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Abstract

Immunoglobulin E is the latest discovered of immunoglobulin family and has been
long associated with anaphylaxis and worm expulsion. Immunoglobulin E, along with
mast cells, basophils, and eosinophils, is also a hallmark of type 2 immunity which
is dysregulated in numerous diseases such as asthma, rhinitis, atopic dermatitis, and
eosinophilic esophagitis in addition to anaphylaxis as aforementioned. However, re-
cent advances have shed light on IgE regulation and memory explaining the low level
of free IgE, the scarcity of IgE plasma cells that are mainly short live and the absence
of IgE memory B cells in homeostatic conditions. Furthermore, IgE was implicated
in inflammatory conditions beyond allergic disorders where IgE-mediated facilitated
antigen presentation can enhance cellular and humoral response against autoanti-
gens in systemic lupus or chronic urticaria leading to more severe disease and even
against neoantigen facilitating tumor cell lysis. At last, IgE was unexpectedly associ-
ated with allograft rejection or atheromatous cardiovascular diseases where precise
mechanisms remain to be deciphered. The purpose of this review is to summarize
these recent advances in IgE regulation, biology, and physiopathology beyond allergic

diseases opening whole new fields of IgE biology to explore.
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1 | INTRODUCTION

Immunoglobulins of isotype E (IgE) were initially reported as a
“reagin” in the early 1920s by Coca and Cooke who worked on a
classification of “the phenomena of hypersensitiviness”.! Little
work occurred on “reagin” from the 1920s until the 1960s, until
newer techniques to better detect proteins were developed. In
1966, Kimishige and Teruko Ishizaka described an anti-serum that
was able to block type 1 hypersensitivity and called this molecule
yE-gIobuIin.2 This globulin did not bind complement nor induced
a precipitin reaction like other immunoglobulins. Simultaneously,
Bennich and Johansson discovered a paraprotein in a patient af-
fected by myeloma that did not belong to any of the known immu-
noglobulins. He called it “Immunoglobulin Not Determined” (IgND)
and found that it had similar properties to reagin.3 Both IgND and
yE-globulin initiated the Prausnitz-Kustner test (i.e., passive cuta-
neous anaphylaxis) and the authors discovered that “reagin,” IgND
and yE-globulin were finally the same immunoglobulin.* In 1968,
YE-globulin and IgND were officially named Immunoglobulin E by
the World Health Organization International Reference Center for
Immunoglobulins.5

Phylogenetically talking, IgG and IgE are thought to have
emerged from a reptilian common ancestor called immunoglobu-
lin Y (IgY).° On one hand, IgE and IgG share similarities. Both are
monomeric immunoglobulins composed of two identical heavy
and light chains ending with same variable domain. They adopt a
3D structure depending on their FC receptors binding profiles and
thus on their biological function. They exert their effector functions
through interactions with Fc receptors.” On the other hand, 1gG and
IgE evolved differently on several points in mammals. Indeed, they
are, respectively, the most and the least abundant immunoglobulin
classes in human serum. IgE heavy chain is longer than IgG with 4
constant domains and contains seven N-linked glycosylation sites
(three on Cel, one on Ce2, and three on Ce3) while a single N-linked
glycosylation site is present in IgG,7*S This high glycosylation rate
may contribute to increase its solubility whereas deglycosylated IgE
had a tendency to aggregate.®

To date, IgE is mostly known as an anaphylactic immunoglobulin
and studied in allergic diseases such allergic rhinitis & asthma and
food allergy where specific IgE-allergen complex plays a major part
in the physiopathology both in acute and chronic phases of allergic
inflammation.” The main mechanism relies on allergen cross-linking
with specific IgE bound on effector cells (mast cells, eosinophils,
basophils) via its high-affinity receptor, FceRI, inducing secretion of
inflammatory cytokines and mediators such as histamine, heparin,
tryptase, and prostaglandins.*

Beyond allergic inflammation and related diseases, specific IgE
secretion is a soluble mediator and also a hallmark of “type 2 im-
munity” along with eosinophil, mast cell, and basophil infiltration
in inflamed tissue and peripheral blood. So-called “type 2 immu-
nity” or “type 2 response” is triggered by a large panel of micro-
bial (virus, bacteria, parasite) and non-microbial (venom, allergens,

synthetic or natural adjuvants) stimuli ranging from nanometer to

several meters long suggesting a multiples variants of type 2 re-
sponses either protective or pathologic where the precise roles
of IgE remain poorly understood.'® However, several advances in
recent years have begun to shed light on IgE regulation and mem-
ory, on its role in homeostatic and inflammatory conditions beyond
allergic disorders such as helminth infection, neoplasia, autoimmu-
nity/autoallergy, vascular disease, and solid organ transplantation.
The purpose of this review is to summarize these advances in IgE

physiopathology.

2 | IMMUNOGLOBULIN E REGULATION

Concentrations of free serum IgE are ~50-200 ng per ml of blood
in healthy humans without any atopic background compared
with around 1-10 mg per ml of blood for other immunoglobulin
isotypes.!* In addition, the serum half-life of IgE is the shortest
of all immunoglobulin isotypes in human to ~2 days compared to
20 days for 1gG.** Of note, IgE half-life is markedly prolonged around
9-12 weeks when bound to its high-affinity receptors on mast cells
and basophils (FceR1).}2 At last, IgE production can occur at a loco-
regional level.’®* These observations suggest that IgE production is
tightly regulated at low levels under homeostatic condition to avoid
potential life-threatening condition such as anaphylaxis or deleteri-
ous type 2 hyperresponsiveness.

Intrinsic regulation of IgE.

2.1 | IgE class switch recombination

Class switch recombination (CSR) occurs in naive B cells (CD19+,
CD24+, CD38+, IgM+, and IgD+) in secondary lymphoid organs
(SLO) such as lymph nodes, spleen or mucosal-associated lymphoid
tissues (MALT) under BCR activation, CD40 ligation, and cognate
CD4+ T cell help at the T-B zone before organizing into germinal
centers.’® CSR is an intrachromosomal rearrangement of the im-
munoglobulin heavy-chain locus resulting in isotype switching from
IgM-IgD to either IgG,_, or IgA or IgE that differ in effector func-
tions without altering the specificity for the antigen‘16 CSR relies
on activation of several key enzymes such as activation-induced
cytidine deaminase (AID), uracil-DNA glycosylase (UNG), and
APurinic-apyrimidinic Endonuclease 1 (APE1) that bind to specifi-
cally intronic regions called donor and acceptor switch regions (S,
and S.. respectively).!”'? DNA recombination between Sqand S, as
well as the transcription of germline transcript (GLTs aka I,) which
are crucial regulators of CSR via specific transcription factor binding
sites? under the dependence of super-enhancer 3'RR.?! Selection
of IgE isotype is driven by cytokine micro-environment, IL-4, IL-13,
and IL-9.22

IgE CSR has unique features. On a first hand, Se structure is
shorter (around 2kb) than other S region making more difficult DNA
recombination all the more so chromatin is condensed according to
epigenetic information.2>2?4 On a second hand, IgE CSR can occur
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directly from Su to Se or indirectly from Su to Syl and from Sy1 to
Se.25 Recently, a probabilistic model suggested that direct CSR occur
more frequently with a low activation threshold generating low-
affinity 1gE?® mostly from naive B cells in SLO?” whereas indirect
CSR would be more frequently associated with high-affinity-specific
IgE2%28 (Figure 1).

2.2 | IgE BCR impacts on B-cell fate

IgE BCR itself induces B-cell fate toward short life. First of all, IgE
mRNA transcript lack the canonical polyadenylation tail and thus a
lower ratio of IgE BCR at the cell membrane.?’ Moreover, IgE B entry
in germinal center (GC) is impaired due to lower mobility preventing
memory B cells or long-live plasma cell differentiation all the more so
recent findings have revealed that CSR occurs preferentially before
GC formation.'® At last, membrane IgE BCR induces a suicide locus
conferring to IgE+B cells a higher propensity to apoptosis.>® Those
observations argue that IgE+B cells are fragile, prone to apoptosis
and to become short-live plasma cells consistent with low but not

null IgE secretion (Figure 1).

3 | EXTRINSIC REGULATION OF IgE
3.1 | IgE CSRis tightly regulated in SLO

As aforementioned, indirect class switch recombination results
more frequently in high-affinity I1gE.2%?® Though for a same rate of
somatic hypermutation, IgE affinity remains lower compared to 1gG1
affinity suggesting that T follicular helper cells (Tfh) regulate IgE CSR
and affinity maturation in SLO. A new population of Tfh, “Tfh-13,”
was described in several mice models of food allergy and allergic
asthma promoting high-affinity IgE maturation compared to non-
allergic or helminth-infected mice.3! These particular Tfh expressed
canonical master genes for type 2 inflammation (GATA3) and fol-
licular polarization (Bcl-6). They also expressed high amount IL-4 and
IL-13 and low amount of IL-21 leading to indirect CSR. Indeed, 1L-21,
IFN-y, and IL-10 are known to restrain IgE CSR all the more so they
act in synergy.®?3% At last, Tfh-13 are associated with 1gG1 memory
B cells that held IgE memory.3! Clement et al described a novel fol-
licular regulatory T cells (Tfr) producing neuritin that were able to
constrain IgE-CSR and Tfh-13 formation preventing IgE high-affinity

maturation.®>%¢ Of note, human IgE repertoire was shown to have
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Indirect class switch
High affinity IgE short-live plasma cell

IgE CSR of IgH locus

1gG1 CSR of IgH locus

Direct class switch
Low affinity IgE short-live plasma cell

l

Lower mobility

Weak entry in
germinal center

|

Increased apoptosis

transcripts
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FIGURE 1 Intrinsic regulation of IgE. Class switch recombination (CSR) to IgE is regulated by the size of the ¢ acceptor region (Se), which
is smaller than all the others making more difficult to access for transcription factors. Furthermore, CSR can occur either directly from pto ¢
or indirectly from p to y1 to e. In both cases, the expression of IgE BCR leads to an increase rate of apoptosis and a lower mobility to germinal

centers. This figure was created with BioRender.com
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less SHM in healthy individuals.®”®® Furthermore, Shade et al dem-
onstrated that several glycosylation patterns on IgE correlated with
its function. More precisely, N384-linked oligomannose on Ce3 was

3940 \whereas a higher number of

essential to enhance FceRI binding
sialic acid residues on N168 (Ce1) and N265 (Ce2) was essential to
promote mast cell degranulation in food allergic patients.** Those
modification were probably acquired after affinity maturation in the
germinal center.*? IgE binds a C-type lectin domain on its low-affinity
receptor (CD23 or FceRIl; Kd ~0.1-1 uM).*® Interestingly, IgE binding
on its monomeric form (soluble or membrane-anchored) acts as a
negative feedback loop on B cells, suppressing IgE synthesis when
interacting with CD21.44(21)45

Taken together, those observations suggest that, in SLO, IgE pro-
duction and memory are constitutively constrained at low level with
a relative low affinity to their cognate antigen. This is mostly due to
Tfr balancing with Tfh-13 and CD21/CD23-mediated negative fee-
back loop. These concepts are summed up in Figure 2.

3.2 | IgE function is actively constrained out of
SLO and in peripheral tissues

In 2018, Shan et al described an novel mechanism constraining IgE-
driven basophil degranulation in epithelia and inflamed tissues via
IgD and galectin 9. Briefly, in an ovalbumin (OVA)-sensitized mice
model, OVA-specific IgD could bound basophils via galectin 9 and
CD44 preventing their degranulation and enhanced type 2 inflam-
mation. Galectin 9 could also bind IgE subsequently inhibiting FceRI

mast cell degranulation.*® Finally, no intrinsic defect in activating
nor regulatory signals were found in human basophils either from al-
lergic patients or healthy volunteers.*’” These data strongly suggest
that anaphylactic IgE are tuned down even when type 2 immunity
is triggered.

