-
ly dependent upon the activation of the MAPK cJun N
terminal kinase with an alternate MAPK, P38, playing an
additional role possibly at the posttranscriptional level.
These observations led to the suggestion that mast cell
responses to LPS could contribute to exacerbations of
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allergic inflammation during bacterial infection. In more
recent studies of murine mast cell responses to TLR2 and
TLR4 activators, degranulation-independent cytokine re-
sponses to both PGN and LPS were observed. In addition,
both LPS and PGN were shown to induce the expression of
pro matrix metalloprotease 9 [69]. This protease has been
observed to have profound effects on cell recruitment as
well as a critical role in the angiogenic process [71].

Another potentially important aspect of TLR function
is the ability of TLR-mediated activation to regulate
apoptosis. A number of studies have demonstrated that
TLR-mediated signals can induce apoptosis in immune
effector cells such as monocytes [72, 73]. However, a
recent study using a mouse mast cell line has suggested
that under some circumstances TLR4-mediated activa-
tion of mast cells might protect against apoptosis in the
face of growth factor withdrawal [74]. This type of
response could have wider implications for the regulation
of mast cell populations at sites of TLR-mediated activa-
tion, but will require further study both in vivo and in
human mast cells.

Overall, such animal studies demonstrate the impor-
tant function of TLR on mast cells and suggest there could
be important implications of such activation not only for
the local cytokine milieu in host defense and allergic dis-
ease but also for cell recruitment and tissue-remodeling
events. Mouse models also provide important opportuni-
ties to examine key signaling events in these pathways
especially through the use of mast cells derived from
embryonic stem cells [75]. However, important differ-
ences between species have been noted in TLR expression
and function, which make human studies essential before
conclusions are drawn regarding the clinical implications
of such findings.

Expression and Function of TLR by Human Mast
Cells

Understanding human mast cell TLR expression and
function is critical to evaluate their potential role in dis-
ease. We have reported that human cord blood-derived
mast cells (CBMC), derived under endotoxin-free condi-
tions, express a number of TLR including TLR1, TLR2,
and TLR6 in addition to the adaptor molecules MD2 and
MyD8&S8. However, these cells, did not express detectable
levels of TLR4 mRNA. In keeping with observed re-
sponses in other cell types, following PGN activation,
such CBMC produced substantial levels of the NF6B-
dependent cytokines IL-1 and GM-CSF [76], while there
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Table 2. Human mast cell (CBMC) mediator production in response
to TLR2 and TLR4 activators

Activator NF-kB regulated LTC4 Degranu-
cytokines lation

LPS - - -

LPS IL-4/IFN treated + ND -

PGN ++ +++ —/+!

Zymosan ++ +++ -

Pam;Cys + -

In studies by McCurdy et al. [76], CBMC did not express TLR4
and were nonresponsive to LPS. However, in more recent studies,
treatment of CBMC with either IL-4 or IFN and serum induced the
expression of TLR4 and mediator production from mast cells in
response to LPS. NF-HkB-regulated cytokines were produced where
indicated (+) (e.g. GM-CSF, IL-18 [McCurdy]), TNF, and IL-10
LTC,4 production was not assessed in IL-4-treated CBMC.

I Histamine release was observed by Varadaradjalou et al. [80] in
response to PGN; however, only insignificant levels of f-hexosamini-
dase were observed in resting CBMC treated with PGN [76].

was no such response to Escherichia coli-derived LPS, a
classical TLR4 activator. Degranulation of human mast
cells in response to PGN or other TLR2 activators could
have a critical role in exacerbating allergic disease. The
response to S. aureus-derived PGN was of particular
interest in view of reports that a high proportion of sub-
jects with atopic dermatitis have concurrent S. aureus
infection [77-79]. Using B-hexosaminidase release over
20 min as a measure of degranulation we observed no sig-
nificant response compared with CBMC treated in paral-
lel with media as a control. Similarly, the yeast cell wall
component zymosan, which is thought to also use a
TLR2/TLR6 dimer for signaling [24, 44] failed to induce
CBMC degranulation. In marked contrast, the synthetic
lipopeptide Pam;CSK, induced a significant degranula-
tion response in CBMC derived from multiple donors.
While the extent of degranulation observed in response to
lipopeptide was only 10-15%, there is little doubt that it
could be sufficient to elicit or enhance symptoms in sus-
ceptible individuals if mast cells were in contact with bac-
terial lipopeptide during infection. The reasons why this
TLR activator had such different effects from either PGN
or zymosan remain to be elucidated but may be related to
different TLR heterodimer usage.

