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ABSTRACT

The high affinity receptor for immunoglobulin E (designated FcεRI) is the mem-
ber of the antigen (Ag) receptor superfamily responsible for linking pathogen-
or allergen-specific IgEs with cellular immunologic effector functions. This re-
view provides background information on FcεRI function combined with more
detailed summaries of recent progress in understanding specific aspects of FcεRI
biology and biochemistry. Topics covered include the coordination and function
of the large multiprotein signaling complexes that are assembled when FcεRI and
other Ag receptors are engaged, new information on human receptor structures
and tissue distribution, and the role of the FcRβ chain in signaling and its potential
contribution to atopic phenotypes.

INTRODUCTION

The formation of antigen-antibody complexes plays a fundamental role in our
immune defense system. Interaction of these complexes with many cells of the
immune system results in a variety of critical functions, including phagocyto-
sis, antibody-dependent cytotoxicity, modulation of antibody secretion and cell
secretion. These interactions are mediated through the binding of immunoglob-
ulin Fc domains to their corresponding Fc receptors (FcRs). One of these FcRs
is FcεRI, a multimeric cell surface receptor that binds immunoglobulin E (IgE)
with high affinity. The physiological function of FcεRI has remained elusive,
but its role in allergic reactions is well established. The last review entirely
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devoted to FcεRI in Annual Reviews was written in 1986 (1), at a time pre-
ceding the molecular cloning of the FcεRI α, β, andγ subunits. In 1991,
my colleague Jeffrey Ravetch and I wrote a review on FcRs, based on the
large amount of new information that had been generated from the molecu-
lar cloning of the immunoglobulin-binding FcRs (2). This work led to the
recognition that FcRs are homologous and belong to the Ig superfamily. An-
other fundamental piece of information was the unexpected finding that the
FcεRI γ chains (now denominated FcRγ chains) that had been found initially
as a subunit of the FcεRI receptor were also subunits of at least one other
Fc receptor, the low affinity IgG receptor (Fcγ RIII) (3–5) and of the T cell
antigen receptor (TCR) (6). It was becoming clear that in addition to FcεRI,
other Fc receptors could also be multimeric complexes and that they could
share identical subunits. The 1991 review was written more to emphasize the
family and modular nature of the FcRs than to elaborate on the fragmented
knowledge of their individual characteristics and biological relevance. In that
review, FcεRI was described as a tetrameric complex (αβγ2) expressed exclu-
sively on the surface of mast cells and basophils whose function is to mediate
cellular degranulation and the release of various mediators such as histamine,
leukotrienes, and a number of cytokines and chemokines, the hallmark of al-
lergic reactions.

Over the last seven years, a number of important findings have dramatically
improved our understanding of FcεRI biological functions. One unexpected
finding has been the recognition of substantial differences between human and
rodent FcεRI. While rodent FcεRI has an obligatoryαβγ2 tetrameric struc-
ture, human FcεRI can be expressed as both trimeric (αγ2) and tetrameric
(αβγ2) structures. The cellular distribution of human and rodent FcεRI is also
different. Rodent FcεRI is only expressed on mast cells and basophils (and
non-B, non-T cells), whereas expression of human FcεRI extends to mono-
cytes, eosinophils, platelets, Langerhans cells, and dendritic cells. Other im-
portant findings include the following: the participation of FcεRI in the pro-
cess of antigen presentation; the genetic demonstration that FcεRI can alter
the disease evolution of some parasitic diseases; the molecular and genetic
demonstration that the FcεRI β chain serves as an amplifier of FcεRI biolog-
ical function; the possible association between various human FcεRI β chain
polymorphisms and atopic phenotypes; the control of receptor expression by
its own ligand IgE; and the possibility that the FcεRI α chain may be the tar-
get of autoantibodies in chronic urticaria. In addition, remarkable progress
has been made in understanding the intracellular signaling mechanisms by
which immunoreceptors, including FcεRI, are activating cells. The present re-
view focuses on all of the advances listed above and discusses their biological
implications.

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:9
31

-9
72

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 U
ni

ve
rs

ita
' d

eg
li 

St
ud

i d
i R

om
a,

 T
or

 V
er

ga
ta

 o
n 

02
/1

7/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



        

P1: SAT/VKS/MBG P2: KKK/PLB QC: PKS

January 25, 1999 11:35 Annual Reviews AR078-28

HIGH-AFFINITY IGE RECEPTOR 933

DIFFERENCES BETWEEN RODENT
AND HUMAN FcεRI SYSTEMS

Rodent FcεRI: a Tetrameric Structure
In rats and mice, from which it was first isolated, FcεRI is exclusively expressed
in mast cells, basophils, and non-B non-T cells, and is a tetramer made of one
α chain, oneβ chain, and two identical, disulfide-linkedγ chains (7, 8). The
α,β, and dimericγ chains are maintained as a complex in the plasma membrane
through a combination of hydrophobic and electrostatic noncovalent interac-
tions involving both covalently and noncovalently bound lipids (9, 10).

Theα chain, a member of the immunoglobulin superfamily, comprises two
extracellular immunoglobulin-related domains, one transmembrane domain
containing an aspartic residue, and a short cytoplasmic tail (8, 11–13). The
α chain contains seven N-linked glycosylation sites, all of which are utilized.
These N-linked oligosaccharides are not intrinsically necessary for proper fold-
ing of theα chain but are required in the endoplasmic reticulum (ER) to mediate
the proper interaction between theα chain and the ER folding machinery (14).
Thus, theα chain is heavily glycosylated and appears as a broad, very hetero-
geneous band centered around the 45-kDa marker when resolved by standard
SDS-PAGE; however, the weight of theα chain protein core is 27 kDa.

The β subunit (FcRβ) has four transmembrane domains separating amino
and carboxy terminal cytoplasmic tails (8, 15). In mast cells, FcRβ is a subunit
not only of FcεRI but also of the low affinity IgG receptor (Fcγ RIII) (16). The
γ subunit (FcRγ ) is a member of theγ /ζ /η family of antigen receptor subunits,
which are notable for their structure, consisting essentially of a transmembrane
region and cytoplasmic tail, and for their utilization among many families of
antigen receptors. Theγ , ζ andη chains can be found in homo- or hetero-
dimeric forms with Fcγ RIII, Fcγ RI, FcεRI, FcαR, and the TCR depending
on the cellular context (3–6, 17–24). FcRγ homodimer has also been shown
recently to associate with glycoprotein VI on human platelets to form a collagen
receptor (25–27).

Assembly of FcεRI
When the cDNA encoding theα chain was first isolated, transfection of this
cDNA failed to induce expression of a functional IgE-bindingα chain on the
surface of the transfected cells. An explanation for this failure awaited the
subsequent cloning of theβ andγ chains. The cloning ofβ andγ cDNAs
permitted us to co-transfect the three cDNAs, resulting in the cell surface ex-
pression of a large number of IgE-binding FcεRI complexes (7, 8). Indeed, the
three subunitsα, β, andγ were required for efficient cell surface expression
of FcεRI. A further analysis of this co-transfection requirement determined
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that theα chain contains endoplasmic reticulum (ER) retention signals, among
which is a di-lysine motif located in its cytoplasmic domain (28). In the absence
of the other chains and because of the presence of these ER retention signals,
the transfectedα chain remains and is degraded in the ER. However, assembly
of theα chain with the co-transfectedβ andγ chains masks the ER retention
signals, allowing theαβγ2 complex to be exported to the Golgi apparatus and
from there, to the plasma membrane.

However, when the same experiment was attempted with humanα, β, and
γ chains, it became clear that requirements for surface expression of the FcεRI
complex were different in the human system. Indeed,αγ2 complexes could
be as easily exported to the cell surface asαβγ2 complexes, demonstrating
that humanγ was sufficient by itself to counterbalance the humanα chain ER
retention signals (29, 30). Although the precise molecular explanation for this
species difference is still unclear, there is a suggestion that an additional ER
retention signal may be located in the rodentα extracellular domain (see below
FcεRI: a modular unit).

These transfection data turned out to be more important than initially rec-
ognized. They demonstrated a species difference between rodent and human
FcεRI and showed that humanβ, unlike rodentβ, is not necessary for cell
surface expression of FcεRI. Moreover they were also the first suggestion that
two FcεRI isoforms (αβγ2 andαγ2) may in fact exist in humans.

Human FcεRI: Different Cell Distribution
As mentioned above, the high affinity IgE receptor FcεRI was initially thought
to be expressed exclusively on mast cells and basophils. However, G. Stingl’s
group in collaboration with us reported that FcεRI is also expressed on cuta-
neous Langerhans cells (31). This finding, reported simultaneously by another
group (32), led ourselves and our collaborators to question the selectivity of ex-
pression of FcεRI on human cells. In fact, FcεRI was detected on eosinophils of
some hypereosinophilic patients (33), on monocytes of patients with a number
of atopic disorders (34) and, later, on circulating dendritic cells (35) and platelets
(36). While some of these findings were initially controversial, in particular
FcεRI expression on subsets of eosinophils, most of them have now been repro-
duced by other groups (37–41). In addition, unambiguous genetic evidence now
confirms the extended pattern of human FcεRI expression (see next section).

It is useful to comment here on why it took so long to recognize the expression
of FcεRI on cells as common as human monocytes while so many clusters of
differentiation (CDs) have been detected and characterized. Two points need to
be made. First, there was no available reagent until the early 1990s, when anti-
human FcεRIα monoclonal antibodies (mAb) became available (34, 42). Partly
for this reason, the binding of IgE, which had been detected on many of these
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cells, had been interpreted as binding to CD23 (the low affinity IgE receptor,
FcεRII). Second, the level of expression of FcεRI on monocytes, eosinophils,
Langerhans cells, and dendritic cells is low when compared to the level of
expression seen on mast cells and basophils (as judged by flow cytometry
analysis) and is therefore more difficult to detect. For example, normal human
monocytes express 10 to 100 times less receptors than circulating basophils.
Even the upregulated levels of FcεRI on monocytes of patients with various
allergic diseases (34) are still well below the levels expressed by mast cells and
basophils. At present, the basis for the difference of expression levels between
the cell types and the mechanisms of the regulation of these levels is not known
and it is quite possible that additional cell types will be shown in the future to
express FcεRI under specific circumstances.