FceRI (aka high-affinity receptor—Kd ~ 1 nm) is found as a te-
tramer, afy2, on mast cells and basophils, and as a trimer, ay2, on
other cells such as monocytes, dendritic cells, eosinophils, and
platelets. FceRl interacts with IgE through Ce3.4859 A mathemat-
ical modelization of immunoglobulin metabolism found that IgE
undergoes substantial catabolism at extravascular sites related to
IgE/FceRI interaction in the peripheral tissues.>® This prediction
was confirmed in vitro (human dendritic cells/monocytes) and
in vivo (transgenic mice humanized with human trimeric form of
FceRl). Briefly, IgE is quickly endocytosed in a FceRI-dependent
manner promoting serum IgE clearance and participate in IgE
homeostatis.>?

At last, 1gG, , autoantibodies against IgE were described in
atopic/allergic diseases and auto-immune disorders and healthy vol-
unteers.>®>> Those anti-IgE auto-1gG are able to recognize free and
FceR-bound IgE in contrast to Omalizumab that can bind only free
IgE.>*>¢ Recently, Chan et al showed that anti-IgE auto-lgG could
either activate or inhibit in vitro basophil degranulation test to grass
pollen recombinant protein®’ suggesting an inhibitory role prevent-
ing type 2 inflammation though mechanism is still unclear.

Altogether, those data highlight that in peripheral tissues, IgE
function is constitutively tracked down by active mechanisms
(IgD-mediated inhibition of basophil degranulation +/- inhibitory

FIGURE 2 Extrinsic regulation of IgE in
secondary lymphoid organs. When a naive
B cell commits into IgE CSR (direct or
indirect), there are two main mechanisms
limiting the appearance of IgE long-live
plasma cells. The first one is the presence
of IL-10 or neuritin secreted by regulatory
follicular helper cells (Tfr). The second
mechanism is the negative feedback loop
by IgE itself via monomeric CD23 (low-
affinity receptor) binding on centrocyte
or on plasma cell. This figure was created
with BioRender.com
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auto-IgG against IgE and constant IgE catabolism) in addition to pre-

viously detailed mechanisms in SLO (Figure 3).

3.3 | IgE production is a basal trait of mucosal and
imbalanced immunity

More systemic and integrative hypothesis of IgE homeostasis arose
from germ-free (GF) mice studies and monogenic primary immuno-
deficiencies in humans (PID). Such deficiencies result in hyper-IgE
and atopic/allergic-like clinical manifestations along with suscepti-
bility to infections and/or auto-immune manifestations. Those PID
could affect either regulatory T-cell compartment (FoxP3 mutation
loss of function), TCR/cytokine signaling (ZAP-70 hypomorphic mu-
tation loss of function as an example), TCR repertoire (restrained
oligo-clonal repertoire), glycosylation protein pathway (phosphoglu-
comutase 3 deficiency), transduction pathways (STAT3 or DOCK8
deficiency), or even barrier function (Netherton syndrome caused

by SPINK5 mutation loss of function).>® Despite precise mechanisms

Xt

@

Free IgE trapped
with auto-1gG

Pro-inflammatory
type 2 response

Basophils
Mast cells

leading to hyper-IgE are still poorly understood, a common mecha-
nism would be that the imbalanced/impaired type 1 or type 17 im-
munity unmask type 2 immunity.59

Indeed, a high amount of IgE in GF mice occurred early in life
(before 5 weeks of age) in secondary lymphoid structure at muco-
sal sites. It was dependent on IL-4 produced by CD4+ T cells which
precise lineage is not known. IgE production could be abolished by
neonatal microbiota colonization or (before 5 weeks of age) by fecal
microbiota transplantation from conventional-housed mice whereas
in adults the process was stabilized.®® In addition, food antigens in
non-sensitized GF mice induced sustained specific IgE production at
mucosal site but also in SLO. The IgE synthesis was dependent on
CD40L+ ICOS+Tfh in secondary lymphoid structures.® In both stud-
ies, GF mice developed aberrant Ag-specific IgE bound to mast cells
that could induce anaphylactic symptoms after second Ag exposure.

Taken together, these data suggest that IgE production (Tfh
dependent) is set by default either at mucosal sites in absence of
physiological microbiota colonization and/or by an imbalanced type

1 and/or type 17 immunity during early life. This makes an echo to

Dendritic cells

Monocytes

FceRl (ay2) r‘
FceRI( afy2) r‘n

Inhibition

\\r'
auto-1gG \1(
lysosome 0

IgE recycling

FIGURE 3 Extrinsic regulation of IgE production in peripheral tissue. Under homeostatic condition, IgE binds his high-affinity

receptor (FceRI) on mast cells and monocyte without antigen leading to a rapid internalization of IgE and its receptor to lysosomes. Under
inflammatory condition, basophils/mast cell degranulation due to IgE cross-linking with antigen is constrained 1) by the antigen/IgD complex
binding to its receptor (CD44 and galectin 9) and 2) by the autoreactive IgG against IgE under its soluble and bound form. This figure was

created with BioRender.com
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birth-delivery mode that impact on neonatal gut microbiota colo-
nization and diversity leading to miseducation of immune system.
Indeed, neonates with low gut microbiota diversity have a higher
risk to develop atopic/allergic diseases consistent with IgE dysregu-

62,63 (

lation Figure 4).

4 | IMMUNOGLOBULIN E BIOLOGY
4.1 | Does natural IgE production exist?

Several mechanisms are at play to tune down IgE production.
Though, IgE titer is not null under homeostatic condition suggesting
that a natural secretion of IgE does exist despite the absence of long-
lived IgE plasma cells. One hypothesis would stand that IgE memory
is kept by 1gG1 memory B cells.?*®Y Thus, constant IgE secretion
would suggest a low-to-intermediate affinity to avoid uncontrolled
type 2 inflammation and a constant/regular stimulation by (auto-)
antigens that remain to be determined. Another hypothesis relies on

the secretion of natural IgE independent of major histocompatibility

Abiotic
environment

-

TCR oligclonality

o
U NN T

4
4 ® 4p

-y

complex (MHC) cognate T-cell help in secondary lymphoid struc-
tures in a GF and T-cell-deficient mice models. Those IgE had a low
rate of SHM suggesting a low-to-intermediate affinity for antigens.
At last, no evidence of deleterious type 2 activation was observed.®®

Whatever their origin, the role of natural IgE remains poorly
understood. An hypothesis comes from old clinical observations
where tissular damages (burns or in immediate post-operative pe-
riod) resulted in a rapid polyclonal increase of circulating IgE without
deleterious type 2 inflammation.®%%” A recent study by Crawford
et al demonstrated that a carcinogenic environmental xenobiotic
called 7,12-dimethylbenz[alanthracene (DMBA) triggered a strong
polyclonal IgE response with self-reactivity when applied on skin.
This IgE response, which was dependent on FceRI binding, pre-
vented epithelial damage.®® Although their exact specificities remain
to be determined, those IgE could be implied in maintaining immune
tolerance to self-antigens from damaged tissues.’® This is supported
by two recent studies in mice humanized for FceRI alpha subunit
which demonstrated anti-inflammatory properties of IgE-FceRI ac-
tivated dendritic cells. Platzer et al showed that antigen/specific

IgE complex dampened systemic inflammation in an allergic asthma

Reduced or aberant
microbiota

Regulatory T cell
deficiency

/

Impaired

type 1 or 17 immunity

i
f @TT TCR signaling

¢ i deficiency
®

/'

IgE centrocyte

N-glucosamine
deficiency

Increased IgE
secretion

IgE plasma cell

FIGURE 4 Loco-regional IgE secretion at mucosal sites. Loco-regional IgE secretion is a basal trait at mucosal sites in case of impaired
type 1 or 17 immunity which can occur in case of 1) abiotic or aberrant microbiota leading to barrier deficiency (i.e., leaky epithelium); 2) TCR
signaling or restrained repertoire; 3) tolerance impairment (mainly regulatory T cells); and 4) deficient or aberrant N-glycosylation. This figure

was created with BioRender.com
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mice model in a FceRIl-dependent manner.®’ Baravalle et al showed
that monovalent antigen covalently bound to IgE first induced CD4+
T-cell proliferation, quickly followed by a systemic clonal deletion
of the antigen-specific CD4+ T cells.”® In addition, IgE-FceRI acti-
vated DC promoted a IL-10 dependent retro-control loop leading to
effector T-cell deletion and regulatory T-cell activation via indole-
2,3-diamine oxygenase (IDO) activation.”*”® A FceRI soluble form
was detected in human serum’® and exhibited an inhibitory effect
on mast cell degranulation.75 Altogether, those data argue for an
immuno-modulatory role of natural IgE on innate immunity and
indirectly on adaptative immunity. Of note, soluble form of FceRs
could be an add-on level of regulation. Yet, further investigations are
needed to understand the complex inter-play between IgE, FceRs,

and immune tolerance (Figure 5).

4.2 | IgE facilitated antigen presentation—a pivotal
role in unmasking IgE response/inflammation

IgE-mediated response/inflammation is somehow necessary.'® The
IgE facilitated antigen presentation (IgE-FAP) aka IgE antigen focus-
ing plays a pivotal role in IgE inflammation. This process has been
mainly studied in immediate allergic diseases where it set up and
amplified the allergic inflammation against allergens.”®

IgE short-live plasma cell

gE short-live plasma ¢

N

Tcell
Anti-inflammatory

In 1993, Heyman et al showed that the rate of IgG anti-bovine
serum albumin (BSA) and BSA-specific IgG+B cells was higher
when mice were immunized with trinitrophenyl (TNP)—BSA and
TNP-specific IgE.77’78 Another description of IgE-FAP came from
the “toxin hypothesis” that stood a protective role of IgE against
venom.”’ Later, it was demonstrated that bee-venom immunized
mice were more resistant to IgE-mediated anaphylaxis when re-
challenged with a lethal dose of bee or viper venom.® In the same
line, a recent study demonstrated that a pre-existing IgE sensitiza-
tion against Staphylococcus aureus (SA) toxin enhanced SA 1gG im-
munization and infection clearance in a mice model of pulmonary
infection.®! These data suggest that one role of IgE-FAP would be
to enhance humoral and cellular response against non-self-antigen.

There are two main mechanisms known so far for IgE-FAP im-
plying either FceRl or FceRIl. Multivalent antigen/IgE complexes
were shown to activate dendritic cells®? mostly toward a type 2 in-
flammation but not exclusively.®® IgE-FAP-activated dendritic cells
were also showed to boost specific CD4+ effector T cells via MHC-II
presentation with a 100-fold to 1000-fold higher efficiency than
canonical MHC-II presentation (low dose of antigen).®? Moreover,
IgE-FAP-activated basophils were more efficient at MHC-II cross-
presentation than dendritic cells.’*8> At last, FceRI-driven IgE-
FAP demonstrated in vitro a broad spectrum of action on human
mast cells ranging from self-survival, pro-inflammatory cytokines

Tolerogenic
dendritic cell

Natural IgE V IL'10.

Effector

FeeRl (y2) m‘

Inhibition ~ —|

Antigen

FIGURE 5 Natural IgE secretion. There are two main hypotheses to explain natural IgE secretion at steady state. 1) The first one consists
of constant stimulation of naive or IgG1 memory B cells with (auto?)antigens without cognate T cells help leading to short live plasma cells. 2)
The second one consists as well in constant stimulation of IgG1 memory B cells by (auto?)antigens with Tfh help in presence of IL-4 leading
to shot live plasma cells. Those natural IgE could exert an anti-inflammatory role by promoting active mechanisms of peripheral tolerance
(tolerogenic dendritic cells, regulatory T cells) but also preventing effector T-cell activation. This figure was created with BioRender.com
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secretion to complete degranulation according to the nature of IgE
and the antigen® (Figure 6A).
CD23 has three major known ligands: CD21, MHC-II, and IgE

87 especially with B

with different interaction sites, respectively,
cells and monocytes/macrophages.88 Noteworthy, CD23 has two
isoforms: CD23a is constitutively expressed and up-regulated after
IL-4 stimulation whereas CD23b is expressed only after IL-4 stim-
ulation.®? Only CD23a under its trimeric form is implied in anti-
gen processing whereas CD23b is more related to phagocytosis.90
Conversely to FceRI-driven IgE-FAP, several studies demonstrated
that CD23a IgE-FAP enhanced humoral response (IgG and IgM) and
the specific cellular response (CD4+ T cells) against a multivalent
antigen (TNP-OVA) in mice models either adjuvanted with TNP-
specific IgE or transgenic mice over-expressing CD23.7%72 The mag-
nitude of the response was higher with antigen/IgE complex and low
dose of antigen.92 Those data were confirmed in human by in vitro
models where B cells from allergic patients expressed a high density
of CD23 arguing for a trimeric form.”>?* Trimeric soluble CD23 is
also detectable in human serum which function seems to be identi-
cal to the membrane form”” (Figure 6B).

