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Abstract

The evolution of IgE in mammals added an extra layer of immune protec-
tion at body surfaces to provide a rapid and local response against antigens
from the environment. The IgE immune response employs potent expul-
sive and inflammatory forces against local antigen provocation, at the risk
of damaging host tissues and causing allergic disease. Two well-known IgE
receptors, the high-affinity FceRI and low-affinity CD23, mediate the activ-
ities of IgE. Unlike other known antibody receptors, CD23 also regulates
IgE expression, maintaining IgE homeostasis. This mechanism evolved by
adapting the function of the complement receptor CD21. Recent insights
into the dynamic character of IgE structure, its resultant capacity for al-
losteric modulation, and the potential for ligand-induced dissociation have
revealed previously unappreciated mechanisms for regulation of IgE and IgE
complexes. We describe recent research, highlighting structural studies of
the IgE network of proteins to analyze the uniquely versatile activities of
IgE and and-IgE biologics.
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INTRODUCTION

IgE is best known for its role in allergic responses, but it is thought to have evolved for pro-
tection against parasites and toxins through powerful inflammatory and expulsive reactions that
in sensitized individuals are elicited immediately on contact with antigen (1). FceRI, the high-
affinity IgE receptor found mainly on mast cells and basophils, is primarily responsible for this
allergic sensitization, in which minute amounts of allergen cross-link FceRI-bound IgE, trig-
gering cell degranulation and releasing proinflammatory mediators. CD23, the low-affinity IgE
receptor (also known as FceRII), found mainly on B cells, has a plethora of functions, includ-
ing regulation of IgE synthesis. This review focuses on the results of structural and biophysical
studies of human IgE and its interactions with IgE receptors (Figure la-c) that have pro-
vided a deeper understanding of effector functions of IgE in immediate hypersensitivity and IgE
homeostasis.

The general characteristics of IgE and IgE-receptor and IgE-anti-IgE protein complexes have
been described in previous reviews (1-3). Notably, IgE, like IgM, has four constant heavy (Cy) do-
mains, with Cy2 (Ce2 in IgE) domains replacing the hinge region present in the other switched
antibody classes (IgD, IgG, IgA). A second crucial feature is its unique flexibility in the Fc re-
gion, including the asymmetric bending of the Ce2 domains (4), a large variation in the Ce3-Ce4
angle resulting in open and closed conformations of IgE-Fc (4), and an unusual amount of in-
tradomain flexibility in the Ce3 domains (5, 6). These attributes are responsible for the extremely
high-affinity interaction with the FceRI receptor and long persistence of allergic sensitivity com-
pared with immune reactions caused by other antibody isotypes. IgE homeostasis, again a unique
feature of this isotype, is provided by the actions of CD23 with CD21 as a coreceptor. This intri-
cate system of regulation is in large part due to the inherent flexibility of the IgE, as well as FceRI
and CD23 molecules that enable IgE to function independently through its two different recep-
tors. An understanding of these properties has been leveraged in the development of anti-IgE
biologics.

To determine the three-dimensional structures of IgE and its receptors and character-
ize their critical interactions using protein crystallography and nuclear magnetic resonance
(NMR) spectroscopy, it has been necessary to generate soluble recombinant fragments cor-
responding to smaller functional domains that retain full binding activity. These fragments
are illustrated in Figure 1, with schematic diagrams showing the complete molecules for
context.

FceRI BINDS IgE WITH HIGH AFFINITY

FceRI is expressed on mast cells and basophils, the chief effector cells for IgE (Figure 14), as a
tetramer of an « chain containing the extracellular IgE-binding sites, with a B chain and two y
chains containing intracellular immunoreceptor tyrosine-activation motifs (ITAMs) (Figure 15)
that activate the cellular response on antigen binding (7). FceRI is also present on other leuko-
cytes, airway smooth muscle cells, and mucosal epithelial cells either as an afy, tetramer or as an
ay, trimer. Mast cells and basophils express FceRI at extremely high levels, approximately 100,000
(10°) molecules per cell, and because of the high affinity (Kp ~ 1071° M) of the FceRI-antibody
interaction, the receptors are almost always occupied by IgE in vivo, despite the low physiologi-
cal concentrations of IgE in circulation. For this reason, minute amounts of multivalent antigen
(allergen) can cross-link the FceRI-IgE complexes and initiate rapid cell activation, leading to im-
mediate cell degranulation with the release of histamine, inflammatory mediators, and vasodilators
and consequent allergic and inflammatory responses (7).
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Figure 1

Proteins of the IgE network. (#—) Schematic diagrams of IgE and its receptors. (#) The domain structure of
the IgE antibody. Only the conserved glycosylation site of Ce3, found in all mammalian antibody isotypes, is
depicted. The Ce2 domains are linked by disulfide bonds (not shown). (5) The four chains of FceRI. The two
y chains are linked by a disulfide. The ITAM:s of the B and y chains (red rectangles) initiate the signaling
pathway. The glycosylation sites of domains al and a2 are not shown. (¢) The membrane-bound CD23
homotrimer. (d—i) A representative selection of protein fragments used in structural and biophysical studies.
(d) sFceRIa (PDB ID 1F2Q). (¢) Fce3—4 (PDB ID 1FP5). (f) IgE-Fc (PDB ID 2WQR), with the same color
scheme as in panel #; carbohydrate structures are represented as sticks here. (g) The structure of the naturally
occurring CD23 fragment derCD23 (PDB ID 4G9A). (b) Enlarged view showing Ca’>* binding to the
principal binding site: Glu-249, Thr-251, and Asp-270 provide four oxygen atoms, and three water
molecules (labeled W1, W2, and W3) provide three oxygen atoms (yellow dashed lines). (i) CD21 D1-D2
(PDB ID 1LY2). Abbreviations: ITAM, immunoreceptor tyrosine-activation motif, PDB ID, Protein Data
Bank identifier.

STRUCTURES OF sFceRIoe AND I'TS COMPLEX WITH sFceRIx
AND Fce3-4 ENABLED A PRELIMINARY UNDERSTANDING
OF THE IgE-FceRI INTERACTION

The first functional fragment to provide structural insights into IgE binding by its high-affinity
receptor was a soluble moiety of the extracellular region of the FceRI a chain (sFceRlIa) (8). This
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Figure 2

construct contains two immunoglobulin-like domains, a1 and a2, separated by a short, flexible
linker sequence. The al domain is bent back over a2 to form an arch with the IgE-binding site
at the top (Figure 1d). It is a hydrophobic region where a prominent loop in one of the § strands
is near a tryptophan-rich region that mutagenesis implicated in IgE binding (9). The sequences
of al and a2 are homologous, but a2 differs from al in having two bulky tyrosine residues in the
hydrophobic core. This results in separation of two f strands at the surface of a2, exposing two
subsites for IgE binding in a2 and the linker to al. The extracellular FceRla domains are heavily
glycosylated, but the glycosylation sites surround the IgE-binding site, leaving it exposed, and are
not involved in IgE binding.

