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ABSTRACT

Immunoglobulin E (IgE) is the most recently discovered and evolved mammalian antibody type, best known for interacting with
mast cells (MCs) as immune effectors. IgE-mediated antigen sensing by MC provides protection from parasites, venomous ani-
mals, bacteria, and other insults to barrier tissues exposed to the environment. IgE and MCs act as inflammation amplifiers and
immune response adjuvants. Thus, IgE production and memory formation are greatly constrained and require specific licensing.
Failure of regulation gives rise to allergic disease, one of the top causes of chronic illness. Increasing evidence suggests allergy
development often starts early in life, including prenatally, with maternal influence being central in shaping the offspring's
immune system. Although IgE often exists before birth, an endogenous source of IgE-producing B cells has not been identi-
fied. This review discusses the mechanisms of maternal IgE transfer into the offspring, its interactions with offspring MCs and
antigen-presenting cells, and the consequences for allergic inflammation and allergen sensitization development. We discuss the
multifaceted effects of pre-existing IgG, IgE, and their glycosylation on maternal IgE transfer and functionality in the progeny.
Understanding the IgE-mediated mechanisms predisposing for early life allergy development may allow their targeting with

existing therapeutics and guide the development of new ones.

1 | Introduction

IgE is an antibody isotype most well-known for its role as a
central component of allergic disease pathophysiology, to-
gether with mast cells (MC) as its primary leukocyte partner.
Individuals with allergy produce IgE specific for antigens de-
rived from harmless environmental substances [1], such as pol-
len, house dust mites (HDM), animal dander, or food, due to a
breakdown of immunological tolerance. The outcome is a MC-
initiated inflammation at the site of allergen exposure, mani-
festing as dermatitis, rhinitis, asthma, or food allergy, which can
result in chronic tissue changes or be acutely fatal (e.g., asthma
attack, and anaphylaxis) [2]. In contrast, the beneficial roles of
IgE are less well studied, apart from its role in protection from
macroparasites [3].

It has long been observed that Th2-associated [4] allergic dis-
eases start in early childhood [5]. Apart from heritable risk
factors and postnatal allergen exposure, an increasing num-
ber of epidemiological studies support the role of maternal
organism in pediatric allergy risk. Maternal influence is im-
portant in early life, between conception to about the age of
2years. During this time, inherited genetic [6, 7] and epigen-
etic [8] variants interact with signals derived from the mater-
nal internal environment and maternal exposome and exert
programming influence [9]. The offspring immune system is
a major target of such influence, with the maternal immune
system often being the source [10]. Maladaptive programming
may result in the subsequent development of chronic disease,
the consequences of which can persist into adulthood [11].
Specifically, maternal atopy or allergy promotes the risk up to
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fivefold over that of paternal allergy across different popula-
tion cohorts [12-17].

One of the best described vertical transfer mechanisms of im-
mune components is that of maternal antibodies [18]. These
are required to protect the offspring from infections [18], due
to adaptive immune system immaturity for a few months
after birth [19]. This is thought to be reserved to IgG before
birth [18] and joined by secretory IgA in milk after birth
[20]. Interestingly, allergen-specific IgE is often detectable in
human neonatal cord blood at birth. This may be surprising,
as specific class-switched immunoglobulins usually require
prior antigen exposure to induce. Thus, its source, whether
fetal or maternal derived, has been controversial [21, 22].
Furthermore, some infants can also exhibit allergen reactiv-
ity upon the first exposure [23, 24], suggesting that this early
IgE could result in effective sensitization or potentially help
promote its development. Apart from its potential transfer to
the offspring, IgE can contribute to ongoing inflammation in
women during pregnancy. The severity of maternal allergic
disease during pregnancy can be predictive of offspring al-
lergy development [25]. Conversely, maternal disease control
with drugs was found to be protective [25, 26]. Maternal Th2
cytokine environment [27] and shifts in the Th1/Th2 cyto-
kine ratios [28] during gestation have been linked to offspring
allergy risk. Thus, IgE effects on the offspring may also be
indirect.

