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There are many aspects of mast cell and basophil biology that
are being explored today. Notably, there is a wide variety of
studies of the roles these two cell types play in the development
of a multitude of diseases and the role they play in the general
immune response. But the original reasons for studying these
two cells types — because they are considered crucial to
immediate hypersensitivity reactions — remain a driving force
for research. These two cell types express the complete high
affinity IgE receptor and aggregation of this receptor results in
the secretion of multiple potent mediators that cause many of
the signs and symptoms of an allergic reaction. Understanding
more about the biology of the receptor and the signaling that it
initiates remains important to the development of new
therapeutic approaches to inhibit this reaction.
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FczRI biology

The high affinity IgE receptor is a protein that confers
on a cell the ability to bind antigen-specific IgE antibody.
It is composed of three subunits, alpha, beta, and a
disulfide-linked pair of gamma subunits. There is a great
deal of interesting structure to the biology of this receptor,
much of which is still being uncovered. In human cells,
unlike murine cells, the fact that the receptor can be
expressed on the cell surface without the beta subunit has
led to observations of FceRI expression on many unex-
pected cell types. All granulocytes have been reported to
express FceRI although there remains some controversy
over levels of expression and functionality in eosinophils
and neutrophils [1]. Monocytes, dendritic cells, and lan-
gerhans cells also express modest levels of FceRI and
functions have been described. Beyond the hematopoie-
tic cells, there are some reports of smooth muscle [2] and
nerve cells expressing FceRI [3,4°]. Many of these cell
types do not express the beta subunit. But it is also

apparent that basophils express variable ratios of FceR-
IB:FceRlIa, so even in a cell that can express the beta
subunit, there are variable levels of FceRIB expression
[5]. It is not known whether this has an influence on
function but since FceRIB is a better chaperone than
FceRIy for protecting FceRla from degradation before
golgi processing, there is, at minimum, the likelihood that
more receptor could be expressed when FceRIB is pre-
sent. Recent studies have refined our understanding of
this chaperone effect by either the beta or gamma sub-
unit. In contrast with mouse FceRla, it is the extracellular
domain of alpha that allows human FceRla to be
expressed on the cell surface without FceRIB [6]. An
interesting implication of the difference between mice
and men is that many cells might express the alpha
subunit but it is the expression of the beta subunit that
is tied to being a basophil or mast cell. Once the expres-
sion of the alpha subunit is freed from the requirement for
the beta subunit, as it is in humans but not mice, FceRIa
expression begins appearing in many other cell types,
whether or not it is expressed on the cell surface.

One hallmark of FceRI biology is the dependence of cell
surface expression on occupancy of the receptor by IgE.
Empty receptors reside on the cell surface for only hours
(T2 of 24 h) while receptor with bound IgE appears
permanently expressed [7°]. Recent studies have shown
that empty receptor is internalized and degraded unless
IL-3 is present [7°]. The presence of 1L.-3 slows degra-
dation of internalized receptor and some receptors appear
to re-cycle to the cell surface. This dynamics between [gE
and receptor expression accounts for the relationship
between plasma IgE and basophil and mast cell receptor
expression levels. It leads to a log(base e)-linear relation-
ship between receptor expression and IgE level, respect-
ively. The log-linear nature of the relationship means
that it is possible to swamp receptors with non-specific
IgE, that is, receptor expression cannot precisely keep
pace with the amount of IgE in its environment and this
has clinical consequences.

Figure 1 shows the current understanding of human
FceRI expression modulation. It is important to note that
it is a steady state of cell surface expression, that is, even
in the absence of IgE there will be a low density of
receptor expression (in circulating basophils, this density
appears to be approximately 8000 per cell). As the figure
indicates, the role of IgE is to allow retention of surface-
expressed IgE but it has no impact on synthesis of re-
ceptor. However, synthesis of FceRI does appear to be
under the control of cytokines (it is not known if loss from
the cell surface is regulated by cytokines but as noted
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Cartoon of the FceRl life-cycle. Crucial points in processing and handling are noted with an encircled number. Further processing of the receptor is
dependent on the chaperone actions of either FceRIB or FceRly (1) during translation in the endoplasmic recticulum (ER). In human cells, there appears
to be a large pool of immature receptor that migrates on SDS electrophoresis gels at 45-50 kDa apparent molecular weight. This immature receptor
accumulates in vivo but is rapidly degraded in culture; it is not further processed for surface expression (2). After removal of carbohydrates associated
with immature proteins and replacement with a complex array of carbohydrates by the golgi (3) receptor is placed on the cell surface (PM = plasma
membrane). The cell surface FceRla subunit has an apparent molecular weight that is broad, ranging from 58 to 66 kDa. It stays on the surface

permanently if IgE binds to FceRla (4). If unoccupied, it is lost by an endocytotic process but in the presence of certain cytokines (5), a limited fraction

may undergo recycling to the cell surface. Otherwise the unoccupied receptor is degraded in a Bafilomycin-sensitive lysosome (6).