Despite the twofold symmetry of the e-heavy chain dimer, IgE-Fc binds to FceRIa with 1:1
stoichiometry (10). The crystal structure of sFceRIa bound to a subfragment of IgE-Fc consisting
of the dimer of Ce3 and Ce4 domains (Fce3—4) (11) showed that the key to the 1:1 stoichiometry
of the FceRIa-IgE complex is the presence of two nonidentical subsites. One is present on each of
the two Ce3 domains in IgE, and they bind to a single FceRIa molecule. Subsite 1 involves contact
between one Ce3 domain (Ce3A) and the C-C’ loop region of the receptor a2 domain, while sub-
site 2 involves interactions between the other Ce3 domain (Ce3B) and the linker region between
al and a2, and the B-C and F-G loops of a2 (Figure 24). Proline 426 from the Ce3B domain
intercalates between sFceRIa residues tryptophan 87 and tryptophan 110, forming a hydrophobic
proline sandwich that is also a conserved feature of IgG antibodies and their complexes with the
FcyR receptor family (12).

Seven of the 15 sFceRIa amino acids at the interface with Fce3—4 are bulky aromatic residues, of
which 5 are exposed tryptophans. The relatively large number of aromatic receptor residues at the
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IgE-receptor interactions. (#) The Fce3-4/sFceRla complex (PDB ID 1F6A). Insets show enlarged views of the interface at subsites 1
and 2. (b) IgE-Fc/sFceRIa (PDB ID 2Y7Q). (c) Fee3—4/derCD23 (PDB ID 4EZM). Inset is an enlarged view of the interface, with the
four salt bridges shown in red, additional hydrogen bonds present in all six independent interactions shown in yellow, and a further
hydrogen bond present in five of six molecules shown in purple. (d) IgE-Fc/derCD23 (PDB ID 5LGK). Abbreviation: PDB ID, Protein

Data Bank identifier.
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interface, together with the large buried surface area in the complex, helps account for the greater
affinity of this complex (Kp ~ 107!® M) compared with homologous FcyR-IgG interactions (Kp
values typically in the range of 107 to 10=® M for the family of Fcy receptors).

Additionally, the C’ strand of FceRla, part of the C-C’ loop region at the interface with
Fce3—4, is distorted on binding, so that the C’ strand in domain a2 is longer in the complex,
enabling additional hydrogen bonding to the C strand compared with homologous structures in
IgG receptors.

The Fce3—4/sFceRla complex revealed the structure of the Fce3—4 region of IgE and its inter-
actions with sFceRa, but the part played by the interdomain motions of Fce3—4, the intradomain
flexibility of the Ce3 domains, and crucial allosteric interactions mediated by the Ce2 domains
became clear only from the structures of the unbound Fce3—4 domains and of the complete Fc
region including Ce2, Ce3 and Ce4, both free and when bound to sFceRla (4, 13, 14).

Ce3 IS HIGHLY DYNAMIC

The publication of unbound Fce3—4 crystal structures (13, 15, 16) (Figure 1e) showed that this
homodimer can adopt a range of conformations. The dimeric moiety showed a high degree of
flexibility; taking an axis approximately perpendicular to the Ce3-Ce4 dimer axis, an approximately
13° rotational difference between the two Ce3 domains of the free Ce3-Ce4 dimer was observed.
Further analyses revealed an extremely open conformation, with separation of the upper portions
of the Ce3 domains that allows binding to sFceRla, to a closed conformation, predominant in the
free Fce3—4, in which the Ce3 domains are closer to one another, enabling binding to CD23 (see
the section titled derCD23 Binds Asymmetrically to IgE-Fc). The Ce3—Ce4 interdomain angle is
seen to vary over a range of ~25° (16).

In addition to the open and closed orientations of Ce3 relative to the Ce4 domain, the Ce3
domain is inherently flexible: As a monomer in solution it is in a largely unstructured, molten
globule-like state (5, 6). This has been attributed to a poorly packed hydrophobic core, an un-
usually high electrostatic charge, and an unusually low content of hydrophobic residues (17),
contributing to IgE’s susceptibility to thermal unfolding and low melting temperature compared
with IgG (16), where the homologous domain (Cy2) has the structure and dynamics of a more
typical immunoglobulin domain (18).

Regions of inherent disorder allow modulation of specificity and affinity of protein interac-
tions (19), and on interaction with sFceRIa, Ce3 adopts a well-defined tertiary structure (20), as
predicted from studies on the isolated domain (17).

THE PRESENCE OF THE Ce2 DOMAIN PAIR AND THE INHERENT
FLEXIBILITY OF Ce3 EXPLAIN THE SLOW DISSOCIATION RATE
OF IgE FROM FceRI

The critical part played by Ce2 in the high-affinity interaction of IgE with FceRI first emerged
from studies comparing the kinetics of binding of sFceRIa to the full-length IgE, to IgE-Fc,
and to Fce3—4 (21). These studies showed that while the absence of the Fab domains made little
difference to the kinetics of the interaction of the constant domains with sFceRIo (IgE/sFceRI:
kon =24 x 10° M71s7 ko = 1.8 x 1074 s, Kp = 7.5 x 1071 M; IgE-Fc/sFeeRIa: ko = 3.0 x
10° M~ 17 ko = 1.9 x 107* 571, Kp = 6.3 x 1071° M), deletion of the Ce2 domains from the
IgE Fc fragment, to leave only Fce3—4, increases the rate of dissociation from sFceRIa more than
tenfold (Fce3—4/sFceRIa: kon = 9.2 x 10° M~ Is7! ko = 3.4 x 1073 571, Kp = 3.7 x 1072 M) (21).

The structural basis for this dramatic effect became clear only on elucidation of the crystal
structure of the complete IgE-Fc bound to sFceRla (14) (Figure 25). It was already known from
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earlier studies (4, 22, 23) that free IgE-Fc adopts a bent conformation in which the Ce2 of one ¢
chain, designated chain B, is asymmetrically bent over the other ¢ chain, chain A, contacting both
Ce3 and Ce4 in chain A (Figure 1f). The structure of the IgE-Fc/sFceRla complex showed that
when bound to sFceRla, the IgE-Fc is more acutely bent and compact than when unbound, but
although the Ce2 domains are shifted with respect to the Ce3 domains, the Ce2 is not brought into
direct contact with the receptor; the influence of the Ce2 domains on receptor binding therefore
operates indirectly through contact with the Ce3 domains, and the resulting changes in dynamics
and conformation.