Genetic Control of the Cell Specific Expression
of Human FcεRI
The difference of FcεRI cell distribution between humans and mice has now
been confirmed genetically. First, a 2.9-kb fragment 5′ of the initiation codon
from the human FcεRIα gene is active in a reporter gene assay in mouse mono-
cytic cell line, and as expected in mast cells and basophils but not in fibroblasts
or B and T cells (A Brini, J-P Kinet, unpublished). Moreover, we generated
a transgenic mouse using a 9.5-kb FcεRIα gene, whose 5-exon structure has
been described (43–45), under the control of the 2.9-kb promoter and showed
that the transgene induces expression of human FcεRIα not only on mast cells
and basophils (46) but also on monocytes/macrophages, Langerhans cells, and
eosinophils but not on B and T cells nor on neutrophils (47). Therefore, the
2.9-kb fragment contains the information necessary to achieve cell-specific ex-
pression of human FcεRI. Another group reported the generation of a trangenic
mouse line, using as promoter sequence, a smaller 1.3-kb fragment upstream
of the start codon (48). These authors claimed that this promoter is specific for
mast cells. However, possible expression of FcεRI on monocytes, eosinophils,
and Langerhans cells was not analyzed and may therefore have been missed.
Alternatively, the regulatory elements governing FcεRI cellular specificity may
lie in the 2.9 kb fragment in a region upstream of the 1.3 kb fragment.

Analysis of the FcεRI receptor structure in the “humanized” transgenics
shows that the 9.5-kb transgene recapitulates not only the appropriate cell speci-
ficity of expression of human FcεRI but also the appropriate cell type/structure
observed in human cells (47), as discussed in the next section.

Human FcεRI: Two Isoforms
The observation that human FcεRI cell is expressed on a variety of cells other
than mast cells and basophils led to another surprising finding. In contrast to
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the easily detectableα andγ transcripts, those for theβ chain were not detected
in monocytes even using the sensitive polymerase chain reaction (PCR) (34 and
D Dombrowicz, J-P Kinet, unpublished observations). Our inability to detect
FcRβ transcripts in monocytes, Langerhans cells, and dendritic cells suggested
that the structure of FcεRI on these cells is indeed different from that on mast
cells and basophils. Thus, in these cells, either FcεRI lacks the FcRβ subunit
altogether and is anαγ2 complex, as on the transfectants described above, or
a β-like molecule that has not yet been identified is taking the place ofβ in
the complex. In fact, data on the detergent sensitivity of FcεRI complexes
support the existence ofαγ2 complexes. Theαγ2 complexes are less stable in
detergent thanαβγ2 complexes, and as a consequence, the FcRγ2 homodimer
dissociates more easily from the FcεRIα chain (49). The pattern of detergent
instability usually seen withαγ2 structure was observed in our laboratory for
monocyte-expressed FcεRI, suggesting that FcεRI on monocytes areαγ2 com-
plexes (D Dombrowicz, J Kinet, unpublished). Although it is still formally
possible thatαγ2 complexes associate withβ-like protein, which would not
confer the same stability as the FcRβ chain, the data, when taken together,
are best explained by the existence ofαγ2 complexes. The capacity ofαγ2

complexes to be expressed on transfectants withoutβ chains, the absence of
detection of FcRβ chain transcripts on human FcεRI-expressing cells, and
the detergent sensibility studies provide the experimental basis in support of
the existence ofαγ2 isoforms on human monocytes, Langerhans cells, and
dendritic cells. By contrast, mast cells and basophils that express FcRβ chain
have on their surface the classicalαβγ2 isoform (Figure 1). It is presumed that

Figure 1 Human FcεR 1 isoforms.
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eosinophils and platelets also expressαβγ2 complexes, although the existence
of FcRβ in eosinophils and platelets is based so far on PCR data only. In
addition, it has not yet been determined whether human mast cells, basophils,
eosinophils, and platelets express only theαβγ2 isoform or a variable proportion
of the two isoforms. In view of the critical importance of the FcRβ chain in
signal amplification (see below), this question may turn out to be critical in our
overall understanding of the human allergic response. In this regard, it is also
worth noting that the experimental evidence gathered so far does not eliminate
the possibility that the FcRβ chain could be expressed on the apparently FcR
β chain–negative cells in different circumstances or, perhaps, in pathological
conditions. More knowledge on the virtually unknown mechanisms regulating
FcRβ gene and protein expression will be needed to address these questions.

FcεRI: A MODULAR UNIT

The extracellular domain of theα chain contains sufficient molecular informa-
tion to provide the receptor with high affinity binding, whereas theβ andγ

chains play no apparent role in ligand binding. This point was demonstrated by
making a single chain chimera containing the extracellular region of FcεRIα
(50) or, alternatively, by truncation of the extracellular and transmembrane do-
mains of FcεRIα that results in secretion of a soluble protein (51). The chimera
and the soluble FcεRIα chain both have apparently the same ligand binding
characteristics as the tetrameric, plasma-membrane inserted, FcεRI complex.

In these truncation/transfection experiments, another interesting difference
between rodent and humans was detected (51). Solubleα chain is seen only
with the human but not with the mouse or rat truncated construct. The rodent
constructs result in the ER retention of the corresponding protein, an indication
that, as suggested above, the extracellular domain of the rodent FcεRIα chain
contains an additional ER retention signal.

The FcεRIα chain seems to be entirely devoted to the ligand binding func-
tion and, until now, has not been found to contribute any intracellular signals.
Truncation of its cytoplasmic tail in a reconstituted tetrameric complex does not
seem to affect holo-receptor signaling (52). Thus, in both rodent and human,
FcεRI can be considered as a modular structure with one binding module, the
α chain and one signaling module, theβγ2 or γ2 complex. The function of the
signaling chains is addressed in details below (see signal transduction).

IgE-FcεRI BINDING CHARACTERISTICS

FcεRI is specific for theε isotype but is not completely species specific. Rodent
IgE binds to both rodent and human FcεRI whereas human IgE binds only to
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human FcεRI (reviewed in 53). A large body of literature has been generated
about the FcεRI-binding site on IgE (54–60). The consensus reached from
these earlier studies was that the FcεRI α chain binding site on IgE was located
within the Cε3 domain (53). Recent attempts have been made to define the
residues and domains within Cε3 that are important for binding. Mutations,
which negatively affected the binding site, were located in the three putative
loops (CD, EF, and FG) of the Cε3 domain (61). A second study, which clearly
disagrees with the previous one, implicates the segment 343-353 (located in the
AB loop) as being important for IgE binding (62).

The following studies, recently published, took advantage of efficient bio-
physical methods, such as surface plasmon resonance (SPR) and isothermal
titration calorimetry, and used circular dichroism (CD) to verify that the overall
structure of the IgE constructs was not affected by the various mutations made
to localize the critical residues. One study found that Arginine 334, located
at the N terminus of Cε3, is an important contact residue. The absence of in-
volvement of Cε2 was confirmed by thermodynamic measurements that were
identical for the whole IgE and for a construct including only Cε3 and Cε4
(63). CD studies showed the conservation of the secondary structures of Cε3,
Cε4, and the two Ig-like domains of FcεRIα in the complex, indicating that
complex formation affects only the relative position of these domains (63). This
contradicts a previous report of a major conformational rearrangement of IgE
upon binding (64). The reason for this contradiction is at present unclear. Inci-
dentally, several of the studies cited here have confirmed the previously shown
1/1 stoichiometry of the IgE/FcεRI interaction in spite of the fact that there are
two potential FcεRIα-binding sites per molecule of IgE.

The IgE binding site on FcεRI α is entirely contained in the extracellular
portion (EC) of FcεRIα (51). This EC domain contains two immunoglobulin-
like domains (D1 and D2), which belong to the truncated C2 subtype of the im-
munoglobulin superfamily (65, 66). Earlier studies concluded that the carboxy-
terminal domain (D2) contained the IgE-binding site, but that the presence of
the amino-terminal domain D1 was required for high affinity (67–71). Cyclic
peptides homologous to the putative C-C′ region of D2 were designed on the
basis of the known structure of the second EC of CD2, the prototype for the C2
subtype. These cyclic peptides act as competitive inhibitors of IgE binding, con-
tributing about half of the free energy of binding of the entire EC (72). Lys117
in the C strand was identified as a contact residue (73). These results com-
bined with those regarding the binding site on IgE and the modeling of IgE
and FcεRIα allowed these authors to propose a model of the interaction (73).
The crystal structure of FcεRIα has now been solved and is described in the
addendum following this chapter.

