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Mast cells can promote inflammation and other tissue changes in IgE-associated allergic
disorders, as well as in certain innate and acquired immune responses that are thought to be
independent of IgE. However, mast cells can also have anti-inflammatory and
immunosuppressive functions. Here, we review the evidence that mast cells can have negative,
as well as positive, immunomodulatory roles in vivo, and propose that mast cells may both
enhance and later suppress certain features of an immune response.

Introduction

Mast cells can function as effector cells during innatel=3 and acquired?+4-6 immune responses.
Such “effector functions’ of mast cells include killing pathogens23:7, degrading potentially
toxic endogenous peptides®10 or components of venoms®11, and regulating the numbers,
viability, distribution, phenotype or *non-immune’ functions of structural cells, such as
fibroblasts and vascular endothelial cells. Mast cells can exert their effector functions through
the direct or indirect actions of a wide spectrum of mast-cell-derived products, and such effects
can be observed in both innatel-3:12 and acquired?>:6:12:13 jmmune responses (BOX 1).

Mast cells also can influence many aspects of the biology of immune cells, including
granulocytes, monocytes/macrophages, dendritic cells (DCs), T cells, B cells, natural killer
(NK) and NKT cells. Here, the effects of mast cells on the recruitment, survival, development,
phenotype or function of immune cells are referred to as “immunomodulatory functions’ (BOX
1).

Through effector and/or immunomodulatory functions, mast cells can promote the initiation
and increase the magnitude of inflammation, tissue remodelling and, in some cases, tissue
injury associated with the innate or adaptive immune responses to pathogens, as well as during
allergic or autoimmune disorders!-3:5-7.13_ Given the many mechanisms by which mast cells
can mediate these effects, they are often thought of as cells whose primary role is to ‘turn on
an immune response’. However, as described below, mast cells also have functions that can
reduce inflammation, tissue remodelling and tissue injury. Accordingly, a new picture of the
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function of mast cells is emerging — these cells have the potential to turn immune responses
off, as well as to turn them on. Unlike the specific regulatory T-cell subset!, there is no
evidence to date that suggests the existence of a specific developmentally and phenotypically
distinct subset of immunoregulatory mast cells with specific suppressive functions.
Accordingly, we refer to the anti-inflammatory or immunosuppressive functions of mast cells
as ‘negative immunomodulatory’ functions, and to those functions that enhance the initiation,
magnitude or duration of immune responses as ‘positive immunomodulatory’ functions (BOX
1).

In this Perspective article, we highlight some basic aspects of mast-cell biology and briefly
discuss some of the functions, products and surface receptors expressed by mast cells that
contribute to the immunomodulatory function of these cells (reviewed in REFS1:3:5:6:13) '\we
describe mouse models used to analyse mast-cell function in vivo and to identify
immunomodulatory roles for mast cells during specific immune responses.

Based on this evidence, we present three hypotheses: that the potential to perform negative, as
well as positive, immunomodulatory functions is a basic property of the mast-cell lineage; that
mast cells can both enhance and later help to limit certain innate and acquired immune
responses; and that the extent to which mast cells actually perform such positive or negative
immunomodulatory functions during specific immune responses in vivo is highly dependent
on the individual biological setting.

The basic biology of mast cells

Origin and tissue distribution

Mast cells are derived from haematopoietic stem cells, but do not ordinarily circulate in a
mature form; instead, differentiation and maturation occurs locally, following migration of
their precursors to the vascularised tissues or serosal cavities in which mast cells will ultimately
residel®>17 (Figure 1). In vertebrates, mast cells are widely distributed throughout the
vascularised tissues, particularly near surfaces that are exposed to the environment, including
the skin, airways and gastrointestinal tract, where pathogens, allergens and other environmental
agents are frequently encountered'®-17. Thus, mast cells are well-positioned to be, along with
DCs, one of the first cells of the immune system to interact with environmental antigens and
allergens, invading pathogens or environmentally derived toxins.

Mast cells are long-lived cells that, similar to monocytes and macrophages, can re-enter the
cell cycle and proliferate following appropriate stimulation. Increased recruitment and/or
retention, as well as local maturation of mast-cell progenitors, can also contribute to the
expansion of mast-cell populations in the tissue®-18 (Figure 1). In addition, expansion of mast-
cell numbers, as well as local changes in their tissue distribution and/or phenotypic
characteristics, can occur during T helper 2 (Tw2)-cell responses, persistent inflammation and/
or tissue remodelling!®-18 (Figure 1). Such T2-cell responses are often associated with an
increase in the number of circulating basophils, which are haematopoietic cells
developmentally distinct from mast cells but that can secrete various mediators, including
histamine, that are also produced by mast cells.

