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Review
Atopic diseases are complex, with many immunological
participants, but the central element in their expression
is IgE antibody. In an atopic individual, the immune
system pathologically reacts to environmental sub-
stances by producing IgE, and these allergen-specific
IgE antibodies confer to IgE receptor-bearing cells re-
sponsiveness to the environmental substances. Mast
cells and basophils are central to the immediate hyper-
sensitivity reaction that is mediated by IgE. In humans,
there are various other immune cells, notably dendritic
cells and B cells, which can also bind IgE. For mast cells,
basophils and dendritic cells, the receptor that binds IgE
is the high-affinity receptor, FceRI. For B cells and a few
other cell types, the low affinity receptor, FceRII, pro-
vides the cell with a means to sense the presence of IgE.
This overview will focus on events following activation
of the high-affinity receptor because FceRI generates the
classical immediate hypersensitivity reaction.

Introduction: starting points
A reasonable starting point for targeting IgE-mediated
reactions is IgE itself, but this topic will be considered last
because today this strategy usually involves monoclonal
antibodies rather than cell-permeant small molecules. In
addition, one theme of this review will be how to approach
acute versus chronic treatments for allergic diseases and
monoclonal antibody versus small-molecule strategies may
be differentiated by their value for chronic and acute
treatments, respectively. The starting point for consider-
ing small-molecule approaches will be the earliest steps in
the signal transduction reaction that is initiated in mast
cells and basophils following their exposure to allergens.
This review will also focus on approaches in which the
target is well defined rather than explore the very wide
range of compounds, both synthetic (so-called mast cell
stabilizers) and natural (e.g., plant-derived compounds),
that have been demonstrated to inhibit mast cell secretion.
Several decades of study have provided biochemists with
several interesting targets. As with any therapeutic ap-
proach, the question that remains unknown until actual
clinical testing is whether any chosen therapeutic target is
effectively localized to mast cells/basophils. The past de-
cade or so of study has not been encouraging if one expects
to find an FceRI-specific target. All of the FceRI-associated
signaling elements that have been identified have also
been identified as central participants in other immune
cells crucial for a proper immune response.
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Early steps in FceRI-dependent signaling
Working inward from FceRI, the first step in signaling
involves src family kinases. There remains some confusion
about the precise number of src family members that are
crucial for signaling, and the final answer may be subtle,
with variations among mast cell subtypes or basophils.
However, there is general agreement that lyn kinase is
necessary for initiating the reaction [1–4]. Currently, lyn
kinase would not be a therapeutic target because this
enzyme also participates in the termination of the activa-
tion cascade. Studies in both mice and humans have shown
that less than maximal inhibition of src family kinases, and
lyn in particular, results in enhanced IgE-mediated func-
tions [5,6]. The src family kinases fyn and hck have also
been implicated in the IgE-mediated reaction [2,7], and
their roles appear to be restricted to reaction cascades that
promote secretion from mast cells. However, the role of fyn
and hck in IgE-mediated secretion from human mast cells
or basophils has not been explored.

Considerable effort has been made to target the next
step in the signaling cascade, the activation of syk, a
ZAP-70 family member. Although lyn initiates phosphory-
lation of FceRI, which allows syk to be recruited, a very
broad range of activation signaling cascades start with the
activity of syk [8]. This characteristic motivated the
development of syk inhibitors for both atopic and other
inflammatory diseases, such as rheumatoid arthritis (RA).
Effective inhibition of syk, either through genetic means in
mice or pharmacological means in humans completely
ablates FceRI-mediated secretion and essentially any oth-
er proinflammatory function that has been studied in mast
cells/basophils [9,10]. Recent syk inhibitors show both high
potency and selectivity. Surprisingly, limited testing of syk
inhibitors in vivo has not resulted in remarkable suppres-
sion of allergic symptoms [11]. It is speculated that local
metabolism blunts the effectiveness of the drugs, although
the precise answer is not known. However, even if syk
inhibitors are found to be highly selective and efficacious,
syk is often involved in signaling in immunoreceptor-bear-
ing cells and all leukocytes (including T cells at early stages
of development); all these cells use syk in the earliest steps
of signal transduction for some of their functions. Syk
knockout mice show perinatal mortality. Some cancer
cells show heightened proliferation when syk is downre-
gulated [12]. Thus, development of these inhibitors for
atopic diseases has been put on hold except when it is
possible to use them topically. Nevertheless, because these
inhibitors are being explored for other chronic inflamma-
tory conditions such as RA (e.g., R-788 has completed
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Phase II trials [13,14]) some experience with their use in
patients with coincident atopy may happen.