above, IL.-3 can influence re-cycling of the receptor).
Recent studies in mice have shown that IL-10 can
regulate FceRI expression [8] in both mouse and human
mast cells. The mechanism of suppression has not been
examined. T regulatory cells, in a reaction that is inde-
pendent of IL.-10 but dependent on cell—cell contact, can
also regulate FceRI expression [9°], at least in mouse mast
cells. The transcription factors involved in expression of
FceRlIa are slowly being delineated. Most recently, Elf-1

was found to downregulate FceRla promoter activity by
competing with the PU.1 transcription factor that aids
FceRla gene transcription [10].

Monomeric IgE and signaling

It is evident that monomeric IgE induces some kind of
signal when binding to FceRIa because binding prevents
endocytosis. But the nature of this signaling remains
unknown. In murine cells, a p28 protein has been identified
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that associates and dissociates from FceRIa 4+ IgE [11].
Whether this is a protein involved in sensing occupancy of
FceRIa is not yet known. However, it is also clear that the
absence of src-family kinase activation or syk activity does
not inhibit the ability of monomeric IgE to stabilize surface
receptor [7°,12]. By contrast, the kind of monomeric IgE-
induced signaling that leads to some mast cell functions
(cytokine release, survival, adhesion) in the absence of
crosslinking does require canonical early signals such as lyn
and syk activity [12]. The ability of monomeric IgE to
induce mast cell functions remains a story with unknown
biological significance. It is well demonstrated in mice but
the ability of human IgE to induce human mast cell or
basophil functions is less clear. There are reports of weak
levels of cytokine release in cultured human mast cells [13]
but the list and magnitude of functions is short and modest.
There are continued refinements to the story for murine
mast cells, notably, that IgE accelerates the development
of murine mast cells and modulates mast cell phenotype
[14]. Murine IgE has been classified as either highly or
poorly cytokinergic, a definition that relates to the ability of
a monomeric IgE species to induce mast cell functions
(notably, cytokine release). In humans, IgE has been
classified as IgE+ or [gE— on the basis of whether passive
transfer of the IgE confers on basophils the ability to
respond to Histamine-Releasing Factor (HRF) [15]. This
would seem to have a possible relationship to the desig-
nation of murine IgEs being poorly or highly cytokinergic.
However, recent studies indicate that [gE+ does not have
the properties of highly cytokinergic IgE unless the human
cells have been treated/primed with high concentrations of
cytokines [16].

It is worth noting that in studies that examine monomeric
IgE for its ability to induce cytokine release (or enhance
survival), experiments are often performed with cells that
show high levels of FceRI expression but have not been
previously exposed to IgE (they may express high levels
of receptor because the high levels of cytokines used in
these cultures shift the steady state of receptor expression
toward high levels, probably due to increased synthesis).
In this context, it is useful to explore evidence that
spontaneous aggregation of receptor may generate early
signals. Several lines of research are pertinent. First,
studies have shown that receptors need only to be within
120-200 A of each other to initiate canonical signaling
[17]. Second, weak signaling is limited by kinetic proof-
reading [18] which otherwise serves to limit propagation
of an early signal. But cytokine release is not subject to
the kinetic proofreading mechanism so that weak signals
leak first into the cytokine generating pathways [19].
Third, high densities of receptor lead to many spon-
taneous aggregates [20°]. Simulations suggest that with
150 000 receptors per cell, 10% are in close enough
proximity (>120, <200 A) to initiate a signal. Studies
of human basophils and RBL cells show that as few as
50 stable aggregates can produce mediator release [21,22].

Spontancous aggregates are very transient, persisting for
less than 50 ms unless there is a weak association (unpub-
lished calculations). Perhaps IgE provides this associ-
ation; a change in Brownian motion diffusion rate of
only 2-fold would increase many spontaneous aggregate
persistence times to greater than 200 ms. Studies with
simple bivalent haptens suggest that weak signaling is
possible with aggregate persistence of 200 ms [23]. Tak-
ing all these independent studies together leads to the
suggestion that high densities of receptors in highly
primed cells might result in spontaneous aggregates that
induce signaling strong enough to induce cytokine release
but not degranulation, a hallmark of the monomeric IgE
effect. It remains to be determined how receptor density
and cell priming influence the ability of monomeric IgE
to induce cytokine release and most importantly whether
receptor occupancy by IgE alters the diffusion-related
dissociation time between non-crosslinked receptors.

