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Abstract Activation of mast cells in the allergic inflammatory response occurs via the
high affinity receptor for IgE (FceRI) following receptor aggregation induced by antigen-
mediated cross-linking of IgE-occupied FceRI. Recent observations suggest this response is
profoundly influenced by other factors that reduce the threshold for, and increase the extent
of, mast cell activation. For example, under experimental conditions, cell surface receptors
such as KIT and specific G protein-coupled receptors synergistically enhance FceRI-medi-
ated mast cell degranulation and cytokine production. Activating mutations in critical sig-
naling molecules may also contribute to such responses. In this review, we describe our
research exploring the mechanisms regulating these synergistic interactions and, further-
more, discuss the relevance of our observations in the context of clinical considerations.
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Introduction

Mast cells are central players in the initiation of inflammatory reactions associated with
asthma, rhinitis, anaphylaxis, and other allergic diseases [1]. These reactions are a conse-
quence of physiological responses to several classes of biologically active compounds
released from mast cells whose functions likely initially evolved to participate in the body’s
innate immune defense to invading pathogens [2-5]. Such biologically active compounds
include histamine, serotonin (5-hydroxytryptamine), and a variety of proteases, which are
released following degranulation; eicosanoids, such as prostaglandin (PG)D, and leukotri-
ene (LT)C,, which are generated following the liberation of arachidonic acid from mem-
brane phospholipids; and a variety cytokines and chemokines, which are released following
the induction of gene expression [1-5]. Traditionally, mast cell activation in allergic
disease states has been considered as primarily an inappropriate TH,-driven response
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mediated through antigen-induced aggregation of IgE-occupied FceRI (high affinity recep-
tor for IgE) on the mast cell surface [1]. However, studies conducted by a number of
groups, including our own, have established that such activation is markedly influenced by
other factors that alter the threshold for, and extent of, mast cell activation [6—15]. Thus,
mast cell-driven disease states may be as much influenced by these other factors as by anti-
gen-driven responses alone.

Mast cells express a wide array of cell-surface receptors, in addition to the FceRI, which
in specific cases, when activated, synergistically enhance antigen-mediated degranulation
and cytokine production [12, 14]. These receptors largely, but not exclusively, fall into
three major categories: G protein-coupled receptors (GPCRs) including those for adenosine
(A3 receptor) [7], macrophage inflammatory protein 1o (MIP-1a,, CCL3) (CCR1) [16], the
complement component C3a (C3aR) [17, 18], sphingosine-1-phosphate (S1P) (S1P,R) [19]
and PGE, (EP3) [6, 15, 20]; Toll-like receptors (TLRs) such as TLR2, 3, and 4 [8, 21], and
growth factor receptors such as the stem cell factor (SCF) receptor, KIT [9, 10, 22]. It
should be noted that a number of these ligands, for example C3a and S1P, induce mast cell
activation independently of antigen [17-19].

Although it is currently unknown to what degree such synergistic interactions influence
mast cell activation in vivo, it is probable that mast cells in a physiological setting would be
exposed to one or a number of these agents. For example, mast cell homeostasis, at least in
the human, is dependent on the continued activation of KIT by SCF [23-26]. Therefore,
antigen-mediated activation in vivo most likely occurs on a background of KIT activation. It
is also possible that mast cells may be exposed to inflammatory mediators such as PGE, and
C3a following their appearance in the surrounding tissues as a consequence of the exacer-
bated inflammatory reactions associated with allergic asthma. A further consideration is that
activating polymorphisms, mutations and alternatively spliced forms of receptors or signal-
ing proteins may further modulate these responses. For example activating mutations or
polymorphisms in disease states, such as the D816V KIT mutation in mastocytosis, may
lead to exacerbated mast cell-driven reactions. The precise manner in which antigen-medi-
ated mast cell activation is enhanced in the above scenarios, and the mechanisms by which
the signals initiated by the diverse groups of receptors listed above are integrated into those
initiated by the FceRI, are largely unknown. Furthermore, how polymorphisms or point
mutations in these receptors, and downstream signaling molecules, may influence mast cell
activation in a physiological setting is unclear. A major focus of the research conducted in
the Mast Cell Biology Section of the Laboratory of Allergic Diseases, NIAID, NIH, has
been to accordingly investigate these responses and to identify key events in the integration
of signal transduction pathways relating to these processes. In addition, we have been
exploring how to translate our findings from these basic science approaches to potential ther-
apies designed to inhibit mast cell responsiveness.