The understanding of the maternal-offspring IgE axis biology
is important. Globally, between 5%-30% of populations have an
allergic disease [29]. Furthermore, the rates of IgE sensitization
to one or more allergens are even higher, between 10% and 60%
[30-32]. Whether maternal IgE transfers to the offspring or pro-
motes allergic disease risk indirectly may be consequential for
many people, as the prevalence of allergic disease has rapidly
increased in the last six decades [29, 33]. Pediatric allergy results
in a reduced quality of life during childhood [34, 35] and signif-
icant healthcare economic burden [36, 37]. Currently, no allergy
therapy is truly curative [2], although IgE-targeting biologics
benefit some patients [1]. Therefore, understanding the mecha-
nisms of IgE involvement is key for enabling novel therapeutic
development and potentially prevention.

In this review, we will provide an overview of the current knowl-
edge related to IgE during pregnancy and the early life period.
We focus on the origin of fetal IgE and the potential mechanisms
of its transfer from the mother to the fetus in utero and neonate
post-partum. We also discuss the effects of IgE transfer on the
offspring immune system, with a particular focus on mast cells
and allergic disease. Additionally, therapies that inhibit IgE may
ablate its beneficial effects. Therefore, we will also discuss the
current knowledge on the physiological roles of IgE.

2 | IgE Antibodies and Their Receptors

IgE is the most recently evolved immunoglobulin class unique to
mammals [38]. It has many distinctive structural features com-
pared with the better understood IgG antibodies (Figure 1A,B).
In part owing to its decoration at the surface of mast cells in the
steady state, it provides rapid inflammatory reactivity localized

to body surfaces in contact with the external environment.
However, the speed and potency of immune activation by IgE
require it to be under very tight control physiologically. This is
achieved through strictly controlling its production and serum
concentration in ways different from other isotypes, resulting in
IgE usually being the least abundant immunoglobulin type in
the blood (up to 10° times less vs. IgG) [42].

The initiation of IgE production is intimately linked to the Th2
immune response, which requires specific types of inciting im-
mune stimulation and is controlled by specific cytokine require-
ments [43]. This process usually starts when an external allergen
or parasite pathogen-derived antigen contacts or intrudes across
an epithelial or mucosal barrier surface. Th2 inducers tend to
cause epithelial perturbation or damage [44], often due to having
an intrinsic adjuvant capacity, such as protease [45] or phospho-
lipase [46] enzymatic activity, membrane pore-forming capacity
[47], or carrying TLR ligands (e.g., bacterial LPS in house dust
mite products) [48]. The distressed epithelial cells or activated
specialized mucosal sensory cells (e.g., tuft or club cells) release
TSLP, IL-33, or IL-25 alarmin signals, and potentially damage-
associated signals (e.g., II-18 and ATP) [43]. Activation of local
TRPV1+ sensory nerve fibers releases neuropeptides, such as
substance P (SP) [49] and neuromedin U (NMU) [50], providing
further amplification [51]. Together, the activating signals and
antigen presence trigger ILC2s and MCs, which release Th2-
promoting cytokines (IL-5, IL-9, and IL-13) [43]. Additionally,
this stimulates tissue-specific dendritic cell (DC) subsets associ-
ated with Th2 response induction. Numerous studies in animal
models deficient in DC-specific transcription factors identified
the IRF4+ KLF4+ type 2 classical dendritic cells (cDC2s) to
be required for Th2 response initiation in the skin, lungs, and
intestine of mice exposed to allergens (e.g., HDM and ovalbu-
min) or infected with helminth parasites (e.g., Schistosoma and
N. brasiliensis) [52-55]. ¢cDC2 migration to the local draining
lymph node where they present antigens via MHCII to naive T
lymphocytes, which differentiate into GATA3+ CD4+ pro-Th2
effector and BCL6+ Th2 T follicular helper (Tfh2) [52]. The
Tfh2 cells use IL-4 and IL-13 cytokines, together with CD40 co-
stimulation, to activate STAT6 in B cells driving their IgE class
switch recombination (CSR) [56, 57]. IL-4 presence is thought to
be obligatory for the IgE CSR [57, 58] and IL-13 to produce very
high-affinity IgE [59].