Altogether, those data suggest another role of IgE-FAP which
could be 1) the detection of low amount of antigen and 2) the onset
of an adaptative type 2 immune response mainly but not exclusively.
This suggests that IgE takes part to immuno-surveillance to non-self.
As well, IgE-FAP seems to trigger an inflammatory response with
multivalent antigens. This makes an echo to a recent study where
the more the IgE interacting epitopes were numerous and close to
each other the more the IgE complexes were able to cluster IgE re-
ceptors (FceRI) and trigger mast cell activation.”

5 | POTENTIAL ROLES OF
IMMUNOGLOBULIN E IN HEALTH AND
NON-ALLERGIC DISEASES

5.1 | IgE and venom toxicity—a host defense
mechanism?

The hypothesis that IgE could play a protective role against toxins after
arthropods or reptile bite was proposed by James Stebbings in 197477
and Margie Profet in the early 1990s.”? Since, important works from
Stephen Galli's group have get credit to this hypothesis suggesting that
IgE and its interaction with mast cells can enhance host resistance to
venoms. More precisely, honeybee venom resistance to a lethal dose
can be transferred to a naive mice by systemic serum therapy from a
honeybee immunized mice.8% This protective effect was lost either
after depletion or inactivation of IgE in the serum or when FceRI o or
v chain were knocked out in the naive recipient mice.8%” Those result
suggested that IgE-mediated resistance to venom is linked to a FceRI-
IgE FAP on effector cells. Indeed, mice lacking mast cell and/or baso-
phils were unable to acquire venom resistance after immunization.”?
Furthermore, local FceRI-IgE FAP mast cell degranulation enhanced
venom detoxification’”!%° thanks to proteases contained in their

granule such as carboxypeptidase 3 and chymase,°*192 which de-
grade venom peptides (sarafotoxin and helodermin, respectively) with
structure similarity to endogenous mammalian peptide (endothelin 1
and vasoactive intestinal peptide, respectively).w3 Interestingly in
those mice model of envenomation, mast cell, basophil, or even innate
lymphoid cells type 2 were not required to induce IgG1 and IgE im-
munization against venom antigen.‘?”9 Last but not least, previous IgE
immunization against an irrelevant allergen added to venom resulted
in enhanced resistance to the venom despite prior immunization.”’
Altogether, those data demonstrate that detoxification to a complex
mixture of antigen such as venom involve specific IgE sensitization to
a small fraction of antigen that induce the release of proteases due to
FceRI-IgE local degranulation of mast cells. Furthermore, those results
suggest that venom itself induce specific IgE immunization independ-

ent of effector cells (Figure 7).

5.2 | IgE and helminth—who is protecting who?

High IgE titer is one hallmark of active helminthic infection with eo-
sinophilia reflecting type 2 inflammation. In human, several stud-
ies associated resistance to (re)-infection to specific IgE against

104105 \vhereas the underly-

Schistosoma mansoni or haematobium
ing mechanisms associated with IgE and parasite resistance remain
unclear. So far, mice models of helminthic infection used to better
decipher the role of IgE during helminthic infection in has led to
conflicting results. An explanation, at least in part, could be the use
of inadequate model to study IgE response such as AID-deficient
mice, B-cell-deficient mice, or FcyR deficient (reviewed in'?®).
Table 1 summarizes different studies that used IgE-deficient or
FceRI-deficient mice to better decipher their role during primary or
secondary helminthic infections. Several interesting patterns draw
according to worm burden mostly and to a lesser extent on granu-
loma in target organs. It is worth noticing that the time after infec-
tion inversely correlates with worm burden: The longer it is, the
smaller the difference in worm burden is observed. In most stud-
ies, IgE or FceRI deficiency is associated with an increased worm
burden in the early phase (before 2 weeks) of the infection either
during the first exposure (Schistosoma mansoni, Strongyloides vene-
zuelensis, or Brugia malayi) or the second exposure (Nippostrongylus
brasiliensis and Heligmosomoides polygyrus).°’ 112 |nterestingly, IgE
or FceRI deficiency was associated with a reduced specific IgG1
response during the first exposure.'®''2 The consequence of
IgE or FceRI deficiency in repeated exposures to helminths which
can be modelized by the presence of granuloma in target tissue
remains unclear. Though, IgE deficiency seems to be associated
with smaller granuloma (i.e., smaller inflammatory infiltrate)'*2:13
and FceRI deficiency is associated with increased damages and
inflammatory infiltrate in the target tissues.'°®'* Furthermore,
basophil activation by IgE/worm antigens complexes were es-
sentials for granuloma formation and limit tissue damages‘mg’109
Altogether, those data suggest that IgE response might have differ-

entimpact in helminthic infection. Upon acute exposure, IgE would
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Upon repeated exposure (i.e., worm clearance failure), specific IgE
and their interaction with FceRIl on basophils would take part in
granuloma formation to constrain the worm, avoid target tissue
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FIGURE 6 (A): Pivotal role IgE facilitated antigen presentation (IgE-FAP) via FceRI. FceRI IgE-FAP has a broad spectrum of effects on
basophils (baso) or mast cells ranging from survival in case of cross-linking with a monovalent antigen to degranulation, cytokine secretion,
or even amplification of type 2 response in case of multivalent antigen cross-linking (indirect presentation by class Il major histocompatibility
complex, (MHC-I1)). FceRI IgE-FAP with a multivalent antigen can also occur on dendritic cells (DC) where it enhances type 2 response
thanks to indirect MHC-II presentation of the antigen. This figure was created with BioRender.com. (B): Pivotal role IgE facilitated antigen
presentation (IgE-FAP) via FceRIl aka CD23. There are two main effects of trimeric CD23 IgE-FAP with multivalent antigen that can be
mediated by B cells and probably by monocytes (Mono). The first one is to boost humoral response with specific IgM and IgG immunization.
The second one is to enhance clonal expansion of antigen-specific T cells. This figure was created with BioRender.com

18G1 long-live plasma cell  IgE short-live plasma cell

FeeRI( afy2) rﬂ,ﬁ“
Y

Antigen

Basophils
Mast-cells

Degranulation

Enzymatic venom
detoxification

FIGURE 7 Role of IgE in venom detoxification. In case of venom inoculation, a specific IgG1 and IgE response will arise independently
from basophils/mast cells against a small protein fraction of the venom. These venom-specific IgE will lead to basophils/mast cell
degranulation releasing enzymes such as tryptase, chymase as example in the micro-environment that will cleave venom proteins with
deleterious biological activity. The IgG1 memory against venom will warrant the specific IgE recall and venom detoxification in case of latter

exposures. This figure was created with BioRender.com

damages'® and tissue healing making an echo to the concept of
natural IgE implied in tolerance.®® Nevertheless, this latter point
remains speculative since to date no clear role for IgE in wound

healing has been documented (Figure 8).

5.3 | IgE in tumor immuno-surveillance—a kind
friend?

Selective IgE deficiency is defined as total circulating IgE <2.5KU/L
after excluding common variable immune deficiency.''” Recently,

three studies demonstrated either retrospectively or prospectively
a significant association between selective IgE deficiency and the
onset of malignant diseases in adult and children. Interestingly, the
demographic data of neoplasm diseases were identical to the tar-
get population: solid organ cancer in adulthood and hematologic
cancer in childhood.’'812° These data suggest that IgE-FAP could
play a role in tumor immune-surveillance. Indeed, a recent study
by Crawford et al demonstrated that DMBA induced skin epithelial
carcinogenesis triggered y8T cell activation and local self-reactive
IgE production via IL-4 in mice. Those IgE took part in prevent-
ing epithelial carcinogenesis in a FceRI dependent manner.®® This
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COLASET AL.

assumption is supported by several observations in human where
non-anaphylactic-specific IgE immunization against tumors could
trigger specific cytotoxic responses in patients with colorectal,
pancreatic, prostatic, and breast cancer'?124n 3 FceRI-dependent
manner.'?> On the opposite, two recent observations demon-
strated a detrimental role of IgE in a mice model of skin cancer.
More precisely, Taniguchi et al demonstrated that skin tumors were
infiltrated with 1L-33-induced FceRI+ macrophages that promoted
tumor growth suggesting a role of IgE on those tumor-infiltrating
macrophages.126 Also, Hayes et al demonstrated that tumor growth
was promoted by an increase of polyclonal “natural” IgE after 12
-O-tetradecanoylphorbol-13-acetate (TPA) repeated applications.
Tumor growth was also dependent on FceRI IgE-FAP on basophils

Helminth infection
(Oral route)

that infiltrated the tumor. Interestingly, selective IgE deficiency in
those mice model abrogated tumor growth.'?” Altogether, those
data suggest that IgE would prevent tumor growth in the early
phase of carcinogenesis whereas IgE would promote tumor growth
at an advanced stage (Figure 9). The distinct IgE repertoires induced
by DMBA and TPA (self-reactive versus polyclonal natural, respec-
tively) could explain, at least in part, the janus-faced role of IgE in
cancer immunopathology despite type 2 immunity induction in both
case.®®1?7 |n conclusion, further researches are needed 1) to con-
sider selective IgE deficiency as a predictive biomarker of cancer
onset'?® and 2) to better characterize the role of IgE at molecular
(IgE repertoire, antigen identification, receptors) and cellular (CD8+

T cells, NK cells, y8T cells) levels in the tumor micro-environment
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FIGURE 8 Role of IgE in anti-helminthic immunity. In case of helminthic infection (oral route mainly), the role of worm-specific IgE is
different in case of acute or chronic infection. In case of acute infection, worm-specific IgE will lead to basophils/mast cells or eosinophils
or platelets degranulation of cytotoxic molecules to kill and expulse worms. In parallel, a specific humoral immunity (IgM and IgG) will be
boosted by worm-specific IgE. In case of chronic infection (i.e., failure of worm clearance), worm-specific IgE will take part in the creation of
eosinophilic granuloma to constrain the worms and also prevent tissue damage. This figure was created with BioRender.com
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(enhancing or preventing tumor growth) in order to achieve new

add-on therapeutic strategies.!?%13°

5.4 | IgE self-reactivity: from autoallergy to
autoimmunity—friend or foe?

The concept of autoallergy implies the presence of self-reactive IgE
(srlgE) and was introduced by the end of 1950531132 without any
understanding of its role. To date, this concept has evolved into IgE
autoimmunity with a growing spectrum of autoantigens identified
in systemic erythematous lupus (double-strand DNA, SSA/B, RNP,
nucleosome, acidic ribosomal P2 protein among others), chronic ur-
ticaria (thyroperoxidase, double-strand DNA, |L-24), bullous pemphi-
goid (BP180 or BP230), and atopic dermatitis (>140 autoantigens

identified) mostly.!%3

srlgE were associated with disease severity
in systemic erythematous lupus,’*#*3> bullous pemphigoid,**® and
chronic urticaria.’®” They are probably important in atopic dermati-
tis pathogenesis since a high percentage of patients have srigg, %1%
though the correlation between srigE and disease severity remains
debated requiring further investigations.133 The cellular and molecu-
lar effects of srIgE were mainly deciphered in lupus where they en-
hance disease activity through two main pathways. On one hand,
FceRI-driven srIgE-FAP on plasmacytoid dendritic cells enhance

srlgG/srIgE through B cells expansion and plasma cell differentiation

in SLO in a TLR9-dependent manner.'** On the other hand, MHC-II
cross-presentation of autoantigen (double-strand DNA) via FceRI-
driven srlgE-FAP by activated basophils enhanced autoantibodies
and B-cell differentiation through type 2 inflammation in SLO in a

140 (reviewed in'*). In bullous pemphigoid,

BAFF-dependent manner
cellular and molecular effects of autoreactive IgE are not that well
deciphered.’? In chronic urticaria, the importance of auto-IgE has
been strongly suggested by the great efficiency of omalizumab on

disease a\ctivity142

and also by passive anaphylaxis transfer with sera
from patients with chronic urticaria.’*® Though, the precise mecha-
nisms remain poorly understood.*®® In conclusion, the data strongly
argue for a deleterious implication of srigE through FceRI-driven
FAP. It also suggests that srIgE are of high affinity (indirect CSR) able
to cross-link multivalent autoantigens and activate effector cells.
Though, how autoreactive IgE and type 2 immunity are triggered
leading to complex and different clinical features remains poorly

understood.