Both the regulation of mast-cell survival and proliferation and the modulation of important
phenotypic characteristics of this lineage — including its susceptibility to activation by various
stimuli during innate or acquired immune responses, the ability of the cell to store and/or
produce various secreted products, and the magnitude and nature of its secretory responses to
specific stimuli of activation — can be finely controlled or ‘tuned’L. The main survival and
developmental factor for mast cells is stem-cell factor (SCF; also known as Kit ligand), but
many growth factors, cytokines and chemokines can influence mast-cell numbers and
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phenotype, including interleukin-3 (IL-3), which is especially important in mice, Ty2-
associated cytokines, such as IL-4 and 1L-9, and TGF-$,15719,

Activation and secretion of mast-cell factors

Various stimuli, in addition to IgE and specific antigen, can activate mast cells to release a
diverse array of biologically active products, many of which can potentially mediate pro-
inflammatory, anti-inflammatory and/or immunosuppressive functions (summarized in
REFS1:2:6:13) Fyrthermore, mast cells can participate in multiple cycles of activation for
mediator release and can be differentially activated to release distinct patterns of mediators or
cytokines, depending on the type and strength of the activating stimulil:6:13,:18,20,21 The
strength and nature of the responsiveness of mast cells to various activating stimuli may be
influenced by genetic or microenvironmental factors that affect the expression pattern or
functional properties of the surface receptors or signalling molecules that contribute to such
responsest#:20,

Accordingly, it can be problematic to generalize findings from studies on a single mast-cell
population, such as phenotypically ‘immature’ mast cells derived in vitro from mouse
haematopoietic cells, to other mast-cell populations, such as mature mast cells in vivo. Also,
although co-incubation of mast cells with other cell types under defined conditions in vitro is
possible (and this may provide very valuable information on the nature and potential
importance of such interactions) it may be exceedingly difficult (probably impossible) to fully
recapitulate in vitro the conditions experienced by mast cells in vivo. For this reason, we think
that to understand most completely the functions of mast cells during health and disease, these
cells should be studied in vivo.

Mouse models of mast-cell function

Mast-cell knock-in mice

Although mice that specifically lack only mast cells have not been reported,c-kit mutant mice,
which are deficient in mast cells but have several other phenotypic abnormalities, can be used
to analyse the in vivo functions of mast cells1:3:15:22 The most commonly used animals for
such studies are the WBB6F;-Kit"VW-¥ mice and the more recently characterized C57BL/6-
KitW-shW-sh micel,3,5,13,22-24 KjtW is a point mutation that produces a truncated c-Kit, which
lacks its transmembrane domain and is therefore not expressed on the cell surface; KitVis a
(Thr660Met) mutation at the c-kit tyrosine kinase domain that substantially reduces the kinase
activity of the receptor; and Kit"s" is an inversion mutation of the transcriptional regulatory
elements upstream of the c-kit transcription start site on mouse chromosome 5 (reviewed in
REFS15:13),

Adult WBB6F1-KitVW and C57BL/6-KitW-s"W-sh mice are profoundly deficient in mast cells
and melanocytes!15:22. WBB6F1-Kit"/W- mice exhibit several other phenotypic
abnormalities, such as macrocytic anaemia, a reduction in the number of bone-marrow and
blood neutrophils, sterility, and a marked reduction in number of interstitial cells of Cajal,
which are found in the gastrointestinal tract!:15,22:24,:25 By contrast, C57BL/6-KitW-sh/W-sh
mice are neither anaemic nor sterile, and appear to have normal numbers of bone-marrow and
blood neutrophils?2:24, Because the c-kit-related phenotypic abnormalities that affect lineages
other than mast cells are generally milder in C57BL/6-KitW-s""W-sh mice than in WBB6F1-
KitWW-V mice, and because C57BL/6-KitW-shW-sh mice are fertile and are on the C57BL/6
background, they are becoming increasingly popular for studies to elucidate the roles of mast
cells in vivo.