One striking thermodynamic difference between the IgE-Fc/sFeeRIa and Fee3—-4/sFceRIo in-
teractions is that the Fce3—4/sFceRla interaction is enthalpically driven (AH = —37.0 kJ mol~!)
with a small favorable entropic component (TAS = +11.0 k] mol~!), whereas the IgE-Fc/sFesRla
interaction is entropically driven (TAS = +51.0 k] mol~!), with a negligible unfavorable enthalpic
component (AH = +0.3 k] mol™!) (14).

"To summarize, the Ce2 domain pair contributes to greater order of the intrinsically flexible Ce3
domains prior to FceRI binding, thereby minimizing the loss of conformational entropy upon
complex formation. This results in greater stability of the complex with FceRIa, manifested by
markedly slower dissociation rates (14).

Recently, low-resolution cryo-electron microscopy (cryo-EM) structures of intact IgE have
been elucidated for the first time (24). The structures, together with small-angle X-ray scattering
studies, show that the IgE-Fc moiety in IgE can be significantly less bent than that in the isolated
IgE-Fc fragment, but this is unlikely to change the considerations above substantially, given the
similarity of the binding kinetics in the interactions of the complete IgE and IgE-Fc with sFceRIa

Q1.

CD23 IS A MULTIFUNCTIONAL C-TYPE LECTIN IMPLICATED
IN Igk HOMEOSTASIS

Unlike IgE and FceRI, along with the FcyRs, which are all members of the Ig superfamily, the
second receptor for IgE (FceRII), now better known as CD23, is a type II membrane protein
belonging to the C-type lectin domain (CTLD) superfamily (25, 26). Some CTLD-containing
proteins interact with the carbohydrate moieties of glycoproteins via a bound calcium ion (Ca?*),
while others bind neither carbohydrate nor Ca’* and interact with other ligands, including pro-
teins (27). In its cell membrane-bound form, CD23 consists of three CTLD head domains
connected to the membrane by a trimeric a-helical coiled-coil stalk region (28) (Figure 1¢), which
projects the CTLD head domains away from the cell membrane, facilitating surveillance for IgE.
CD23 is a multifunctional protein (1) with two alternative C-terminal cytoplasmic sequences:
CD23a, which is expressed by B cells that participate in antigen presentation, and CD23b, which
is expressed by various leukocytes that effect cellular cytotoxicity (3). Here we are concerned with
its activity in IgE homeostasis in B cells (29). CD23 has been implicated both in the activation
of IgE production and in its downregulation (30), whereby it is produced at much lower abun-
dance than other antibody isotypes: 2 ng/mL for IgE compared with 10 mg/mL of IgG in serum.
Hibbert et al. (31) have proposed an autoregulatory mechanism involving complex formation on
the B cell surface by different combinations of IgE with CD23 and CD21 and that is supported
by compelling experimental evidence, at least in vitro (29).

The lectin head domain is the minimal structure required for full activity in binding to IgE.
CD23 monomers bind to CD23 with relatively low affinity, compared with FceRI. However,
as CD23 is expressed on the cell membrane, avidity can substantially enhance the interaction
with the homodimeric IgE molecule (30). The stalk region of CD23 is susceptible to attack by
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endogenous proteases, most notably ADAM10 (32), releasing soluble trimeric and monomeric
forms of CD23. These can be further degraded to smaller fragments by exogenous proteases. For
example, a protease from a house dust mite allergen, Der p I, cleaves off the stalk and tail from
the CD23 receptor, leaving a soluble head domain that has been replicated as a recombinant
fragment, derCD23 (Figure 1g), commonly used in structural studies of CD23 and its complexes
with IgE-Fc and various subfragments of IgE-Fc.

In the autoregulation of IgE production in vivo, opposing roles have been proposed for the
membrane and soluble forms of CD23, interacting with membrane IgE and CD21, and with se-
creted and membrane IgE, respectively, to provide IgE homeostasis (Supplemental Figure 1).
We describe what is known about the interactions of these molecules and how they contribute to
this model of IgE homeostasis.

THE HEAD DOMAIN OF CD23 IS A CANONICAL LECTIN DOMAIN
BUT DOES NOT REQUIRE CARBOHYDRATE OR CALCIUM
TO BIND TO HUMAN IgE

The lectin head domain of CD23 has the same canonical structure as other members of the lectin
superfamily. Lectin proteins are best known for their carbohydrate recognition domain (CRD),
but as mentioned above, many lectins bind only to protein (27, 33). The binding of calcium ions
to two main canonical sites, the principal Ca’>*-binding site and the auxiliary Ca?* site, in the
lectin framework is required for C-type lectin binding to carbohydrates. Human IgE-Fc has three
N-glycosylation sites in two specific exposed locations on the surface of Ce2 and Ce3, and one
site in Ce3, conserved with IgG and other isotypes, in the interior of IgE-Fc (Figure 1f). Thus,
the CD23 lectin domain was seen as a potential CRD. Upon investigation, however, it was found
that calcium, but not carbohydrate, is required for mouse CD23 binding to IgE (34). Then, sur-
prisingly, it was found that human CD23 could bind to an aglycosylated fragment of human IgE
(35). The conflicting results from human and mouse excited the question of whether or not the
lectin domain of CD23 is indeed a calcium-dependent CRD. The conundrum inspired two sep-
arate lines of investigation, one to find an alternative ligand for human CD23, and the other to
examine the structure of the binding sites for calcium and carbohydrate and their involvement in
IgE recognition and affinity.

On the hypothesis that human CD23 binding to IgE is carbohydrate independent, one inves-
tigation sought to discover an alternative ligand for CD23 and led to the discovery of CD21 as
a binding partner (36). CD21 was already well known as complement receptor 2 (CR2), binding
to proteins of the complement system (for example the C3d fragment) (37), gp350/220 envelope
protein of Epstein-Barr virus (38), and IFN-a (39), but it had not been implicated in CD23 actions.

The role of calcium in IgE binding by CD23 emerged from the structural studies described
below.

CALCIUM BINDING TO derCD23 STABILIZES THE CONFORMATION
OF FLEXIBLE LOOPS AT THE IgE-BINDING SITE

NMR (31) and X-ray crystallography (40) studies show that the derCD23 domain consists of two
roughly orthogonal « helices and eight B strands forming two antiparallel p sheets (Figure 1g).
Four disulfide bonds contribute to the tertiary structure, with a hydrophobic core formed by seven
tryptophan residues and other conserved side chains, and two flexible loops, loop 1 and loop 4, are
present at the IgE-binding site (41). The trimeric model for full-length CD23 (28), as described
above, is consistent with the findings that the crystal structures of other members of the C-type
lectin family are homotrimeric (42).
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The carbohydrates galactose, glucose, lactose, mannose, and N-acetylglucosamine do not bind
to derCD23 even at the highest concentrations of 125 mM (31), but a Ca’* ion binds at the
principal binding site (33, 40) (Kp ~ 1.8 x 10~* M) (31) (Figure 15).