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:9
31

-9
72

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 U
ni

ve
rs

ita
' d

eg
li 

St
ud

i d
i R

om
a,

 T
or

 V
er

ga
ta

 o
n 

02
/1

7/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



         

P1: SAT/VKS/MBG P2: KKK/PLB QC: PKS

January 25, 1999 11:35 Annual Reviews AR078-28

HIGH-AFFINITY IGE RECEPTOR 939

BIOLOGICAL FUNCTION OF FcεRI

Control of Parasite-Induced Pathology and Resistance
to Parasites
Despite numerous studies on the structure and function of FcεRI, the physiolog-
ical relevance of FcεRI has remained an open question. FcεRI-deficient mice
obtained by targeting specifically the FcεRIα or FcεRIβ gene are essentially
normal in all aspects of their development and maturation (47, 74). Because
IgE has been traditionally thought to play a role in the immune defense against
parasites, the FcεRIα-deficient mice were used to investigate the possible role
of FcεRI in the immune defense againstSchistosoma mansoni(75). The nat-
ural resistance toSchistosoma mansonias analyzed by adult worm and tissue
egg burdens was similar in wild-type and FcεRIα-deficient mice. Similarly,
the helminth-induced initial Th2 response appeared to be the same in both
types of mice. However, clear-cut and somewhat unexpected differences in
helminth-induced liver pathology were observed between the wild-type and
FcεRIα-deficient mice, demonstrating a role for FcεRI in the control of the
parasite-induced disease. The volume of granulomas was 25% greater, and
the fibrosis 50% increased in the FcεRIα-deficient mice. The mechanism by
which FcεRI controls the helminth-induced pathology is still unclear. It does
not seem to be due to a variation in the Th2/Th1 balance sincein situmeasure-
ments of various cytokines did not show measurable differences between both
types of mice. However, non-B non-T cells from the FcεRIα-deficient showed
a complete defect in their capacity to secrete IL-4 in response to anti-IgE or
soluble parasite antigen, in contrast to wild-type mice. Whether and how this
defect may translate to enhanced liver pathology is not clear. It is possible
that IgE-FcεRI dependent secretion of IL-4 from non-B non-T participates in
an inflammatory response which is beneficial to the host. In addition, IgE-
FcεRI dependent secretion of other inflammatory mediators from mast cells,
a function which is clearly abolished in FcεRIα-deficient mice (see below),
may also participate in a beneficial inflammatory response and in the control
of the helminth-induced pathology. Regardless of the mechanism, this role
must be played by mast cells, basophils, or non-B non-T cells because these are
the only cell types expressing FcεRI in mice. However, in view of the capac-
ity of the FcεRI-expressing eosinophils and platelets from humans to induce
FcεRI-mediated killing of larvae in vitro (33, 36), it is tempting to speculate
that both eosinophils and platelets, and possibly other FcεRI-expressing cells,
may provide an additional protective layer in humans.

As already mentioned, the resistance to infection bySchistosoma mansoniis
not dependent on an IgE-FcεRI pathway. However, FcεRI may be required to
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promote resistance to at least one other type of parasite:Haemaphysalis longi-
cornis ticks. Studies on the resistance to cutaneous feeding of larvalHaema-
physalis longicornisticks show that mast cell–deficient mice are deficient in
their capacity to resist this parasite and that this resistance depends on both the
presence of IgEs and of mast cells (76–78). Since IgE interacts with mast cells
mainly (and possibly exclusively) through FcεRI, these data suggest strongly
that FcεRI plays a role in the mechanism of resistance.

These studies show that IgE/FcεRI-mediated pathways and inflammatory
cascade play a beneficial role in our defense system against parasites. However,
the overall biological response that operates the control of parasite-induced
pathology in one case and the resistance to the infestation in the other is not yet
clearly understood and requires further study.

Type I Allergic Reactions
It is beyond dispute that FcεRI, at the cellular level, plays a key role in mediat-
ing the IgE-dependent activation and degranulation of mast cell and basophils.
The consequent release of mediators such as histamine is associated with the
production of type I IgE-dependent allergic reactions. However, there had not
been any definite analysis of the role of FcεRI in vivo and of possible redun-
dant mechanisms supporting FcεRI function. These questions have now been
addressed genetically by comparing wild-type mice with FcεRI-deficient mice
obtained by specific gene targeting of either theα chain gene or of theβ chain
gene (47, 74). While it is easy to induce local or systemic anaphylactic reac-
tions in wild-type mice after sequential injection of IgEs and the corresponding
antigens, these reactions are completely abolished in FcεRI-deficient mice.
Therefore, FcεRI is indeed absolutely required to permit IgE-mediated allergic
reactions in vivo, and no other mechanisms can compensate, even partially, for
its absence.

Antigen Presentation
Because of the difference of cellular expression between mouse and humans,
it is obvious that the specifically human function and biological significance
of human FcεRI expression on monocytes, Langerhans cells, dendritic cells,
eosinophils, and platelets cannot be studied in wild-type mice and FcεRI-
deficient mice. To begin addressing this question, a number of functional
studies have been done with human monocytes and dendritic cells, and, as
already mentioned, with human eosinophils and platelets. FcεRI expressed
on monocytes was shown to mediate small calcium fluxes (34) and to pro-
mote IgE-mediated antigen presentation (79). This antigen presenting func-
tion by FcεRI is even more effective on circulating dendritic cells (35). The
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latter cells are efficient stimulators of both primary and FcεRI-dependent sec-
ondary T cell responses, and they therefore may be capable of priming naive
T cells to IgE-reactive antigens as well as amplifying established T cell
responses.

Monocytes/macrophages, dendritic cells, and Langerhans cells (which are
professional antigen presenting cells), all expressαγ2 complexes. Therefore,
it is possible that thisαγ2 structure serves the antigen presenting function for
example by specifically targeting the antigen-IgE-FcεRI complexes to the intra-
cellular antigen presenting compartment. Furthermore, the antigen presenting
function may operate only at a certain level of cell activation. In that case, the
absence of FcRβ and of its signaling amplification function (see below) may
be required to prevent full activation of the signaling machinery and to set the
adequate activation level. In any case, the FcεRI-expressing cells supporting
antigen presentation are not seen in rodents and for that reason, it has not been
easy to assess the overall biological importance of the FcεRI-mediated antigen
presenting function in host defense or in the development of allergic reactions.
The “FcεRI-humanized” mice described in the section on “Genetic control of
the cell specific expression of human FcεRI” (46, 47) may be a useful model in
this regard.

From Parasites to Allergy?
As discussed above, evidence is accumulating in mouse studies that FcεRI
is playing a role in host defense against some parasites and in limiting the
pathology induced by other parasites. In other words, the biological func-
tion of FcεRI in these circumstances is beneficial to the host. Therefore the
acquisition by the human species of FcεRI expression on many cells and of
the antigen presenting function corresponds probably to the gain of additional
advantages to the host (80, 81). Epidemiological studies in Africa and South
America support the concept that the IgE-FcεRI network is protective against
Schistosoma mansoni(82–84). However, the reason for which this beneficial
function has evolved to a function apparently harmful to the host as in the
case of allergic diseases is not yet understood. In our “clean” societies, hu-
mans are no longer continuously facing parasites, and this situation may have
contributed to host sensitization to innocuous antigens and the development of
allergies (85). In support for this hypothesis, recent epidemiological studies
(86) suggest that there is a tendency for the countries with expected endemic
parasitic infestation to have lower incidence of allergic diseases. However,
even if this hypothesis is true, it does not provide an explanation for the in-
crease in incidence of allergic diseases in countries with high levels of parasitic
diseases.
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REGULATION OF FcεRI BIOLOGICAL FUNCTION

Regulation of FcεRI Expression
Until recently, very few studies have addressed directly the question of regula-
tion of expression of FcεRI. A correlation between the number of IgE molecules
bound to basophils and the serum IgE level had been recognized long ago
(87). Although the basis for this correlation was not known, it was suggested
either that there was a common factor capable of regulating both IgE levels and
IgE receptors or that the receptor number was modulated by the serum IgE con-
centration. These authors thought that the second hypothesis was more likely.
Around 1983, two concomitant studies using the mast cell line (RBL-2H3)
suggested that the second interpretation might indeed be correct. Incubation
of RBL cells with monomeric IgE for 12 to 24 h resulted in an increase in the
number of receptors at the cell surface (88, 89). This FcεRI upregulation by IgE
was found to be insensitive to cyclohexamide and was therefore judged to be
independent of protein synthesis. Rather, the mechanism of this upregulation
was proposed to be the result of a decrease in the degradation rate of FcεRI
“protected” by receptor-bound IgE, as if monomeric IgE was protecting the
bound receptors from degradation during receptor recycling.

Recently, Stephen Galli’s group in collaboration with us has found that the
level of FcεRI expression on the mast cells of IgE-deficient mice was extremely
low (80% reduced). However, the level of surface expression of FcεRI on mast
cells could be upregulated (up to 32-fold) by in vitro incubation of the cells
with IgE or injection of IgE in vivo (90). This FcεRI upregulation can also be
observed on mouse basophils (91) and on human mast cells (92) and basophils
(93). Therefore this ligand-mediated upregulation of FcεRI appears to be a
general mechanism in both rodent and human. Furthermore, the structure of
FcεRI (αβγ2 or αγ2 complexes) does not seem to matter. The density of FcεRI
expression on monocytes (αγ2 complexes) appears higher in atopic subjects
when compared to normal (34) and is most likely related to the higher level
of circulating IgE (39). Similar observations have been made with eosinophils
and Langerhans cells of atopic individuals (39), and treatment of atopic patients
with anti-IgE that resulted in substantial decrease of the levels of serum IgE
also caused a parallel decrease of FcεRI expression on basophils (94).

In my view, the mechanism of this upregulation can be explained by the
protection against degradation as suggested in one of the 1983 studies. In the
recent in vitro study with mouse mast cells, two components of the FcεRI upreg-
ulation were identified: an early cyclohexamide-insensitive phase (confirming
earlier studies) followed, a few hours later, by a more sustained component that
is highly sensitive to cyclohexamide. Note that transcription of the subunits
is unaffected (unpublished). In fact, the existence of these two components
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corresponds exactly to what would be expected if a mechanism involving the
inhibition of degradation was involved. During the first hours, IgE could upreg-
ulate FcεRI simply by protecting against degradation without being dependent
on FcεRI synthesis. Later, when the pool of available FcεRI is fully utilized,
further accumulation by the same mechanism should become dependent on pro-
tein synthesis. Therefore, while it is too early to exclude that other mechanisms
could be involved in IgE-mediated FcεRI upregulation, the data available so
far support a simple mechanism of inhibited degradation of the entire receptor
complex.