Aggregated receptor signaling

Src-family kinases

The canonical explanation for how an aggregated recep-
tor induces signaling usually states that the first step
requires the weak association of lyn kinase (a src-family
kinase member) with the beta subunit of FceRI, the
trans-phosphorylation of an adjacent beta subunit (as
part of the ‘aggregate’), and the tight association of lyn
through its SH2 domain to this phosphorylated beta
I'TAM (immunotyrosine-activation-motif) results in the
enhanced activity of lyn. The enhanced enzymatic
activity of lyn then phosphorylates the I'TAM of the
gamma subunits resulting in the recruitment and acti-
vation of syk (spleen tyrosine kinase, a ZAP-70 family
member). Much of the resulting signaling results from the
activities of syk. However, in recent years, this model has
become too simple of a description to explain experimen-
tal observations. Several years ago, a second src-family
kinase member was implicated in the early signaling; in
murine mast cells, fyn was found to initiate signaling
cascades distinct from lyn and syk [24]. More recently, a
third family kinase member, hck, has been implicated
[25°]. The picture that is emerging is for a subtle balance
of events whereby lyn may have a role in initiating
signaling that is both positive and negative. Fyn generates
signaling that is predominantly activating in character,
and hck negatively regulates lyn that negatively regulates
fyn. An additional complication is that the beta I'TAM is
not a canonical 'TAM but contains a third tyrosine that
has a negative influence on the ability of the other two
tyrosines to act in a standard way [26,27]. To date, little is
known about the additional src-family kinases in human
cells although previous studies have shown that fyn plays
a role in signal transduction in culture-derived human
mast cells [24]. There has been one attempt to examine
fyn phosphorylation changes in human basophils but no
changes were observed [28]. However, an absence of
changes in phosphorylation state is not necessarily an
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indication that fyn does not have a role in signaling in
these cells.

In rat basophilic leukemia cells, lyn kinase was deter-
mined to be a rate-limiting molecular species. In other
words, there is not enough lyn present (or more precisely,
not enough lyn available to FceRI) to service all the [gE
receptors [29]. By contrast, syk expression was robust and
not rate limiting. This situation is reversed in human
basophils. Although syk is crucial to the function of these
cells, relative to other leukocytes, they express very little
syk [30] and syk expression is the most variably expressed
signaling element examined to date, with expression
levels well-correlated to IgE-mediated histamine release
[31°°].

Several years ago, studies in mice suggested that SHIP is
a gatekeeper of IgE-mediated function. SHIP knockout
mice had mast cells that were leaky and were easily
induced to secrete. It is not entirely clear that this is
the case in humans, at least for basophils (the mast cell

story has yet to be explored). SHIP expression in baso-
phils is tightly regulated and variance in its expression
contributes little to the variance of maximum histamine
release found in the general population [31°°]. However,
there are phenotypes of basophils where SHIP is poorly
expressed and the cells appear more sensitive to stimu-
lation [32], usually with stimuli that do not normally
induce secretion. There are also indications that SHIP
levels are altered in patients with chronic urticaria [33].
While there is, as yet, no causal demonstration for a role
for SHIP in IgE-mediated secretion in human mast cells
or basophils, there are other indications that it does play
some role [28,34]. Most of the work to date has explored
the role of SHIP1 in murine mast cells, but SHIP2 is also
expressed in hematopoietic cells and a recent study in
mice suggests that SHIPZ also influences IgE-mediated
signaling but in ways that are distinct from the effects of
SHIP1 [35°].

Increases in cytosolic calcium are required for normal
IgE-mediated secretion. Years ago, this was determined
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Cartoon of some early signaling steps that are discussed in the text. On the far right, in the plasma membrane, is depicted an aggregate of the
heterotrimeric version of FceRI. The associated src-family kinases, lyn, fyn, and hck are shown with their postulated interactions. Syk activation

is central to downstream signaling and the generation of signals that lead to both the production of PIP3 (phosphatidylinositol 3,4,5 trisphosphate),
the activation of phospholipase C and therefore the ultimate elevation of cytosolic Ca®* from intracellular stores. Depletion of the intracellular
stores leads to activation of the CRACM1 store-operated plasma membrane channel with assistance by a TRP channel, TRPCS in rat basophilic
leukemia cells. Early signaling also activates a sphingosine kinase to generate sphingosine-1-phosphate that may act internally and externally.