Comparison of the tertiary structures of the Ca**-free and -bound derCD23 shows little vari-
ation, apart from considerable conformational plasticity in loop 1 and loop 4, known to contribute
to IgE binding (41). Whereas in the absence of Ca’*, loop 4 shows considerable conformational
variation, loop 4 conformations become largely ordered in the presence of Ca’**. The isomeriza-
tion state of proline 250, part of the canonical motif of EPN/T or the QPD motif found in C-type
lectins (25), appears to be a key determinant of the conformation of loop 4. Proline 250 is found in
either a cis or trans configuration in the Ca’*-free structures, but it is locked in ¢is in Ca**-bound
derCD23 (43, 44).

An analysis of six additional crystal forms of derCD23 (44) confirmed these findings and re-
vealed that the movements of the IgE-binding loops 1 and 4 are coupled. The modulation of the
conformation of loop 4, and thus loop 1, suggests a mechanism by which Ca?* binding to derCD23
enhances its affinity for IgE-Fc (discussed in the section titled Calcium Modulates the IgE/CD23
Interaction).

CD23 BINDS TO CLOSED CONFORMATIONS OF Fce3-4
THAT PRECLUDE BINDING BY FceRI

The CD23 binding site maps mainly to the Ce3 domain of IgE (45, 46), and monomeric CD23
binds to Fce3—4 and IgE-Fc with 2:1 stoichiometry (30,45-47) (Figure 2c¢). Although IgE can bind
two molecules of CD23, when the complex is formed with the CD23 trimer, the two head domains
cannot come from the same trimer. This is because the diametrically opposed head domains are
136 A apartand therefore, if from the same trimer, would require a third of the a-helical coiled-coil
stalk to unravel. Instead, two head domains belonging to two different trimeric CD23 molecules
could be cross-linked by a single IgE molecule, or a single trimeric CD23 could cross-link two to
three IgEs (45). Further studies in which CD23 was bound to Fce3-4 or IgE-Fc showed substan-
tial asymmetry in the affinity of CD23 binding to the two chains (48). This is discussed further
below.

Although both the CD23-binding site and FceRI-binding site on IgE principally involve the
Ce3 domain, they are distant from one another, as they are located at opposite ends of the Ce3
domain, and the CD23-binding site does not overlap with the FceRI-binding site. This showed
that the mutual inhibition of FceRI and CD23 binding seen in previous studies (49) could not
be due to orthosteric competition. The nonoverlapping receptor binding sites are indicative of an
allosteric inhibitory mechanism. Superposition of the Fce3—4/sFceRIa and Fee3—4/derCD23 com-
plexes and unliganded Fce3—4 structures on their Ce4 domain pairs shows that sFceRIo binds to an
extreme open conformation of Fce3-4, while derCD23 binds to an extreme closed conformation
of Fce3—4. In the open, sFceRIa-bound structure, steric clashes would occur to prevent derCD23
binding to Fce3—4, while in the closed, derCD23-bound structure, steric clashes would occur with
sFceRIa, together revealing a mechanism of reciprocal allosteric inhibition (Figure 3). The mu-
tual inhibition of sFceRI and derCD23 binding to Fce3—4 or IgE-Fc was verified in solution using
competitive binding FRET and functional cellular assays (45, 46).

The mutually exclusive binding of IgE to its two receptors is biologically critical, as it prevents
cross-linking of FceRI-bound IgE on mast cells and basophils by trimeric sCD23 (31). Similarly,
it prevents membrane CD23-IgE complexes on B cells or antigen-presenting cells or soluble IgE-
CD23 complexes cross-linking FceRI, eliminating the possibility of triggering an allergic reaction
in the absence of allergen and potentially lethal anaphylaxis.
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derCD23

Figure 3

Superposition of the derCD23 and sFceRIa complexes with Fce3—4 to show the reciprocal allosteric
inhibition of receptor binding. (#) Fce3-4/derCD23 and Fce3—4/sFceRla complexes superposed on the Ce4
domain pairs. Fce3—4 bound to derCD23 adopts a closed conformation, whereas Fce3—4 (faded area) bound
to sFceRIa is in an open conformation. (b) Steric clashes between the sFceRIa structure and Fee3-4/
derCD23 complex are shown (brown surfaces). (c) Steric clashes between both derCD23 structures with the
Fce3-4/sFceRla complex are shown (brown surfaces).

CALCIUM MODULATES THE IgE/CD23 INTERACTION

Thermodynamic analysis of the IgE-Fc/derCD23 interaction showed that at 35°C it has a Kpp of
2.0 x 107 M in the presence and 5.8 x 10~ M in the absence of Ca?*, making approximately
a 30-fold enhancement of affinity in the presence of calcium (43). Moreover, it was established
that in the Ca?*-bound state, the IgE-Fc/derCD23 interaction is largely entropically driven. In
contrast, in the Ca’*-free state the interaction is driven by favorable enthalpy (discussed below).

The Ca**-bound Fce3-4/derCD23 complex crystal structure (43) showed that two additional
salt bridges are formed in the Ca’*-bound structure, as well as two new hydrogen bonds, al-
though two that were present in the Ca’*-free structure are lost. These additional salt bridges,
Asp227 (from derCD23 loop 1) to Arg440 and Asp258 (from derCD23 loop 4) to Arg440, make
the principal contribution to the enhanced affinity of CD23 for IgE in the presence of Ca’*.

Comparative analysis of the Ca’*-bound and Ca**-free crystal structures of derCD23 and
Fce3-4/derCD23 complexes showed how Ca’* binding to CD23 enhances the affinity for IgE:
a Ca’* ion binds at the principal binding site of the head domain of CD23, inducing Pro250
of mobile loop 4 to adopt a cis configuration, as described earlier, with concomitant conforma-
tional changes in the rest of the loop, propagating the coupled movement of loop 1. All of these
changes upon Ca’* binding give rise to a more entropically favorable [gE/CD23 interaction and
an increase in affinity. This favorable entropic contribution is likely due to the ordering of the in-
herently flexible loops 1 and 4 of derCD23, resulting in a reduced entropic penalty upon binding
IgE-Fc (43).
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The crystal structures of murine and bovine derCD23 were recently determined. In contrast
to human derCD?23, bovine and murine deCD23 molecules bind Ca’* at both the principal and
auxiliary binding sites (50, 51). Interestingly, in human derCD23 residue Asp258 forms part of the
defunct auxiliary binding site. It appears that by co-opting this residue, the human receptor lost a
second Ca’* binding site, but gained enhanced binding to IgE.