Differences in the biological responses in c-kit mutant mice compared with wild-type mice
may be due to any one of the abnormalities that result from the c-kit mutations in these animals
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and may not be due to the loss of mast cells. However, the lack of mast cells in c-kit mutant
mice can be selectively repaired by the adoptive transfer of genetically compatible, in-vitro-
derived wild-type or mutant mast cells1>15:22_ Sych in vitro-derived mast cells, for example
bone-marrow-derived cultured mast cells, can be administrated intravenously,
intraperitoneally or intradermally, or directly injected into the anterior wall of the stomach of
c-kit mutant mice, to create so-called ‘mast-cell knock-in mice’. These mast-cell knock-in mice
can then be used to assess the extent to which differences in the expression of biological
responses observed in c-kit mutant mice, compared to those in wild-type mice, are due to the
lack of mast cells in the in c-kit mutant mice.

Other approaches

Itis possible to investigate the role of specific mast-cell-associated mediators in vivo by testing
animals in which that mediator has been knocked out. If that mediator is selectively expressed
by mast cells, and if its deletion does not significantly influence the expression of other mast-
cell products, then it is possible to draw conclusions about the role of that mast-cell product
in vivo. For example, mice that lack mouse mast-cell protease-1 (mMMCP-1)26-28,
mMCP-42%:30 mMCP-631-33 or mouse mast cell-carboxypeptidase A (MMC-CPA)34, or that
have a mutated mMC-CPA that essentially lacks enzymatic activity!, have been used to
analyze whether the absence of these proteases (or their enzymatic activity) influences other
aspects of the mast-cell phenotype, such as content of other stored mediators, as well as to
define the functions of such mast-cell-associated proteases in vivo.

Other promising genetic approaches to investigate the specific functions of mast cells and their
products are currently in development, such as ‘mast-cell-specific Cre” mice that can be crossed
with other strains in which the genes of interest are “floxed’3®. When a gene sequence is flanked
by loxP sites (floxed), Cre recombinase, which recognizes the loxP consensus sequence, can
excise that specific segment from the gene sequence. Such approaches will be useful to analyze
to what extent mast cells represent important sources of products with potential
immunomodulatory effects that also can be derived from other cell types, such as histamine,
leukotrienes, prostaglandins, cytokines and chemokines.

Pharmacological approaches or those based on the use of antibodies to deplete mast cells or to
neutralize their products may also provide useful information, but are limited by the specificity
of the drug or antibodies chosen. For example, anti-histamines block histamine whether it has
been secreted from mast cells or non-mast cells and antibodies that neutralize SCF36 or block
c-Kit37:38 can result in the depletion of mast cells in vivo, but may also influence other cell
types that express c-Kit.

Drugs (or antibodies) that only interfere with mast-cell activation would be highly desirable
for experimental studies and, possibly, for evaluation as therapeutic agents. One drug, disodium
cromoglycate, is widely characterized as a ‘mast-cell stabilizer’ (that is, an agent that blocks
the release of mast-cell mediators following appropriate activation of the cell) and has been
used to suppress mouse mast-cell function in vivo3%40, However, the drug's molecular targets
are not restricted to mast cells*! and the drug also influences the function of granulocytes and
B cells*2, Given the current limitations of the use of pharmacological or antibody-based
approaches to eliminate mast cells or specifically to block their functional activation, we think
that genetic approaches (including mast-cell knock-in mice, the use of mice deficient in specific
mast-cell-associated mediators, and, if fully validated, approaches that genetically delete
specific mediators selectively in mast cells) are the most definitive way to identify and
characterize mast-cell functions in vivo.
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Mast-cell immunomodulatory functions

Immunomodulatory activity of mast cells in vitro

Mast cells express MHC class | and 11 molecules, and have been reported to process and present
antigen in vitro (reviewed in REFS13:43-45) Mast cells also can enhance antigen presentation
in vitro by internalizing antigen bound to high-affinity Fc receptor for IgE (FceRI)-associated
IgE; this mechanism is independent of mast-cell MHC class Il expression, but requires mast-
cell apoptosis and phagocytosis by other antigen-presenting cells, which then present the
antigen?®. However, to date there is no evidence from in vivo studies suggesting that mast cells
present antigen during naturally occurring or experimental immune responses.

The expression of various co-stimulatory molecules by mast cells is further evidence that these
cells can have immunomodulatory roles. Co-stimulatory molecules expressed by mouse and/
or human mast cells include members of the B7 family, members of tumour-necrosis factor
(TNF)-TNF receptor families, CD28 and CD40 ligand (CD40L)5:13:46:47 Moreover, mast
cells can exhibit costimulatory function in vitro. For example, engagement of the co-
stimulatory ligand OX40L expressed by human?® or mouse*” mast cells and OX40 expressed
by T cells is required for optimal mast-cell-dependent enhancement of T-cell proliferation*®:
47 or cytokine production?’.

