Mast cells: makers and breakers of allergic inflammation
Kayvan Hakim-Rad, Martin Metz and Marcus Maurer

Department of Dermatology and Allergy, Allergie-
Centrum-Charité/ECARF, Charité-Universitatsmedizin
Berlin, Berlin, Germany

Purpose of review

Recent findings have developed, changed, challenged and extended the established
view of mast cell biology and of their role in inflammation. The purpose of this review is to
present and discuss recent research in this area relating to allergic inflammation.
Recent findings

Mast cells are traditionally viewed only as IgE-activated histamine-providing effector
cells of allergic inflammation. Yet, recent findings also support a role for mast cells in the
sensitization to allergens, and early released human mast cell tryptase has been shown
to break down IgE, hence breaking the key maker of allergic inflammation. Furthermore,
mast cells demonstrate proinflammatory action through nonhistamine and non-IgE-
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mediated routes. For example, the role of platelet-activating factor in contributing to
allergic inflammation and anaphylaxis in mice is now starting to be shown in humans.
Most surprisingly, mast cells have also emerged as modulators and downregulators of
allergic inflammation. For example, the newly discovered siglec-8 receptor might act as
an inhibitor of mast cell degranulation and thus of mast cell-mediated allergic
inflammation. Also, mast cell-derived IL-10 is shown to be a modulator of allergic
inflammation, demonstrated in a murine model of contact hypersensitivity.
Summary
Understanding the mast cell's divergent phenotypes based on situation and setting is
required to truly discover their role in allergic inflammation.
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mast cell involvement in sensitization to allergens, apart
from indirectly related to mast cell responsibility for
epithelial barrier integrity [3]. Yet, there is an increasing
interest in the interactions of mast cells with cells known
to be involved in the adaptive immune response as a
whole, which includes sensitization. For instance, mast
cell-dependent antigen-specific deficiencies observed
during the course of Leishmania major infections in mast
cell-deficient Ki#"V/Kir""® mice have been described [6].
These include impaired local recruitment of dendritic
cells, absent major histocompatibility complex (MHC)
class I-dependent T cell priming and marked reduction
in proliferation of both CD4% and CD8" T cells [6]. Also
observed was a shift in cytokine production toward a Th2
response, categorized by reduced Thl antigen-depen-
dent IFN+y and IL.-12 production, coupled with increased

Introduction

The consensus view of the evidence for the widening
array of mast cell activators and responses is that the
ultimate goal of mast cells is to facilitate optimal protec-
tive immune responses [1-5]. It would, therefore, seem
short sighted to continue categorizing mast cell action, in
allergic inflammation, as one of only inducing and exacer-
bating immediate hypersensitivity responses seeing how
these cells demonstrate such a potential for more. In light
of this, we present and discuss selected recent reports
that have identified and characterized novel mechanisms
and effects of mast cell action across stages of allergic
inflammation.

Makers: allergic sensitization

Allergic inflammation is a paradoxical immune response
given that the very action of inflammation is not in itself a
malfunction but instead protective in purpose and aller-
gens are rarely harmful to any physiology. The primary
source of allergic disease is inappropriate sensitization or
rather the host’s symptomatically invisible mechanism of
incorrectly classifying benign substances (i.e. allergens)
as threats. Rarely has a convincing case been made for
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Th2 cytokines, IL-4 and IL-10 [6].

Another study proposes direct involvement in sensitiz-
ation by showing that mast cell-derived tumor necrosis
factor (TNF) enlarges draining lymph nodes through
promoting T cell migration to the site [7]. Mast cell-
deficient mice did not develop the same lymph node
hypertrophy unless engrafted with bone marrow-derived
cultured mast cells (BMCMCs) and also not if the
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engrafted cells were TNF-deficient [7]. Although these
findings were demonstrated in a mouse model of skin
bacterial infection and not in an allergic context, they
at least implicate mast cells in the processing of environ-
mental antigens. The same group expanded on this
theme by using the mast cell activator compound 48/
80 alongside a protective protein antigen from Bacillus
anthracis to manufacture a specific adaptive immune
response [8°]. Indeed, when mast cells were activated
in this way a lasting protective antigen-specific IgG
and IgA response was observed compared with the
same procedure in mast cell-deficient mice or with
protective antigen alone in wild-type mice [8°]. Although
again not proposed in an allergic model, it demonstrates
a fabricated means to bring about sensitization, which
in this article is proposed as a possible vaccine route
[8°]. If this forced sensitization was instead achieved
with ovalbumin (OVA) or birch pollen, for example,
then the case immediately switches from vaccina-
tion to one of mast cell contribution to allergen sensitiza-
tion.