Importantly, this FcεRI upregulation by IgE results in critical enhancement
of effector cell functions (90–92). Both serotonin and cytokine release are
substantially enhanced in terms of both the sensitivity and the intensity of the
response. Therefore this upregulation mechanism greatly enhances the capacity
of FcεRI-expressing cells to respond to single antigens or to a multiplicity of
antigens. This may be a critical mechanism to support host defense against
various types and low levels of parasites, but the other side of the coin is that
the same mechanism may permit allergic reactions to multiple allergens.

Obviously, the regulation of FcεRI expression is not entirely dependent on
ligand-mediated regulation. The mast cells from IgE-deficient mice still ex-
press low levels of FcεRI (90). This “basal” level could be under the control of
cytokines. In mouse mast cells and human basophils generated from cultures
of bone marrow in the presence of IL-3 (and in the absence of IgE), FcεRI
expression occurs very early when the cells are still undifferentiated and before
intracellular granules can be detected (95). IL-4 plays a positive role on the tran-
scription of FcεRIα in human mast cells cultured from cord blood mononuclear
cells (96) or from fetal liver (97). The rates of transcription, translation, and
degradation of individual subunits have not been studied extensively, except to
show that transcription of FcRγ chains (98) is enhanced by interferon-γ (22).
However, the turnover of the cell surface–expressed tetrameric receptor was an-
alyzed in the rat basophilic leukemia cell (RBL) line. The data from this study
showed that surface receptors are internalized and degraded or re-expressed at
the surface as a unit (89).

RNA for the three subunits in mast cells is not equally abundant;β transcripts
are substantially less abundant thanα transcripts, whileγ transcripts are the
most abundant. This could indicate that the subunits are not coordinately syn-
thesized, assuming that the rate of translation of these mRNAs is similar. Rather
than controlling the synthesis of each subunit, the cell could regulate the as-
sembly and surface expression of the receptor by controlling only the limiting
subunit, as is apparently the case for the T cell receptor (99). A number of stud-
ies suggest that it is the case. Mouse mast cells lacking expression of FcεRI
are deficient in FcRγ but not FcεRIα and FcRβ transcripts (100). Similarly,
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expression of FcεRI (αγ2 complexes) on freshly isolated epidermal Langerhans
cells appears to correlate with the level of expression of FcRγ chains while
the pool of intracellular FcεRIα is greater than the surface expressed FcεRIα
(101). By contrast, disappearance of the FcεRI surface expression seen on
epidermal Langerhans cells subjected to 24-h culture correlates with the disap-
pearance of FcεRIα transcripts, an indication that the same cell type may use
different mechanisms to regulate the cell surface expression levels of FcεRI
(101).

The FcRβ Chain Amplification
A novel potential way to regulate FcεRI function has been recently identified.
In vitro studies from our laboratory addressing the function of FcRβ during
early FcεRI signaling demonstrated that FcRβ functions to amplify cell activa-
tion signals mediated through the FcRγ subunit (49) (see paragraph below on
signaling). To assess whether FcRβ could influence a host response, an in vivo
model had to be constructed. As mentioned above murineαγ2 complexes are not
transported to the surface and, therefore, a standard homologous recombination
to eliminateβ chain expression cannot produce a murine experimental system
with which to studyβ function. However, humanαγ2 (or humanα/murineγ2)
complexes are transported to the cell surface. For this reason, the function of
FcR was analyzed by comparing the “humanized” transgenics described above
with corresponding mice having the same human FcεRIα cell distribution but
expressing onlyαγ2 receptors because of targeted disruption of the FcRβ gene
(47). The analysis of the FcεRI-dependent responses in these mice showed that
FcRβ functions as an amplifier not only of early signaling events but also of
later responses such as cell degranulation and cytokine release, with a gain fac-
tor ranging from 3 to 5. In addition, FcRβ is a critical and substantial amplifier
of in vivo anaphylactic responses. Therefore, these data are unequivocal ge-
netic evidence that FcRβ has the capacity to modulate an individual’s allergic
response and that this capacity is due to its function as a net amplifier of effector
cell responses. The importance of FcRβ as an amplifier of the host response
must be considered in the context of recent genetic/epidemiologic studies of
atopic human families (see below).

FcεRI AND HUMAN DISEASES

Allergic Diseases and the FcRβ Gene
Many cells and molecules are involved in the production of allergic reactions,
including mast cells, basophils, IgE, FcεRI, and many signal transduction
molecules. Obviously, this does not imply that any of these cells or molecules
are involved in the pathogenesis of allergic diseases or, in other words, in
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discriminating between allergics and nonallergics. However, a number of ge-
netic studies have suggested that the FcRβ gene may play a role in this regard.

Cookson, Hopkin, and colleagues have accumulated evidence that a gene
on chromosome 11 (in the 11q12-13 region) is linked with atopy (102, 103).
The linkage between this region of chromosome 11 and atopy and/or bronchial
hyperreactivity has been replicated by some but not all groups working with
independent sets of probands, suggesting an heterogeneity in the genetic sus-
ceptibility to atopy (104–117).

The Cookson and Hopkin group narrowed the critical atopy region to focus
on the gene encoding the FcRβ chain (108). The FcRβ gene consist of 7 exons,
spans about 10 kb, and contains an upstream TATA box. The first exon codes
for the 5′ untranslated region and a portion of the N-terminal cytoplasmic tail.
The first transmembrane domain (TM) is encoded by exons 2 and 3, TM 2 by
exons 3 and 4, TM 3 by exon 5, and TM 4 by exon 6. The seventh exon encodes
the end of the C-terminal cytoplasmic tail including the FcRβ ITAM and the 3′

untranslated region (118).
Several coding sequence polymorphisms in the FcRβ gene that are associated

with allergic phenotypes were subsequently identified (119–121). The first to
be described was in the fourth transmembrane domain of FcRβ, a substitution
of a leucine for isoleucine at position 181 (121). However, this polymorphism
is uncommon in the general population, with subsequent analyses showing that
it is generally found together with a second amino acid change (V183L), and
that this double substitution is more strongly associated with atopy than I181L
alone (120). Interestingly, the variant sequence Leu181/Leu183 was detected
in 72% of the chromosomes analyzed in a Kuwaiti population, indicating a
high prevalence in Kuwaiti Arabs compared to British, Australian, and Austrian
populations (122). This difference of prevalence among different populations is
likely to explain the apparent discrepancies between the studies. In the Kuwaiti
Arabs study, the double variant was confirmed to be associated with asthma.

However, the I181LV183L double substitution alone could not account for all
of the linkage originally found to the FcRβ gene (120). A third polymorphism
was identified, consisting of a glutamic acid to glycine substitution at position
237 in theβ amino acid sequence, which is also strongly linked with atopy, and
which is present in 5% of the general population (119). Most intriguingly, this
substitution introduces a significant hydrophobicity change just outside of the
critical ITAM motif (see signal transduction and the importance of ITAMs) in
theβ carboxy-terminal cytoplasmic tail. Since the description of the variants
described above, a number of additional variants have been found by a number
of groups and are currently being investigated (123). In one recent study, a RsaI
polymorphism (intron 2 and exon 7) was found to be strongly associated with
atopic dermatitis (124).
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Because they link the development of atopy with a receptor (FcεRI) that
can be involved in generating atopic responses, and with a subunit (FcRβ) of
this receptor now known to function to enhance its signaling, these reports
provide an intriguing initial step toward understanding a potential immuno-
logic dysregulation that could lead to the development of atopy. The demon-
stration that FcRβ functions as a signal amplifier provides a strong rationale
for examination of the described atopy-associated polymorphisms, and pos-
sibly others, in terms of their ability to modulate FcRβ amplifier function
and the effects of such modulation on immunologic and allergic responses
in vivo.