Mast cells represent potential sources of many mediators that can enhance or suppress the
development, survival, proliferation, migration, maturation, or function of immune cells
(reviewed in REFS1-3,5-8,13,16-18,21,30,31,43,44,46-56) 5ome individual mediators, such as
histamine, can have both positive and negative immunomodulatory effects. Histamine, which
can be produced by mast cells and other immune cells, can promote T 1-cell activation through
H1 receptors but conversely can suppress both Tl and T2 cell activation through H2
receptors®0. Mast cells can also produce cytokines that can influence the polarization and
function of T-cell subsets1:2:6:13:43 However, there is only one study showing that such an
effect of a mast-cell derived cytokine is important in vivo (see below)®*. Similarly, several
mast cell products, including IL-4, IL-5, IL-6, IL-13, CD40L and rat mast-cell protease I, can
influence B-cell development and function, including IgE production®:13. However, the in
vivo relevance of these observations remains to be determined.

Positive immunomodulatory functions in vivo

Some of the positive immunomodulatory functions of mast cells that have been proposed based
on in vitro studies have been confirmed in vivo using mast cell knock-in mice:5457-70 or in
mice lacking specific mast-cell-associated proteases26-28:32-34 or |acking specific protease
enzymatic activityll (Table 1). In many of these studies, the end points assessed included the
recruitment of particular immune cells, such as granulocytes?8:32,33,57-61,63,64,67-70 pCs62,
64,65,71 or various subpopulations of lymphocytes®4:67:70,72 Many of these studies also
demonstrated that the lack of mast cells®*57-64:67,69,70 or 3 specific mast-cell product?8:32:
33,54,60,63,67,68,70 150 reduced the pathology associated with the immune response or impaired
its effectiveness in promoting host resistance to infection.

Mast cells have been shown to be crucial for host survival in models of bacterial infection®®:
7376 and, in some of these models, there was evidence that TNF also promoted survival®%73:
74 However, the extent to which such TNF was produced by mast cells was not specifically
analyzed in these studies. In addition, there is evidence that mast cells may be able to promote
host survival in the cecal ligation and puncture (CLP) model of bacterial infection in mice that
lack TNF'4, suggesting that mast cells can enhance survival in this setting independently of
TNF. Aswell as in bacterial infections, mast cells can promote host resistance to certain parasite
infections. However, the mechanisms involved have not been fully defined and may be
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complex, involving both local and systemic mast-cell-dependent effects (reviewed in REFSL:
64,77),

Several lines of evidence indicate that mast cell-derived proteases can promote host defence
in certain models of innate or acquired immunity. Following intraperitoneal injection of the
bacteria Klebsiella pneumoniae, mMCP-6-deficient mice exhibited both reduced neutrophil
recruitment into the peritoneal cavity and significantly increased mortality32. A deficiency in
mMCP-6 (or in IgE) was also associated with markedly reduced recruitment of eosinophils to
the sites of larvae deposition in skeletal muscle during the chronic phase of Trichinella
spiralis infection, but was not associated with a detectable abnormality in the intestinal
expulsion of the parasite33. Recent evidence suggests that mMMCP-2 can contribute to neutrophil
recruitment and host survival during CLP, but that, in wild-type mice, mast-cell production of
intra-cellular IL-15 ordinarily limits the mast cell's ability to produce this protease in that
setting’®.

Inamyelin oligodendrocyte glycoprotein (MOG)-induced model of experimental autoimmune
encephalomyelitis (EAE), mast cells can increase the incidence and severity of the disorder®:
8 Remarkably, it appears that mast cells do not have to be within the CNS to exert at least
some of their important effects in MOG-induced EAE. Therefore, although systemic
engraftment of Kit"VW-V mice with in vitro-derived bone-marrow-derived cultured mast cells
does not result in the appearance of mast cells in the CNS of these mice, they exhibit a CNS
disease severity that is similar to that in wild-type mice. One of the ways the extra-CNS activity
of mast cells can influence autoimmune responses to MOG is through the production of IL-4
in the lymph nodes, which enhances the development of encephalogenic Tyl cells®.