The mast cell’s role in sensitization is then taken a
stage further by introducing a means of non-MHCII-
dependent mast cell antigen presentation [9°]. Mast cells
have evolved lysosomes that store content without degra-
dation enabling their preformed mediators to stay intact
before degranulation [10]. It is shown that allergens could
also be stored in this way after first being internalized by
high-affinity IgE receptor-mediated phagocytosis [10].
Live cell imaging has been used to demonstrate this
action showing labelled bone marrow-derived dendritic
cells immediately taking up labelled OVA [9°]. The
OVA, however, is shown to be among the remains of a
nearby apoptotic BMMC, hence demonstrating the pro-
duction of compartmentalized intact fragments proposed
in this article as mast cell-derived antigen reservoirs [9°].
The same group then provides the right conditions to
induce mast cells to express MHCII and so to propose
direct antigen presentation to T cells by mast cells [11°°].
Mast cells were shown to maximally express MHCII after
72h when stimulated with physiological concentrations
of lipopolysaccharide (LLPS) and IFNv in vitro [11°°].
Furthermore, LLPS injected in mice induced a marked
increase in the number of mast cells in the lymph nodes
that were also found to express MHCII [11°°]. It has to be
considered, however, that in most settings, mast cells fail
to express MHCII. Yet, in support of this sort of specific
tailored functionality is the view that even mature mast
cells display high levels of plasticity so as to adapt
functionally as required [4]. Alternatively, progenitors
could mature and differentiate into functionally diver-
gent mast cell subclasses [4]. Either way, these changes
would be based on which location cells migrate to and
exactly what is going on in the microenvironment.
Hence, such tailored in-vitro manipulations could, if

related to real biological settings, provide plausible evi-
dence for mast cell action.

Makers: the onset of allergic inflammation

When it comes to the onset of allergic inflammation,
much is understood regarding the frontline position
of an appropriately sensitized mast cell in bringing
about allergic inflammation through releasing preformed
mediators such as histamine [3]. Both in mice and
humans, platelet-activating factor (PAF) is also among
the potent proinflammatory substances produced by mast
cells [12]. There is now further evidence of its importance
in humans, taken from a sample of allergic patients [13°°].
Vadas e al. [13°°] describe a strong correlation between
serum PAF levels and severity of allergic reaction, includ-
ing fatal anaphylaxis. Then, the same severity scale is also
shown to have an inverse relationship to PAF acetylhy-
drolase, an enzyme responsible for breaking down PAF
[13°°]. Mast cell-derived IL-1B is also being recognized
as a key proinflammatory mediator [14°]. Very recently,
IL-1B, produced and released from mast cells, has been
identified to be responsible for the urticaria-like symp-
toms in cryopyrin-associated periodic syndrome patients
[14°]. The occurrence of wheals in these patients is
completely histamine independent and is instead
brought about by a genetic defect that causes constitutive
production of IL.-1B by mast cells [14°].

Although IgE-mediated induction of allergic inflammation
has a well deserved reputation for being the key mechan-
ism for mast cell activation in allergic responses, there are
alternative pathways [15]. For example, activation of the
complement system, and not IgE-mediated mast cell
activation, has been shown to be the relevant mechanism
in peanut allergen-induced anaphylaxis in mice [16°]. A
systematic approach was taken to induce peanut extract-
induced anaphylaxis in various immune-deficient mice
models. It was found that even without B cells or T cells,
a response was observed, induced by the complement
component C3a [16°]. PAF was again found to be the
major mediator and, to a lesser extent, histamine. In
relation to this, mast cells were only participants in a
response that was led mainly by macrophages and baso-
phils [16°]. TgE-mediated mast cell action is not to be
diminished as a maker of peanut allergy anaphylaxis, but
instead shown to be part of a wider mechanism. Hence, itis
proposed that peanut extract consists of multiple allergens
that trigger a range of synergistic mechanisms invoking
both the innate immune system and the adaptive immune
system to produce allergic inflammation [16°].