The external action would activate a S1P receptor and a GTP-binding protein cascade of signaling that also includes generation of inositol 3,4,5

trisphosphate (IP3).
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to be a process that required a calcium uptake mechanism
that was sensitive to the depletion of internal stores of
calcium, the so-called store-operated calcium channel.
Other cells use a similar calcium channel but until
recently, the channel eluded discovery. In 2006, several
groups identified Orail/CRACMI as a part of this store-
operated channel. The ER protein, STIM1, was found to
be the sensor of empty stores of internal calcium. STIM1
signals CRACM1 to let calcium into the cell. This dis-
covery is of general importance but because mast cell and
basophil function is crucially dependent on calcium
influx, it is of particular importance to these cells.
CRACM1 is now identified as necessary for calcium
influx in mast cells [36°%,37°°]. However, the precise
details of Orail/CRACMI1 involvement are, perhaps,
more subtle. The TRP calcium channels (28 members
within 6 subfamilies) are important for some types of
calcium entry and a recent study in RBL cells has drawn
the conclusion that in RBL cells, TRPCS5, working in
concert with CRACMI, serves to modulate IgE-
mediated calcium entry [38°]. This result has a similarity
to recent observations that different TRP channel
proteins/subunits can mix and match to form ion chan-
nels with different properties. For example, different
heterodimers can produce TRP channels with a wide
range of temperature sensitivity [39]. The finding that
TRP channels cooperate with CRACMI1 raises the
possibility that there may be subtle differences in
calcium entry mechanisms in mast cells or basophils of
different phenotypes. In this context, there has been a
long-standing recognition that optimal IgE-mediated
release in human skin mast cells occurs at 32 °C rather
than 37 °C [40]. Unpublished studies by our group have
shown that the calcium response is blunted at 37 °C and
as the stimulated cell is cooled to 32 °C, the calcium
response increases. [t is possible that some fine tuning of
the CRACM1 channel is involved. CRACM1 is also only
one of a family of three related proteins (CRACM1-3), so
there may be additional complications. Studies in RBLL
cells suggested that Zn** can utilize the calcium entry
pathway of this cell and inhibit calcium entry [41] but
7Zn** does not have this effect in human basophils [42°],
again suggesting a subtle difference in the nature of the
store-operated channel.

A full-fledged secretory response in mast cells may
include several positive feedback mechanisms, both
internal and external. In recent years, there have been
several studies that suggest that substances secreted in
the early stages of the mast cell response feedback onto
activating receptors of the 7-transmembrane variety.
Thus, the full-fledged secretory response has bio-
chemical characteristics one associates with immunor-
eceptors and characteristics one associates with G'T'P-
binding protein-linked receptors. For example, the lipid
metabolite, sphingosine-1-phosphate (S1P) is generated
during the initial IgE-mediated reaction [43°°]. This

small lipid has been suggested to regulate internal
calcium store release [44] but when secreted, it interacts
with Edg receptors on the same cell to induce a cano-
nical G'TP-binding protein-mediated increase in cyto-
solic calcium and other activating Edg receptor
responses [45,46°]. This type of feedback opens the
door to therapeutic agents that specifically modulate
either the generation of S1P or its feedback to an Edg
receptor. Recent studies in mice have demonstrated that
inhibition of S1P generation does indeed reduce the
IgE-mediated reaction and 7z vivo, blunts the inflam-
matory reaction that characterizes a mast cell response
[43°°] (Figure 2).

Summary

It is clear that there remain some important problems in
understanding the full breadth of the biology of the high
affinity IgE receptor, especially as it is expressed in
humans. The loss of receptor due to an absence of its
ligand (IgE) is an interesting problem whose understand-
ing might provide new avenues of therapy. The ongoing
questions and controversy about the ability of monomeric
IgE to cause other responses in mast cells and basophils
are very important to resolve because if monomeric IgE is
a natural regulator of mast cell and basophil function in
humans, there may be a lot of allergic disease biology that
can be better understood.

With respect to signaling, the ever-increasing complexity
of the reaction begs for some guiding principles regarding
the role of aggregation states in driving the various
processes. The relative roles of the various pathways
initiated by aggregation and how nature has chosen to
regulate the relative strengths of the various pathways
before they are even activated is also an interesting set of
questions whose answers might help us to understand the
variety of hypersensitivity reactions 7 vivo and the source
of biological variation that makes some patients more ill
than others.
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