The most exciting observations regarding the ability of
TLR activators to elicit responses from human mast cells
came from studies of leukotriene generation. In general,
TLR-mediated activation has not been associated with
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lipid mediator production, although COX-2 upregulation
in response to LPS is well documented. As previously men-
tioned, LTB,4 is an important inducer of neutrophil chemo-
taxis. However, the predominant leukotriene produced by
human mast cells, and the one most relevant to allergic
disease, in view of its critical roles as a bronchoconstrictor
and inducer of inflammatory cell migration, is LTCj.

CBMC treated with either PGN or zymosan produced
LTC4 in a dose-dependent manner within 20 min. On a
per cell basis, the amounts of LTC4 produced were sub-
stantial and of an order of magnitude similar to the
amounts induced by IgE-mediated activation. In contrast,
however, synthetic lipopeptide did not induce LTC4 pro-
duction from CBMC. The ability of selected TLR2 activa-
tors to induce LTC,4 production by mast cells opens up the
possibility that a range of pathogens and their products
could directly induce leukotriene generation from mast
cells. In the allergic airway, mast cell numbers may be
increased, the integrity of the epithelial barrier compro-
mised, and the local host response to infection inhibited
by the ongoing allergic inflammation. The opportunity for
pathogen-induced leukotriene generation would therefore
be enhanced. Changes in airway responsiveness, associat-
ed with asthma, may then amplify the consequences of
even limited pathogen-induced LTC,4 generation in terms
of airway function. The ability of other TLR activators to
induce LTC,4 generation from mast cells remains to be
determined; however, it is notable that similar treatment
of murine BMMC with TLR activators does not induce
detectable cysteinyl leukotriene release [Olynych, un-
publ.]. This further suggests that there are critical species
differences in the nature of these responses. The induc-
tion of LTC4 generation in the absence of significant mast
cell degranulation following PGN or zymosan treatment
is particularly unusual in that in response to other activa-
tors leukotriene generation and degranulation occur to-
gether (table 2). The mechanism of LTC, generation by
mast cells in response to TLR activators is under active
investigation. However, it should be noted that it has not
yet been formally demonstrated that such responses are
TLR2 dependent. The ability of traditional mast cell-sta-
bilizing agents, such as disodium cromoglycate, to block
leukotriene generation in response to TLR2 activators has
also not yet been determined.

Human mast cell responses to TLR activators have
recently been confirmed by other groups. Varadaradjalou
et al. [80] reported that CBMC produced TNF, IL-5, IL-
10 and IL-13 in response to either PGN or LPS. Following
IL-4 pretreatment of CBMC, they observed increased lev-
els of TLR4 expression. Concordantly, cytokine responses
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to LPS were observed in such IL-4-primed cells. More
recently, Okumura et al. [81] reported substantial TLR4
surface expression by peripheral blood progenitor derived
human mast cells following IFN-y treatment. Use of gene
chip technology demonstrated that LPS-activated, IFN-
v-pretreated mast cells produced a distinct profile of cyto-
kines compared with IgE-activated mast cells. Both IgE-
receptor- and LPS-activated mast cells expressed a range
of cytokines associated with NF-kB activation such as
GM-CSF, CXCLS8 (IL-8), CCL3 (MIP-1a), CCL4 (MIP-
1B) and TNF. However, LPS-activated mast cells specifi-
cally expressed a number of genes that might be associat-
ed with the development of an effective host response to
pathogen invasion including IL-12, CCL5, CXC10 and
CXCl11 as well as a number of anti-viral response genes.
These data add further weight to the concept that TLR-
mediated activation could be critical for exacerbations of
allergic disease associated with infection. The ability of
TLR activators to induce high levels of type 2 cytokines
from mast cells, and the upregulation of TLR4 expression
following exposure to cytokine environments associated
with atopy (IL-4) or viral infection (IFN-y), may be of par-
ticular importance. Given the variability of expression of
TLR4 in different mast cell culture systems, studies exam-
ining the expression of TLR4 by human mast cells in situ
will be of particular importance in understanding the role
of this receptor on mast cells in disease.