Integration of KIT- and FceRI-induced signaling events leading to synergistically
enhanced release of inflammatory mediators from human mast cells

Enhancement of FceRI-mediated mast cell activation by KIT

Previous studies conducted in rodent and human mast cells revealed that SCF, through KIT
activation, markedly potentiates FceRI-mediated mast cell degranulation and cytokine
production [22, 27-29]. In studies conducted in collaboration with Dr. Michael Beaven
(LMI/NHLBI/NIH) [10] and, in studies conducted in our laboratory [9], we similarly
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Fig. 1 Enhancement of antigen-induced mast cell activation by SCF. Human mast cells, derived from CD34*
progenitors, were sensitized overnight with anti-NP-human IgE (1 pg/ml) in the absence of cytokines. In (a),
sensitized cells were triggered for 30 min with the indicated concentrations of NP-BSA and SCF and degran-
ulation monitored by the release of -hexosaminidase (f-hex). The data are means + SEM of n = 2-5 exper-
iments conducted in duplicate. In (b), the cells were triggered for 2 h with NP-BSA (A) (100 ng/ml), SCF
(100 ng/ml) or both, then cytokine mRNA determined by RNase protection assay. In (c), Cells were triggered
as above for 16 h then the release of the cytokines, GM-CSF and IL-13, was determined by ELISA. The date
are means == SEM of n =3 following correction for the spontaneous release. This research was originally
published in Blood (a: Tkaczyk et al. [9] and b, ¢: Hundley et al. [10])

demonstrated that antigen-mediated degranulation and cytokine production were dramati-
cally enhanced by SCF in human mast cells (Fig. 1). These studies also revealed that SCF
was capable of eliciting a maximal enhancement of degranulation even at concentrations of
antigen that only minimally elicited a degranulation response in the absence of SCF [9].
Furthermore, we observed that human mast cells minimally generated cytokines in
response to antigen in the absence of SCF. However, in the presence of SCF, antigen
induced the production of multiple cytokines including IL-6, IL-8, IL-13, and GM-CSF.
Taken together, our data not only suggested that SCF enhances antigen-dependent
responses, but also that, at low degrees of antigen-mediated FceRI aggregation, the contri-
bution of SCF to mast cell activation may be markedly more than that of antigen. Further
studies revealed that, although KIT and FceRI share many common signaling pathways, the
inability of KIT to activate protein kinase C (PKC), a critical signaling event for mast cell
degranulation [12] and cytokine production, may account for the inability of SCF to
enhance these responses in the absence of antigen [10].

The role of LAT?2 in the integration of KIT- and FceRI-mediated signaling events
Our earlier studies demonstrated that the ability of SCF to enhance antigen-mediated

responses was linked to a similar synergistic activation of phospholipase (PL)Cy, and con-
sequent increase in intracellular calcium concentrations [30]. We, therefore, investigated
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how upstream signals produced by FceRI and KIT were integrated to produce these down-
stream synergistic responses in mast cells. To do this, we initially explored early common
signals induced by both receptors. Under conditions that we developed to optimize recov-
ery of tyrosine phosphorylated proteins from activated human mast cells [31], we observed
that SCF and antigen commonly induced the tyrosine phosphorylation of a protein of
approximately 28-30 kD [9] which we subsequently identified as linker for activation of T
cells 2 (LAT2) (formerly termed NTAL (non-T-cell activation linker) or LAB (linker for
activation of B cells) [32]. Whereas antigen also induced the phosphorylation of the associ-
ated transmembrane adaptor molecule LAT, SCF induced the phosphorylation of LAT2 in
the absence of appreciable LAT phosphorylation [9]. Furthermore, LAT2 phosphorylation,
but not LAT phosphorylation, induced by antigen was potentiated by SCF [9].