The effect of calcium on the affinity of CD23 for IgE is also likely to be important in the
facilitation of antigen presentation by CD23. This requires internalization of a bound IgE-allergen
complex “cargo” by endocytosis, and the release of the bound cargo for lysosomal degradation and
processing, with the generation of peptides for binding and presentation by MHC molecules, and
recycling of CD23 to the cell surface (52). Ca’* binds to derCD23 with a Kp of about 1.5 x
10~ M, approximately the same order of magnitude as the extracellular concentration of Ca?*
(53), whereas the Ca** concentration within endosomes is lower by 100- to 1000-fold (54). This
loss of the stabilizing calcium ion in endosomes could reduce the affinity of the internalized CD23
for IgE, causing the release of the bound IgE-allergen complex “cargo.”

derCD23 BINDS ASYMMETRICALLY TO IgE-Fc

Studies on the binding of CD23 to the complete Fc region of IgE show a more complex picture
than for CD23 bound to the Fce3—4 fragment (described above). The binding of derCD23 to IgE-
Fc confirmed the 2:1 stoichiometry previously established for binding to the Fce3—4 fragment (47,
48), and the affinities of the two binding sites differed by an order of magnitude (Kp; = 1.2 x
1076 M and Kp, = 1.4 x 10~° M). The crystal structure of [gE-Fc in complex with derCD23 (48)
showed only one derCD23 molecule bound, to the heavy chain onto which the Ce2 domains are
folded back (Figure 2d). In order to accommodate the binding of the derCD23 molecule the Ce2
domain pair swing out by 16°, resulting in a slight “unbending” of IgE-Fc.

As a result of the 1:1 stoichiometry observed in the IgE-Fc/derCD23 crystal structure, the
Ce3-Ce4 chain to which derCD23 is bound adopts an extremely closed conformation as ex-
pected, whereas the free chain has a very open conformation which is incompatible with binding
of derCD23. It s clear that a conformational change in the free heavy chain of IgE-Fc is required
to allow it to bind the second derCD23 molecule, consistent with the observation of substantially
weaker affinity for the second CD23 binding event (47, 48).

It seems most likely that the derCD23 molecule seen in this structure binds at the higher-
affinity site indicated by the I'T'C determination. If so, this could involve the concomitant slight
unbending of IgE-Fc and modulation of the affinity of the second binding site. Thus, the IgE-
Fc structural and biophysical data may suggest a mechanism of “cross talk” between the two
CD23-binding sites of IgE. This is intriguing, as a reciprocal allosteric inhibition in which con-
formational changes in IgE upon CD23 binding inhibit the binding of FceRI and vice versa, and
local conformational changes as a result of Ca’* binding to CD23 enhance IgE binding have been
established.

Together, these mechanisms suggest an intricate level of control of the interactions of the IgE
network that could regulate diverse aspects of the allergic response.

CD21 BINDS TO THE LECTIN HEAD DOMAIN OF CD23

CD21 (also known as CR2) is a glycoprotein, comprising 15 or 16 short consensus repeat (SCR)
domains, a common motif in a variety of different proteins. Small angle X-ray and neutron so-
lution scattering, along with ultracentrifugation modelling (55), show that the 15 SCR domains
are flexible and partially folded back. The crystal structure of CD21 D1-D2 has been determined
(56) (Figure 1i). Despite extensive contacts at the interface between the two domains, there is
substantial interdomain flexibility, with D1 forming an open V-shaped structure with D2 (55).
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The CD21 D1-D2 binding site on derCD23 has been mapped by NMR chemical shift per-
turbation studies to residues of the C-terminal “tail,” with SPR studies demonstrating an affinity
of Kp =8.7 x 1077 M (31).

It is clear that the human CD23 CTLD cannot act as a traditional CRD, and so some aspects
of the CD23/CD21 interaction mechanism remain unelucidated. Indeed, there is a paucity of
structural and biophysical information on CD21 and its interactions with CD23 and the greater
IgE network, which are critical in the regulation of IgE synthesis.

A MODEL FOR Ig HOMEOSTASIS

The complex interactions between members of the IgE network have led to a model for IgE ho-
meostasis, involving a two-way switch, for the upregulation and downregulation of IgE. Atlow IgE
concentrations, membrane-bound CD23, unprotected from cleavage by an endogenous protease,
ADAM 10, is cleaved from the B cell surface and the resulting soluble CD23 trimers co-ligate
membrane IgE and CD21 to stimulate IgE synthesis in IgE-expressing (switched) B cells. This
mechanism is similar to the process of upregulation of B cell antibody synthesis by the co-ligation
of CD21 with the B cell receptor (BCR) by antigen covalently linked to the complement fragment
C3d (57, 58). At high concentrations of IgE, however, excess IgE or antigen-IgE complexes bind
to membrane CD23 on B cells, protecting it from proteolytic cleavage, terminating further IgE
production (Supplemental Figure 1). The binding sites for IgE and CD21 on CD23, mapped by
chemical perturbation, are distant from each other (31); IgE binds at a site proximal to loops 1 and
4 of the CD23 lectin head domain and CD21 in the C-terminal tail region. Furthermore, it has
been shown that a heterotrimeric complex of IgE-Fc, derD23, and CD21 (D1-D2) can form in
vitro (31). Compelling functional evidence for the IgE homeostasis hypothesis has been reported
from in vitro experiments by adding monomeric and trimeric recombinant fragments of CD23
to IL-4-stimulated human PBMC in vitro (29, 30). Mouse CD23 lacks the C-terminal tail found
in human CD23 and is therefore able to manifest only the downregulation of IgE production by
trimeric CD23 via membrane IgE. The repurposing of CD21 for IgE up-regulation likely in-
volved a new branch of CD23 evolution in humans. This mechanism is reviewed in greater detail
in the context of structure-function relationships of human CD21 (59).

ANTI-IgE BIOLOGICS

There was no consensus that IgE is central to asthma until the effectiveness of anti-IgE therapies
in the treatment of asthma provided “proof of principle” (60). A new recognition that asthma
is a heterogeneous disease has focused recent research on improving the efficacy and inhibitory
properties of anti-IgE antibodies along with other approaches for personalized medicine. In turn,
this has illuminated various mechanisms by which the functions of IgE can be modulated.

Structural determination of IgE-Fc (or Fce3—4) complexed to anti-IgEs has often been a
starting point for the elucidation of mechanism of action.

Omalizumab

The value of targeting IgE for therapy is demonstrated by the success of the humanized IgGlk
anti-IgE monoclonal antibody (mAb) omalizumab (Xolair; Novartis Pharmaceuticals Ltd), in the
treatment of asthma and other allergic diseases (61). Moreover, anti-IgE-mediated reduction in
free IgE levels results in the reduction in the number of FceRI receptors on mast cells, basophils,
and antigen-presenting cells (62).