Irrespective of what is understood in any model of allergic
reaction, it seems there is still room for new layers of
complexity. It has been somewhat of a surprise to see that
mast cells and nerve cells seem to be highly collabora-
tive units in terms of proximity and direct cell-to-cell

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



communication. A fascinating example of this has been
the description of anaphylaxis in guinea pigs by a
learned histamine release induced purely through
sensory conditional release reflex [17]. As instructive as
this early work was in implicating neurogenic signals in
mast cell-mediated inflammation, subsequent research in
this area has been slow to develop. It has recently been
shown, however, that sensory skin nerves are directly
involved in allergic reactions as surgical denervation of
sensory nerves in the back skin of mice lead to impaired
mast cell-driven passive cutaneous anaphylaxis [18°].

In addition to directing a nerve cell to mast cell action, it
seems an effect can be transmitted in the other direction
as shown during [gE-mediated mastcell degranulation in
the asthma model of allergic inflammation [19]. Inter-
estingly, the neural fibre and behavioural changes
observed did not occur through IgG-mediated mast
cell mechanisms or through eosinophil-induced inflam-
mation [19]. The study suggests that IgE-mediated
allergic inflammation includes an appropriate beha-
vioural response to a perceived threat and, therefore,
places mast cells as the sensory arm of this expanded
allergic response.

Breakers of allergic inflammation

What is of course more surprising and complex is the
discovery that mast cells can break an allergic response. If
mast cells do have the potential to suppress allergic
inflammation, then it would seem logical that they would
first need to sense when to do this. Such an action could
be the purpose of siglec-8 (sialic acid-binding, immuno-
globulin like lectin-8), which was found to be expressed
on human eosinophils. Details of its discovery in
humans and search for the equivalent in mice would
not suit the focus of this piece but is very well reviewed
by Bochner [20]. Although the physiological function of
siglec-8 is not yet understood, in-vitro antibody acti-
vation has been shown to cause apoptosis in eosinophils
[21] and mast cell inhibition of IgE-mediated hista-
mine, prostaglandin D2 release but not 1L.-8 [22°]. In
support of these findings, it is worth mentioning that
there exists more established knowledge of such regu-
latory mechanisms in mast cell biology. One of the
best examples is the tyrosine kinase network, which is
central to the function of the two main mast cell activation
receptors, namely IgE receptor FceRI and stem cell factor
receptor KIT, and has been recently well reviewed [23].

A stronger case for the modulation by mast cells would
require demonstrating the existence of released sub-
stances that can directly suppress inflammation. The most
effective target to suppress would be the proinflammatory
storm evoked by crosslinking mast cell-bound IgE [24°°].
Hence, there is much interest in the discovery that IgE
itself can be cleaved by an initially released mast cell
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protease [24°°]. The effect was first observed using recom-
binant human B-tryptase showing IgE cleavage in both the
constant Fc region and the variable Fab region [24°°].
These cleavage sites respectively implied impaired bind-
ing to FceRI and to allergen, which was subsequently
shown 7z vitro by showing the existence of corresponding
cleavage products [24°°]. To then further implicate this
action as a direct mast cell response, these expected IgE
cleavage products were shown to be only present in
supernatant from calcium ionophore-degranulated mast
cells cocultured with IgE [24°°]. Demonstrating an in-vivo
biological response involved pretreatment with protamine,
a heparin-dependent protease inhibitor, which resulted in
an increased late phase allergic reaction in human trials
[24°°]. Although not in an allergic setting, studies have
been conducted demonstrating that endogenous and
exogenous toxic peptides such as endothelin-1, neuro-
tensin and snake venom components induce degranula-
tion of mast cells and are then cleaved by mast cell
proteases, hence modulating the peptide’s otherwise
harmfully toxic effects [25-27].

Altogether, it builds up to a convincing case stating that
immediately released proteases can break the onset of
inflammation, allergic or otherwise. In addition to this
rapid mechanism for maintaining homeostasis, mast cells
appear to also be important in modulating chronic inflam-
matory changes, for example in bacterial toxin-induced
long-lasting skin inflammation or in skin changes after
chronic ultraviolet B exposure [28,29]. Furthermore,
recent findings strongly indicate that mast cells also
contribute to the control of chronic inflammatory pro-
cesses in type IV allergic responses. Grimbaldeston ez a/.
[28] have elegantly demonstrated that mast cell-derived
I1.-10 is critical for the limitation of chronic skin inflam-
mation following contact hypersensitivity responses to
urushiol, the allergen-containing component of poison
oak and poison ivy.