There are several unique features of IgE+ B cell regulation
that inherently limit their persistence and IgE production rate.
Although IgM+ B cells can undergo class-switch recombina-
tion to IgE directly [60], this results in very low-affinity anti-
body being made. Production of high-affinity IgE capable of
inducing anaphylactogenic responses proceeds primarily via
IgG1-switched intermediate B cells that have already undergone
affinity maturation, as IgG1-deficient mice exhibit profound lack
of IgE affinity maturation [61, 62]. The subsequent IgE switch
is probably controlled by specialized IL-4 and IL-13-expressing
Tfh cell subsets [59, 63]. High-affinity IgE can rarely also be
produced via IgM-switched cells [64], but the relevance of this
has not been tested in Th2 allergic disease models. Already
switched IgE+ B cells are thought to not undergo maturation in
the germinal centers, which they rapidly exit and either differen-
tiate into temporary plasma cells or undergo apoptosis [65-67].
Additional control of IgE levels results from negative feedback
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A. Human IgE antibody structure
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| IgE antibody structure and binding to its receptors. (A) Schematic representation of the IgE structure consisting of two light and five

heavy chain domains. IgE is a very flexible protein. Ce2-Ce3 allosteric interaction introduces IgE constant region bending and Ce3 domain disordered

structure promotes a variably open Ce3-Ce4 angle. Human IgE Fc has seven glycosylation sites, the N394 mannose residues are required for FceR1

bunding and activation, the rest are occupied by complex variable glycans. (B) Representation of different anti-IgE IgG binding sites. Ce2 and Ce4

binding sites have been identified in human samples [39], and probably block or allow FceR1 binding, respectively. Certain IgE glycans are required
for IgG anti-IgE binding in animal studies [40, 41]. (C) The high-affinity receptor FceR1 is an afyy hetero-tetramer, with IgE binding to the a1 and a2
domains close to the Ce3-Ce2 boundary. Binding promotes open Ce3-Ce4 inter-domain angle. (D) The low-affinity receptor CD23 is a homo-trimer.

IgE binds to the head domains close to the Ce3-Ce4 linker region, leading to closing of the Ce3-Ce4 angle. Thus, CD23 and FceR1 modulate IgE struc-

ture in a reciprocally exclusionary manner.

regulation of IgE+ plasma cells by their BCRs, as antigen de-
tection promotes their death via caspase-3-driven apoptosis,
at a rate proportional to the engagement affinity and duration
[68]. However, a sub-population of IgE+ plasma cells may be
shielded from such encounters, as they have been identified re-
siding in the bone marrow [69, 70]. It is currently unclear how
common they are across allergic conditions, and the extent of
their contribution to overall IgE levels has not been systemati-
cally investigated.

IgE memory is also unique, as circulating IgE+ B cells are ex-
tremely rare and currently not thought to be the primary source
of IgE memory [71]. Recent human studies have highlighted a
specific 1gG1+/IgG4+ B cell subset, poised to undergo rapid
IgE switch upon antigen and Tfh2 IL-4 re-exposure, as the
likely primary memory carriers [72-74]. An additional source
of complexity is the potential discrepancy, wherein the sys-
temic IgE levels may be low but locally elevated in mucosal
tissues exposed to Th2 antigens. There is evidence of certain
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B cells undergoing local CSR to IgE in human tissues, which
has been previously described in nasal [75-77] and bronchial
[78] mucosa or the gastrointestinal lamina propria [79, 80] of
allergic patients.