A role for LAT2 in antigen-mediated and SCF-enhanced degranulation was demon-
strated by the ability of LAT2-targeted siRNA oligonucleotides to significantly inhibit
these responses in parallel with a decrease in LAT2 expression [9]. These observations
were confirmed in human mast cells stably transduced with LAT2-targeted shRNA [33].
Knock down of LAT also suppressed antigen-mediated and SCF-enhanced degranulation.
These, and other data, led us to the conclusion that the lack of ability of SCF on its own to
activate specific signals required for degranulation was linked to its inability to induce LAT
phosphorylation in addition to the aforementioned inability to activate PKC. However,
when the LAT signal was provided by antigen, then the enhanced phosphorylation of
LAT?2, which regulated an amplification pathway, allowed the synergistically enhanced
degranulation to occur [9, 12].

Using mast cells derived from the bone marrow of mice deficient in specific tyrosine
kinases, and other approaches, we demonstrated that, whereas FceRI employs the tyrosine
kinases Lyn and Syk for LAT2 phosphorylation, KIT directly phosphorylates LAT2 [9].
Similarly, in co-transfection studies utilizing mutant LAT2 constructs in 293T cells, we
observed that Lyn, Syk, and KIT phosphorylate distinctly different tyrosine residues in LAT2
[33]. Those residues phosphorylated by Syk (Y'*®, Y'3, and Y?*}) were contained within rec-
ognized binding sites for the cytosolic adaptor molecule Grb2, whereas Lyn and KIT phos-
phorylated residues both inside and outside of these binding motifs [33]. Despite not being
recognizable PLCy-binding domains, pull-down studies revealed that, once phosphorylated,
the two terminal Grb2-binding sites in LAT?2 recruited PLCy,, suggesting that LAT2 may
help regulate PLCy,-dependent calcium mobilization in mast cells [33]. This conclusion was
further supported by the ability of LAT2-targeted siRNA oligonucleotides to inhibit antigen-
and SCF-mediated calcium mobilization in human mast cells [33]. The identity of other
signaling molecules potentially recruited to the other residues phosphorylated by Lyn and
KIT still remains to be determined. The selective phosphorylation of specific tyrosine residues
on LAT2 by different tyrosine kinases, and the subsequent selective binding of associating
signaling molecules, however, implies that specific regulatory signaling molecules may be
selectively recruited to receptor-signaling assemblies in a kinase-dependent manner [33].

Phosphoinositide 3-kinase (PI3K)-dependent pathways

Having demonstrated that the early point of synergy regulating the SCF-enhanced antigen
response was controlled by the tyrosine phosphorylation of LAT2 and that the downstream
synergy was regulated by PLCy-dependent calcium mobilization, we set out to identify inter-
mediary steps in this amplification pathway. As our previous studies had demonstrated that
the calcium signal required for degranulation was in part regulated by PI3K [30], we explored
whether PI3K may contribute to the amplification pathway described above. In collaboration
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with Dr. Bart Vanhaesebroeck (University of London), we demonstrated that the ability of
SCF to potentiate antigen-mediated degranulation was substantially reduced by inhibiting the
p1106 subunit isoform of PI3K [34]. Furthermore, our unpublished studies have revealed that
the ability of SCF to enhance the antigen-dependent calcium signal is markedly attenuated in
BMMCs expressing catalytically inactive p100J or in mast cells treated with PI3K inhibitors.
These data thus supported our thesis that PI3K is a critical player in the amplification pathway
utilized by SCF for the potentiation of antigen-mediated responses.