Conclusion

Recent findings show that the trend of discovering diverse
mast cell functionality is still going strong. With respect to
allergic inflammation their role is introduced in sensitiza-
tion, extended in onset and developed to also be one of
modulation (Fig. 1). A valid criticism of some recent
reports supporting mast cell plasticity required to enable
such diversity is that in-vitro findings reflect neither the
true nature of mast cells nor their setting. Furthermore,
mouse model-generated biological responses are not guar-
anteed to be transferable in humans. The challenge is,
therefore, to clarify the relevance of these findings in real
and relevant biological conditions. Only then can the true
implications of mast cell action be understood across all the
phases of allergic inflammation. This could open up new
therapies but also introduces the concept of treatment
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Figure 1 Schematic summary of the reviewed mast cell recep-
tors and mediators as examples of makers and breakers of
allergic inflammation
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timing and focus. Purely targeting mast cells as a whole for
instance would suggest missing out on their late phase
modulatory protease cleavage or IL.-10 suppression of
inflammation. The answer, it would seem, lies in under-
standing the mast cell’s divergent phenotypes based on
situation and setting.

Acknowledgement
We thank Julia Trosien for her helpful discussion and input as well as
Professor Martin K. Church for his advice on structure and content.

References and recommended reading

Papers of particular interest, published within the annual period of review, have
been highlighted as:

e  of special interest

ee of outstanding interest

Additional references related to this topic can also be found in the Current
World Literature section in this issue (p. 484).

1 Galli SJ, Grimbaldeston M, Tsai M. Inmunomodulatory mast cells: negative,
as well as positive, regulators of immunity. Nat Rev Immunol 2008; 8:478—
486.

2 Galli SJ, Tsai M. Mast cells: versatile regulators of inflammation, tissue
remodeling, host defense and homeostasis. J Dermatol Sci 2008; 49:7-19.

3  Galli SJ, Tsai M, Piliponsky AM. The development of allergic inflammation.
Nature 2008; 454:445-454.

4 Kalesnikoff J, Galli SJ. New developments in mast cell biology. Nat Immunol
2008; 9:1215-1223.

5 Metz M, Grimbaldeston MA, Nakae S, et al. Mast cells in the promotion and
limitation of chronic inflammation. Immunol Rev 2007; 217:304-328.

6 Maurer M, Kostka SL, Siebenhaar F, et al. Skin mast cells control T cell-
dependent host defense in Leishmania major infections. FASEB J 20086;
20:2460-2467.

7 Mclachlan JB, Hart JP, Pizzo SV, et al. Mast cell-derived tumor necrosis factor
induces hypertrophy of draining lymph nodes during infection. Nat Immunol
2003; 4:1199-1205.

8 Mclachlan JB, Shelburne CP, Hart JP, et al. Mast cell activators: a new class
e  of highly effective vaccine adjuvants. Nat Med 2008; 14:536-541.

Mast cell activator compound is used to manufacture a specific adaptive response
by novel function of facilitated sensitization to antigen.

9  Kambayashi T, Baranski JD, Baker RG, et al. Indirect involvement of allergen-
e  captured mast cells in antigen presentation. Blood 2008; 111:1489-1496.
Antigen reservoir production by mast cells is proposed through production of
apoptotic antigen compartments through FceRI internalization.

10 Shin JS, Shelburne CP, Jin C, et al. Harboring of particulate allergens within
secretory compartments by mast cells following IgE/FcepsilonRI-lipid raft-
mediated phagocytosis. J Inmunol 2006; 177:5791-5800.

11 Kambayashi T, Allenspach EJ, Chang JT, et al. Inducible MHC class I

ee expression by mast cells supports effector and regulatory T cell activation.
J Immunol 2009; 182:4686-4695.

A convincing study showing that mast cells express MHCIl when stimulated with

physiological concentrations of LPS and IFNy in vitro. LPS injected in mice

resulted in a marked increase in the number of mast cells in lymph nodes that

were also found to express MHCII.

12 Metz M, Brockow K, Metcalfe DD, et al. Mast cells, basophils and mastocy-
tosis. In: Rich RR, Shearer WT, Fleisher TA, Schroeder HW, Weyand CM,
Frew AJ. Clinical immunology. 3 ed. Elsevier; 2008. pp. 345-360.

