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Our knowledge on the function of mast cells (MC) as part of the
immune system has expanded from ‘key cells in mediating
allergy’ to ‘tunable regulators of the immune response’. Over the
past years however, a large body of evidence has been
presented indicating a more regulatory role for MC in the immune
system by both contact dependent and independent
mechanisms. Considering the vast amount of soluble mediators
released by MG, it is not surprising that some are involved in the
maintenance of peripheral tolerance and the control or even help
to resolve ongoing inflammation. In this review we will focus on
the immunosuppressive function of some of these mediators
produced by MC in a wide variety of disease models.
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Introduction

Cognizant of the enormous plasticity of MC, it is not
surprising that MC can facilitate inflammation or toler-
ance depending upon the immunologic context [1]. Their
function in mediation tolerance represents a new vision of
MC partly on the basis of the discovery that MC are
absolutely required to maintain immune tolerance [2].
How MC actually interact with other leukocytes to main-
tain peripheral tolerance has been the focus of recent
research. With the capacity to produce a litany of soluble
factors, and the expression of various surface molecules
like MHC-II and several costimulatory molecules, MC
can functionally regulate the immune response by contact
independent and contact dependent mechanisms [3].
This review will focus on contact independent modes
of immune regulation (Figure 1).

MC mediators are either stored in granules for immediate
release or produced de novo. Recently, we showed that

release of these mediators by IgE mediated degranulation
as seen in allergies will break peripheral tolerance towards
an established allograft, suggesting that immune suppres-
sion is mediated by either secretion or piece-meal degra-
nulation [4°°]. The latter process is a mechanism of
releasing pre-formed mediators but does not require
granule-to-plasma membrane fusion.

Cytokines

Mast cells can produce a wide variety of cytokines. Newly
synthesized cytokines can be either Th1 associated (IFN-
v, 1L.-2, 11.-3, and TNFa) or 'T'h2 associated (IL.-4, IL-5,
IL-6, 11.-10, and IL.-13). Some cytokines are pre-made
and stored in granules for immediate release upon acti-
vation (IL-4, TNFa, and GM-CSF) [5]. Of the long list of
cytokines that can potentially be released by MC, IL.-10
and T'GFR have received the most attention due to their
already known role as immune-suppressive mediators
produced by T,

Indeed it was found that MC derived IL-10 suppresses
the skin pathology in both a model of hapten induced
dermatitis and chronic UVB [6] and UVA [7] damage.
Additionally, blocking migration of MC to the draining
lymph nodes (dLLN) of the UV damaged site abrogates
UV induced immune suppression [8°]. Mosquito bites
result in a similar inhibitory phenotype that is activation
of MC and increased 1.10 in the dLN [9], suggesting
MC-derived ILL10 might act local and in the dLN to
suppress immunity. Additionally, IL.10 down-regulates
FceRI expression thereby making MC less prone to
IgE mediated degranulation [10-12]. Co-opting the
immune suppression mediated by mast cell produced
IL10 is also used by certain pathogens to evade the
immune system. In humans the systemic dimorphic fun-
gus paracoccidioides brasiliensis forms lesions that are
characterized by a high number of IL.10" MC, especially
in hot-spots of replication [13].

During the early stages of inflammation, the release of
MIP-1a among others leads to the recruitment of mostly
innate immune cells, among which are MC. Recently it
has been shown that binding of CCR1, the receptor of
MIP1a, leads to the production of IL.6, TNFa and TGFB
[14]. With regard to the release of TGFB by MC there is
to our knowledge no literature available. However, many
speculate on how very early events mediated by innate
immune cells could influence the adaptive immune
response. For instance, TGFB promotes DC induced
generation of antigen specific T® [15]. Since T"®
mediated suppression in growing tumors has been shown
to be IL10/T'GFB dependent [16], it is not unrealistic that
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Figure 1
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MC induced contact independent mechanisms of immune suppression. Mast cells provide a wide range of mediators that can potentially suppress the
immune response. Studies addressing these molecules have shown different modes of action targeting several aspect of inflammation. Broadly these
can be categorized by (1) modulation of the inflammation inducing factors, like allergens or venoms, and recruitment of other leukocytes (red), (2)
suppression of T-cell responses and/or induction of T9 (blue) or (3) changing DC function (green).

the early innate immune response to a seeding tumor is
the release of MC derived 11,10 and TGF. Especially in
light of the recent report that MC derived TGFR is
required for proper wound healing after scalding [17].