Mast-cell-derived TNF contributes to airway hyperreactivity and inflammation in models of
allergic airway inflammation®7:70:79, probably in part due to its ability to promote T-cell
recruitment®”:70 and to enhance local levels of IL-4, IL-5, IL-13 and IL-17 (Ref.%7). Mast cells
also can contribute substantially to the disease pathology in models of autoantibody-induced
destructive arthritis®%, bullous pemphigoid (an autoimmune disease of the skin)8! and in a
model of T17-cell-dependent, neutrophil-associated lung inflammation®8.

In summary, mast cells can exert positive immunoregulatory functions in vivo that can either
enhance host defense or promote disease, that reflect actions of the mast cell's stored mediators
and/or cytokines, and that can be mediated by functions of mast cells that reside either at the
site of the immune response or within lymph nodes.

Negative immunomodulatory functions in vivo

It has been reported that mast cells also have immunomodulatory functions that significantly
reduce the magnitude or duration of the response. Hart et al.*% showed that the ability of
ultraviolet B (UVB) irradiation of the skin to induce systemic immunosuppression of contact
hypersensitivity (CHS) responses to the hapten 2,4,6-trinitrochlorobenzene was markedly
reduced in (C57BL/6 x DBA/2)F1-KitW-"W- mice but was restored following mast-cell knock-
in. Several lines of evidence suggested that histamine was a major mediator of this UVB-
induced, mast cell-dependent effect. Although histamine can be made by basophils and other
immune cells, as well as by mast cells, mast cells represent a major source of histamine in the
normal skin of mice. Mast cells were probably also responsible for the finding that UVB
irradiation suppressed delayed-type hypersensitivity (DTH) responses to allogeneic spleen
cells in KitV-"* mice (which contain dermal mast cells) but not in KitV-"W- mice (which do
not contain dermal mast cells)#°.

Mast cells can also mediate negative immunomodulatory functions in vivo by producing IL-10.
Mast cells and mast-cell derived IL-10 markedly limited the magnitude, and promoted the
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resolution, of both innate responses to chronic low-dose UVB-irradiation and of CHS responses
induced in response to the hapten 2,4-dinitro-1-fluorobenzene (DNFB) or to urushiol, which
is the hapten-containing sap of poison ivy or poison 0ak23. Mast-cell derived 1L-10 was shown
to limit multiple aspects of these responses, including the numbers of granulocytes,
macrophages and T cells at the reaction sites, as well as the local tissue swelling, epidermal
hyperplasia and, importantly, full thickness epidermal necrosis and ulceration. Although the
mechanisms by which mast-cell-derived IL-10 (and other mast-cell mediators that are relevant
in this setting) function to limit the tissue changes in these models remain to be fully defined,
mast cells and mast-cell-derived IL-10 may influence these responses through a complex
combination of direct and indirect effector and immunoregulatory functions (Figure 2).

Mast cells also contribute to two additional models of immunosuppression82:83, Depinay et al.
82 reported that the bites of Anopheles mosquitoes can impair the development of antigen-
specific T-cell responses in a model of DTH to ovalbumin in mice, but only if mast cells are
present in the bitten skin. Lu et al.83 showed that mast cells were essential for the optimal
induction of tolerance to skin allografts, which requires the participation of
CD4*CD25*FOXP3* regulatory T cells. Regulatory T cells are a source of IL-9, and IL-9 can
mediate the suppression of alloreactive CD8" T cells and act as a mast-cell survival and/or
growth factor (reviewed in Ref.83). Local production of IL-9 (by regulatory T cells and/or other
sources) may contribute to the development, and perhaps influence the function, of mast cells
within the tolerant allografts.

How mast cells mediate negative immunomodulatory functions following Anopheles mosquito
bites, or in peripheral tolerance to skin allografts, remains to be fully elucidated. However,
IL-10 was implicated as a mechanism of immunosuppression in each of these studies, acting
either in draining lymph nodes®? or at sites of skin allografts®3. In addition, even though both
Trl cells and CD4*CD25*FoxP3™* regulatory T cells can develop in vivo in the absence of
IL-10 (Ref.84), it will be of interest to assess whether mast cells and mast-cell-derived 1L-10
have important effects on regulatory T-cell numbers, phenotype and/or function in models of
CHS or chronic UVB irradiation, or in other settings in which regulatory T cells are thought
to have important roles84-86,

In summary, through the production of 1L-10 and probably other products mast cells can exert
negative immunoregulatory functions in vivo that can substantially limit the magnitude and/or
duration of both certain acquired immune responses and the innate response to chronic
irradiation with UVB light.