As it had been proposed that PI3K may regulate calcium mobilization through the acti-
vation of the tyrosine kinase Btk [35], we explored the possibility that Btk may be the final
link in the amplification pathway connecting LAT2 and PI3K to downstream enhancement
of PLCy;-dependent calcium mobilization. In Btk~~ BMMCs, we observed a partial
reduction in the capacity to degranulate in response to antigen, but more interestingly, an
inability of SCF to enhance the residual antigen-mediated degranulation and a reduced
capacity for SCF to promote cytokine production [11]. These events correlated with an
inability of SCF to potentiate antigen-mediated PLCy,-dependent calcium mobilization in
these cells [11]. Similar studies with Lyn~'~ and Btk~'~/Lyn~~ BMMCs indicated that
Lyn was a regulator of Btk for these responses [11].

Based on these studies and those of others [36, 37], we proposed that FceRI degranula-
tion and cytokine production are regulated by a principal pathway which is regulated by the
transmembrane adaptor molecule LAT and which regulates a rapid activation of PLCy,
leading to an early rapid calcium mobilization; and a delayed amplification pathway regu-
lated by LAT?2 which leads to the PI3K- and Btk-driven enhancement and maintenance of
the PLCy,-dependent calcium signal. Furthermore, we proposed that KIT can access this
amplification pathway for the potentiation of antigen-mediated degranulation [9].

In addition to its role in the regulation of mast cell mediator release, studies have also
revealed an important role of PI3K in mast cell development, homing and survival [34].
Little is known, however, about the intermediary signals in these processes. As the
mammalian target of rapamycin complex 1 (mTORC1) pathway has been implicated in
various cellular responses mediated by PI3K [38], we investigated the role of this pathway
in mast cell responses [39]. In both human and mouse mast cells stimulated via KIT or
FceRI, we observed a PI3K-dependent increase in the phosphorylation of tuberin, mTOR,
p70S6 kinase (p70S6K), and 4E-BP1, which are components of the mTORC1 cascade [39].
Rapamycin, a specific inhibitor of mMTORCI, had little effect on antigen-mediated and SCF-
enhanced degranulation, and SCF-induced cell adhesion, suggesting that mTORC1 did not
contribute to these events [39]. However, rapamycin partially inhibited SCF-mediated
chemotaxis, SCF- and antigen-induced cytokine production, and SCF-dependent mast cell
survival, implying that these events were, in part, regulated by the mTORCI cascade [39].
Interestingly, we observed that components of the mTORC]1 cascade were constitutively
phosphorylated in human tumor mast cells and that rapamycin could diminish the survival
rate of these cells in culture [39]. These data provided evidence that the mTORC1 cascade
contributes to PI3K-regulated signals downstream of KIT and FceRI for the selective regu-
lation of specific mast cell function. Furthermore, these data also suggested that the dysreg-
ulated cell growth observed in the human tumor mast cells may be associated with aberrant
activation of the mTORCI cascade.

Enhancement of FceRI-mediated mast cell activation by GPCRs

In addition to Kit, other receptors expressed on mast cells have been documented to pro-
foundly influence mast cell activation [12—14]. One such group of receptors is the GPCRs
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which includes the receptors for PGE, (EP3 receptor), adenosine (A3 receptor), S1P (S1P,
receptor), and the complement component C3a (C3aR) [12]. As the processes regulating
these responses were relatively unknown, we next investigated the mechanism(s) by which
GPCRs synergistically enhance antigen-mediated mast cell activation. A number of GPCR
agonists were initially screened for their abilities to enhance antigen-mediated mast cell
activation and based on the magnitude of responses; we selected PGE, for further study
[15]. The synergistic responses mediated by PGE, were determined to be mediated via Go;
indicating that the responses were mediated via the Go;-linked EP3 PGE, receptor (Fig. 2).
Although previous studies had suggested that the synergistic response of the GPCR agonist
adenosine was mediated by a PI3K-dependent pathway [7], we determined that the
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Fig. 2 Enhancement of antigen-induced mast cell activation by the GPCR agonist PGE,. Mouse bone
marrow-derived mast cells (BMMCs) were sensitized overnight with mouse monoclonal anti-DNP IgE
(100 ng/ml) then pre-incubated with or without pertussis toxin (PTX) (1 pg/ml) for 4 h before antigen (Ag)
(DNP-HSA) or PGE, or both were added. Degranulation (a) was monitored by fi-hexosaminidase (f3-hex) re-
lease after 30 min incubation. Cytokine release (b) was measured after 6 h by ELISA. Changes in [CazJ’]i over
the indicated intervals were monitored following loading the cells with FURA2-AM then challenging with
Ag (10 ng/ml) or PGE, (1 uM) or Ag together with PGE,. The Ca®* data are representative of n = 3 experi-
ments conducted in duplicate. The data in A and B are presented as means =+ SE of (n = 3—4) separate exper-
iments conducted in duplicate. *## P < 0.001 for comparison with Ag/PGE, (a) *** P <0.001 by Student’s
t-test (b). The ability of pertussis toxin to block the PGE, responses indicates that they were mediated via the
Guoi-linked EP3 receptor. This research was originally published in Cellular Signaling [15]
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Fig. 3 Integration of the signaling pathways induced by G protein coupled receptors, Kit, and the FceRI. The
red lines represent the principal signaling pathways initiated by these receptors and the black lines represent
the complementary/amplification pathways utilized by these receptors for degranulation. This figure was
originally published in Nature Reviews Immunology [12]