Downstream of syk activation are two other important
signaling enzymes whose function might be considered
crucial for mast cell or basophil secretion. The phosphoti-
dylinositol 30 phosphate kinase (PI3K) family of enzymes
and Bruton’s tyrosine kinase (of the Tec family) are acti-
vated either directly or indirectly through the action of syk.
However, species differences and subtle differences in the
requirements for the isozymes of PI3K in different mast
cell types have made it less clear how generally useful
inhibitors of these enzymes will be.

The PI3K family consists of a large number of members,
although the class IA family is composed of three members,
a, b, and d. These enzymes phosphorylate membrane
inositol phospholipids, and these phosphorylated phospho-
lipids act as recruitment islands on the inner leaf of the
plasma membranes for subsequent steps in the activation
cascade (Figure 1). It is generally accepted that mast cells
use a, b, and d, with a probable dominance of the d member
in regulating IgE-mediated secretion (the d form is also
considered to be restricted to hematopoietic cells) [15,16].
The g form, a class 1B member, is felt to be involved in G-
protein-coupled receptor (GPCR) activation [16]. Studies in
murine mast cells have advanced the idea that even during
IgE-mediated secretion, which might begin as a PI3Kd-
mediated process, there are secreted autocrine substances
that feedback to amplify the secretory response through
GPCRs (sphingosine-1-phosphate being one example)
[17,18]. Under the simple view that PI3Kg is involved in
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Figure 1. Simplified cartoon of the earliest steps in IgE/FceRI-dependent signaling. IgE-m
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GPCR activation, an IgE-mediated event could still be
dependent on PI3Kg [17]. In basophils, only PI3Kd is
present for the IgE-dependent activation cascade and
PI3Kg appears to be linked to nonimmunoreceptor func-
tions. Although studies in mice suggest that both PI3Kd

and g contribute to mast cell secretion, there is no solid
data regarding the efficacy of selective PI3K isozyme inhi-
bitors in human mast cell studies. In human basophils, a
specific PI3Kd-only inhibitor completely ablates secretion,
which is consistent with similar results using pan-specific
PI3K inhibitors (in a cell that expresses only PI3Kd of the
class 1A group) [19]. However, PI3K is used for various
signaling pathways in nearly all cell types, and this again
raises questions about use of selective inhibitors for treat-
ment of atopy. Similar to syk, knocking out PI3Ka or b in
mice is embryonic lethal [20,21].

The involvement of btk in human mast cell and basophil
secretion is also somewhat unclear, although studies in
murine mast cells suggest it plays some role [22]. Btk may
also play a role in mast cell development [23]. Highly
selective inhibitors of btk are only recently available,
and studies in humans have had to wait for their develop-
ment because the genetic manipulation that is common for
murine studies is not possible. A recent study of a selective
noncompetitive btk inhibitor, PCI32765, demonstrated
complete inhibition of IgE-mediated functions in human
basophils [24]. Based on studies in murine mast cells, this
high efficacy was somewhat surprising. Similar results for
human mast cells are not yet available. Btk inhibitors have
been developed to treat B cell lymphomas, and in a manner
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similar to the development of syk inhibitors, it may
be possible to learn how they operate in patients with
coincident atopy.