In terms of relevance during pregnancy, these IgE regulatory
features may impact maternal IgE levels under specific condi-
tions. One question may be related to the tissue-localized CSR:
whether it could take place in the placenta to potentially pro-
mote IgE secretion into the fetus. Some Th2 response-inducing
conditions, for example, helminth infection, are known to af-
fect the placenta. One example is the deposition of Schistosoma
parasite eggs that are Th2-immunogenic and can deposit in the
tissue and result in an increased IgE/IgG newborn blood ratio
[81, 82]. Although abundant cells with detectable maternal
IgE have been observed in the placenta, these were identified
as myeloid-lineage Hofbauer cells [83], and other research in-
dicates it is not produced locally [84]. However, this was found
by analyzing healthy tissues without infection in non-endemic
locations. Another question relates to the interaction between
allergen immunotherapy (AIT) in women and the timing of
pregnancy. AIT antigen exposure might drive a reduction of
IgE-secreting cells by apoptosis, while at the same time promote
the IgG+ memory cells to undergo CSR into IgE. Indeed, human
studies of birch [72] or ragweed pollen [85] AIT have shown an
initial increase in allergen-specific IgE followed by a reduction
only after several months. Thus, it may not be advisable to initi-
ate AIT too close to the start or during pregnancy if the aim is to
attenuate maternal IgE levels during fetal development. These
studies inform our understanding that IgE responses during
pregnancy may be unique compared to nonpregnant adults,
while highlighting gaps in our knowledge about its production
during pregnancy and the influence of immunotherapies on IgE
production specifically or the allergic state more broadly in preg-
nant women.

Further control of IgE levels and localization is enabled by its
distinctive structure (Figure 1A) [86]. During mammalian
evolution, IgE has retained five heavy chain segments (Cel-4
constant heavy domains, V variable domain) while IgG lost its
CH2 domain [38]. This makes IgE longer and more flexible, en-
abling its Ce3-Ce4 domain region to adopt highly variable open
or closed conformations (up to 25° interdomain angle variation)
[86, 87]. This is aided by the inherently less ordered state of the
Ce3 domain when unbound [88, 89]. Additionally, there is also
allosteric communication between Ce2 and Ce3 domains, result-
ing in an acutely bent heavy chain conformation [90]. All these
features have major consequences for IgE binding to receptors
and drugs.

The first principal IgE receptor is the FceR1, a af3y2 chain
hetero-tetramer belonging to the same structural family as
other typical FcyR antibody receptors (Figure 1C) [91]. The 8
and y chains contain the immuno-tyrosine activation motif
(ITAM) that mediates intracellular signaling [91]. The o chain
provides the extracellular hydrophobic IgE binding site, which
primarily interacts with both IgE Ce3 domains. The IgE-FceR1
complex is stabilized by the Ce3 domain adopting a more or-
dered conformation upon binding [92], and allosterically by
the more distant non-binding Ce2 domain bending to contact
Ce3 [93]. IgE binds FceR1 at 1:1 stoichiometry with uniquely

high affinity (K;~10'°M™") compared to IgG-FcyR interactions
(K;~1058M™) [86]. The extremely slow dissociation results in
very low free IgE, with a circulatory half-life of only 2-3days
(vs. ¥3weeks of IgG), owing at least partially to its rapid bind-
ing to cells rather than its degradation [94, 95]. In contrast, the
half-life of cell-bound IgE in tissues is 1-3 months [94, 95]. FceR1
is primarily expressed on immune (MCs, basophils, DCs, mac-
rophages, monocytes) cells but also certain non-immune cell
types [96].

The best evidence of non-immune FceR1 expression comes from
respiratory tissue research. Mouse vagal TRPV1+ nociceptive
sensory fibers that innervate the lungs express FceR1 receptors
[97]. Tts expression is strongly enhanced by allergen sensitiza-
tion [97], probably due to the stabilizing effects of IgE binding.
HDM-induced airway inflammation was significantly atten-
uated in animals with TRPV1+ fiber-specific FceR1 ablation
[97], potentially due to the loss of Th2-promoting neuropeptides
these fibers are known to release after activation [98]. Bronchial
respiratory epithelial cells have been shown to express FceR1
in biopsy samples of type 2-high asthmatics [99, 100], and also
following HDM allergy induction in mice [100]. FceR1 cross-
linking evoked eicosanoid release from the isolated epithelial
cells [99], and may be able to downregulate tight junction pro-
tein expression in HDM-allergic mice [100], potentially promot-
ing increased epithelial permeability.

Among hematopoietic-lineage cells, the most prominent ef-
fect of FceR1 cross-linking with a multivalent antigen is MC
and basophil activation and inflammatory mediator release
(Figures 2A and 6A). In the developmental context, FceR1 ex-
pression on MCs may increase with their maturation from
precursors and reflect their competency for inflammatory re-
sponses (Figure 2C) [104, 110]. FceR1 was expressed on fetal
cutaneous and lung MCs and was capable of IgE binding before
birth [104]. Its appearance across other fetal tissues over time
remains to be characterized in detail.