In addition to their unusual production of LTCy4 in
response to certain TLR activators human mast cells
might also be capable of inducing a distinct cytokine pro-
file from other effector cells of the innate immune
response. For example, in the study by Okumura et al.
[81] IFN-y-pretreated human mast cells were compared
with peripheral blood-derived mononuclear cells for their
cytokine expression following LPS activation. While a
number of common genes were activated, mast cells spe-
cifically expressed IL-5, CCL1, CCLS5, CCL8 as well as a
number of receptors such as FcyRIla and TLRI1. The
selective expression of IL-5, CCL1 and CCL5 might be
particularly important in the mast cell-dependent recruit-
ment of Th2 cells and eosinophils to mast cell-rich sites
following TLR-mediated activation.

Interactions between TLR-Mediated Pathways
and Other Mechanisms of Mast Cell Activation

There are many other potential mechanisms by which
pathogens can activate mast cells, although, unlike inter-
actions via TLR, most of these depend upon, or are
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enhanced by, the presence of preexisting antibody. Many
TLR-mediated mast cell responses to pathogens are likely
to occur in the context of other routes of mast cell activa-
tion by pathogens and their products. Complement-me-
diated mechanisms involving opsonization of bacteria
and more direct cellular activation via the anaphylotoxins
C3a and C5a have been shown to be important in several
models [3, 82, 83]. Reduced mast cell activation and neu-
trophil recruitment was observed in iC3b receptor (CR3,
Mac-1)-deficient mice subjected to cecal ligation and
puncture [4]. However, expression of receptors for com-
plement products can be quite variable on mast cells. For
example, it has been reported that human skin mast cells
but not human lung mast cells carry the CD88 receptor
for C5a [84, 85].

Fc-receptor-mediated interactions with pathogens also
play a key role in mast cell activation in individuals pre-
viously exposed to a specific pathogen. Several reports
have documented that patients with peptic ulcers and
atopic dermatitis have specific IgE antibodies against
Helicobacter pylori and S. aureus, respectively [86, 87].
Fcy receptors may also play a key role. For example Borre-
lia burgdorferi, the causative agent of Lyme disease,
induces mast cell activation via an Fcy-receptor-depen-
dent mechanism [88]. According to recent reports, expres-
sion of a full range of functional Fcy receptors by human
mast cells following cytokine exposure [89] adds to the
potential of these cells to participate effectively in host
defense against a wider range of pathogens. Nonclassical
immmunoglobulin interactions may also play a role in
mast cell activation including interactions with a number
of immunoglobulin superantigens, such as protein A from
S. aureus and protein L from Peptostreptococcus magnus
[89]. While it is likely that Fc-receptor-mediated and
TLR-mediated mast cell activation processes would be
complementary in terms of host defense, there remains
the possibility that IgE-mediated mast cell activation
combined with TLR-mediated activation may have con-
sequences which lead to enhanced allergic inflammation
or a reduction in effectiveness of host defense mecha-
nisms. These are areas of active investigation.

Another important receptor in response to bacteria
may be the CD48 molecule. In rodent models, the interac-
tions between murine mast cells and a number of bacteria
including E. coli, Enterobacter cloacae and Serratia mar-
cescens are dependent on the expression of type 1 fimbrae
by these bacteria [90]. The critical component for mast
cell bacterial interactions is the mannose binding lectin
denoted FimH [91-93]. The receptor for FimH on mast
cells has been shown to be CD48 and blockade of CD48
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function inhibits mast cell responses [94]. CD48 is a GPI-
anchored protein, which does not cross the plasma mem-
brane; therefore, it is likely that CD48 is functioning as
part of a macromolecular complex with another receptor
system, analogous to the role of CD14 in LPS signaling.
The role of TLRs in such CD48-dependent signaling
remains to be determined.