5.5 | Unexpected associations between
IgE and diseases

Implication of IgE was suggested in cardiovascular diseases thanks to

mice models of aorta aneurysm where FceRI alpha subunit knock-out

14
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FIGURE 9 Janus-faced role of IgE in cancer immunopathology. In the early phase of cancer growth, self-reactive IgE will produced thanks
to the help of IL-4 and resident y8 T cells. Those self-reactive IgE will activate the basophils thanks to FceRI IgE-FAP that will prevent tumor
growth and enhance anti-tumoral immunity. On the opposite at an advanced stage of cancer, the pro-inflammatory micro-environment

will lead to the local secretion of polyclonal “natural” IgE that will enhance tumor out-growth thanks to FceRI IgE-FAP on basophils and
macrophages that infiltrate the tumor. This figure was created with BioRender.com
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and macrophage infiltration and IL-6-mediated inflammation.**44

Yet, those results were not translated to human. Another observa-
tion suggested that IgE sensitization against alpha-gal oligosaccharide
without any anaphylactic features was associated with a higher risk
of coronary atheromatous disease at a younger age146 which precise
mechanisms remain to be determined. Altogether, those observations
open a whole new field of IgE biology in cardiovascular homeostasis
and disease.

Recently, functional anti-MHC IgE (i.e., inducing mast cell degranu-
lation) was detected in mice models of skin and heart allograft serum.
The author could also detect anti-HLA IgE in sera from kidney trans-
planted patients with high titers of donor-specific antibodies (n = 5).14
Another recent study associated antibody-mediated rejection with
anti-HLA IgE in the serum and IgE deposit colocalizing with mast cell/
basophil in the kidney transplant.148 Altogether, those data suggest
that the HLA/IgE complex could interact with mast cell/basophils in
the transplant and trigger deleterious type 2 immunity. It also ques-
tions about 1) the interaction of IgE with other cognate effector cells
such as eosinophils**?; 2) the triggers of allo-immune response in solid

organ transplantation.10

6 | CONCLUSION

Since its characterization in 1966, IgE has been extensively studied in
allergic diseases such as food or drug anaphylaxis, allergic rhinitis, and
allergic asthma where it has a pivotal role. Furthermore, it would be
finalistic to assume a simple pathological role for IgE especially since
IgE is only found in mammals.” Some evidence argues for a consti-
tutive secretion of IgE in the body fluids with homeostatic or even
immune-modulatory properties. However, their precise roles and in-
teractions with other immunoglobulins and immune cells remain to be
determined. Some evidence also argues for a pro-inflammatory role
of IgE when type 2 inflammation is triggered. In that case, IgE could
enhance immune response against small amounts of antigen (IgE-FAP)
with a wide spectrum of downstream responses modulated either by
IgE affinity and/or receptor binding (FceRI or FceRIl) and/or the target
cell (basophils, mast cells, eosinophils, or even platelets). However,
further studies are needed to decipher how these responses are finely
tuned. Additionally, breakthrough works have unraveled some physi-
ological roles of IgE such as resistance and detoxification to venom,
worm clearance during acute infection, prevention of tissue damage
in case of helminthic chronic infection. More surprising, there is a
janus-faced role in cancer immunopathology where IgE seems to take
part in tumor clearance/immuno-surveillance at an early stage. On
the opposite, IgE seems to enhance tumor out-growth at an advance
stage suggesting a diversion of IgE response which mechanisms re-
main unclear to date. Last but not least, IgE was unexpectedly impli-
cated vascular disease or even rejection in solid organ transplantation
where immunopathological mechanisms remain to be determined.
Altogether, those interesting developments argue for a role of IgE

response as an immunological adaptor to complex environmental

changes which better characterization will lead to the development of

innovating therapeutic strategies.

ACKNOWLEDGMENTS

Luc Colas is under a Cifre contract with GlaxoSmithKline and finan-
cially supported by Institut de Recherche en Santé Respiratoire des
Pays de la Loire (IRSRPL). This work was performed in the context
of the IHU-Cesti project (ANR-10-IBHU-005), the DHU Oncogreffe,
the ANR project PRELUD (ANR-18-CE17-0019), the ANR project
BIKET (ANR-17-CE17-0008), and the ANR project KTD-innov (ANR-
17-RHUS-0010) thanks to French government financial support
managed by the National Research Agency. The IHU-Cesti project
was also supported by Nantes Métropole and Région Pays de la
Loire. The laboratory received funding from the European Union’s
Horizon 2020 Research and Innovation Programme under Grant
Agreement No. 754995 and from CHU de Nantes thanks to “I'Appel
d’'Offre Interne” for the ICART project.

CONFLICT OF INTEREST
The authors of this manuscript have no conflicts of interest to dis-

close as described by allergy.

AUTHOR CONTRIBUTION
LC conceptualized, wrote the original draft, reviewed, and edited.

AM and SB reviewed and edited the manuscript.

ORCID
Luc Colas "= https://orcid.org/0000-0001-8226-4250
https://orcid.org/0000-0002-9282-6656

https://orcid.org/0000-0002-6398-1315

Antoine Magnan
Sophie Brouard

REFERENCES

1. Coca AF, Cooke RA. On the Classification of the Phenomena of
Hypersensitiveness. J Immunol. 1923;8(3):163-182.

2. lIshizakaK, Ishizaka T, Hornbrook MM. Physico-chemical properties
of human reaginic antibody. IV. Presence of a unique immunoglob-
ulin as a carrier of reaginic activity. J Immunol. 1966;97(1):75-85.

3. Stanworth DR, Humphrey JH, Bennich H, Johansson SG. Specific
inhibition of the Prausnitz-Kiistner reaction by an atypical human
myeloma protein. Lancet. 1967;2(7511):330-332. 10.1016/s0140
-6736(67)90171-7

4. Johansson SGO. The History of IgE: From discovery to 2010.
Curr Allergy Asthma Rep. 2011;11(2):173-177. 10.1007/s1188
2-010-0174-3

5. Bull World Health Organ. A new class of human immunoglobulin,
immunoglobulin E. 1968;38(3):479-480.

6. Warr GW, Magor KE, Higgins DA. IgY: clues to the origins of modern
antibodies. Immunol Today. 1995;16(8):392-398. 10.1016/0167-
5699(95)80008-5

7. Vernersson M, Aveskogh M, Hellman L. Cloning of IgE from the
echidna (Tachyglossus aculeatus) and a comparative analysis of ep-
silon chains from all three extant mammalian lineages. Dev Comp
Immunol. 2004;28(1):61-75. 10.1016/s0145-305x(03)00084-3

8. Basu M, Hakimi J, Dharm E, et al. Purification and characterization
of human recombinant IgE-Fc fragments that bind to the human
high affinity IgE receptor. J Biol Chem. 1993;268(18):13118-13127.

85UB017 SUOLULLIOD 311D 3|cedl|dde Buy Ag pausenob a1 Sajolfe YO ‘BSN 0 S3|nJ 104 ARIq1T 3UIUO /8|1 UO (SUORIPUOD-PLR-SLLLBYWO0D" A3 | 1M ARG 1 RU1IUO//SARY) SUORIPUOD PUe SWIB | 8U} 885 *[£20¢/0T/60] U0 ARiq1T 8UllUO AB|IM ‘151 351Q WiesU| Aq 0£ZGT IR/TTTT OT/I0p/uod 3| Im Afelq feul|uoy/sdny ol papeo|umoa ‘9 ‘220 ‘S66686ET


https://orcid.org/0000-0001-8226-4250
https://orcid.org/0000-0001-8226-4250
https://orcid.org/0000-0002-9282-6656
https://orcid.org/0000-0002-9282-6656
https://orcid.org/0000-0002-6398-1315
https://orcid.org/0000-0002-6398-1315
https://doi.org/10.1016/s0140-6736(67)90171-7
https://doi.org/10.1016/s0140-6736(67)90171-7
https://doi.org/10.1007/s11882-010-0174-3
https://doi.org/10.1007/s11882-010-0174-3
https://doi.org/10.1016/0167-5699(95)80008-5
https://doi.org/10.1016/0167-5699(95)80008-5
https://doi.org/10.1016/s0145-305x(03)00084-3

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

COLAS ET AL

Gould HJ, Sutton BJ. IgE in allergy and asthma today. Nat Rev
Immunol. 2008;8(3):205-217. 10.1038/nri2273

Pulendran B, Artis D. New Paradigms in Type 2 Immunity. Science.
2012;337(6093):431-435. 10.1126/science.1221064

Dullaers M, De Bruyne R, Ramadani F, Gould HJ, Gevaert P,
Lambrecht BN. The who, where, and when of IgE in allergic airway
disease. J Allergy Clin Immunol. 2012;129(3):635-645. 10.1016/j.
jaci.2011.10.029

Kubo S, Nakayama T, Matsuoka K, Yonekawa H, Karasuyama H.
Long term maintenance of IgE-mediated memory in mast cells in
the absence of detectable serum IgE. J Immunol. 2003;170(2):775-
780. 10.4049/jimmunol.170.2.775

Aguilera-Lizarraga J, Florens MV, Viola MF, et al. Local immune
response to food antigens drives meal-induced abdominal pain.
Nature. 2021;590(7844):151-156. 10.1038/s41586-020-03118-2
Eguiluz-Gracia I, Layhadi JA, Rondon C, Shamji MH. Mucosal IgE
immune responses in respiratory diseases. Curr Opin Pharmacol.
2019;46:100-107. 10.1016/j.coph.2019.05.009

Roco JA, Mesin L, Binder SC., et al. Class-Switch Recombination
Occurs Infrequently in  Germinal Centers. Immunity.
2019;51(2):337-350.€7. Published online July 30, 2019. 10.1016/j.
immuni.2019.07.001

Stavnezer J, Guikema JEJ, Schrader CE. Mechanism and regulation
of class switch recombination. Annu Rev Immunol. 2008;26:261-
292.10.1146/annurev.immunol.26.021607.090248

Guikema JEJ, Linehan EK, Tsuchimoto D, et al. APE1- and APE2-
dependent DNA breaks in immunoglobulin class switch re-
combination. J Exp Med. 2007;204(12):3017-3026. 10.1084/
jem.20071289

Rada C, Williams GT, Nilsen H, Barnes DE, Lindahl T, Neuberger
MS. Immunoglobulin isotype switching is inhibited and somatic
hypermutation perturbed in UNG-deficient mice. Curr Biol.
2002;12(20):1748-1755. 10.1016/s0960-9822(02)01215-0
Muramatsu M, Kinoshita K, Fagarasan S, Yamada S, Shinkai Y,
Honjo T. Class switch recombination and hypermutation require
activation-induced cytidine deaminase (AID), a potential RNA
editing enzyme. Cell. 2000;102(5):553-563. 10.1016/s0092
-8674(00)00078-7

Wouerffel R, Wang L, Grigera F, et al. S-S synapsis during class
switch recombination is promoted by distantly located transcrip-
tional elements and activation-induced deaminase. Immunity.
2007;27(5):711-722. 10.1016/j.immuni.2007.09.007
Vincent-Fabert C, Fiancette R, Pinaud E, et al. Genomic deletion
of the whole IgH 3’ regulatory region (hs3a, hs1,2, hs3b, and hs4)
dramatically affects class switch recombination and Ig secretion
to all isotypes. Blood. 2010;116(11):1895-1898. 10.1182/blood
-2010-01-264689