Conclusions

Here we show that mast cells can have both negative, as well as positive immunomodulatory
functions, in addition to their well-established roles as effector cells. Understanding how
individual positive or negative immunomodulatory functions can be induced or suppressed in
various mast-cell populations will remain a topic of considerable interest. However, identifying
and characterizing specific immunomodulatory roles of mast cells during particular immune
responses in vivo may be quite challenging. For example, it already is clear that mast cells can
have either positive or negative immunomodulatory functions in what would appear to be very
similar settings, such as in different mouse models of CHS that employ different types and/or
concentrations of haptens and/or different vehicles for administering these haptens®:13:60,87,
88 (Figure 3). One may even speculate that in immune responses in which mast cells first
promote the sensitization phase of the response, mast cells could then help to initiate the local
inflammation that occurs when the host is subsequently exposed to specific antigen, and finally
help to limit the extent of, and/or resolve, the ensuing inflammation and associated tissue
pathology.
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In support of this hypothesis, both in vitro and in vivo data strongly suggest that one of the
mechanisms that can promote mast-cell-dependent IL-10 production that in turn limits certain
CHS responses is the activation of mast cells by immune complexes of specific antigen and
IgG123. These antigen-specific 1gG4 antibodies develop, probably by mast-cell-independent
mechanisms, in response to the initial exposure to hapten during the sensitization phase of
CHS23, Thus, in this model, the development of an aspect of the humoral component of the
immune response to hapten challenge (the antigen-specific 1gG,) results in the generation of
a signal (the antigen-1gG4 immune complexes) that promotes an anti-inflammatory phenotype
in the mast cells that are resident at the site of the local reaction (Figure 3h). The notion that
mast cells might first promote the sensitization and/or elicitation phases of an immune response,
and then help to limit or resolve the local tissue changes induced by antigen challenge, is
consistent with the hypothesis that a key function of mast cells is to promote homeostasis —
even in instances when mast cells also have a major role in perturbing homeostasis in order to
promote host defence8-11,

It will be of interest to understand how, and under which circumstances, immunomodulatory
functions of mast cells can influence the development, magnitude or kinetics of beneficial, or
harmful, innate or acquired immune responses. The extent to which immunomodulatory effects
of mast cells might contribute to some of the host—environment interactions that are thought
to influence the development of the immune system (such as proposed in the hygiene
hypothesis (reviewed in Ref.89)) should also be explored.

Finally, it will be important to assess whether positive or negative immunoregulatory functions
of mast cells can be therapeutically manipulated. To give just one example, IL-10 is thought
to contribute importantly to the effectiveness of antigen-specific immunotherapy (SIT) for
allergic diseases, and successful SIT is associated with the development of strong antigen-
specific 1gG; and 1gG,4 responses®. Aggregation of human IgG; or 1gG, antibodies bound to
surface FcyRI can activate mediator secretion in human mast cells that have been manipulated
in vitro to upregulate FcyRI expression®l. While it has not yet been reported whether IgG-
dependent activation can induce secretion of IL-10 by human mast cells, it is tempting to
speculate that during SIT in humans, as in CHS to urushiol or DNFB in mice, the phenotype
and function of populations of mast cells is shifted from ‘net pro-inflammatory’ to ‘net anti-
inflammatory’, and that this change in mast-cell phenotype reflects, at least in part, the ability
of immune complexes of specific antigen and 1gG to stimulate mast-cell 1L-10 production.
However, it remains to be seen whether this (or other) potential mast-cell-dependent
immunoregulatory mechanisms actually contribute to the success of standard SIT, or might be
harnessed in other settings to enhance immune responses that promote health or to suppress
those that result in disease.

Box 1. Effector and immunomodulatory functions of mast cells: definitions
and examples

Effector functions

These functions include the physiological or pathological function of mast cells or the direct
regulation of ‘non-immune’ cells, such as vascular endothelial cells, epithelial cells,
fibroblasts, nerve cells, and muscle cells.

Examples

¢ Promote clearance of pathogens by phagocytosis and/or secretion of antimicrobial
peptides

¢ Degrade potentially toxic endogenous peptides and components of venoms

e Increase vascular permeability (for example, by histamine)
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»  Stimulate bronchial smooth muscle-cell contraction (for example by leukotriene
C4 (LTCy)
»  Promote fibroblast collagen synthesis (for example, by tryptase)
Immunomodulatory functions

These are effects on other immune cells (such as dendritic cells (DCs), T cells, B cells,
monocytes/macrophages and granulocytes) and effects on structural cells (such as vascular
endothelial cells, epithelial cells, smooth muscle cells) that alter their ability to influence
immune cells.