Autoantibodies and Chronic Urticaria
Chronic urticaria (CU) is a common disorder characterized by recurrent bouts
of itchy wheals. In spite of the allergic appearance of the lesions, in most cases
no specific allergen is found by provocation tests that could explain skin mast
cell degranulation in an IgE-FcεRI dependent manner. The fact that patient
serum can reproduce the lesions when injected intradermally and induce his-
tamine release by normal basophils in vitro demonstrates that an endogenous
factor present in the serum may be responsible for triggering mast cells (125).
Part of this releasing activity could be due to anti-IgE autoAbs binding to IgE
molecules normally occupying FcεRI on basophils and mast cells (126, 127).
However, the role of these anti-IgE autoAbs in the pathogenesis of CU is not
clear because they can also be detected in the sera of normal individuals and of
patients suffering from atopic dermatitis (128, 129). Another potential mech-
anism for this releasing activity has been provided by recent studies reporting
the presence of IgG autoAbs against the FcεRI α chain in the serum of patients
with CU. Among 26 CU patients whose serum caused a wheal when injected
intradermally, 4 had a releasing activity contained in the IgG fraction that was
inhibited by preincubating the IgG samples with a recombinant protein corre-
sponding to the extracellular part of theα chain of FcεRI (125). In a subsequent
study, Georg Stingl’s group found that 12 CU patients among 32 had IgGs ca-
pable of recognizingα in a western blot assay (128). Out of the 12 autoAbs,
8 were tested for their functional capacity, 4 of which were able to induce his-
tamine release by normal basophils stripped of IgE, suggesting that this activity
was not due to anti-IgE IgG. Unlike anti-IgE autoAbs, the anti-FcεRIα autoAbs
were apparently not observed in normal controls or in patients with atopic der-
matitis providing however that the sera be diluted sufficiently. In a later study
involving 163 CU patients, 38 (23%) had anti-FcεRIα autoAbs as assessed
by the capacity of soluble recombinant FcεRIα to inhibit the serum-induced
release from basophils or skin mast cells in vitro (130). Similar functional
results were obtained by Kaplan’s group with anti-FcεRIα autoAbs detected by
western blotting (131). From these studies, it appeared that there was a subset
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of CU patients with anti-FcεRIα autoAbs that were able to activate basophils
and skin mast cells. However, it was also apparent that both the proportion of
patients with the autoAbs and the proportion of autoAbs capable of degranulat-
ing basophils varied in the different studies. This variability could be explained
in part by the different methods used in the respective studies (serum dilutions,
western blotting, or ELISA). In addition, various factors could contribute to the
heterogeneity in releasing activity among sera: (a) differences in the releasabil-
ity of basophils collected from different individuals; (b) differences in the titer
of the autoAbs; (c) differences in the affinity of the autoAbs for theα chain; (d )
differences in the epitopes recognized on theα chain and in the capacity of the
autoAbs to cross-link FcεRI; (e) differences in the capacity of the Fc fragment
of autoAbs to interact with the inhibitory Fcγ RIIB expressed on both mast cells
and basophils; after cross-linking of FcεRI by the autoAbs, the Fc domain of
the autoAbs could then bind to Fcγ RIIB, thereby inducing the co-cross-linking
of Fcγ RIIB with FcεRI; this would result in inhibition of the release induced
through FcεRI (132). Recent findings have shed new light on the question of
detection of these autoAbs in CU patients. Using an ELISA assay different than
the one referred to above, a group of investigators in Switzerland have shown
that the anti-FcεRIα autoAbs can be detected in normal and in CU patients with
about the same frequency and that there is no apparent correlation with their de-
tection and the CU disease status (MP Horn, T Gerster, B Ochensberger, T Derer,
F Kricek, J-P Kinet, M-H Jouvin, M Vogel, BM Stadler, SM Miescher, submit-
ted). These data are consistent with our own recent results using various types of
ELISAs (M-E Jouvin, J-P Kinet, unpublished). Furthermore, the same inves-
tigators came fortuitously across an interesting observation when analyzing
multi-donor IgG preparations: The anti-FcεRIα autoAbs have a stronger affin-
ity for a tetanus toxoid antigen (TTd) than for the FcεRIα antigen (MP Horn,
T Gerster, B Ochensberger, T Derer, F Kricek, J-P Kinet, M-H Jouvin, M
Vogel, BM Stadler, SM Miescher, submitted). This raises the possibility that
the cross-reactive anti-FcεRIα autoAbs may appear after the TTd vaccination
for an unknown reason.

The existence of nonpathogenic anti-FcεRIα autoAbs in normal human sera
raises several important issues. First, discriminating between autoAbs having
or not having the capacity to induce cell degranulation is essential. Second, it is
clear that a simple ELISA cannot be used to discriminate between pathogenic
and nonpathogenic anti-FcεRIα autoAbs. The identification of specific epi-
topes potentially associated with the pathogenicity may be required for this
distinction. Alternatively, well designed functional tests that do not rely on
the variability of the release assays performed with human basophils may be
necessary. For example, the use of transfected clonal cell lines may help in the
design of well-controlled assays to assess the capacity of anti-FcεRIα autoAbs
to trigger cell degranulation.

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:9
31

-9
72

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 U
ni

ve
rs

ita
' d

eg
li 

St
ud

i d
i R

om
a,

 T
or

 V
er

ga
ta

 o
n 

02
/1

7/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



       

P1: SAT/VKS/MBG P2: KKK/PLB QC: PKS

January 25, 1999 11:35 Annual Reviews AR078-28

948 KINET

SIGNAL TRANSDUCTION MECHANISMS

The Concept of ITAMs
FcRs and other antigen receptors are thought to transduce signals through cy-
toplasmic tail structures known as immunoreceptor tyrosine–based activation
motifs (ITAMs) (133). These activation motifs were first described by Michael
Reth in 1989, who recognized an 18–amino acid motif (E/DxxYxxLxxxxxxx-
YxxL) present in three copies in the T cell receptor (TCR)ζ subunit, and one
copy each in the TCRγ , δ, andε subunits, B cell receptor (BCR) Igα (MB-29)
and Igβ (B1) subunits, and Fc receptor FcRβ and FcRγ subunits (134). The
ITAMs of FcRβ and FcRγ are represented as filled circles in Figure 1. The
physiologic importance of this homology was confirmed three years later by
three elegant studies in which it was shown that a copy of this motif derived
from either the TCRζ or FcRγ chain could be attached to irrelevant extracel-
lular and transmembrane domains to form chimeric receptors able to function
identically as natural antigen receptors (135–138).

An excellent review on FcRs with and without ITAMs has been published
recently by Marc Daeron inAnnual Review of Immunology(139). For that
reason, the present review focuses almost exclusively on the signaling properties
of FcεRI and of its signaling chains, the FcRβ and FcRγ chains. A special
attention is given to the most recent findings on FcεRI signaling reported over
the last two years.

Clustering and Tyrosine Phosphorylation
Signaling through FcεRI and the resulting cell activation is initiated when bind-
ing of specific multivalent antigen to receptor-bound IgE results in receptor
clustering. A unique and interesting feature of FcεRI is its ability to be rapidly
engaged with multi-hapten antigen and just as rapidly disengaged through the
use of monovalent hapten. Disengagement of FcεRI results in immediate ar-
rest of cell signaling, demonstrating that continuous receptor engagement is
required for maintaining cell activation. The requirements for active receptor
clustering in activation of the signaling machinery have been well documented
and discussed extensively before in multiple reviews (140–142) and are not
discussed here.

For a long time, the initial events following FcεRI clustering remained un-
clear. The status of the phosphorylation of FcRβ and FcRγ had been analyzed
in the early 1980s, but no tyrosine phosphorylation was detected (143). Tyro-
sine kinase activity was found coprecipitating with FcεRI as early as 1986 but
was considered a contaminating activity (144). In 1990, an important study
showed that tyrosine phosphorylation of various substrates including a 72 kDa
was induced by FcεRI clustering, but FcεRI was not thought to be tyrosine

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:9
31

-9
72

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 U
ni

ve
rs

ita
' d

eg
li 

St
ud

i d
i R

om
a,

 T
or

 V
er

ga
ta

 o
n 

02
/1

7/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



       

P1: SAT/VKS/MBG P2: KKK/PLB QC: PKS

January 25, 1999 11:35 Annual Reviews AR078-28

HIGH-AFFINITY IGE RECEPTOR 949

phosphorylated. In 1991, concomitantly with the discovery of the functionality
of the ITAMs, one of our study demonstrated that (a) tyrosine phosphorylation
of FcRβ and FcRγ was one of the earliest events detectable within 5 s after
receptor clustering and (b) FcεRI tyrosine phosphorylation was a reversible
function; as a consequence of FcεRI disengagement, FcRβ and FcRγ dephos-
phorylate very rapidly (145). In 1992, Joseph Bolen’s group discovered that
FcεRI was activating the Lyn tyrosine kinase of the src family shortly after
receptor clustering (146). These results were followed by a number of confir-
matory studies and by the important demonstration that the Syk tyrosine kinase
is also activated though FcεRI (147–151).

Phosphorylations of ITAMs on the canonical tyrosines after antigen recep-
tor cross-linking are in fact critical for signal transduction, as mutations of
these residues abolish signaling (138). In addition, the discovery that tyrosine-
phosphorylated ITAMs are binding targets of src homology two (SH2) domains
provided a structural basis for the activation properties of these motifs, as an
inducible binding site for SH2 containing signaling proteins (152, 153). The
two phosphorylated tyrosines within ITAM motifs function as binding sites for
tandem SH2 domain-containing tyrosine kinases of the Syk/zap-70 family and
possibly a variety of other molecules involved in signal transduction(154–157).
In particular, this type of interaction between Syk and FcεRI was shown to
occur and to be functionally important for downstream events (158–164).

FcRβ– and FcRγ –ITAMs Signal Differently
The variety of structures found in the antigen receptor superfamily suggests
that receptors with different structures would have different functions. Since
the identification of the ITAM motif as the key functional signal transduction
unit of antigen receptors, much work had been put into identifying differences
in the activation properties of motifs from different receptors. Initially, when
placed in the context of chimeric receptors, individual ITAM motifs had been
found to have cell activation properties equivalent to those of their intact parent
receptors and each other, albeit of different efficiencies (135–138, 165). These
findings had been interpreted to mean that the multiple ITAMs present in holo-
receptors provide parallel but equivalent signaling functions (154). However,
this interpretation had left unexplained the impetus for evolution of complex
multisubunit structures.

Data from our laboratory and others suggested that the FcRβ andγ sub-
units play different roles in signaling (162, 166–170). One study that used
a similar strategy of chimeric molecules as described above showed that the
FcRβ and FcRγ could function differently in a mast cells context. FcRβ unlike
FcRγ could be coprecipitated with Lyn but not with Syk, while FcRγ but not
FcRβ could activate Syk (168). Another critical difference was that FcRβ was
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incapable of inducing cell degranulation while FcRγ could do it, although with a
lesser intensity than did the corresponding endogenous tetrameric FcεRI (168).
Together these data clearly indicated that FcRβ and FcRγ were functioning
differently.