MC derived TNFa on the other hand has been investi-
gated in more detail. Membrane-bound TNFa is necess-
ary for optimal migration of tissue DC to the dLN [18]
whereas soluble TNFa is involved in the recruitment of
DC to sites of inflammation [19]. The fact that MC
produced TNFa controls DC migration empowers MC
with enormous control over adaptive immunity. How-
ever, it is hard to predict whether the immunologic impact
of MC produced TNFa is going to mediate inflammation
or suppression. On the one hand, TNFa induces the
production of IL.-10 in monocytic cells during allergic
exacerbations, which in return leads to suppression of IL.-
5, GM-CSF, and TNFa production [20]. On the other
hand, it has been shown that TNF« is actually contribut-
ing to the severity of airway inflammation [21] and has
been used as an indicator of ongoing allograft rejection
[22]. With regard to the latter, this seems to be the case
only in highly vascularized tissue like heart and kidney. In
skin grafts we do not observe any difference in the
production of tissue TNFa, between tolerant and reject-
ing allografts. In our own studies, MC produced TNFa in
tolerant skin grafts appears to play an indispensable role

in controlling graft derived DC migration (manuscript in
preparation). While we typically think of TNFa as a
mediator of DC maturation, ex vivo treatment of bone-
marrow DC with TNFa rendered them maturation resist-
ant. These DC were able to suppress autoimmunity when
transferred by activation of auto-antigen specific T"®
[23]. TNFa can signal through TNFR1 or TNFR2 of
which the latter is preferentially expressed on hemapoie-
tic cells, and has a high affinity for the membrane bound
form of TNFa as used by MC to induce DC migration
[18]. A recent study in a rheumatoid arthritis model
clearly showed that 7z vivo, TNFR1 signaling is respon-
sible for the induction of inflammation whereas the less
well studied TNFRZ mediates immune suppression [24].
Thus, it seems there is a paradoxical role for TNFa which
is most likely based not only on the source, the location
and the timing of release but also on the difference in
signaling through TNFR1 or TNFR2 as has been shown
in autoimmunity [25]. It is therefore not surprising that
MC, being able to present membrane TNFa and secrete
'TNFa, can have both positive and negative immune
modulatory roles.

Another molecule produced by MC that can exert either
pro-inflammatory or anti-inflammatory effects is granulo-
cyte macrophage stimulating factor (GM-CSF). It has
been known that GM-CSF can increase the survival of
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transplants [23] suggesting a immunosuppressive func-
tion but on the other hand is used successfully as adjuvant
for anti-tumor therapy [26]. Recently, it was shown that
DC cultured in low levels of GM-CSF stay immature and
induced T-cell anergy [27]. We observed blocking GM-
CSF locally within a tolerant skin graft leads to rejection
of an established allograft. Additionally, our studies have
shown that GM-CSF~~ MC reconstituted MC-deficient
mice could not be tolerized suggesting that MC derived
GM-CSF in this model plays an important role in the
establishment of tolerance towards an allogeneic graft
(manuscript in preparation). Tumor studies have taught
us that GM-CSF can facilitate the accumulation of immu-
nosuppressive myeloid derived suppressor cells (MDSC)
and siRNA interference of GM-CSF production by a
mammary tumor cell line showed a decrease in the
MDSC and improved anti-tumor immunity [28]. GM-
CSF seems to have its main effect on the CD8a™ DC
where it not only increases the absolute number of
CD8a™ DCs but also renders them maturation resistant.
These DC were potent inducers of antigen specific
FoxP3" and IL.10" 'T"® which could suppress auto-immu-
nity [29]. Thus, most studies show that low levels of GM-
CSF have clear immunosuppressive capacities, whereas
high levels of GM-CSF obtained by GM-CSF transduced
high producing allogeneic tumor cells would suggest pro-
inflammatory properties.

Mast cell specific proteases

The amount of proteases stored in MC is staggering, and
therefore could have profound impact on the local
immune response when released. The MC-specific pro-
teases are divided in three main groups on the basis of
their cleavage specificities: tryptases, chymases and MC-
carboxypeptidase A (CPA) (extensively reviewed in [30]).
Most members have a broad spectrum of substrates. The
exact function of the proteases is still to be unraveled, but
the recent generation of MC protease knock-out mice will
enable us to define the role of these enzymes iz vivo.

Asthma, in contrast to eosinophilic bronchitis is charac-
terized by a large number of MC present in the airway
smooth muscles (ASM) and large amounts of tryptases are
found in lung biopsies of asthmatic patients. The pre-
dominant protease found in human asthmatics is beta-
tryptase. Recently it has been shown that beta-tryptase
can cleave both eotaxin and RANTES, recruitment fac-
tors for eosinophils, basophils and Th2 cells, explaining
the low abundance of these cells in the ASM [31]. Earlier
studies showed that alpha-chymases have specificity for
profilin, the major allergen in pollen, thereby removing
the IgE epitope needed for MC degranulation [32].
Furthermore, recently added to the known substrates
of beta-tryptase which include certain allergens, like grass
and birch pollen [33] was interestingly IgE [34°]. This
shows that human tryptases and chymases can actively
suppress allergic inflammation by reducing antigenicity
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and leukocyte recruitment. On the flip-side, this mech-
anism is used by for instance parasites to evade the IgE
mediated immune responses [35] (and reviewed in [36]).
Mouse MCP-4, a MC chymase, shows close resemblance
to the human chymase and mice lacking MCP-4 show
more severe allergic responses then their WT counterpart
confirming the protective role of this chymase in the
development of allergic airway responses [37].