Geha RS, Jabara HH, Brodeur SR. The regulation of immunoglobu-
lin E class-switch recombination. Nat Rev Immunol. 2003;3(9):721-
732.10.1038/nri1181

Hackney JA, Misaghi S, Senger K, et al. DNA targets of AID evo-
lutionary link between antibody somatic hypermutation and class
switch recombination. Adv Immunol. 2009;101:163-189. 10.1016/
S0065-2776(08)01005-5

Dayal S, Nedbal J, Hobson P., et al. High Resolution Analysis
of the Chromatin Landscape of the IgE Switch Region in
Human B Cells. PLoS One. 2011;6(9):e24571. 10.1371/journ
al.pone.0024571

Ramadani F, Bowen H, Upton N, et al. Ontogeny of human IgE-
expressing B cells and plasma cells. Allergy. 2017;72(1):66-76.
10.1111/all.12911

Wu YL, Stubbington MJT, Daly M, Teichmann SA, Rada C.
Intrinsic transcriptional heterogeneity in B cells controls early
class switching to IgE. J Exp Med. 2017;214(1):183-196. 10.1084/
jem.20161056

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Wesemann DR, Magee JM, Boboila C, et al. Immature B cells pref-
erentially switch to IgE with increased direct Su to Se recombina-
tion. J Exp Med. 2011;208(13):2733-2746.10.1084/jem.20111155
Xiong H, Dolpady J, Wabl M, Curotto de Lafaille MA, Lafaille JJ.
Sequential class switching is required for the generation of high
affinity IgE antibodies. J Exp Med. 2012;209(2):353-364. 10.1084/
jem.20111941

Karnowski A, Achatz-Straussberger G, Klockenbusch C, Achatz G,
Lamers MC. Inefficient processing of mRNA for the membrane form
of IgE is a genetic mechanism to limit recruitment of IgE-secreting
cells. Eur J Immunol. 2006;36(7):1917-1925. 10.1002/€ji.200535495
Laffleur B, Duchez S, Tarte K., et al. Self-Restrained B Cells Arise
following Membrane IgE Expression. Cell Rep. 2015;10(6):200-909.
Published online February 12,2015. 10.1016/j.celrep.2015.01.023
Gowthaman U, Chen JS, Zhang B., et al. Identification of a T fol-
licular helper cell subset that drives anaphylactic IgE. Science.
2019;365(6456):eaaw6433. 10.1126/science.aaw6433. PMID:
31371561; PMCID: PMC6901029.

Péne J, Guglielmi L, Gauchat JF, et al. IFN-gamma-mediated inhi-
bition of human IgE synthesis by IL-21 is associated with a poly-
morphism in the IL-21R gene. J Immunol. 2006;177(8):5006-5013.
10.4049/jimmunol.177.8.5006

Jeannin P, Lecoanet S, Delneste Y, Gauchat JF, Bonnefoy JV. IgE
versus |lgG4 production can be differentially regulated by IL-10. J
Immunol. 1998;160(7):3555-3561.

Punnonen J, de Waal MR, van Vlasselaer P, Gauchat JF, de Vries
JE. IL-10 and viral IL-10 prevent IL-4-induced IgE synthesis by
inhibiting the accessory cell function of monocytes. J Immunol.
1993;151(3):1280-1289.

Clement RL, Daccache J, Mohammed MT., et al. Follicular regu-
latory T cells control humoral and allergic immunity by restrain-
ing early B cell responses. Nat Immunol. 2019;20(10):1360-1371.
Published online September 2,2019.10.1038/s41590-019-0472-4
Gonzalez-Figueroa P, Roco JA, Papa |, et al. Follicular regulatory T
cells produce neuritin to regulate B cells. Cell. 2021;184(7):1775-
1789.e19. 10.1016/j.cell.2021.02.027

Wang Y, Jackson KJL, Chen Z, et al. IgE sequences in individuals
living in an area of endemic parasitism show little mutational evi-
dence of antigen selection. Scand J Immunol. 2011;73(5):496-504.
10.1111/j.1365-3083.2011.02525.x

Snow RE, Chapman CJ, Holgate ST, Stevenson FK. Clonally related
IgE and IgG4 transcripts in blood lymphocytes of patients with
asthmareveal differing patterns of somatic mutation. EurJ Immunol.
1998;28(10):3354-3361. 10.1002/(SICI)1521-4141(19981
0)28:10<3354:AlID-IMMU3354>3.0.CO;2-Z

Shade KTC, Platzer B, Washburn N, et al. A single glycan on
IgE is indispensable for initiation of anaphylaxis. J Exp Med.
2015;212(4):457-467. 10.1084/jem.20142182

Bjorklund JE, Karlsson T, Magnusson CG. N-glycosylation in-
fluences epitope expression and receptor binding structures in
human IgE. Mol Immunol. 1999;36(3):213-221. 10.1016/s0161
-5890(99)00036-x

Shade KTC, Conroy ME, Washburn N., et al. IgE Sialylation
is a Determinant of Allergic Pathogenicity. Nature.
2020;582(7811):265. 10.1038/s41586-020-2311-z

Koers J, Derksen NIL, Ooijevaar-de Heer P, et al. Biased N-
Glycosylation Site Distribution and Acquisition across the Antibody
V Region during B Cell Maturation. J Immunol. 2019;202(8):2220-
2228. 10.4049/jimmunol.1801622

Weis WI, Taylor ME, Drickamer K. The C-type lectin super-
family in the immune system. Immunol Rev. 1998;163:19-34.
10.1111/j.1600-065x.1998.tb01185.x

Aubry JP, Pochon S, Graber P, Jansen KU, Bonnefoy JY. CD21
is a ligand for CD23 and regulates IgE production. Nature.
1992;358(6386):505-507. 10.1038/358505a0

85UB017 SUOLULLIOD 311D 3|cedl|dde Buy Ag pausenob a1 Sajolfe YO ‘BSN 0 S3|nJ 104 ARIq1T 3UIUO /8|1 UO (SUORIPUOD-PLR-SLLLBYWO0D" A3 | 1M ARG 1 RU1IUO//SARY) SUORIPUOD PUe SWIB | 8U} 885 *[£20¢/0T/60] U0 ARiq1T 8UllUO AB|IM ‘151 351Q WiesU| Aq 0£ZGT IR/TTTT OT/I0p/uod 3| Im Afelq feul|uoy/sdny ol papeo|umoa ‘9 ‘220 ‘S66686ET


https://doi.org/10.1038/nri2273
https://doi.org/10.1126/science.1221064
https://doi.org/10.1016/j.jaci.2011.10.029
https://doi.org/10.1016/j.jaci.2011.10.029
https://doi.org/10.4049/jimmunol.170.2.775
https://doi.org/10.1038/s41586-020-03118-2
https://doi.org/10.1016/j.coph.2019.05.009
https://doi.org/10.1016/j.immuni.2019.07.001
https://doi.org/10.1016/j.immuni.2019.07.001
https://doi.org/10.1146/annurev.immunol.26.021607.090248
https://doi.org/10.1084/jem.20071289
https://doi.org/10.1084/jem.20071289
https://doi.org/10.1016/s0960-9822(02)01215-0
https://doi.org/10.1016/s0092-8674(00)00078-7
https://doi.org/10.1016/s0092-8674(00)00078-7
https://doi.org/10.1016/j.immuni.2007.09.007
https://doi.org/10.1182/blood-2010-01-264689
https://doi.org/10.1182/blood-2010-01-264689
https://doi.org/10.1038/nri1181
https://doi.org/10.1016/S0065-2776(08)01005-5
https://doi.org/10.1016/S0065-2776(08)01005-5
https://doi.org/10.1371/journal.pone.0024571
https://doi.org/10.1371/journal.pone.0024571
https://doi.org/10.1111/all.12911
https://doi.org/10.1084/jem.20161056
https://doi.org/10.1084/jem.20161056
https://doi.org/10.1084/jem.20111155
https://doi.org/10.1084/jem.20111941
https://doi.org/10.1084/jem.20111941
https://doi.org/10.1002/eji.200535495
https://doi.org/10.1016/j.celrep.2015.01.023
https://doi.org/10.1126/science.aaw6433
https://doi.org/10.4049/jimmunol.177.8.5006
https://doi.org/10.1038/s41590-019-0472-4
https://doi.org/10.1016/j.cell.2021.02.027
https://doi.org/10.1111/j.1365-3083.2011.02525.x
https://doi.org/10.1002/(SICI)1521-4141(199810)28:10%3C3354:AID-IMMU3354%3E3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1521-4141(199810)28:10%3C3354:AID-IMMU3354%3E3.0.CO;2-Z
https://doi.org/10.1084/jem.20142182
https://doi.org/10.1016/s0161-5890(99)00036-x
https://doi.org/10.1016/s0161-5890(99)00036-x
https://doi.org/10.1038/s41586-020-2311-z
https://doi.org/10.4049/jimmunol.1801622
https://doi.org/10.1111/j.1600-065x.1998.tb01185.x
https://doi.org/10.1038/358505a0

COLASET AL.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Beksac M, Dalva K, Goéneng F, et al. Soluble CD23 and interleu-
kin-2 receptor levels in renal allograft recipients. Transplant Proc.
1993;25(2):2145-2147.

Niki T, Tsutsui S, Hirose S, et al. Galectin-9 Is a High Affinity IgE-
binding Lectin with Anti-allergic Effect by Blocking IgE-Antigen
Complex Formation. J Biol Chem. 2009;284(47):32344-32352.
10.1074/jbc.M109.035196

Cassard L, Sperber K, Buivan TP, et al. Basophils from aller-
gic patients are neither hyperresponsive to activation signals
nor hyporesponsive to inhibition signals. J Allergy Clin Immunol.
2018;142(5):1548-1557. 10.1016/j.jaci.2017.11.053

Garman SC, Kinet JP, Jardetzky TS. Crystal structure of the human
high-affinity IgE receptor. Cell. 1998;95(7):951-961. 10.1016/
s0092-8674(00)81719-5

Hasegawa S, Pawankar R, Suzuki K, et al. Functional expression of
the high affinity receptor for IgE (FcepsilonRl) in human platelets
and its’ intracellular expression in human megakaryocytes. Blood.
1999;93(8):2543-2551.

Stone KD, Prussin C, Metcalfe DD. IgE, mast cells, basophils, and
eosinophils. J Allergy Clin Immunol. 2010;125(2):573-80. 10.1016/j.
jaci.2009.11.017

lio A, Waldmann TA, Strober W. Metabolic study of human IgE:
evidence for an extravascular catabolic pathway. J Immunol.
1978;120(5):1696-1701.