A Two-Step Activation Model: Lyn Is Upstream of Syk
In addition to the data described in the previous paragraph, another critical and
unexpected finding helped us to propose an initial model for FcRβ and FcRγ
signaling. An FcεRI-deficient mast cell line was reconstituted by transfection
with either the wild-typeαβγ2 FcεRI complexes or mutated versions. Muta-
tion of the two canonical tyrosines of the FcRγ ITAMs abolished the tyrosine
phosphorylation of FcRγ chains but not of FcRβ chains, as expected. Surpris-
ingly, the corresponding mutation of the FcRβ ITAMs abolished the tyrosine
phosphorylation of both FcRβ and FcRγ , implying that FcRβ played a role in
FcRγ tyrosine phosphorylation (168). Since FcRβ chimeras could bind Lyn
(see above), we proposed a model of FcεRI activation in which FcRβ and FcRγ
act cooperatively; Lyn is bound to FcRβ under resting conditions, Lyn phos-
phorylates FcRβ and FcRγ after receptor engagement with antigen, the phos-
phorylated FcRγ binds Syk, and FcRγ -bound Syk becomes phosphorylated
and activated (168). In support of this model were other data demonstrating
that Syk could be activated in vitro by binding phosphorylated FcRγ s ITAMs
(159). Studies with inhibitors of Syk that could inhibit cell degranulation but
not the phosphorylation of FcRβ and FcRγ also supported the position of Lyn
and of the phosphorylation of FcRβ and FcRγ upstream of the activation of Syk
(163, 164). To test this proposed model of activation, a reconstitution system
was designed in which the expression of each molecule or a mutated version
of it could be controlled (162). Using this system, several features of the pro-
posed model were directly demonstrated including: (a) Lyn phosphorylates
both FcεRI β andγ ITAMs, (b) β andγ ITAM phosphorylation by Lyn causes
Syk to bind to FcεRI, and (c) Syk binding to FcεRI leads to its Lyn-dependent
tyrosine phosphorylation and activation (162). In addition, the system of recon-
stitution was successfully used to reconstruct the dependence of these events
on receptor clustering (162). The ability to control the expression levels of Lyn
and Syk was critical to this reconstruction, as clustering control was present at
levels of Lyn and Syk expression near those seen in hematopoietic cells but was
lost at higher levels of expression.

Another approach, overexpression of catalytically inactive molecules, was
used for identification of Syk substrates and Syk-dependent signaling pathways
(161, 171), and to corroborate data obtained from reconstitution experiments
in fibroblasts in a native signaling environment (162). In particular, a Syk-
dominant negative could abolish Syk activation, calcium signaling, and cell
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degranulation but not the phosphorylation of the FcRβ and FcRγ subunits.
Thus, these data could confirm, in a mast cell context, the data obtained in the
reconstitution system.

Later, a number of genetic studies confirmed this model. In Lyn-deficient
mast cells, no phosphorylation of FcRγ and FcRβ could be detected, while
in Syk-deficient mast cells, the phosphorylation of both FcRγ and FcRβ were
present after receptor clustering but downstream signals (phosphorylation of
PLC-γ , calcium mobilization, and degranulation) were abolished (172–174).

FcRγ Functions as an Independent Activation Module
and FcRβ as an Amplifier
The above model was paradoxical. It gave a prominent role to FcRβ and Lyn
even though the FcRγ ITAM-containing chimeras could activate Syk, calcium
mobilization and cell degranulation without apparent requirement for the FcRβ

ITAM. Furthermore, the model could not explain how the newly discovered
humanαγ2 complexes could function. In studies designed to understand the
interplay between FcRβ and FcRγ subunit function in a holo-receptor context
during FcεRI signaling, we discovered that FcRγ functions as an autonomous
activation module, whereas FcRβ has the functional properties of an amplifier
(49). The concept of FcRβ as an amplifier is based on the facts that FcRβ (a)
does not have autonomous cell activation capability, (b) amplifies the intensity
of cell activation signals sent by the FcRγ chain with a gain of five-to seven-
fold (as measured by Syk activation and calcium mobilization), and (c) does
not qualitatively alter the FcRγ -mediated cell activation signals. Furthermore,
the mechanism of FcRβ amplification was shown to involve the FcRβ ITAM
acting as an inducible “anchor” for Lyn, resulting in enhanced Lyn recruitment
to the receptor complex after engagement, enhanced Lyn-dependent phospho-
rylation of FcRγ , enhanced activation of the Syk nonreceptor tyrosine kinase,
and enhanced calcium mobilization (49).

The notion that FcRβ works as an amplifier was subsequently challenged by
binding and coprecipitating studies. FcRβ ITAM but not FcRγ ITAM binds
in vitro to SH2-containing tyrosine (SHP-1 and SHP-2) and SH2-containing
inositol-5′-phosphatase (SHIP) in vitro (175–177). In addition, SHP-2 copre-
cipitates with FcεRI after receptor engagement (176). Since these phosphatases
have been implicated in negative regulating functions, these data suggested that
FcRβ might have a negative regulatory function. However, affinities of the
phosphorylated FcRβ and FcRγ ITAMs were measured recently using surface
plasmon resonance under carefully controlled conditions. In this study (178),
Syk was confirmed to bind to FcRγ with high affinity (IC50= 23 nM) (159)
and to FcRβ with 18-fold lower affinity, confirming the preference of Syk for
FcRγ ITAM. Importantly, no binding of SHP-2 to FcRβ or FcRγ ITAMs was
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observed even at 100µM concentrations, suggesting that in physiologic con-
ditions, SHP-2 is unlikely to bind these motifs. More functional studies on the
functional role of these phosphatases need to be done to clarify their role in
FcεRI signaling.

That FcRβ indeed functions as an amplifier of both early and late responses
has now been settled unequivocally by the genetic study described above in the
paragraph on FcRβ chain amplification (47). However, although overwhelm-
ing, the evidence for the FcRβ amplification function does not exclude the
possibility that FcRβ is playing an autonomous specific role in addition to be-
ing an amplifier of FcRγ -mediated functions. So far, however, no such specific
role for FcRβ has been identified functionally.

Molecular Interactions Initiating Lyn and Syk Activation
How is Lyn interacting with FcRβ? In vitro studies have shown that SH2
domains of Lyn bind to FcRβ ITAM (158), but our own functional data sug-
gest that the Lyn SH2 domain is not required for FcεRI phosphorylation (S Lin,
J-P Kinet, unpublished). Other studies using the yeast two-hybrid system
showed that the FcRβ ITAM-containing cytoplasmic domain interacts with the
SH4-containing unique domain (179). Overexpression of this domain could in-
hibit Lyn-dependent tyrosine phosphorylation of FcεRI, confirming the in vitro
binding data (179). However, in another study, overexpression of proline-rich
peptides that bind specifically Lyn SH3 domains suppressed the Lyn-mediated
phosphorylation of FcεRI, the membrane translocation of Syk to FcεRI and
calcium signaling (180). One possible interpretation of these results is that
both domains are involved in FcRβ interaction. Alternatively, the proline-rich
peptides binding to the SH3 domain could impair indirectly the SH4-binding
function.

How areαγ2 complexes signaling in the absence of FcRβ? As mentioned
above, FcRγ is able on its own to activate Syk, calcium signaling and degran-
ulation but at a much lower level thanαβγ2 complexes (49, 168). It is critical
to note that FcRγ -mediated activation of Syk in the absence of FcRβ is still
dependent on the presence of the Lyn kinase (49). The latter kinase is neces-
sary to promote the low level (difficult to detect) tyrosine phosphorylation of
FcRγ and the activation of Syk. That the Lyn kinase (or another src family
kinase) initiates Syk activation has now been established (181). The Lyn ki-
nase initiates the process by phosphorylating tyrosine-518 in the activation loop
of Syk, inducing Syk to autophosphorylate and to become fully active. Thus,
the absence of FcRβ does not preclude Lyn, which is anchored in the inner layer
of the plasma membrane by its aminoterminal myristylated glycine, from phos-
phorylation of FcRγ upon receptor clustering and activation of Syk. However,
this process is relatively inefficient, and by anchoring the Lyn kinase, FcRβ
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provides access to FcRγ and the Syk tyrosine kinase, substantially enhancing
the whole process. The domains of Lyn required for a functional interaction
with FcRγ and Syk in the absence of FcRβ have not yet been analyzed.

How is Lyn activated? The classical view of the activation process of src
family kinase is as follows. The csk kinase phosphorylates src family kinases
at an autoregulatory c-terminal tyrosine which, when phosphorylated, binds to
its own SH2 domain thereby forming an internal loop that is keeping the kinase
inactive. The CD45 phosphatase then dephosphorylates this regulatory tyro-
sine, consequently activating the kinase (182). Evidence that CD45 is involved
in the FcεRI activation has been provided in a few studies. Antibodies against
CD45 inhibited FcεRI-mediated histamine release from human basophils (183).
Clustering of reconstituted FcεRI in a CD45-deficient Jurkat T cell line did not
result in phosphorylation of FcRβ and FcRγ and calcium mobilization. How-
ever, both functions were restored after reconstitution with a chimeric molecule
containing the phosphatase domain of CD45 (184). However, in NIH 3T3 cells
that lack expression of CD45, clustering of FcεRI resulted in Lyn-dependent
phosphorylation of FcRβ and FcRγ , suggesting that CD45 is not required for
Lyn activation (49, 162). It is possible that another phosphatase plays the role
of CD45 in NIH 3T3 fibroblasts, or that the role of CD45 is to enhance the
efficiency of src family kinase activation. In that case, overexpression of Lyn
in NIH3T3 may result in a sufficient amount of Lyn in activated form to get the
system to work.