Acute versus chronic treatment
The attractive aspect of inhibitors of these three classes of
enzymes (syk, PI3K, and btk) is that inhibition of secretion
is essentially 100% at pharmacologically relevant concen-
trations of the drugs. It is anticipated that 100% efficacy
may be necessary to be clinically useful (more on this
below). The unattractive aspect is that the targets are
found in so many cell types. Even topical administration
may cause problems because the locations for topical use
are also at the interface between the environment and the
mucosal immune response. One approach that was recent-
ly advanced takes advantage of two characteristics of the
mast cell and basophil response [25]. All activation cas-
cades are accompanied by the initiation of termination
cascades so that the reactions do not become runaway.
Indeed, a strong case can be made for viewing the termi-
nation steps (other terms being downregulation, tachyphy-
laxis, or desensitization) as just as important in the
expression of the magnitude of the response as the activa-
tion cascades (see below). In mast cells and basophils, it
appears that all the identified termination pathways are
dependent on signaling steps that precede activation of syk
[9,26]. If a mast cell/basophil is exposed to an inhibitor of
syk, PI3K, or btk (and presumably any crucial syk-depen-
dent process), while also being exposed to IgE-mediated
stimulation, then the cell does not secrete (befitting the
high efficacy of these inhibitors), but it does desensitize.
The drug can be removed and the mast cell/basophil
remains desensitized (i.e., it cannot be stimulated to se-
crete). Presumably, continued exposure to the IgE-mediat-
ed stimulus will maintain the desensitized state and the
drug need only have been used once. This approach would
allow these very powerful drugs to be used once and
leverages the nature of the signal transduction reaction
to turn these cells off without the threat of secretion during
the initiation phase of therapy. There are several ways that
this approach could be manipulated to achieve the desired
effect of selectively blunting the mast cell/basophil
response.

A second area of potential use that does not involve
chronic administration is in the treatment of an incipient
or ongoing anaphylactic reaction. Current treatment of
this potentially life-threatening reaction while it is occur-
ring is limited to suppression of the physiological effects of
strong mast cell/basophil secretion using epinephrine
(high-dose steroids are also used but no one understands
what these do or even if they are necessary). Use of a highly
efficacious and potent inhibitor of mast cell secretion would
seem to be a logical approach. However, in animal (in vivo)
and human (ex vivo) studies, it is clear that very little mast
cell secretion drives a potent end-organ response. For
example, smooth muscle cells in the human airway show
maximum contraction with 2–5% histamine release from
airway mast cells ([27], where human airways are similar
to guinea pig). Therefore, suppression of an ongoing reac-
tion would probably require the level of efficacy that is seen
in the test tube for inhibitors of syk, PI3K, and btk. It is still
debated whether mast cells/basophils are secreting and
contributing to the escalating clinical picture 15 min after
an anaphylactic reaction has started (i.e., the secretory
component of the reaction may be complete within 15 min).
If the mast cell/basophil contribution is complete within
minutes, then this approach would not work in the emer-
gency department setting; the answer will not be known
until highly efficacious inhibitors are tried in a clinical
setting. Furthermore, patients that know they are at
risk for anaphylactic reactions (peanut and bee venom
allergies are good examples) carry epi-pens (single dose
of epinephrine); it is not a stretch to have them also carry a
therapeutic dose of an appropriate and efficacious mast
cell inhibitor.

A less direct approach – that might someday capitalize
on the importance of key signaling molecules such as syk –
is to control their expression selectively in mast cells/
basophils. In humans, expression of syk in mast cells/
basophils is uniquely poor relative to most other leukocytes
[28]. For example, a peripheral blood basophil expresses
10-fold less syk than its close cousin leukocyte, the eosino-
phil (that is also highly involved in allergic inflammation).
It is estimated that in human basophils, there are five to
eight FceRI molecules for each molecule of syk (25 000 syk
molecules per basophils vs 150 000 molecules of FceRI)
[29]. Mast cells express approximately twice as much syk
as basophils but still less than most leukocytes [10]. It
appears that syk expression is tuned to be just sufficient to
drive the IgE-mediated reaction. However, natural varia-
tion in the normal population around this average low level
of expression results in cells that show a broad range of
responsiveness, ranging from no IgE-mediated secretion to
very high levels of secretion [29]. Thus far, this highly
variable but blunted expression of a signaling molecule is
limited to syk [29]. Other signaling molecules do not show
the same heterogeneity of expression [30]. It is the fact that
syk expression is uniquely tuned in these cells that offers a
potential therapeutic approach if the mechanism for
this unique tuning is found to be selective for mast cells/
basophils. As will be noted below for SHP-1 [Src-homology
region 2 (SH2)-containing phosphatase-1], regulation of
expression of an early signaling molecule does occur with
some drugs. Likewise, there are efforts to regulate syk
expression using interfering RNA (RNAi) [31]. But without
targeting the specific expression control mechanisms,
these approaches would run into problems similar to
small-molecule syk inhibitors.