Greer AM,Wu N, Putnam AL, etal. Serum IgE clearanceis facilitated
by human FceRI internalization. J Clin Invest. 2014;124(3):1187-
1198.10.1172/)Cl168964

Gruber BL, Kaufman LD, Marchese MJ, Roth W, Kaplan AP. Anti-
IgE autoantibodies in systemic lupus erythematosus. Prevalence
and Biologic Activity. Arthritis Rheum. 1988;31(8):1000-1006.
10.1002/art.1780310810

Czech W, Stadler BM, Schopf E, Kapp A. IgE autoantibodies in
atopic dermatitis-occurrence of different antibodies against the
CH3 and the CH4 epitopes of IgE. Allergy. 1995;50(3):243-248.
10.1111/j.1398-9995.1995.tb01141.x

Shakib F, Smith SJ. In vitro basophil histamine-releasing activity
of circulating 1gG1 and IgG4 autoanti-IgE antibodies from asthma
patients and the demonstration that anti-IgE modulates allergen-
induced basophil activation. Clin Exp Allergy. 1994;24(3):270-275.
10.1111/j.1365-2222.1994.tb00230.x

Shakib F, Powell-Richards A. Elucidation of the epitope locations
of human autoanti-IgE: recognition of two epitopes located within
the C epsilon 2 and the C epsilon 4 domains. Int Arch Allergy Appl
Immunol. 1991;95(2-3):102-108. 10.1159/000235413

Chan YC, Ramadani F, Santos AF, et al. “Auto-anti-IgE": naturally
occurring lgG anti-IgE antibodies may inhibit allergen-induced ba-
sophil activation. J Allergy Clin Immunol. 2014;134(6):1394-1401.
e4. 10.1016/j.jaci.2014.06.029

Lyons JJ, Milner JD. Primary atopic disorders. J Exp Med.
2018;215(4):1009-1022. 10.1084/jem.20172306

van de Veen W, Kratz CE, McKenzie Cl, et al. Impaired memory
B-cell development and antibody maturation with a skewing to-
ward IgE in patients with STAT3 hyper-IgE syndrome. Allergy.
2019;74(12):2394-2405. 10.1111/all.13969

Cahenzli J, Koéller Y, Wyss M, Geuking MB, McCoy KD. Intestinal
microbial diversity during early-life colonization shapes long-
term IgE levels. Cell Host Microbe. 2013;14(5):559-570. 10.1016/j.
chom.2013.10.004

Hong SW, O E, Lee JY. et al. Food antigens drive spontaneous
IgE elevation in the absence of commensal microbiota. Sci Adv.
2019;5(5):eaaw1507. 10.1126/sciadv.aaw1507

Dominguez-Bello MG, Costello EK, Contreras M, et al. Delivery
mode shapes the acquisition and structure of the initial microbiota
across multiple body habitats in newborns. Proc Natl Acad Sci USA.
2010;107(26):11971-11975. 10.1073/pnas.1002601107

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

WiLEY-L7

Jakobsson HE, Abrahamsson TR, Jenmalm MC, et al. Decreased
gut microbiota diversity, delayed Bacteroidetes colonisation and
reduced Th1 responses in infants delivered by caesarean section.
Gut. 2014;63(4):559-566. 10.1136/gutjnl-2012-303249

He JS, Subramaniam S, Narang V., et al. 1IgG1 memory B cells
keep the memory of IgE responses. Nat Commun. 2017;8(1):641.
10.1038/s41467-017-00723-0

McCoy KD, Harris NL, Diener P, et al. Natural IgE production in the
absence of MHC Class Il cognate help. Immunity. 2006;24(3):329-
339. 10.1016/j.immuni.2006.01.013

Gleich GJ, Dunnette SL, Volenec FJ, Mani MM. Quantification of
serum IgE in patients with burns. Clin Allergy. 1979;9(2):133-139.
10.1111/j.1365-2222.1979.tb01532.x

Szczeklik A, Jawien J. Immunoglobulin E in acute phase response
to surgical stress. Clin Exp Allergy. 1996;26(3):303-307.

Crawford G, Hayes MD, Seoane RC, et al. Epithelial damage and
tissue y8 T cells promote a unique tumor-protective IgE response.
Nat Immunol. 2018;19(8):859-870. 10.1038/s41590-018-0161-8
Platzer B, Baker K, Vera MP, et al. Dendritic cell-bound IgE func-
tions to restrain allergic inflammation at mucosal sites. Mucosal
Immunol. 2015;8(3):516-532. 10.1038/mi.2014.85

Baravalle G, Greer AM, LaFlam TN, Shin JS. Antigen-conjugated
human IgE induces antigen-specific T cell tolerance in a human-
ized mouse model. J Immunol. 2014;192(7):3280-3288. 10.4049/
jimmunol.1301751

Mellor AL, Munn DH. IDO expression by dendritic cells: tolerance
and tryptophan catabolism. Nat Rev Immunol. 2004;4(10):762-774.
10.1038/nri1457

Novak N, Bieber T, Katoh N. Engagement of Fc epsilon Rl on
human monocytes induces the production of IL-10 and prevents
their differentiation in dendritic cells. J Immunol. 2001;167(2):797-
804. 10.4049/jimmunol.167.2.797

Le T, Tversky J, Chichester KL, et al. Interferons modulate Fc ep-
silon RI-dependent production of autoregulatory IL-10 by circu-
lating human monocytoid dendritic cells. J Allergy Clin Immunol.
2009;123(1):217-223. 10.1016/j.jaci.2008.09.013

Dehlink E, Platzer B, Baker AH., et al. A soluble form of the high af-
finity IgE receptor, Fc-epsilon-RI, circulates in human serum. PLoS
One. 2011;6(4):e19098. 10.1371/journal.pone.0019098
Mofino-Romero S, Erkert L, Schmidthaler K, et al. The soluble iso-
form of human FceRl is an endogenous inhibitor of IgE-mediated
mast cell responses. Allergy. 2019;74(2):236-245. 10.1111/
all.13567

Shamji MH, Thomsen |, Layhadi JA, et al. Broad IgG repertoire
in patients with chronic rhinosinusitis with nasal polyps reg-
ulates proinflammatory IgE responses. J Allergy Clin Immunol.
2019;143(6):2086-2094.€2. 10.1016/j.jaci.2019.02.001

Heyman B, Tianmin L, Gustavsson S. In vivo enhancement of the
specific antibody response via the low-affinity receptor for IgE.
Eur J Immunol. 1993;23(7):1739-1742. 10.1002/eji.1830230754
Westman S, Gustavsson S, Heyman B. Early expansion of
secondary B cells after primary immunization with anti-
gen complexed with IgE. Scand J Immunol. 1997;46(1):10-15.
10.1046/j.1365-3083.1997.d01-89.x

Profet M. The function of allergy: immunological defense against
toxins. Q Rev Biol. 1991;66(1):23-62. 10.1086/417049

Marichal T, Starkl P, Reber LL, et al. A beneficial role for immu-
noglobulin E in host defense against honeybee venom. Immunity.
2013;39(5):963-975. 10.1016/j.immuni.2013.10.005

Starkl P, Watzenboeck ML, Popov LM, et al. Igt Effector
Mechanisms, in Concert with Mast Cells, Contribute to Acquired
Host Defense against Staphylococcusaureus. Immunity.
2020;53(4):793-804.e9. 10.1016/j.immuni.2020.08.002

Maurer D, Fiebiger E, Reininger B, et al. Fc epsilon receptor |
on dendritic cells delivers IgE-bound multivalent antigens into a

85UB017 SUOLULLIOD 311D 3|cedl|dde Buy Ag pausenob a1 Sajolfe YO ‘BSN 0 S3|nJ 104 ARIq1T 3UIUO /8|1 UO (SUORIPUOD-PLR-SLLLBYWO0D" A3 | 1M ARG 1 RU1IUO//SARY) SUORIPUOD PUe SWIB | 8U} 885 *[£20¢/0T/60] U0 ARiq1T 8UllUO AB|IM ‘151 351Q WiesU| Aq 0£ZGT IR/TTTT OT/I0p/uod 3| Im Afelq feul|uoy/sdny ol papeo|umoa ‘9 ‘220 ‘S66686ET


https://doi.org/10.1074/jbc.M109.035196
https://doi.org/10.1016/j.jaci.2017.11.053
https://doi.org/10.1016/s0092-8674(00)81719-5
https://doi.org/10.1016/s0092-8674(00)81719-5
https://doi.org/10.1016/j.jaci.2009.11.017
https://doi.org/10.1016/j.jaci.2009.11.017
https://doi.org/10.1172/JCI68964
https://doi.org/10.1002/art.1780310810
https://doi.org/10.1111/j.1398-9995.1995.tb01141.x
https://doi.org/10.1111/j.1365-2222.1994.tb00230.x
https://doi.org/10.1159/000235413
https://doi.org/10.1016/j.jaci.2014.06.029
https://doi.org/10.1084/jem.20172306
https://doi.org/10.1111/all.13969
https://doi.org/10.1016/j.chom.2013.10.004
https://doi.org/10.1016/j.chom.2013.10.004
https://doi.org/10.1126/sciadv.aaw1507
https://doi.org/10.1073/pnas.1002601107
https://doi.org/10.1136/gutjnl-2012-303249
https://doi.org/10.1038/s41467-017-00723-0
https://doi.org/10.1016/j.immuni.2006.01.013
https://doi.org/10.1111/j.1365-2222.1979.tb01532.x
https://doi.org/10.1038/s41590-018-0161-8
https://doi.org/10.1038/mi.2014.85
https://doi.org/10.4049/jimmunol.1301751
https://doi.org/10.4049/jimmunol.1301751
https://doi.org/10.1038/nri1457
https://doi.org/10.4049/jimmunol.167.2.797
https://doi.org/10.1016/j.jaci.2008.09.013
https://doi.org/10.1371/journal.pone.0019098
https://doi.org/10.1111/all.13567
https://doi.org/10.1111/all.13567
https://doi.org/10.1016/j.jaci.2019.02.001
https://doi.org/10.1002/eji.1830230754
https://doi.org/10.1046/j.1365-3083.1997.d01-89.x
https://doi.org/10.1086/417049
https://doi.org/10.1016/j.immuni.2013.10.005
https://doi.org/10.1016/j.immuni.2020.08.002

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

COLAS ET AL

cathepsin S-dependent pathway of MHC class Il presentation. J
Immunol. 1998;161(6):2731-2739.

Maurer D, Ebner C, Reininger B, et al. The high affinity IgE recep-
tor (Fc epsilon RI) mediates IgE-dependent allergen presentation. J
Immunol. 1995;154(12):6285-6290.

Perrigoue JG, Saenz SA, Siracusa MC, et al. MHC class IlI-
dependent basophil-CD4+ T cell interactions promote T(H)2
cytokine-dependent immunity. Nat Immunol. 2009;10(7):697-705.
10.1038/ni.1740

Yoshimoto T, Yasuda K, Tanaka H, et al. Basophils contribute to
T(H)2-1gE responses in vivo via IL-4 production and presentation
of peptide-MHC class Il complexes to CD4+ T cells. Nat Immunol.
2009;10(7):706-712. 10.1038/ni.1737

Kitaura J, Song J, Tsai M, et al. Evidence that IgE molecules me-
diate a spectrum of effects on mast cell survival and activation
via aggregation of the FcepsilonRI. Proc Natl Acad Sci U S A.
2003;100(22):12911-12916. 10.1073/pnas.1735525100

Acharya M, Borland G, Edkins AL, et al. CD23/FceRIl: mo-
lecular multi-tasking. Clin Exp Immunol. 2010;162(1):12-23.
10.1111/j.1365-2249.2010.04210.x

Flores-Romo L, Johnson GD, Ghaderi AA, Stanworth DR,
Veronesi A, Gordon J. Functional implication for the topograph-
ical relationship between MHC class Il and the low-affinity IgE
receptor: occupancy of CD23 prevents B lymphocytes from stim-
ulating allogeneic mixed lymphocyte responses. Eur J Immunol.
1990;20(11):2465-2469. 10.1002/€ji.1830201116

Yokota A, Kikutani H, Tanaka T, et al. Two species of human Fc
epsilon receptor Il (Fc epsilon RII/CD23): tissue-specific and IL-4-
specific regulation of gene expression. Cell. 1988;55(4):611-618.
10.1016/0092-8674(88)90219-x

Yokota A, Yukawa K, Yamamoto A, et al. Two forms of the low-
affinity Fc receptor for IgE differentially mediate endocytosis
and phagocytosis: identification of the critical cytoplasmic do-
mains. Proc Natl Acad Sci U S A. 1992;89(11):5030-5034. 10.1073/
pnas.89.11.5030

Getahun A, Hjelm F, Heyman B. IgE enhances antibody and T cell
responses in vivo via CD23+ B cells. J Immunol. 2005;175(3):1473-
1482. 10.4049/jimmunol.175.3.1473

Carlsson F, Hjelm F, Conrad DH, Heyman B. IgE enhances
specific antibody and T-cell responses in mice overex-
pressing CD23. Scand J Immunol. 2007;66(2-3):261-270.
10.1111/j.1365-3083.2007.01953.x