It had been widely reported (i) that omalizumab and FceRI bind the same site on IgE and
(#7) that omalizumab cannot bind to IgE when it is bound to FceRI (63, 64). As described below,
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IgE/anti-IgE biologic complexes. (#) Crystal structure of IgE-Fc in complex with omalizumab-Fab (PDB ID 5G64). (b) Fce3—4/
ligelizumab-scFv (PDB ID 6UQR). (¢) Fce3-4/MEDI4212-Fab (PDB ID 5ANM). (d) Fce3-4/sdAb026 (PDB ID SNQW).

(¢) IgE-Fc/aeFab (PDB ID 4J4P). (f) IgE-Fc/8D6-Fab (PDB ID 6EYO). (g) IgE-Fc/DARPin (PDB ID 4GRG). (b) Cryo-EM structure
of the IgE-Fc¢/sFceRIo/omalizamab mutant-scFv complex (PDB ID 7SHT). The Fab fragment heavy and light chains are colored
purple and cyan, respectively. Abbreviations: cryo-EM, cryo-electron microscopy; DARPIn, designed ankyrin repeat protein; PDB ID,
Protein Data Bank identifier.
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both of these claims have proven to be incorrect. The mechanism by which omalizumab inhibits
the binding of IgE to both FceRI and CD23 is illuminated by the crystal structures of omalizumab
Fabs bound to either a constrained Fce3—4 molecule with the mutation G335C, which locks the
Ce3 domains in a closed conformation (65), or intact IgE-Fc, including the Ce2 domains (66). The
latter complex is shown in Figure 4. Both structures show two omalizumab Fabs bound, one to
each Ce3 domain, but in contrast to the complex with Fce3-4(G335C) and the disulfide-tethered
Ce3 domains, in the complex with IgE-Fc, the Ce3 domains undergo a substantial “opening up”
(66). In fact, the Ce3 domains in the omalizumab-Fab/IgE-Fc complex are so far apart that FceRI
cannot engage both subsites simultaneously, and thus high-affinity binding is lost. The binding of
the two Fabs to IgE-Fc also involves an “unbending” of the Fc, with the (Ce2), domain pair rotat-
ing away from the Fce3—4 region and the acutely bent conformation observed in both free IgE-Fc
(4) and FceRI-bound IgE-Fc (14). One of the two omalizumab Fabs makes a few contacts with
one of the Ce2 domains (Figure 44). Thus omalizumab binding causes substantial conformational
changes in IgE-Fc, in particular the disruption of the high-affinity FceRI binding site through in-
creased separation of the two Ce3 domains: inhibition of FceRI binding by omalizumab is thus
allosteric. In contrast, both complex structures agree that inhibition of CD23 binding is ortho-
steric, since there is considerable overlap between the space occupied by the bound omalizumab
Fabs and that occupied by CD23 (45), as well as overlap between Ce3 domain residues involved
in binding both ligands.

FRET experiments have shown that in solution, omalizumab Fab binding partially “unbends”
the IgE-Fc (66), and solution studies also confirm the allosteric nature of the inhibition of IgE-
Fc binding to FceRI binding by omalizumab (66). The ability of omalizumab to not only inhibit
FceRI binding, but also induce dissociation of FceRI-bound IgE, will be discussed below.

Ligelizumab

Ligelizumab (Novartis Pharmaceuticals Ltd.) is another humanized IgGlx anti-IgE mAb cur-
rently in development with aspirations for therapeutic use (61). Similar to omalizumab, the
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ligelizumab single-chain variable fragments (scFv) contact symmetrical binding sites on the two
Ce3 domains, with the Fce3—4 adopting an open conformation (67) (Figure 4b). Strikingly, how-
ever, the IgE epitopes for ligelizumab and omalizumab only partially overlap: the ligelizumab
epitope overlaps more completely with the FceRI binding-site on IgE than does omalizumab.
But, as ligelizumab shares zo overlap with the CD23 binding-site on IgE, ligelizumab is far less
efficient than omalizumab at inhibiting the CD23/IgE interaction. Moreover, the affinity of the
ligelizumab-Fab/full-length IgE interaction (Kp = 3.5 x 107! M) is approximately 100-fold
greater than that of the interaction of omalizumab-Fab with full-length IgE (67).

MEDI4212

The antibody MEDI4212 exhibits higher affinity for IgE than omalizumab (Kp = 1.95 x 10712 M)
(68), the advantages of which promised to allow the treatment of patients with either IgE con-
centrations in blood or body mass over the limit and other subgroups of patients of significant
proportions found to be nonresponders to omalizumab. The MEDI4212-Fab/Fce3—4 complex
crystal structure revealed a 2:1 stoichiometry, with the MEDI4212 epitope partially overlapping
the FceRI binding site (Figure 4¢). In addition, MEDI4212 binds to and stabilizes the open con-
formation of Fce3—4. This anti-IgE biologic displayed significantly more efficient inhibition of
FceRI binding to IgE and mast cell degranulation by allergens than omalizumab in vitro.

Immunoglobulin Single-Variable Domain 026

An immunoglobulin single variable domain (sdab), called “sdab026,” has been designed to tar-
get IgE. It binds with a dissociation constant Kp = 1.4 x 107 M. The 2:1 stoichiometric
sdab026/IgE-Fc complex crystal structure reveals that the sdab026 epitope significantly over-
laps the CD23-binding site on IgE, but only slightly overlaps with the FceRI-binding site (69)
(Figure 4d). However, the Fce3—4 moiety is observed to adopt an extremely closed conformation
upon sdab026 binding; hence, the sdab is able to inhibit both FceRI (allosterically) and CD23
(orthosterically) binding to IgE, and abrogate both basophil activation and facilitated antigen
binding in vitro. Small angle X-ray scattering studies indicate that sdab026 binding induces a
slight unbending of IgE-Fc (69).

aeFab and Complete IgE-Fc Unbending

An anti-IgE IgG-Fab was generated, called aeFab. Upon elucidation of the IgE-Fc/agFab complex
crystal structure a 2:1 stoichiometry of agFab binding to IgE was determined (70). It was a com-
plete surprise when the Ce2 domain pair were observed to adopt a fully extended conformation
relative to the Fce3—4 region, i.e., a complete “unbending” of the IgE-Fc (Figure 4e).

The agFab light and heavy chains bind to diametrically opposed, structurally equivalent, sites on
each heavy chain of IgE-Fc. The interaction mainly involves Ce3, with a small contribution from
Ce2. The conformational change in the molecule is driven by large movements of the Ce2-Ce3
linker, resulting in a complete unbending of IgE-Fc by 120° compared to unliganded IgE-Fc.