From infectious disease models, it was shown that the
murine MC specific tryptase MCP6 was necessary to
bridge the innate with the adaptive immunity to clear
helminth or bacterial infections like T7ichinella spiralis
[38] and Klebsiella pneumoniae [39]. In these studies it was
shown that in the absence of MCP6, recruitment of
eosinophils to the site of infection was impaired. Further
research by our lab revealed that besides previously
published increase of MCP1 and MCP5 [2] also MCP6
was highly upregulated in accepted allografts at day 30
post-grafting. This seems contradicatory however, one of
the known substrates of MCP6, being 116, was inversely
correlated with the presence of MCP6. Furthermore,
MCP6 '~ cannot be tolerized and reject their grafts
before day 30 (manuscript submitted). Reducing IL6
could also suppress the development of Th17 T-cells
when TGFB is present and could thus be involved
in dampening autoimmune inflammation. Therefore,
MCP6 may regulate inflammation and tolerance by
reduction of the local 1.6 concentration.

Finally, MC-CPA seems to have an important role in the
protection towards, at least certain, snake venom toxins
[40] and the vasocontriciting peptide endothelin 1 [41].
"The latter plays an important role in the development of
sepsis, bacterial infections, certain allergies and auto-
immune disorders [42]. Recently, the CPA™~ mice were
developed without disturbing the presence of CPA de-
pendent chymase MCP5 [41]. We also observe an increase
of CPA expression in tolerant skin allografts (unpublished
observation). However, whether CPA has an immune
suppressive function in this model is not known.

Altogether, mast cell specific proteases may play a role in
the regulation of adaptive immunity by cleaving of cyto-
kines/allergens and regulating extravasation. Their role in
inflammation, and moreover tolerance is just starting to be
resolved.

Histamine

Histamine is undoubtedly the most studied mediator
released by MC due to its profound effects in allergies.
In general, histamines are regarded as inducers of inflam-
mation and the four known receptors are widely
expressed. Histamine receptor 2 (H2R) has been impli-
cated in dampening the immune response [43,44]. Bind-
ing of histamine to H2R on T-cells and intraepithelial
lymphocytes has been shown to suppress cytokine
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production and proliferation [45]. In this context, UVB
irradiation leads to histamine release by MC and increases
H2R expression. As such, UVB irradiation has an MC
dependent H2R dependent immune-suppressive effect
[46]. H2R receptor is also involved in the suppression of
the development of autoimmunity and gradual loss of
H2R expression on MC in lupus-like lesions was
observed [47]. Thus, even though histamine in general
leads to inflammation, histamine binding to H2ZR med-
iates immune-suppression. This could provide a negative
feedback loop to balance histamine induced pro-inflam-
matory immune response. However, substantially greater
insights are needed to address the immune suppressive
role of histamine.

Arachidonic acid metabolites

Another MC derived group of mediators that have shown
a potential function as either pro-inflammatory or anti-
inflammatory are the arachidonic acid metabolites.
Although PGD2, L'TC4, and L.'T'B4 are involved in the
onset, progression and resolution of allergic inflammation
[48] especially PGE2 seems to have profound immuno-
suppressive abilities. Even though PDG?2 is considered
the main prostaglandin produced by MC, recently it was
shown that deletion of PGE2 in MC abrogated jet fuel
induced immune suppression [47]. This was surprising
since keratinocytes were considered the main producers
of PGE2 in the skin. Moreover, UVB irradiation and
application of naproxen induce PGE2 production [49].
PGE2 induces IL.10 production in DC [50], indoleamine
2,3-dioxygenase expression [51] and seem to inhibit DC
maturation [52]. All of these tolerogenic features can be
blocked by COX-2, the enzyme synthesizing prostaglan-
dins, inhibitors or NSAIDs. Additionally, PGE2Z can
induce the generation of MDSC and has been proposed
as an additional mechanism of immune suppression
during tumor development [53]. Inhibition of PGE2
has profound effects on tumor growth and induced
anti-tumor immunity [54]. Considering that many tumors
produce PGEZ, the question how MC PGEZ might play a
role in the establishment of tumors remains to be eluci-
dated. However, like with TGFR, it could very well be
that MC derived PGE2 sets the stage for the initial
establishment of an immunosuppressive niche.

Concluding remarks

The studies cited and the comments presented only
scratch the surface of the innumerable ways in which
MC can mediate inflammation and tolerance. Many
mediators produced by MC are seemingly schizophrenic
in nature, playing both pro-inflammatory and anti-inflam-
matory roles depending on their context and environ-
ment. As such it was suggested that MC are tunable in
that MC behavior is dependent upon the circumstances
in which they are activated [55]. Given the large number
of mediators produced by MC, to unravel their pro-
inflammatory and anti-inflammatory functions is a daunt-

ing task, however with the generation of novel mouse
models where specific genes can be deleted in only the
MC [56°°,57°°] compartment, the first steps are being
taken. These approaches will allow us to specifically
address the influence of the various MC derived
mediators on the development of immunity and toler-
ance.
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