Selb R, Eckl-Dorna J, Neunkirchner A, et al. CD23 surface den-
sity on B cells is associated with IgE levels and determines IgE-
facilitated allergen uptake, as well as activation of allergen-specific
T cells. J Allergy Clin Immunol. 2017;139(1):290-299.e4. 10.1016/j.
jaci.2016.03.042

Villazala-Merino S, Rodriguez-Dominguez A, Stanek V, et al.
Allergen-specific IgE levels and the ability of IgE-allergen com-
plexes to cross-link determine the extent of CD23-mediated T-
cell activation. J Allergy Clin Immunol. 2020;145(3):958-967.e5.
10.1016/j.jaci.2019.11.019

McCloskey N, Hunt J, Beavil RL, et al. Soluble CD23 Monomers
Inhibit and Oligomers Stimulate IGE Synthesis in Human B Cells
*. J Biol Chem. 2007;282(33):24083-24091. 10.1074/jbc.M7031
95200

Gieras A, Linhart B, Roux KH, et al. IgE epitope proximity deter-
mines immune complex shape and effector cell activation ca-
pacity. J Allergy Clin Immunol. 2016;137(5):1557-1565. 10.1016/j.
jaci.2015.08.055

Stebbings JH. Immediate hypersensitivity: a defense against
arthropods? Perspect Biol Med. 1974;17(2):233-239. 10.1353/
pbm.1974.0027

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Palm NW, Rosenstein RK, Yu S, Schenten DD, Florsheim E,
Medzhitov R. Bee venom phospholipase A2 induces a primary
type 2 response that is dependent on the receptor ST2 and confers
protective immunity. Immunity. 2013;39(5):976-985. 10.1016/j.
immuni.2013.10.006

Starkl P, Marichal T, Gaudenzio N, et al. IgE antibodies, FceRla,
and IgE-mediated local anaphylaxis can limit snake venom toxic-
ity. J Allergy Clin Immunol. 2016;137(1):246-257.e11. 10.1016/j.
jaci.2015.08.005

Starkl P, Gaudenzio N, Marichal T., et al. IgE antibodies increase
honeybee venom responsiveness and detoxification efficiency
of mast cells. Allergy. Published online April 11, 2021. 10.1111/
all.14852

Metz M, Piliponsky AM, Chen CC, et al. Mast cells can en-
hance resistance to snake and honeybee venoms. Science.
2006;313(5786):526-530. 10.1126/science.1128877

Akahoshi M, Song CH, Piliponsky AM, et al. Mast cell chymase
reduces the toxicity of Gila monster venom, scorpion venom,
and vasoactive intestinal polypeptide in mice. J Clin Invest.
2011;121(10):4180-4191. 10.1172/JCI146139

Galli SJ, Metz M, Starkl P, Marichal T, Tsai M. Mast cells and IgE in
defense against lethality of venoms: Possible “benefit” of allergy[].
Allergo J Int. 2020;29(2):46-62. 10.1007/s40629-020-00118-6
Rihet P, Demeure CE, Bourgois A, Prata A, Dessein AJ. Evidence for
an association between human resistance to Schistosoma mansoni
and high anti-larval IgE levels. Eur J Immunol. 1991;21(11):2679-
2686.10.1002/€ji.1830211106

Hagan P, Blumenthal UJ, Dunn D, Simpson AJ, Wilkins HA. Human
IgE, 18G4 and resistance to reinfection with Schistosoma haema-
tobium. Nature. 1991;349(6306):243-245. 10.1038/349243a0
Mukai K, Tsai M, Starkl P, Marichal T, Galli SJ. IgE and mast cells in
host defense against parasites and venoms. Semin Immunopathol.
2016;38(5):581-603. 10.1007/s00281-016-0565-1

Gurish MF, Bryce PJ, Tao H, et al. IgE enhances parasite clearance
and regulates mast cell responses in mice infected with Trichinella
spiralis. J Immunol. 2004;172(2):1139-1145. 10.4049/jimmu
nol.172.2.1139

Obata-Ninomiya K, Ishiwata K, Tsutsui H, et al. The skin is an im-
portant bulwark of acquired immunity against intestinal helminths.
J Exp Med. 2013;210(12):2583-2595. 10.1084/jem.20130761
Schwartz C, Turqueti-Neves A, Hartmann S, Yu P, Nimmerjahn F,
Voehringer D. Basophil-mediated protection against gastrointes-
tinal helminths requires IgE-induced cytokine secretion. Proc Natl
Acad Sci U S A. 2014;111(48):E5169-E5177. 10.1073/pnas.14126
63111

Matsumoto M, Sasaki Y, Yasuda K, et al. IgG and IgE collabora-
tively accelerate expulsion of Strongyloides venezuelensis in a
primary infection. Infect Immun. 2013;81(7):2518-2527. 10.1128/
1A1.00285-13

Spencer LA, Porte P, Zetoff C, Rajan TV. Mice genetically deficient
in immunoglobulin E are more permissive hosts than wild-type
mice to a primary, but not secondary, infection with the filarial
nematode Brugia malayi. Infect Immun. 2003;71(5):2462-2467.
10.1128/1Al1.71.5.2462-2467.2003

King CL, Xianli J, Malhotra I, Liu S, Mahmoud AA, Oettgen HC.
Mice with a targeted deletion of the IgE gene have increased
worm burdens and reduced granulomatous inflammation fol-
lowing primary infection with Schistosoma mansoni. J Immunol.
1997;158(1):294-300.

Owhashi M, Nawa Y, Watanabe N. Granulomatous response in
selective IgE-deficient SJA/9 mice infected with Schistosoma
japonicum. Int Arch Allergy Appl Immunol. 1989;90(3):310-312.
10.1159/000235044

85UB017 SUOLULLIOD 311D 3|cedl|dde Buy Ag pausenob a1 Sajolfe YO ‘BSN 0 S3|nJ 104 ARIq1T 3UIUO /8|1 UO (SUORIPUOD-PLR-SLLLBYWO0D" A3 | 1M ARG 1 RU1IUO//SARY) SUORIPUOD PUe SWIB | 8U} 885 *[£20¢/0T/60] U0 ARiq1T 8UllUO AB|IM ‘151 351Q WiesU| Aq 0£ZGT IR/TTTT OT/I0p/uod 3| Im Afelq feul|uoy/sdny ol papeo|umoa ‘9 ‘220 ‘S66686ET


https://doi.org/10.1038/ni.1740
https://doi.org/10.1038/ni.1737
https://doi.org/10.1073/pnas.1735525100
https://doi.org/10.1111/j.1365-2249.2010.04210.x
https://doi.org/10.1002/eji.1830201116
https://doi.org/10.1016/0092-8674(88)90219-x
https://doi.org/10.1073/pnas.89.11.5030
https://doi.org/10.1073/pnas.89.11.5030
https://doi.org/10.4049/jimmunol.175.3.1473
https://doi.org/10.1111/j.1365-3083.2007.01953.x
https://doi.org/10.1016/j.jaci.2016.03.042
https://doi.org/10.1016/j.jaci.2016.03.042
https://doi.org/10.1016/j.jaci.2019.11.019
https://doi.org/10.1074/jbc.M703195200
https://doi.org/10.1074/jbc.M703195200
https://doi.org/10.1016/j.jaci.2015.08.055
https://doi.org/10.1016/j.jaci.2015.08.055
https://doi.org/10.1353/pbm.1974.0027
https://doi.org/10.1353/pbm.1974.0027
https://doi.org/10.1016/j.immuni.2013.10.006
https://doi.org/10.1016/j.immuni.2013.10.006
https://doi.org/10.1016/j.jaci.2015.08.005
https://doi.org/10.1016/j.jaci.2015.08.005
https://doi.org/10.1111/all.14852
https://doi.org/10.1111/all.14852
https://doi.org/10.1126/science.1128877
https://doi.org/10.1172/JCI46139
https://doi.org/10.1007/s40629-020-00118-6
https://doi.org/10.1002/eji.1830211106
https://doi.org/10.1038/349243a0
https://doi.org/10.1007/s00281-016-0565-1
https://doi.org/10.4049/jimmunol.172.2.1139
https://doi.org/10.4049/jimmunol.172.2.1139
https://doi.org/10.1084/jem.20130761
https://doi.org/10.1073/pnas.1412663111
https://doi.org/10.1073/pnas.1412663111
https://doi.org/10.1128/IAI.00285-13
https://doi.org/10.1128/IAI.00285-13
https://doi.org/10.1128/IAI.71.5.2462-2467.2003
https://doi.org/10.1159/000235044

COLASET AL.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Jankovic D, Kullberg MC, Dombrowicz D, et al. Fc epsilonRI-
deficient mice infected with Schistosoma mansoni mount normal
Th2-type responses while displaying enhanced liver pathology. J
Immunol. 1997;159(4):1868-1875.

Gounni AS, Lamkhioued B, Ochiai K, et al. High-affinity IgE recep-
tor on eosinophils is involved in defence against parasites. Nature.
1994;367(6459):183-186. 10.1038/367183a0

McCoy KD, Stoel M, Stettler R, et al. Polyclonal and Specific
Antibodies Mediate Protective Immunity against Enteric Helminth
Infection. Cell Host Microbe. 2008;4(4):362-373. 10.1016/j.
chom.2008.08.014

Lawrence MG, Palacios-Kibler TV, Workman LJ, et al. Low Serum
IgE Is a Sensitive and Specific Marker for Common Variable
Immunodeficiency (CVID). J Clin Immunol. 2018;38(3):225-233.
10.1007/s10875-018-0476-0

Ferastraoaru D, Schwartz D, Rosenstreich D. Increased Malignancy
Rate in Children With IgE Deficiency: A Single-center Experience.
J  Pediatr Hematol Oncol. 2021;43(4).e472-e477. 10.1097/
MPH.0000000000001898

Ferastraoaru D, Rosenstreich D. IgE deficiency and prior diag-
nosis of malignancy: Results of the 2005-2006 National Health
and Nutrition Examination Survey. Ann Allergy Asthma Immunol.
2018;121(5):613-618. 10.1016/j.anai.2018.07.036

Ferastraoaru D, Gross R, Rosenstreich D. Increased malignancy
incidence in IgE deficient patients not due to concomitant
Common Variable Immunodeficiency. Ann Allergy Asthma Immunol.
2017;119(3):267-273. 10.1016/j.anai.2017.07.006

Fu SL, Pierre J, Smith-Norowitz TA, et al. Immunoglobulin
E antibodies from pancreatic cancer patients mediate
antibody-dependent cell-mediated cytotoxicity against pan-
creatic cancer cells. Clin Exp Immunol. 2008;153(3):401-409.
10.1111/j.1365-2249.2008.03726.x

Daniels TR, Leuchter RK, Quintero R, et al. Targeting HER2/neu
with a fully human IgE to harness the allergic reaction against
cancer cells. Cancer Immunol Immunother. 2012;61(7):991-1003.
10.1007/s00262-011-1150-z

Daniels-Wells TR, Helguera G, Leuchter RK., et al. A novel
IgE antibody targeting the prostate-specific antigen as a po-
tential prostate cancer therapy. BMC Cancer. 2013;13(1):195.
10.1186/1471-2407-13-195

Staff C, Magnusson CGM, Hojjat-Farsangi M, et al. Induction of
1gM, IgA and IgE antibodies in colorectal cancer patients vaccinated
with a recombinant CEA protein. J Clin Immunol. 2012;32(4):855-
865.10.1007/s10875-012-9662-7

Platzer B, Elpek KG, Cremasco V, et al. IgE/FceRI-Mediated Antigen
Cross-Presentation by Dendritic Cells Enhances Anti-Tumor
Immune Responses. Cell Rep. 2015;10(9):1487-1495. 10.1016/j.
celrep.2015.02.015

Taniguchi S, Elhance A, Van Duzer A, Kumar S, Leitenberger
JJ, Oshimori N. Tumor-initiating cells establish an IL-33-TGF-§
niche signaling loop to promote cancer progression. Science.
2020;369(6501):eaay1813. 10.1126/science.aay1813