enhancement of antigen-mediated mast cell activation produced by PGE, was independent
of PI3K but was more a consequence of trans-synergy in the activation of PLCf in
response to PGE, and PLCy, in response to antigen [15]. This synergistic activation results
in a similar synergistically enhanced production of inositol-1,4,5-trisphosphate, calcium
entry, and activation of PKC (o and f), all of which are critical for degranulation.

Perspective, clinical implications, and potential therapeutic approaches

In summary, our studies have clearly demonstrated that specific receptors expressed on
mast cells are capable of enhancing FceRI-mediated mast cell activation utilizing alterna-
tive mechanisms to integrate the required signaling cascades (Fig. 3). We are now investi-
gating the relevance of these observations to specific disease states and determining how
the information gleaned from our studies may aid in the design of potential therapeutic
approaches for the treatment of mast cell-driven diseases. For example, it is possible that
increased concentrations of agents such as PGE, and C3a at sites of inflammation may
further exacerbate ongoing mast cell activation. It is also conceivable that up-regulation of
the expression of activating GPCRs on mast cells, under specific conditions, may also
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render mast cells hyper-sensitive to antigen. In disease states such as mastocytosis where
activating mutations in KIT exist, elevated KIT signaling may further enhance its ability to
potentate mast cell activation. In this regard, it is of interest to note that cases of unex-
plained anaphylaxis are often associated with mastocytosis [40].

The recognition that receptors such as KIT enhance antigen-mediated mast cell degranu-
lation has led us to consider whether concurrent inhibition of KIT- and FceRI-mediated sig-
naling would be an appealing approach for mast cell-related diseases [41, 42]. To establish
proof of principle for this concept, we utilized the compound hypothemycin, which has
been documented to block KIT activation [43]. We observed that, in addition to blocking
KIT activation and KIT-mediated mast cell adhesion, hypothemycin also blocked FceRI-
mediated mast cell activation and the ability of SCF to enhance these responses [43]. As
hypothemycin also significantly reduced an antigen-mediated anaphylaxis response in the
mouse in vivo, these data may indeed provide a rationale for the development of com-
pounds targeting similar multiple receptor-mediated signaling processes for the treatment
of mast cell-driven disease states.

In conclusion, we believe the growing body of evidence illustrating the paradigm that
the extent of mast cell activation may be as much dictated by other factors as much as anti-
gen, has important implications for mast cell-related diseases such as asthma, anaphylaxis,
and rhinitis. Further studies are yet required to determine to what extent such events occur
in specific disease states and to determine what are the precise underlying signal transduc-
tion mechanisms controlling the interactions in these conditions. However, the recognition
that mast cell activation is influenced by multiple factors will decidedly help to optimize
therapeutic approaches for the treatment of disorders involving mast cell activation.
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