Examples of positive immunomodulatory functions

»  Promote the migration, maturation, differentiation and function of immune cells
via secretion of factors such as tumour-necrosis factor (TNF), chemokines,
histamine, LTB,4 and proteases.

*  Present antigen to T cells (via MHC class I or Il molecules) or enhance antigen
presentation by capturing IgE-bound-antigen via FceRI1 and then undergoing
apoptosis

*  Promote B cell IgE production (through IL-4, IL-13 and CD40L)

»  Promote expression of TSLP on epithelial cells (for example, by TNF, I1L-4 and
1L-13)

»  Promote recruitment of immune cells by production of TNF and other mediators
that up-regulate adhesion molecule expression on vascular endothelial cells

»  Promote TH2 responses via effects of prostaglandin D, on DC maturation

»  Promote airway smooth muscle production of chemokines & cytokines (via TNF,
IL-4 and IL-13)

Examples of negative immunomodulatory functions

»  Suppress sensitization for contact hypersensitivity (via UVB-induced production
of histamine)

»  Suppress cytokine production by T cells and monocytes (via IL-10)

e  Suppress production of pro-inflammatory cytokines and chemokines by
keratinocytes (via IL-10)

» Enhance ability of DCs to reduce T cell proliferation and cytokine production (via
I1L-10)
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Figure 1. Mast cell development and tissue distribution during examples of immune responses
Tissue mast cells are derived from haematopoietic stem cells (HSCs), which ultimately give
rise to mast-cell progenitors (MCPs). MCPs circulate in the blood and enter the tissues where
they undergo differentiation and maturation to become mature mast cells. Stem-cell factor
(SCF) ordinarily is required to maintain mast-cell survival, but the phenotype of mature mast
cells can vary depending on the growth factor milieu (for example the presence or absence of
additional cytokines with effects on mast-cell proliferation or phenotype, such as interleukin-3
(IL-3), IL-4, IL-9 and TGF-B; and other microenvironmental factors. For example, mucosal
mast cells are found in the mucosa of the gut, whereas connective tissue mast cells, that exhibit
certain phenotypic characteristics that differ from those of mucosal mast cells, reside in the
submucosa and muscularis propria. The numbers of these mast-cell populations can increase
dramatically during a T helper 2 (TH2) type response to parasitic infection of the gut, which

may reflect a combination of increased recruitment, survival and/or differentiation and

maturation of MCPs, as well as proliferation of mast cells resident at that site.
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Figure 2. Potential functions of mast-cell-derived IL-10

If produced in appropriate settings and amounts, mast-cell-derived interleukin-10 (IL-10) has
the potential to promote the development of 1L-10-secreting regulatory T cells (e.g., Trl cells
and CD4*CD25*FOXP3* T cells) and reduce DC migration, maturation and activation. It can
also enhance the ability of DCs to reduce T-cell proliferation and cytokine production through
the downregulation of costimulatory molecule expression by the DC. By directly inhibiting
tumour-necrosis factor (TNF) and IL-6 production by keratinocytes, IL-10 can indirectly
reduce the expression of adhesion molecules on vascular endothelial cells and thereby diminish
the recruitment of circulating effector cells. IL-10 can directly inhibit the production of
prostanoids by neutrophils and pro-inflammatory cytokines by macrophages. Although many
of the specific functions indicated are based on evidence from in vitro studies of IL-10, mast-
cell-derived IL-10 has been shown to mediate negative immunomodulatory functions in vivo.
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Figure 3. Hypothetical model of how mast cells might promote or limit features of different contact
hypersensitivity responses