Thus, the exact molecular events regulating Lyn activation are not yet fully
understood. It is clear, however, that clustering is necessary to initiate the
increase in tyrosine phosphorylation of FcRβ and FcRγ (145). This process
appears to be initiated by the FcεRI molecules that are adjacent in the cluster
to FcεRI-bound Lyn (185, 186). This transphosphorylation activation process
seems to be the only one that would work efficiently with the stoichiometry of
Lyn to FcεRI being substantially lower than 1. In fact, Lyn has been shown to
be limiting in an elegant study using two different FcεRI ligands (187). Acti-
vation through the first ligand inhibited subsequent tyrosine phosphorylation of
FcεRI complexes activated via the second ligand. However, the disengagement
of FcεRI from the first ligand induced tyrosine phosphorylation of FcεRI al-
ready clustered by the second ligand, demonstrating that the kinase responsible
for FcεRI phosphorylation cannot phosphorylate efficiently both sets of FcεRI
complexes and is therefore the limiting factor. Retrospectively, it is interesting
to note that the NIH3T3 reconstitution of the clustering dependence of tyrosine
phosphorylation events initiated by Lyn, was dependent on the level of overex-
pression of Lyn (162). At high levels of expression, the clustering dependence
was lost, suggesting that an intrinsic part of the clustering dependence is a
limited amount of Lyn.
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Interesting data from Henry Metzger’s group have taken the observation that
Lyn is limiting a step further (188). The capacity of downstream signaling by
an individual FcεRI is dependent on its capacity to remain in a cluster and is
therefore influenced by the ligand affinity. Consequently, low affinity ligands
allow the previously engaged receptors to become rapidly disengaged and un-
productive in downstream signaling. Furthermore, it appears that an excess of
receptors clustered with low affinity ligands is able to sequester Lyn so that a
smaller amount of receptors clustered with higher affinity ligand are unable to
activate the signaling cascade. The fact that clustered receptors compete for a
limited amount of Lyn is proposed to be the basis of the mechanism for ligand
antagonism (188).

The Tec Family Kinases: Bruton Tyrosine Kinase
(Btk) and Itk
As mentioned above, the earliest events within 5 s of FcεRI clustering are
receptor tyrosine phosphorylation and activation of the Lyn tyrosine kinase.
Within 15 s Syk activation follows concomitantly with the initiation of calcium
mobilization. Activation of another tyrosine kinase, the Bruton tyrosine ki-
nase (Btk) has also been described after FcεRI clustering, suggesting a role in
mast cell activation. Btk is a member of the recently described Btk/Tec family
of tyrosine kinases (189–191). Members of this family are distinguished by
the presence of a large unique amino terminal region containing a pleckstrin
homology (PH) domain, single SH3 and SH2 domains, and the lack of an au-
toregulatory C-terminal tyrosine in their requisite kinase domains (191–193).
Within the Btk/Tec family, Btk is of particular interest due to its causal role in
X-linked agammaglobulinemia in humans (Xla), and in x-linked immunodefi-
ciency in mice (Xid) (189, 194, 195). These related immune deficiencies are
associated with an arrest in B cell development at the pre-B cell stage, resulting
in low or absent B lineage cell numbers and hypo- or agammaglobulinemia.

Unlike B cell development, mast cell development in Xla is apparently nor-
mal. However, Xid mice exhibit an impaired FcεRI-dependent anaphylactic
reaction, with late phase reactions more affected than the early phases (196).
Consistent with this, cultured mast cells from both Xid and Btk null mice exhibit
mild impairments in FcεRI-mediated degranulation and more profound defects
in FcεRI-mediated cytokine (TNF-α, IL-2, IL-6, GM-CSF) production (196).
In fact, a recent study shows that Btk is required for maximal FcεRI-mediated
IL-2 gene activation and that this regulation occurs through one of the MAP
kinases, the c-Jun N-terminal kinase (JNK) (197).

Another Tec family kinase (Itk, also called emt) is expressed in mast cells
and is activated through FcεRI (198). Overexpression of Itk in Btk-deficient
mast cells could partially restore the defects of histamine release or cytokine
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production but not to the levels obtained with wild-type Btk, indicating at least
a partial redundancy of these two Tec kinases (196). From that result, one
could have extrapolated that the defects in cell degranulation and cytokine
release would probably have been much more profound in the absence of both
Tec kinases. In fact, this is exactly the situation in Btk/Itk double deficient
mice, where FcεRI-mediated degranulation of mast cells and anaphylaxis are
abolished (Fred Alt, personal communication).

A Novel Connection: Phosphatidylinositol 3 Kinase-Tec
Kinases-PLCγ -Sustained Calcium Influx
What function could Tec kinases play in signaling that could explain their
biological activity in lymphocytes and mast cells? The beginning of the ex-
planation came from an experiment in the DT40 chicken B cell line in which
the gene for Btk was targeted (199). In that cell line, no other Tec kinases
are expressed, and the phenotype of the cell line was dramatic: No calcium
mobilization and a reduced phosphorylation of PLC-γ 2 were observed after B
cell receptor (BCR) clustering. This experiment implicated Btk as a dominant
player in the calcium mobilization pathway most likely through an effect, di-
rect or indirect, on PLC-γ2 activation. However, the molecular mechanism by
which Btk could play this function was unclear. In order to understand how
Btk could regulate calcium mobilization, it was critical to first understand how
Tec kinases are activated.

Data from B cell studies and from a reconstitution system demonstrate that
the basic mechanisms of activation of the Syk and Tec kinases are similar and
are initiated by Lyn (181, 200), which phosphorylates a regulatory tyrosine in
the activation loop of Syk (tyrosine-518) and Btk (tyrosine-551). However,
for this to happen, membrane targeting of the cytoplasmic kinase is required.
Membrane targeting of Syk to the phosphorylated FcRγ ITAMs is well grasped.
However, the molecular interactions required for the membrane targeting of
Btk were not well understood until recently. In vitro binding studies with
the SH2, SH3, and PH domains of Tec kinases had identified a number of
potential membrane targets. In particular, the PH domain of Btk was shown to
be capable of interacting with phosphatidyl-3,4,5,-trisphosphate (PdtIns-3,4,5-
P3), a product of the activation of phosphatidylinositol 3 kinases (PI3 kinases)
(201, 202).

Numerous receptors have been shown to activate PI3 kinases (reviewed in
203, 204). To demonstrate the effect of the activation of PI3 kinases, most
studies have used wortmannin or similar inhibitors of its enzymatic activity.
The activation of PI3 kinase through FcεRI was demonstrated to occur in mast
cell lines using such inhibitors. Inhibition of PI3 kinase caused the inhibition
of FcεRI-mediated cell degranulation but did not influence the activation of
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Lyn or Syk kinases (205–207). However, wortmannin was shown to inhibit the
formation of the second messenger inositol-1,4,5-P3 (IP3), itself the product of
the action of phospholipase C isoenzymes (207).

All of these observations about Tec kinases and PI3 kinases fell into place
when a novel pathway linking PdtIns-3,4,5-P3 to calcium signaling was de-
scribed. Using a B cell line and a reconstitution system, the direct demonstra-
tion was made that PdtIns-3,4,5-P3 interacting with the PH domain serves as
the membrane targeting signal and upstream activation signal of Tec kinases
(208, 209). The lyn-initiated activation of membrane-targeted Tec kinases re-
sults in Tec-kinase activation and in Tec-kinase dependent PLCγ tyrosine phos-
phorylation (this function requires the Tec SH2 domain), which induces en-
hanced IP3 production. In turn, this PdtIns-3,4,5-P3-dependent IP3 production
appears to be critical for maintaining the sustained calcium influx (210, 211),
probably by keeping empty the specific intracellular stores that regulate the
opening of the calcium regulated activated channels (CRAC) (209, 212).

The capacity of the PI3 kinase-Tec-PLCγ to regulate intracellular calcium
levels allows this pathway to regulate later events of the signaling cascade. For
example, the peak and sustained phases of the intracellular calcium increases
are required for induction of the mitogen-activated protein kinase (MAPK),
JNK and p38 cascades and the calcium dependent transcription factor NF-AT
and NF-κB (213, 214). A minireview on the PI3 kinase-Tec-PLCγ pathway
and the mechanisms by which it may regulate the openings of the calcium
regulated activated channels (CRAC) has been recently published inCell (209);
because of space limitations, we do not discuss any more details here except
to say that this pathway is blocked when a SHIP-dependent inhibitory receptor
such as Fcγ RIIb is engaged. Coengagement of Fcγ RIIb with FcεRI efficiently
inhibits cell degranulation (132). The inhibitory function of Fcγ RIIb in B
cells or mast cells is mediated by SHIP (see the accompanying chapter on
Inhibitory Receptors by Eric Long), but how SHIP was producing its inhibition
had remained unclear. In fact, in a B cell line and a reconstitution system, SHIP
hydrolyzes Pdt Ins-3,4,5-P3 and in so doing inhibits Btk activation, PLCγ

phosphorylation, IP3 production, and the sustained calcium influx (210, 211).
Where is Syk in all of this? In mast cells and B cells, the absolute require-

ment for Syk in calcium signaling and many downstream functions has been
demonstrated in many studies (158–164, 171, 173, 174). At the same time,
Btk-deficient DT40 B cells (which are in fact Tec kinases deficient) do not flux
calcium either, indicating a crucial role for Btk in calcium signaling as well.
How could both Btk and Syk be required?

The mechanism of activation of PI3 kinases has been thought to result from
an interaction of the p85 subunit of PI3 kinase with src family kinases (215).
We revisited recently this question by using the Syk-deficient DT40 cell line
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and demonstrated that the BCR-dependent production of PdtIns-3,4,5-P3 is
abolished. In the RBL mast cell line and in another B cell line A20, we could
also confirm that Syk is indeed upstream of the activation of PI3-kinases (LO
Beitz, DA Fruman, AM Scharenberg, T Kurosaki, LC Cantley, J-P Kinet, un-
published). Therefore, these data support a model in which Syk is upstream of
PI3 kinase, which is itself upstream of Btk.