Leveraging the termination cascades
As noted above, the activation cascades are always accom-
panied by termination of signaling cascades (Figure 2). A
dramatic demonstration of the relevance of these pathways
to controlling the extent of the signaling reaction is found
in the SHIP pathway [32]. SHIP (SH2-containing inositol
50-phosphatase) is a member of a family of enzymes that
regulate the relative presence of phosphorylated inositol-
containing phospholipids. For many immunoreceptors, a
crucial early step involves the use of PI3K (see above). This
complex biochemistry is regulated by activation-sensitive
kinases (e.g., PI3K), and by both constitutively active and
activation-dependent phosphatases. The SH2 domain of
3
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Figure 2. Termination steps during IgE-mediated activation. The cartoon expands on the behavior of SHIP (SH2-containing inositol-50-phosphatase) presented in Figure 1.

This multidomain enzyme is capable of regulating the presence of PIP3 (phosphotidyl-3,4,5-trisphosphate) which recruits various activation enzymes to the plasma

membrane. But at the C terminal end of SHIP, near the proline rich domain (PRD), a tyrosine phosphorylated by a src family kinase, can recruit the adaptor protein dok

(downstream of kinase) for which there are several forms. Dok recruits a rasGAP protein which downregulates the activity of p21ras, another small G protein that is crucial

in the initiation of the MAPK (mitogen-activated protein kinases) pathway and other pathways to secretion. The MAPK kinase pathway (raf!MEK!Erk) specifically

regulates cytosolic PLA2 (cPLA2) and the arachidonic acid metabolism pathway but p21ras also controls other pathways. On the right side of the cartoon is a representation

of the potential role of SHP-1 (SH2-containing tyrosine phosphatase). SHP-1 represents a family of tyrosine phosphatases that are actively recruited into activation cascades,

but there are also constitutively acting tyrosine phosphatases that control set points for activation. The cartoon represents only a small subset of the negative feedback

loops that operate during activation, but these two phosphatases act as negative feedback on early steps of the cascade.

Review Trends in Pharmacological Sciences xxx xxxx, Vol. xxx, No. x

TIPS-982; No. of Pages 8
SHIP1 provides a means for this enzyme to be recruited
into activation complexes to modulate the amplification of
the early steps. A SHIP1 knockout mouse expresses a
variety of immune system diseases and specifically shows
extremely heightened activation of mast cells [33,34]. In
fact, even the binding of monomeric IgE, which does not
usually induce an IgE-mediated activation cascade be-
cause receptor aggregation is normally required for initia-
tion of these cascades, will activate the cells [35]. There is
correlative evidence in humans that enhanced activity of
SHIP1 suppresses basophil activation [36,37]. A new class of
drugs that activate SHIP1 (e.g., AQX1125) are being tested
for their usefulness in controlling the IgE-mediated dis-
eases. In vitro data appear to support this potential thera-
peutic approach [38,39]. The nexus of events related to
phosphorylating phospholipids may also represent a thera-
peutic target if specific aspects of these complex reactions
can be found to be selectively active in mast cells/basophils.

Exploiting termination cascades such as SHIP1 (and its
associated elements, e.g., dok, downstream of kinase,
adaptors, rasGAP-like molecules [40]) [38] is a relatively
new tactic, and one of the primary problems is that down-
regulatory molecules need to be made active, rather than
inhibited, to blunt an IgE-mediated reaction. An equally
powerful approach would be the activation of SHP-1. The
SHP-1 family of enzymes are activation-sensitive tyrosine
phosphatases that can dephosphorylate the earliest sig-
naling elements whose activities are dependent on phos-
phorylation of tyrosines. It is apparent that for the IgE-
dependent reaction, strong activation of enzymes such as
SHP-1 can suppress secretion [41–43]. An excellent exam-
ple of this phenomenon can be found in the reaction in
which an allergen binds to both IgE on the cell surface and
to solution phase IgG. The allergen-bound IgG can then
bind to IgG receptors on mast cells/basophils, specifically
CD32b, and when this receptor is recruited into the evolv-
ing reaction complex, the recruitment of either SHIP1 or
SHP-1 into the reaction effectively suppresses secretion
4