(a-d) CHS response 1 is elicited by sensitizing mice epicutaneously on the abdomen with 2%
oxazolone in 100% ethanol and challenging them on the ear 5 d later with 1% oxazolone in
100% ethanol. In comparison to reactions elicited in the absence of mast cells (a, ¢), mast cells
promote migration of dendritic cells (DCs) from the site of cutaneous sensitization (b) and, 1
day after epicutaneous challenge (that is day 6 after sensitization), mast cells promote features
of the effector phase of the response, such as swelling of the dermis (indicated in pink in the
figure) and leukocyte recruitment, by directly or indirectly undergoing antigen-dependent
activation and releasing mediators (including tumour-necrosis factor (TNF)) (d). In CHS
response 1, mast cells have a net pro-inflammatory effect, by enhancing both the sensitization
and the effector phases of the response. The ability of mast cells to enhance sensitization
requires that the mast cells have antigen non-specific IgE bound to their FceRI. The mechanism
of mast-cell activation during the effector phase of the response is not clear. (e-h) CHS response
2 is elicited by sensitizing mice epicutaneously on the abdomen with DNFB (0.5% vol/vol) in
100% acetone and challenging them on the ear 5 d later with DNFB (0.2% vol/vol) in 100%
acetone. (e,g) One day after epicutaneous challenge with a hapten (that is day 6 after
sensitization), the ear swelling responses are similar in the presence (f) or absence (e) of mast
cells. Therefore, mast-cell activation probably does not have a crucial role early after challenge.
However, five days after epicutaneous challenge with hapten (g,h), when the mice have
elevated circulating levels of antigen-specific IgG; antibodies, mast-cell-derived
interleukin-10 (IL-10) contributes to the ability of mast cells to limit the number of innate
inflammatory cells and T cells, and tissue pathology, at the site of hapten challenge (h). Based
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on in vitro studies, we speculate that increased local expression of certain cytokines (such as
IL-4) at the site of hapten challenge can increase mast-cell surface expression of low-affinity
Fc receptor for IgG (FcyRIII), and perhaps have other effects on mast-cell phenotype and/or
function. Such mast cells can then secrete higher levels of TNF and IL-10 following stimulation
through their FcyRIIT by immune complexes of specific antigen and 1gG; antibodies. In the
absence of mast cells (and mast-cell-derived 1L-10), the pathology associated with these
contact hypersensitivity responses is substantially exacerbated and there is increased
inflammation (including higher numbers of CD8*, CD4*, and CD4*CD25"* T cells), more
marked thickening of the epidermis, more substantial increases in extracellular matrix (ECM)
and other components of the dermis, as well as areas of full thickness epidermal necrosis and
ulceration (g). In CHS response 2, mast cells do not appear to enhance sensitization (not shown)
but have a net anti-inflammatory effect on the effector phase of the response.
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Mast-cell immunomodulatory functions demonstrated in vivo™
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Immunomodulatory functions

Positive:

Promote recruitment of cells of innate immunity

Promote lymphocyte recruitment
Promote DC migration

Promote pathology in EAE via enhancement of
Tn1-cell response

Enhance sensitization in CHST

Promote a model of antibody-mediated arthritis

Negative:

Suppress adaptive immune responses
Promote peripheral tolerance to skin allografts

Suppress innate responses (to chronic UVB
irradiation)

Mast cell mediators

Comments

involved (if identified)

TNF, CXCL2,

leukotrienes, mMCP1,
mMCP2, mMCP6.

TNF

Histamine, TNF

IL-4

Mediator unknown

IL-1

In some studies (REF560,63,67,68,

70) the TNF was shown to be of mast
cell origin by analyzing mice
containing mast cells that could or
could not make TNF; in the other
studies, the TNF was not formally
shown to be of mast cell origin.

Some in vivo studies strongly suggest
that mast cells promote sensitization
due to an effect, induced by the
binding of antigen-non-specific IgE
antibodies to mast-cell FceRI, on
mast-cell phenotype and/or function.

Histamine, IL-10

IL-10?

IL-10

References’

28,32,33,57-61,64,69,76

62,64,67,68,70,72,92
62,64,65,71,92
54

88

66

23,49,82,93
83
23

CHS, contact hypersensitivity; CXCL2, CXC-chemokine ligand 2; DC, dendritic cell; EAE, experimental autoimmune encephalomyelitis; FceRI,
high-affinity Fc receptor for IgE; IL, interleukin; mMCP1, mouse mast-cell protease-1; TH1, T helper 1; TNF, tumour-necrosis factor.

*

Representative functions demonstrated in experiments performed in vivo using either mouse mast-cell protease-deficient mice or mast-cell-engrafted
c-kit mutant mice (mast-cell knock-in mice). In some models using mast-cell knock-in mice, the key mast-cell mediators with immunomodulatory
functions in that model have not yet been defined. Not included herein are many examples of studies using ‘mast-cell knock-in mice’ that have
demonstrated pro-inflammatory effects of mast cells (for example promotion of leukocyte recruitment), but in which the key mast-cell-associated

mediators have not yet been defined in vivo.

TIn some of the referenced studies, the mast-cell mediators that contribute to the function listed have not yet been identified.

1

Not yet demonstrated using mast-cell-knock-in mice.
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