Hayes MD, Ward S, Crawford G., et al. Inflammation-induced
IgE promotes epithelial hyperplasia and tumour growth. eLife.
2020;9:51862. 10.7554/¢elife.51862

Ferastraoaru D, Bax HJ, Bergmann C, et al. AllergoOncology: ultra-
low IgE, a potential novel biomarker in cancer-a Position Paper of
the European Academy of Allergy and Clinical Immunology (EAACI).
Clin Transl. Allergy. 2020;10(1): 10.1186/s13601-020-00335-w
Karagiannis SN, Bracher MG, Beavil RL, et al. Role of IgE recep-
tors in IgE antibody-dependent cytotoxicity and phagocytosis of
ovarian tumor cells by human monocytic cells. Cancer Immunol
Immunother. 2008;57(2):247-263. 10.1007/s00262-007-0371-7
Karagiannis SN, Josephs DH, Karagiannis P, et al. Recombinant
IgE antibodies for passive immunotherapy of solid tumours: from

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

WiLEYy-L7Y

concept towards clinical application. Cancer Immunol Immunother.
2012;61(9):1547-1564. 10.1007/s00262-011-1162-8

Ablin RJ. Autoallergy in burns. Plast Reconstr Surg. 1971;48(2):170.
10.1097/00006534-197108000-00011

Ablin RJ. Autoallergy in pemphigus. Lancet. 1968;2(7583):1397.
10.1016/s0140-6736(68)92710-4

Maurer M, Altrichter S, Schmetzer O, Scheffel J, Church MK, Metz
M. Immunoglobulin E-Mediated Autoimmunity. Front Immunol.
2018;9:689. 10.3389/fimmu.2018.00689

Henault J, Riggs JM, Karnell JL, et al. Self-reactive IgE exacerbates
interferon responses associated with autoimmunity. Nat Immunol.
2016;17(2):196-203. 10.1038/ni.3326

Dema B, Pellefigues C, Hasni S, et al. Autoreactive IgE is prevalent
in systemic lupus erythematosus and is associated with increased
disease activity and nephritis. PLoS One. 2014;9(2):e90424.
10.1371/journal.pone.0090424

van Beek N, Littmann N, Huebner F, et al. Correlation of Serum
Levels of IgE Autoantibodies Against BP180 With Bullous
Pemphigoid Disease Activity. JAMA Dermatol. 2017;153(1):30-38.
10.1001/jamadermatol.2016.3357

Kolkhir P, Church MK, Weller K, Metz M, Schmetzer O, Maurer M.
Autoimmune chronic spontaneous urticaria: What we know and
what we do not know. J Allergy Clin Immunol. 2017;139(6):1772-
1781.e1. 10.1016/j.jaci.2016.08.050

Tang TS, Bieber T, Williams HC. Does “autoreactivity” play a role in
atopic dermatitis? J Allergy Clin Immunol. 2012;129(5):1209-1215.
e2.10.1016/j.jaci.2012.02.002

Hradetzky S, Werfel T, Résner LM. Autoallergy in atopic dermati-
tis. Allergo J Int. 2015;24(1):16-22. 10.1007/s40629-015-0037-5
Charles N, Hardwick D, Daugas E, lllei GG, Rivera J. Basophils and
the T helper 2 environment can promote the development of lupus
nephritis. Nat Med. 2010;16(6):701-707. 10.1038/nm.2159
Charles N, Rivera J. Basophils and autoreactive IgE in the patho-
genesis of systemic lupus erythematosus. Curr Allergy Asthma Rep.
2011;11(5):378-387. 10.1007/511882-011-0216-5

Maurer M, Altrichter S, Bieber T, et al. Efficacy and safety of omal-
izumab in patients with chronic urticaria who exhibit IgE against
thyroperoxidase. J Allergy Clin Immunol. 2011;128(1):202-209.e5.
10.1016/j.jaci.2011.04.038

Gericke J, Metz M, Ohanyan T, et al. Serum autoreactivity pre-
dicts time to response to omalizumab therapy in chronic sponta-
neous urticaria. J Allergy Clin Immunol. 2017;139(3):1059-1061.e1.
10.1016/j.jaci.2016.07.047

Guo W, Gao R, Zhang W, et al. IgE Aggravates the Senescence
of Smooth Muscle Cells in Abdominal Aortic Aneurysm by
Upregulating LincRNA-p21. Aging Dis. 2019;10(4):699-710.
10.14336/AD.2018.1128

Li J, Deng Z, Zhang X, Liu F, Yang C, Shi GP. Deficiency of immuno-
globulin E protects mice from experimental abdominal aortic aneu-
rysms. FASEB J. 2020;34(2):3091-3104. 10.1096/fj.201902095RR
Wilson JM, Nguyen AT, Schuyler AJ, et al. IgE to the Mammalian
Oligosaccharide  Galactose-a-1,3-Galactose Is  Associated
With Increased Atheroma Volume and Plaques With Unstable
Characteristics-Brief Report. Arterioscler Thromb Vasc Biol.
2018;38(7):1665-1669. 10.1161/ATVBAHA.118.311222

Farkas AM, Baranyi U, Bohmig GA, et al. Allograft rejection is as-
sociated with development of functional IgE specific for donor
MHC antigens. J Allergy Clin Immunol. 2019;143(1):335-345.e12.
10.1016/j.jaci.2018.06.034

Rascio F, Pontrelli P, Netti GS, et al. IgE-Mediated Immune
Response and Antibody-Mediated Rejection. Clin J Am Soc Nephrol.
2020;15(10):1474-1483. 10.2215/CJN.02870320

Goldman M, Le Moine A, Braun M, Flamand V, Abramowicz D.
A role for eosinophils in transplant rejection. Trends Immunol.
2001;22(5):247-251. 10.1016/s1471-4906(01)01893-2

85UB017 SUOLULLIOD 311D 3|cedl|dde Buy Ag pausenob a1 Sajolfe YO ‘BSN 0 S3|nJ 104 ARIq1T 3UIUO /8|1 UO (SUORIPUOD-PLR-SLLLBYWO0D" A3 | 1M ARG 1 RU1IUO//SARY) SUORIPUOD PUe SWIB | 8U} 885 *[£20¢/0T/60] U0 ARiq1T 8UllUO AB|IM ‘151 351Q WiesU| Aq 0£ZGT IR/TTTT OT/I0p/uod 3| Im Afelq feul|uoy/sdny ol papeo|umoa ‘9 ‘220 ‘S66686ET


https://doi.org/10.1038/367183a0
https://doi.org/10.1016/j.chom.2008.08.014
https://doi.org/10.1016/j.chom.2008.08.014
https://doi.org/10.1007/s10875-018-0476-0
https://doi.org/10.1097/MPH.0000000000001898
https://doi.org/10.1097/MPH.0000000000001898
https://doi.org/10.1016/j.anai.2018.07.036
https://doi.org/10.1016/j.anai.2017.07.006
https://doi.org/10.1111/j.1365-2249.2008.03726.x
https://doi.org/10.1007/s00262-011-1150-z
https://doi.org/10.1186/1471-2407-13-195
https://doi.org/10.1007/s10875-012-9662-7
https://doi.org/10.1016/j.celrep.2015.02.015
https://doi.org/10.1016/j.celrep.2015.02.015
https://doi.org/10.1126/science.aay1813
https://doi.org/10.7554/eLife.51862
https://doi.org/10.1186/s13601-020-00335-w
https://doi.org/10.1007/s00262-007-0371-7
https://doi.org/10.1007/s00262-011-1162-8
https://doi.org/10.1097/00006534-197108000-00011
https://doi.org/10.1016/s0140-6736(68)92710-4
https://doi.org/10.3389/fimmu.2018.00689
https://doi.org/10.1038/ni.3326
https://doi.org/10.1371/journal.pone.0090424
https://doi.org/10.1001/jamadermatol.2016.3357
https://doi.org/10.1016/j.jaci.2016.08.050
https://doi.org/10.1016/j.jaci.2012.02.002
https://doi.org/10.1007/s40629-015-0037-5
https://doi.org/10.1038/nm.2159
https://doi.org/10.1007/s11882-011-0216-5
https://doi.org/10.1016/j.jaci.2011.04.038
https://doi.org/10.1016/j.jaci.2016.07.047
https://doi.org/10.14336/AD.2018.1128
https://doi.org/10.1096/fj.201902095RR
https://doi.org/10.1161/ATVBAHA.118.311222
https://doi.org/10.1016/j.jaci.2018.06.034
https://doi.org/10.2215/CJN.02870320
https://doi.org/10.1016/s1471-4906(01)01893-2

150.

151.

COLAS ET AL

Watanabe N, Katakura K, Kobayashi A, Okumura K, Ovary Z.
Protective immunity and eosinophilia in IgE-deficient SJA/9 mice
infected with Nippostrongylus brasiliensis and Trichinella spira-
lis. Proc Natl Acad Sci U S A. 1988;85(12):4460-4462. 10.1073/
pnas.85.12.4460

Watanabe N., Ishiwata K., Kaneko S., Oku Y., Kamiya Masao,
Katakura K. Immune defense and eosinophilia in congenitally IgE-
deficient SJA/9 mice infected withAngiostrongylus costaricen-
sis. Parasitol Res. 1993;79(5):431-434. PubMed. Published 1993.
Accessed December 8, 2021. https://pubmed-ncbi-nlm-nih-gov.
proxy.insermbiblio.inist.fr/8415551/

152. EIRidiR, Ozaki T, Kamiya H. Schistosoma mansoni infection in IgE-

producing and IgE-deficient mice. J Parasitol. 1998;84(1):171-174.

How to cite this article: Colas L, Magnan A, Brouard S.
Immunoglobulin E response in health and disease beyond
allergic disorders. Allergy. 2022;77:1700-1718. doi:10.1111/

all.15230

85UB017 SUOLULLIOD 311D 3|cedl|dde Buy Ag pausenob a1 Sajolfe YO ‘BSN 0 S3|nJ 104 ARIq1T 3UIUO /8|1 UO (SUORIPUOD-PLR-SLLLBYWO0D" A3 | 1M ARG 1 RU1IUO//SARY) SUORIPUOD PUe SWIB | 8U} 885 *[£20¢/0T/60] U0 ARiq1T 8UllUO AB|IM ‘151 351Q WiesU| Aq 0£ZGT IR/TTTT OT/I0p/uod 3| Im Afelq feul|uoy/sdny ol papeo|umoa ‘9 ‘220 ‘S66686ET


https://doi.org/10.1073/pnas.85.12.4460
https://doi.org/10.1073/pnas.85.12.4460
https://pubmed-ncbi-nlm-nih-gov.proxy.insermbiblio.inist.fr/8415551/
https://pubmed-ncbi-nlm-nih-gov.proxy.insermbiblio.inist.fr/8415551/
https://doi.org/10.1111/all.15230
https://doi.org/10.1111/all.15230

	Immunoglobulin E response in health and disease beyond allergic disorders
	Abstract
	1|INTRODUCTION
	2|IMMUNOGLOBULIN E REGULATION
	2.1|IgE class switch recombination
	2.2|IgE BCR impacts on B-­cell fate

	3|EXTRINSIC REGULATION OF IgE
	3.1|IgE CSR is tightly regulated in SLO
	3.2|IgE function is actively constrained out of SLO and in peripheral tissues
	3.3|IgE production is a basal trait of mucosal and imbalanced immunity

	4|IMMUNOGLOBULIN E BIOLOGY
	4.1|Does natural IgE production exist?
	4.2|IgE facilitated antigen presentation—­a pivotal role in unmasking IgE response/inflammation

	5|POTENTIAL ROLES OF IMMUNOGLOBULIN E IN HEALTH AND NON-­ALLERGIC DISEASES
	5.1|IgE and venom toxicity—­a host defense mechanism?
	5.2|IgE and helminth—­who is protecting who?
	5.3|IgE in tumor immuno-­surveillance—­a kind friend?
	5.4|IgE self-­reactivity: from autoallergy to autoimmunity—­friend or foe?
	5.5|Unexpected associations between IgE and diseases

	6|CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTION
	REFERENCES