As mentioned previously, the data for earlier FRET studies (23), small angle X-ray scatter-
ing measurements (22) and X-ray crystallography structures (4, 14) were consistent with a bent
IgE-Fc conformation. So, the question remained whether this extended IgE-Fc structure could
be adopted in the absence of agFab. Stopped-flow kinetic and ITC studies are consistent with a
“conformational selection” model, with extended structures selected from a dynamic population
of IgE-Fc conformations. Moreover, molecular dynamic simulations and free energy calculations
predict that the Ce2 domain pair can “flip” from one side of the Fce3—4 moiety to the other, via a
transient fully extended (Ce2), conformational intermediate (70).
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A low resolution cryo-EM structure of intact IgE bound to ligelizumab-Fab has recently been
elucidated (24). It reveals that ligelizumab binding can also result in an extended conformation
of IgE.

8D6

The antihuman IgE antibody 8D6 is a remarkable anti-IgE in several respects. The crystal struc-
ture of the 8D6-Fab/IgE-Fc complex reveals an almost fully extended IgE-Fc with rotational
symmetry and 2:1 stoichiometry (71) (Figure 4f). However, the conformation of IgE-Fc in the
complex is more compact than that observed in the IgE-Fc/agFab complex. The Ce2 of chain B
separates from Ce3 and Ce4 of chain A, twisting around Ce2-Ce3 linkers as a unit to bind to the
two individual Ce3 domains in a novel way.

An important functional difference from the other anti-IgEs discussed above is that 8D6 in-
hibits only FceRI binding to IgE, but allows CD23 to bind with the same affinity, whether to free
IgE or 8D6/IgE complex (71).

Anti-IgE DARPins

Beyond the immunoglobulin fold as a therapeutic modality, alternative anti-IgE molecular
scaffolds have been generated. For example, designed ankyrin repeat proteins (DARPins) are de-
rived from the ankyrin repeat motif present in numerous naturally occurring proteins. Ankyrin
repeat-containing proteins are involved in a wide variety of biological activities (72).

An IgE-directed DARPin engineered inhibitor, E2_79, has been shown to inhibit the
IgE/FceRI interaction (73). Using crystallographic, mutational, fluorescence, SPR and quanti-
tative kinetic modelling techniques, a nonclassical inhibitory mechanism was proposed.

The E2_79/ Fce3-4 complex crystal structure reveals that E2_79 binds with a 2:1 stoichiom-
etry to the closed form of Fce3—4, binding to each Ce3 domain (Figure 4g). Superposition of
the complex with the asymmetric IgE-Fc/sFeeRIa crystal structure demonstrated that one of the
bound E2_79 molecules is remote from either Subsite 1 or 2 (see the section titled Structures of
sFceRIa and Its Complex with sFceRIa and Fce3—4 Enabled a Preliminary Understanding of the
IgE-FceRI Interaction), while the other E2_79 engages Fce3—4 near Subsite 2, resulting in partial
steric overlap of the DARPin and sFceRIa.

INDUCED DISSOCIATION OF IgE

Here, we use the term “induced dissociation” generically, without prejudice regarding the mecha-
nism employed, to describe the phenomenon of one ligand increasing the dissociation rate of a pre-
formed receptor/ligand complex, compared to the dissociation rate of the bimolecular receptor/
ligand complex in the absence of the competing ligand. In the literature describing related phe-
nomena, the term “induced” might be replaced with “accelerated”, “assisted”, “facilitated” or
“ligand-mediated”, and “dissociation” might instead be described as “unbinding”, “displacement”,
“disruption”, “disassembly” or “release.” None of these different terms are used consistently across
the literature to differentiate distinct mechanisms.

IgE’s capacity for induced dissociation has been fully appreciated only recently. In 2002,
Miyajima et al. (74) described a rat monoclonal anti-IgE antibody that removed IgE bound to
FceRI on mast cells, resulting in inhibition of anaphylaxis in animal models. Around 2010, the
Belgian antibody company Ablynx was pursuing an anti-IgE program (75), and identified a single
domain anti-IgE antibody, ALX-0962, that could displace IgE bound to FceRI, as demonstrated
by surface plasmon resonance experiments and functionally in RBL degranulation assays (76). In
2012, researchers from Stanford University and the University of Bern first described E2_79, a
DARPin-based anti-IgE that could disrupt preformed IgE-FceRI complexes (73).
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It was later noted that the therapeutic anti-IgE omalizumab (Xolair) could also induce dissoci-
ation of IgE from FceRI (77), although inefficiently and only at concentrations much higher than
those used therapeutically (78). However, modified versions of the omalizumab Fab, optimized
for these disruptive properties, were shown to rapidly and efficiently dissociate IgE from FceRI
(66, 79). Anti-IgE DARPins have also been engineered for marked improvements in their ability
to induce dissociation of IgE/FceRI complexes (80).

The mechanisms of induced dissociation in IgE have not been fully elucidated, partly because
the mechanisms used by different molecules are likely to be somewhat different. Different mech-
anisms have been proposed (66, 73). In the broadest sense, one could imagine a number of distinct
mechanisms by which the process of induced dissociation could occur. For example, molecu-
lar competition events that occur through proximal competing ligands, i.e., proximity-induced
dissociation processes, or competition occurring via distal molecules, i.e., allosterically-induced
dissociation mechanisms. Observations of ligand-dependent acceleration of dissociation rates have
also been attributed to prevention of rapid ligand rebinding events (81). Combinations of these
different mechanisms could contribute to induced dissociation processes in some systems. The use
of antibodies or antibody fragments to characterize proximity-induced dissociation was recently
described by Abdiche etal. (82). In this study, data are presented for a number of antibody/antigen
systems, consistent with the hypothesis that antibodies with closely adjacent or minimally overlap-
ping epitopes, can mediate induced dissociation. The mechanism requires the formation of a tran-
sient trimolecular complex of two proximal ligands (for example, see Figure 4b and Reference 79),
which allows the incoming second ligand to perturb the first. In contrast, too much overlap of an-
tibody epitopes prevents this phenomenon because the trimolecular complex cannot form; this
situation is instead traditional orthosteric competition between two ligands.

Ligand-induced dissociation is known to occur in a wide variety of important biological
processes. To cite just a few examples, these processes have been shown to occur in ribosomal elon-
gation and release factors (83, 84), in the insulin/IGF-1 interaction (85), for inhibitors of TNF-a
(86), and in a large number of DNA/transcription factor complexes (87). While some of these sys-
tems have been well characterized kinetically, detailed structural and mechanistic understanding
is often lacking.