Opportunities Provided by Our Understanding
of TLR-Mediated Mast Cell Activation

Studies of TLR-mediated mast cell activation have
been illuminating for many reasons. The ability of differ-
ent TLR activators to selectively induce specific profiles
of cytokines and chemokines, underlines the versatility of
this cell type and its ability to selectively enhance specific
aspects of host defense. Since mast cells are long-term
resident cells in the tissue, TLR-mediated activation in
the context of chronic infection, or responses to normal
flora could play an important role in defining the local
cytokine milieu, particularly at mucosal surfaces. The
nature of a mast cell response might be determined, to a
large extent, by its expression of TLRs, which, in turn, are
regulated by previous cytokine exposure.

In atopic dermatitis, the mast cell interaction with
products from S. aureus or other bacterial infections
could be critical in the local enhancement of chronic
inflammation at specific skin sites. Both cytokines and
leukotriene responses would be predicted from mast cells.
These could lead to increased cell recruitment as well as
changes in vascular permeability that may not respond to
traditional methods of reducing mast cell mediator re-
lease. It is already recognized that bacterial infection can
be an important component of the disease process in atop-
ic dermatitis [95]. The consequences of specific TLR
blockade remain to be evaluated. In this and other
chronic allergic diseases, the precise role of the mast cell is
still unclear. However, understanding the potential com-
plexity of mast cell responses and the role of TLRs may
provide new approaches to therapy.

Exacerbations of allergic disease, associated with infec-
tion, are probably best described in the context of asthma.
Certain viral infections, such as RSV, are associated with
the development of asthma in childhood [29, 30], while
many other viral and bacterial infections can lead to exac-
erbations of established disease. The recognition that
mast cells can produce large amounts of leukotrienes as
well as proinflammatory cytokines in response to TLR
activators may be particularly important in this context.
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Human mast cells have been demonstrated to increase
their expression of certain TLR, such as TLR-4, following
exposure to IFN-y [81]. Such a cytokine milieu would
likely occur in the context of acute viral infection. Thus
mast cells would then be ‘armed’ to respond to a wider
spectrum of TLR activators, and possibly to normal bac-
terial flora. It remains to be seen whether cytokine preex-
posure similarly increases the potential of human mast
cells to produce lipid mediators, such as LTCy4 following
exposure to TLR2 activators. Similarly, since most of the
work of TLR to date has focused on bacterial pathogens,
we do not yet fully understand the nature of TLR-
mediated activation that occurs directly as a result the
viral infections most commonly associated with asthma
exacerbations. Further exploration of the role of TLR3,
which binds double-stranded RNA and the ability of viral
proteins to activate TLR2 and TLR4 are of particular
interest. The poor correlation between mast cell responses
in rodent and human models, unfortunately limits the
usefulness of animal models to examine some of these
concepts. However, as more reagents become available
that will selectively modulate TLR function in the hu-
man, some of these issues can be more directly ad-
dressed.

A great deal of work, over recent years, has focused on
strategies to inhibit the development and maintenance of
type 2 cytokine responses, through enhancement of type 1
responses as a strategy to prevent or treat allergic disease.
Agents such as LPS and its derivatives and CpG oligonu-
cleotides have since been shown to function through
TLRs [34, 35]. There is currently no evidence to suggest
that human mast cells express functional TLR9Y, although
CpG-ODN can induce cytokine production in murine
mast cells [96]. Potentially, mast cells might be a good tar-
get cell to locally alter cytokine microenvironments in the
context of allergic disease or in adjuvant systems, through
selective activation of TLR pathways. However, particu-
larly in the context of infection, there is a theoretical
potential for Tol-activator-based therapies to exacerbate
allergic disease through inducing mast cell mediator pro-
duction. Better understanding of the molecular basis for
the human mast cell’s complex and varied responses to
TLR activation will be critical to overcoming such poten-
tial pitfalls so that the mast cells’ ability to regulate its
microenvironment can be effectively harnessed. In this
context, the variety of cytokine, chemokine, degranula-
tion and lipid mediator responses make this cell type an
excellent model to better understand the complex regula-
tion of early innate immune responses.
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