13 Vadas P, Gold M, Perelman B, et al. Platelet-activating factor, PAF acetylhy-
ee drolase, and severe anaphylaxis. N Engl J Med 2008; 358:28-35.
Evidence that PAF is a key contributor to allergic inflammation leading to anaphylaxis.

14 Nakamura Y, Kambe N, Saito M, et al. Mast cells mediate neutrophil recruit-

e ment and vascular leakage through the NLRP3 inflammasome in histamine-
independent urticaria. J Exp Med 2009; 206:1037-1046.

Mast cell-derived IL-1 is recognized as a key proinflammatory mediator in being

able to produce urticaria-like symptoms independently from histamine.

15 Kinet JP. The essential role of mast cells in orchestrating inflammation.
Immunol Rev 2007; 217:5-7.

16 Khodoun M, Strait R, Orekov T, et al. Peanuts can contribute to anaphylactic
e shock by activating complement. J Allergy Clin Immunol 2009; 123:342-351.
Although mast cells are not the main cells involved here, it at least demonstrates an
alternative way to elicit a response from them as well as highlighting the complexity
of allergic inflammation.

17 Russell M, Dark KA, Cummins RW, et al. Learned histamine release. Science
1984; 225:733-734.

18 Siebenhaar F, Magerl M, Peters EMJ, et al. Mast cell-driven skin inflammation

e s impaired in the absence of sensory nerves. J Allergy Clin Immunol 2008;
121:955-961.

Direct in-vivo evidence that nerve and mast cell interaction is required for mast cell-

mediated inflammation.

19 Costa-Pinto FA, Basso AS, Russo M. Role of mast cell degranulation in the
neural correlates of the immediate allergic reaction in a murine model of
asthma. Brain Behav Immun 2007; 21:783-790.

20 Bochner BS. Siglec-8 on human eosinophils and mast cells, and Siglec-F on
murine eosinophils, are functionally related inhibitory receptors. Clin Exp
Allergy 2009; 39:317-324.

21 Nutku E, Aizawa H, Hudson SA, Bochner BS. Ligation of Siglec-8: a selective
mechanism for induction of human eosinophil apoptosis. Blood 2003;
101:5014-5020.

22 Yokoi H, Hubbard W, Lee HS, et al. Inhibition of Fc epsilon RI-dependent

e mediator release and calcium flux from human mast cells by sialic acid binding
immunoglobulin-like lectin 8 engagement. J Allergy Clin Immunol 2008;
121:499-505.

Although the physiological function of siglec-8 is not known, this article introduces

it as a means by which mast cells can suppress degranulation.

23 Gilfillan AM, Rivera J. The tyrosine kinase network regulating mast cell
activation. Immunol Rev 2009; 228:149-169.

24 Rauter |, Krauth MT, Westritschnig K, et al. Mast cell-derived proteases control

ee allergic inflammation through cleavage of IgE. J Allergy Clin Immunol 2008;
121:197-202.

The fact that mast cell tryptase can cleave both bound and unbound IgE produces

a strong case for the role of mast cells in regulating inflammation, allergic or

otherwise. The study also provides evidence in human trials by showing increased

late phase allergic reactions due to protease inhibition.

25 Maurer M, Wedemeyer J, Metz M, et al. Mast cells promote homeostasis by
limiting endothelin-1-induced toxicity. Nature 2004; 432:512-516.

26 Metz M, Piliponsky AM, Chen C-C, et al. Mast cells can enhance resistance to
snake and honeybee venoms. Science 2006; 313:526-530.

27 Piliponsky AM, Chen CC, Nishimura T, et al. Neurotensin increases mortality
and mast cells reduce neurotensin levels in a mouse model of sepsis. Nat Med
2008; 14:392-398.

28 Grimbaldeston MA, Nakae S, Kalesnikoff J, et al. Mast cell-derived interleukin
10 limits skin pathology in contact dermatitis and chronic irradiation with
ultraviolet B. Nat Immunol 2007; 8:1095-1104.

29 Metz M, Magerl M, Kuhl NF, et al. Mast cells determine the magnitude of
bacterial toxin-induced skin inflammation. Exp Dermatol 2009; 18:160-166.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



	Mast cells: makers and breakers of allergic™inflammation
	Introduction
	Makers: allergic sensitization
	Makers: the onset of allergic inflammation
	Breakers of allergic inflammation

	Conclusion
	Acknowledgement
	References and recommended reading