Within the IgE system, attention has understandably focused on disruption of IgE/FceRI com-
plexes, but induced dissociation seems to be a general feature of the IgE molecule. This is at
least partly because IgE’s intrinsic conformational dynamics and capacity for allosteric modulation
makes the molecule very well suited to ligand competition processes. In addition to FceRI, other
IgE ligands have been shown to be susceptible to induced dissociation. For example, some but not
all of the anti-IgE antibodies described above show these effects. Because IgE-Fc is a homodi-
mer, most anti-IgE antibodies bind with a 2:1 (anti-IgE Ab:IgE) stoichiometry. Like the binding
of derCD23 to IgE (45), anti-IgE antibodies usually bind asymmetrically, with one binding site
showing higher affinity than the second. To cite two examples, the binding of the second agFab
molecule destabilizes the agFab/IgE-Fc complex (70), and the second omalizumab Fab induces
the dissociation of IgE-Fc from a 1:1 omalizumab Fab/IgE-Fc complex (66). Because the binding
sites for these Fab pairs are far apart from each other on the IgE dimer, induced dissociation of
these ligands can only occur through an allosteric mechanism. For a number of the characterized
IgE/FceRI disruptors, the mechanisms are less clear. Kim et al. (73) describe the mechanism of
the DARPin E2_79 as facilitated dissociation (as defined by Reference 88) and suggest that classic
allosteric mechanisms cannot fully explain the observed dissociative effects; this model has some
of the general characteristics of proximity-induced dissociation, and X-ray crystal structures are
consistent with the potential for proximity-mediated effects. Modified versions of omalizumab
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Fabs clearly show mixed inhibitory mechanisms, with clear evidence of allosteric mechanisms but
with one of the binding sites sufficiently close to the FceRI binding site that proximity effects are
possible (66).

IgE has undoubtedly undergone evolutionary selection for these properties. As noted above,
the mutually inhibitory allosteric competition between FceRI and CD23 is essential for preventing
spontaneous anaphylaxis (46). We speculate that there are other advantages to IgE’s capacity for
induced dissociation in the natural function of IgE, as this allows opportunities for greater dynamic
control of the activities of IgE and IgE/ligand complexes.

There are also clearly opportunities to exploit these properties for therapeutic effect. For ex-
ample, the therapeutic anti-IgE omalizumab has been an effective treatment for asthma patients
(60), but it is very slow to show clinical effect (89). Under the concentrations used in the clinic,
omalizumab does not dissociate IgE from FceRI on mast cells, but it does bind to any unbound
IgE and blocks these IgE molecules from binding to effector cells. Still, there remains a substantial
population of IgE bound to mast cells, which can mediate allergic reactions. It takes weeks for this
IgE to dissociate naturally, and this undoubtedly contributes to omalizumab’s slow therapeutic
effect. An anti-IgE that efficiently induced dissociation of IgE from FceRI might reduce the time
required for therapeutic benefit from weeks to hours.

THE GENERAL CHARACTERISTICS OF Igk ALLOSTERY

IgE-Fc has a number of structural and physical properties that underpin its allosteric capacity.
Structural studies of IgE-Fc and IgE-Fc/ligand complexes have shown that IgE-Fc can exist in
multiple conformations (4, 13, 68-70), indeed that it is capable of undergoing strikingly large-
scale structural changes (70, 71). Free energy calculations predict that the energy differences
between these different conformations can be large, but perhaps not too large, and the energy bar-
riers separating these states are not insurmountable (70). Effective allosteric systems rely on these
Goldilocks-like characteristics for the energy differences between conformers and the energy bar-
riers between them. This allows ligands to either induce or select conformations, to overcome
modest energy barriers, and to alter conformational energies that change the equilibria of favored
structural states.

IgE-Fc’s allosteric capacity is further potentiated by its homodimeric structure. For IgE lig-
ands with the potential to bind with 2:1 stoichiometry to the homodimer, the initial molecule
that binds will almost always introduce structural asymmetry to the dimer. For a molecule with
IgE’s structural plasticity, this may manifest itself as conformational changes, either large-scale
changes through long-range rigid body motions from the reorientation of domains, or more lo-
cal structural changes of the atypically dynamic Ce3 domains or interdomain linker regions, or
more subtle alterations in structural dynamics, which can then affect other ligand binding events
through entropy changes (90).

IgE’s structural heterogeneity is not limited only to unbound forms of IgE. Several research
groups have experimentally observed heterogeneity in how IgE binds FceRI (91-94). That s, IgE
does not bind to FceRI with a single affinity; different binding populations are observed. So IgE’s
structural heterogeneity translates into functional heterogeneity. There are different ways that
IgE can bind to FceRI, some with the very slow off-rates we associate with interaction of the
“high-affinity IgE receptor”, but within this ensemble of possible bound conformations some are
intrinsically less stable. Allosterically-induced dissociation in IgE most likely works by favoring the
more weakly binding conformations, leading to markedly destabilized complexes. Even proximity-
induced dissociation is likely to be more efficient in a structurally dynamic complex, as it is difficult
to imagine this process occurring in a completely structurally rigid system.
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SUMMARY AND OUTLOOK

Once a consensus was reached that IgE is fundamental to asthma (60), urticaria (95), and allergic
disorders more generally, it was obvious that intervention in the expression or action of IgE would
be a direct way to alleviate the development and course of these diseases.

We have reviewed the structures and mechanisms of action of a network of proteins involved
in the pathogenesis of allergy and urticaria, including IgE and its cell receptors, FceRI, CD23, and
coreceptor CD21. IgE has a unique conformational plasticity, which enables it to bind either to
FceRI to exert its effector functions or to CD23 to control IgE production and homeostasis. These
interactions are mutually antagonistic because the receptors bind to different IgE conformations,
in which the Ce3 domains, to which they bind, have either an “open” (FceRI) or “closed” (CD23)
conformation. The intricate mechanisms underlying these conformational transitions have been
elucidated by structural, biophysical and thermodynamic studies, discussed in this review. They
show the importance of Ce2, which is unique to IgE among the switched isotypes, and its role in
the degree of unbending induced by receptor or anti-IgE antibodies binding to Ce3.

The long-range effects of antigen binding to IgE and antigen cross-linking of the IgE-receptor
complexes on effector cells or membrane IgE on B cells are complex and still not fully understood,
inviting future research. Further study is also required to understand the structure of various mul-
tiprotein complexes, and to establish in vivo the contribution of CD21 studied to date only in
vitro, and pursue further the proposed mechanism of IgE homeostasis.

Elucidation of aspects of IgE structure, dynamics, allostery, ligand interactions and induced
dissociation has given insights into novel mechanisms of IgE regulation. Knowledge of the mech-
anisms described here have identified new targets for intervention, for example allowing discovery
of agents that trap IgE in inactive conformations, or promote IgE dissociation from its receptors.
However, our understanding of IgE in all its complexity is far from complete.
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