Sphingosine Kinases
Knowledge of the diverse array of biological activities mediated by sphin-
golipid metabolites has exploded in the past few years (216–218). One of these
metabolites, sphingosine-1-phosphate (S1P), is a calcium mobilizing second
messenger (219). S1P is generated by the activity of sphingosine kinase (SK),
an enzyme described approximately 20 years ago, which until recently has been
difficult to adequately purify (220). SK is thought to work directly on available
plasma membrane sphingosine to produce S1P (221). S1P mediates calcium
efflux from microsome preparations, and an S1P gated calcium channel has
been described in microsomes (222–224). Rapid production of S1P has now
been proposed to be the mechanism by which the platelet derived growth factor
(PDGF) receptor mobilizes calcium (219).

A study of RBL-2H3 cells transfected with a G-protein coupled receptor
(the m1 muscarinic receptor) had produced a paradoxical result which was not
consistent with PLCγ /IP3 as the sole mechanism of FcεRI-mediated calcium
mobilization. Stimulation of transfected m1 receptors with carbachol produces
a calcium flux similar in magnitude to that of FcεRI, but which is associated
with more than 10 times the IP3 release seen with FcεRI stimulation (225, 226).
This FcεRI “IP3 gap” suggested that FcεRI may also utilize another second
messenger such as S1P to mobilize calcium. This possibility was tested by us-
ing a sphingosine kinase inhibitor, DL-threo-dihydrosphingosine (DHS) (227),
and measuring its effect on calcium mobilization through FcεRI and through
carbachol in m1-transfected RBL-2H3 cells (228). At a given concentration,
DHS almost completely suppressed calcium mobilization through FcεRI, and
essentially left unaffected calcium mobilization through m1 muscarinic recep-
tors, suggesting that FcεRI mobilizes calcium primarily via activation of an SK.
FcεRI-mediated SK activation was then directly addressed by measurement of
the production of S1P and of the SK activity after engagement of FcεRI with
antigen. These data showed that stimulation through FcεRI produced S1P and
an approximate two-fold enhancement of SK activity, nearly identical to that
described for the PDGF receptor (219). Finally, the S1P applied to cells in-
duced an EGTA-insensitive calcium mobilization, an indication that it was the
result of a release from intracellular stores. Together these data suggested that
FcεRI utilizes a SK pathway (228).

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:9
31

-9
72

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 U
ni

ve
rs

ita
' d

eg
li 

St
ud

i d
i R

om
a,

 T
or

 V
er

ga
ta

 o
n 

02
/1

7/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



     

P1: SAT/VKS/MBG P2: KKK/PLB QC: PKS

January 25, 1999 11:35 Annual Reviews AR078-28

958 KINET

A number of studies led to a reappraisal of our initial interpretation of these
data. First, studies described the presence on the cell surface of G-protein-
coupled receptor for S1P, which is pertussis toxin sensitive and capable
of mobilization of calcium via IP3 (218, 229–231). In light of these studies, the
experiment of S1P-mediated calcium was repeated in presence of pertussis
toxin. The toxin could abolish the S1P-mediated calcium mobilization, indi-
cating that it was using the G-protein receptor (O Choi, J-P Kinet, unpublished).
Because the FcεRI-dependent pathway is pertussis-toxin insensitive (232–234),
it is clear that the S1P/G-protein receptor pathway is not involved in FcεRI-
dependent calcium mobilization. However, S1P could have a dual role and
could act as a second messenger also (218). Second, by analyzing multiple RBL
cells in single cell calcium mobilization studies, it became clear (E Donnadieu,
J-P Kinet, unpublished) that the m1 receptor-mediated calcium signal was syn-
chronous while the FcεRI-mediated calcium response was very asynchronous.
This difference of synchronicity using the same clonal cell line was unex-
pected and could account, at least in part, for the IP3 gap described above.
Third, the high affinity IgG receptor Fcγ RI, which is signaling by using FcRγ ,
is also capable of activating SK and producing S1P, and this S1P produc-
tion appears to be linked to calcium mobilization as in the case of FcεRI.
However, the activation of SK is the result of the activation of phospholipase
D, itself being activated through tyrosine kinases (235). Fourth, Reinhold
Penner’s group has recently demonstrated that sphingosine, unlike S1P, is a
very potent inhibitor of CRAC current (ICRAC) (236). At the end of this
paper, the authors speculate that “Sphingosine might be involved in the ac-
tivation mechanism of ICRAC. In the resting state, sphingosine could act as
a blocker of ICRAC. Upon depletion of internal stores, metabolism of sph-
ingosine, possibly by conversion to sphingosine-1-phosphate by sphingosine
kinase, could lower the sphingosine levels and lead to the disinhibition of
ICRAC.”

At present, one is left with a number of data that support the notion that
sphingosine kinase is involved in calcium mobilization. Sphingosine kinase is
activated and S1P is produced by two FcRγ -containing receptors, FcεRI and
Fcγ RI. However, the effect of this activation on later events such as calcium mo-
bilization is so far entirely based on studies with inhibitors (with the exception
of Reinhold Penner’s data) and is therefore subject to unsuspected problems or
artifacts. Because the activation of ICRAC is so intimately linked to the release
of special stores, a mechanism which is itself not completely understood, it is
difficult to discriminate between the possible effects of SK activation on the
stores and on ICRAC. For these reasons, it is likely that a better understanding
of the role of SK in FcεRI signaling will await molecular characterization of
SK that will permit genetic mapping of the system.
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Other Signaling Molecules
What is the role of the serine/threonine phosphorylation of FcεRI? Engage-
ment of FcεRI induces the serine phosphorylation of FcRβ and threonine phos-
phorylation of FcRγ (145). The phosphorylated residues are in the ITAMs of
FcRβ and FcRγ (237). The threonine phosphorylation of FcRγ appears to be
mediated by protein kinase C-δ (PKC-δ) and to correlate with receptor endocy-
tosis (238). Other PKC isoforms are also activated through FcεRI. PKC-β and
PKC-ε seem to play a role in the expression of c-fos and c-jun (238a). PKC-α

and PKC-ε act as negative regulators of phospholipase A2 (PLA2) activity,
and PKC-β as a positive modulator of secretion, PLA2 activity, and cytokine
production (239). How these pathways are connected to the tyrosine kinase
pathways is at present unclear.

What is the role of phosphatases? The possible role of CD45 has already been
discussed. Other phosphatases that are probably implicated are SHP-1, SHP-2,
and SHIP (175, 177), but their precise role remains undefined. They could play a
role in balancing the activation of the tyrosine kinases and/or be operating in the
rapid uncoupling of FcεRI complexes following receptor disengagement with
haptens. What is known, however, is that the phosphatase activity responsible
for receptor disengagement is not cytoplasmic but is associated with the plasma
membrane (240).

A number of studies implicate various adapter molecules in FcεRI-mediated
pathways whose phosphorylation depends on Syk: (a) “shc” which may be
involved in the activation of mitogen-activated protein kinase (MAPK) (171)
(241), (b) “vav” (163, 242), which seems to associate with Grb2, Raf-1, and
MAPK (243) and may be involved in Rac1-dependent JNK activation (241), (c)
“SLP-76” (244) is also tyrosine phosphorylated by Syk (245) and is implicated
in the activation of PLC-γ (246). Its gene targeting demonstrates that it is
essential for T cell development and function (247, 248), and (d ) “cbl” plays
also a role, but it remains to be defined (249).

Many more signaling molecules have been described to be involved in FcεRI
signaling pathways, but their precise molecular roles and functions remain un-
clear. Because of space limitation and for the purpose of clarity, this review does
not include all papers published on all molecules involved in FcεRI and other
immunoreceptors pathways. Of the large and complex puzzle of the FcεRI-
dependent pathways, only a few very small pieces have started to fit together.
Our future task is to find a place for each of these molecules and to integrate
them in the complex puzzle of FcεRI biological function.

Updated Model of FcεRI Signaling
Upon clustering of receptor-bound IgE by multivalent antigens, Lyn which
is bound to FcRβ prior to receptor engagement, transphosphorylates adjacent
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receptors on FcRβ and FcRγ . This tyrosine phosphorylation of FcRβ ITAM
recruits more Lyn, and the transphosphorylation of more adjacent receptors in
the cluster goes on. The two phosphorylated tyrosines of FcRγ ITAM serve
as the membrane targeting signal for the tandem-SH2 of Syk, which is now in
the proximity of FcRβ-attached Lyn. Lyn phosphorylates Syk on tyrosine-518,
and this results in Syk autophosphorylation at other sites and activation of other
adjacent Syk molecules. In FcεRI αγ 2 complexes where FcRβ is not present,
the membrane-attached Lyn operates the same function of phosphorylating
FcRγ and Syk but at a much lower level.

Syk then phosphorylates a number of substrates (shc, vav, SLP-76, cbl ...)
and activates PI3 kinase. PI3 kinase generates PdtIns-3,4,5-P3 in the vicinity of
the cluster. Then PdtIns-3,4,5-P3 becomes the membrane targeting signal for
the PH domain of Tec kinases. This allows Lyn to phosphorylate tyrosine-551
in the activation loop of Btk (or other Tec kinases). Membrane attached Tec
kinases autophosphorylate at other sites and become fully active. Tec kinases
serve at least two functions: the function of adapter molecules via SH2 domains
(additional adapters are most likely necessary) and the kinase function. As a
result, PLC-γ is membrane targeted and becomes phosphorylated by both Tec
kinases and Syk. IP3 is generated and the CRAC controlling stores release
intracellular calcium and activate ICRAC. This store-operated function and the
opening of ICRAC may involve additional controls (sphingosine and S1P?).

Visit the Annual Reviews home pageat
http://www.AnnualReviews.org

See Addendum following, page 973: The Crystal Structure of the High-Affinity IgE Receptor
(FcεRIα).
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