[44]. This particular process is exploited in a therapeutic
approach discussed below, but it demonstrates the poten-
tial power of targeting enzymes involved in terminating
the ongoing reaction. Recent studies of the drug AKBA
(acetyl-11-keto-b-boswellic acid), an anti-inflammatory in
clinical use, suggest that it acts to suppress STAT3 phos-
phorylation by upregulating the expression of SHP-1 [45].
Similar approaches might be applicable in mast cells/
basophils.

Downstream pathways
A necessary component of the secretory response of mast
cells/basophils is the elevation of intracellular calcium. The
mechanisms for producing an elevation are only partially
known and potentially specific to these cells or even sub-
sets of mast cells. Considerable excitement resulted from
the identification of ICRAC channels as mediators of the
store-operated calcium (SOC) influx mechanism [46] and a
recent study has identified mRNA for ICRACM1-3 in
human lung mast cells but protein only for ICRACM1
and M2 [47]. As with other shared signaling elements,
the relative ubiquity of these proteins in mediating calcium
transport raises questions about their usefulness as tar-
gets. However, there are indications that another mecha-
nism for calcium mobilization may be important. The
enzyme family of sphingosine kinases has been associated
with the maintenance of the cytosolic calcium response in
mast cells [48]. These observations appear to apply to both
rodent and human mast cells [18,49,50]. Efforts to regulate
sphingosine kinase for treatment of cancer have resulted in
the development of several inhibitors [51–54]. As noted
previously, in murine studies, the release of sphingosine-1-
phosphate (S1P, a product of sphingosine kinase) may
provide a positive autocrine mechanism of sustaining
the mast cell response. It is possible that inhibition of
sphingosine kinase(s) may act as this level of the response.

Parenthetically, serendipity has played a role in
identification of a pathway specific inhibitor of mast cell
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secretion. FTY720 was developed as an inhibitor of the S1P
receptor and sphingosine kinase inhibitor, but it has also
been found to inhibit cytosolic PLA2 (cPLA2) [55]. cPLA2
is necessary for the cleavage of arachidonic acid from
phospholipids, and arachidonic acid is a precursor to the
prostaglandins and leukotrienes that are an important
mediator released from mast cells/basophils. Consistent
with its inhibition of cPLA2, FTY720 was found to inhibit
prostaglandin D2 generation from a human mast cell line,
LAD2, but to not inhibit degranulation.

Although ICRAC may be responsible for the primary
influx of calcium, it is clear that fine-tuning of the cytosolic
calcium response falls to other transport processes. For
example, studies in rodent mast cells indicate that Cav1.2
(an L-type calcium channel sensitive to nifedipine)
modulates the cytosolic calcium response [56]. Studies in
rat basophilic leukemia cells identified an association
between ICRAC and one of the TRP family of calcium
channels [57]. In human skin mast cells, the cytosolic
calcium response is regulated by a temperature sensing
channel, although this channel has not yet been identified
[58]. It is well recognized that potassium channels strongly
modulate the functional response of T cells and an excel-
lent example of using this information to alter disease
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The root of the problem
Although there are numerous opportunities to inhibit the
IgE-mediated reaction in mast cells/basophils, the most
direct approach would be to simply eliminate the presence
of IgE. Proof of this concept is now in hand; omalizumab is
an antibody that is being used to treat moderate to severe
asthma. This antibody works by binding to a region of IgE
that is involved in IgE binding to FceRI [61]. When admin-
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cell surface if bound to IgE (there may be therapeutic
opportunity here as well) [62–64]. The combined reduc-
tions in free IgE and FceRI expression can blunt future
IgE-dependent activation events.

However, the quantitative aspects of this approach are
important because the mast cell/basophil is exquisitely
sensitive to IgE-mediated stimulation. A typical basophil
from an atopic patient expresses 250 000 FceRI per cell, yet
it needs only 200–500 for meaningful secretion [29]. Al-
though only a fraction of the total cell surface IgE is specific
for a particular allergen, the sensitivity of these cells is an
issue for this approach. A long-standing example of this
difficulty comes from attempts to develop small organic
molecules to compete with IgE binding to FceRI. Small-
molecule inhibitors of the binding reaction work well in
slowing the forward binding reaction, but because the
affinity of IgE for FceRI is so high (dissociation half-life
of 5–10 days), most small-molecule inhibitors do not ulti-
mately reduce cell-bound IgE sufficiently to suppress al-
lergen-mediated secretion (although refinements of this
approach are still underway [65,66]). The studies with
omalizumab define the requirements rather well; cell sur-
face suppression must be on the order of 99% [67]. Al-
though omalizumab is a good proof-of-concept test case,
affinity of this antibody for IgE is sufficiently weak that
huge quantities of omalizumab are needed to effectively
treat patients. There is considerable room for improvement
even for this specific approach. Newer anti-IgE antibodies
have much higher affinities, and these will more than
likely improve the cost–benefit ratio of this therapeutic
approach. Omalizumab does not appear to modulate the
production of IgE, although early studies in mice suggested
that it might. Consequently, there is no diminishment of
IgE synthesis, only blockage of its binding.

Two newer approaches might achieve blockade of syn-
thesis (Figure 3). One recent strategy uses a two-pronged
approach. The antibody under development binds to IgE in
a manner similar to omalizumab, which establishes a
quality similar to omalizumab. But the Fc tail of the
antibody also binds with high affinity to CD32b [68]. As
noted above, this immunoreceptor negatively regulates
some cell types. In particular, CD32b engagement down-
regulates B cells, and it is expected that this particular
anti-IgE antibody will also downregulate the development
of plasma cells that secrete IgE. Preliminary studies sup-
port this view [68]. A second therapeutic strategy relies on
the observation that membrane-associated IgE (as distinct
from IgE bound to a receptor) has a unique peptide not seen
on solution phase IgE [69]. An antibody that binds to this
unique peptide sequence (CemX) downregulates B cell
development and should suppress plasma cell develop-
ment, resulting in suppression of IgE synthesis [70].

In addition to these ‘passive’ approaches, there is con-
siderable effort to actively induce the production of highly
selective anti-IgE antibodies by immunization with care-
fully chosen peptides from IgE [71–73]. This approach
involves breaking immunological tolerance. There is, how-
ever, an advantage to needing to break tolerance. Studies
in animals indicate that breaking tolerance is highly tran-
sient. Not sustaining the immunization generally results
in a rapid decrease in antibody titers to the tolerized
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peptides. This characteristic serves to quell concerns that
it may not be a good idea to permanently suppress free
IgE levels. The risk of this approach is the uncontrolled
generation of potentially anaphylactic anti-IgE antibodies.

Concluding remarks
It seems likely that among the several new approaches to
reducing the presence of IgE on mast cells/basophils, there
will be a successful cost-effective strategy to suppressing
this pathological reaction. The biological approaches to
reducing free IgE levels may make it possible to strongly
suppress any IgE-mediated reaction. But these approaches
do not act quickly and cannot provide a therapeutic
approach to acute reactions. To accomplish acute manage-
ment, development of drugs that suppress the mast cell/
basophil response is feasible. Studies in vitro have demon-
strated the remarkable efficacy of new generations of early
signaling inhibitors. There are several critical targets that
have yet to be adequately tested in humans. The generally
nonlife-threatening nature of atopic disease, with the
exception of anaphylaxis, has blunted enthusiasm for
developing these potent inhibitors as chronic therapies
for allergies. But there remain some clinical situations
where strong inhibitors would be welcome. Perhaps
through a coupling of the direct suppression of IgE with
inhibitors of mast cell/basophil secretion, there will be
highly enhanced treatment modalities for these potentially
dangerous diseases.
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