The second major IgE receptor is CD23, which, unlike other im-
munoglobulin receptors, is structurally a transmembrane C-type
lectin homo-trimer (Figure 1D) [86]. The CD23 head domain con-
tains a binding site for IgE Ce3 [86]. However, this is located at
the opposite end from the site engaged by FceR1 [111]. Although
they bind non-overlapping sites, CD23 and FceR1 binding to IgE
is mutually exclusive. FceR1 hstabilizes a very open IgE Ce3-Ce4
conformation (Figure 1C), while CD23 promotes a more closed
interdomain angle (Figure 1D), resulting in mutual allosteric
exclusion [111]. CD23 binding is of lower affinity (K ~10°M™)
although it may be boosted by increased avidity (K;~108M™),
as one IgE can be bound by 2 independent CD23 trimers [112].
Although CD23 is a lectin, glycosylation does not seem to play a
role in IgE binding [113]. A further difference between CD23 and
FceR1 is that they have higher affinity for an antigen-IgE immune
complex or free IgE, respectively [114], helping attenuate un-
wanted FceR1 activation. CD23 is expressed on both immune (B
cells, DCs, macrophages) and non-immune cells (certain epithelial
cells). IgE or IgE-antigen complex binding to B cell CD23 inhibits
further IgE production in a negative feedback manner (Figure 3A)
[118]. If IgE levels are low, bare CD23 is vulnerable to cleavage by
an A Disintegrin And Metalloproteinase (ADAM) family metal-
loproteinase, resulting in a soluble form (sCD23) that retains
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Antigen binding-dependent IgE and FceR1 functions
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FIGURE 2 | IgE and FceR1-mediated functions. (A) IgE binds to separate FceR1 on mast cell (MC) and basophil surface. Antigen detection by
IgE clusters the membrane IgE-receptor complexes, this FceR1 cross-linking triggers inflammatory granule (containing proteases, monoamines, and

proteoglycans) and soluble mediator (cytokines, chemokines, leukotrienes, prostaglandins) release in response. (B) FceR1 is also expressed on human
antigen-presenting cells (APCs), such as dendritic cells, which it can assist to take up IgE-bound antigens at a low concentration [101]; however, this
antigen uptake pathway may not be sufficient to bias towards Th2 response development on its own [102]. (C) Homeostatic IgE binding to MC helps
maintain their population size in skin and intestine in vivo [103], or increases granule maturation in MC progenitors in utero [104], without requiring

antigen binding.

IgE-binding activity (Figure 3B). sCD23 binding to the transmem-
brane IgE on switched B cells stimulates further IgE production
(Figure 3B) [118]. Thus, CD23 helps maintain IgE homeostasis via
the reciprocal soluble and membrane-bound form actions.

In terms of relevance for the maternal-offspring interactions,
CD23 is known to mediate IgE or IgE-immune complex transport
across respiratory and intestinal epithelial cells (Figure 3C,D)
[115, 119, 120]. It was shown to be expressed on fetal B cells
[121]; however, it has been found only on sparse round cells on
the maternal side of the human placenta [84], but not the syncy-
tiotrophoblast. It may be relevant after birth, as functional CD23
is expressed in the human intestinal epithelium [115], potentially
allowing for breastmilk IgE capture (Figure 3C,D). Its significance
in early life allergy has not been investigated, but studies in adult
mouse models produced seemingly discordant results [114, 116]. In
one study, wild-type mice developed anaphylaxis when passively
sensitized with free feline allergen-specific IgE and later chal-
lenged with the allergen, but resisted anaphylaxis when sensitized
with IgE-allergen complexes [114]. In contrast, CD23-deficient

mice developed anaphylaxis after immune complex treatment
[114]. Reduced pathology could be due to a combination of faster
IgE-antigen clearance via CD23 and reduced immune complex
binding to MC FceR1 [114]. In the other study, ovalbumin (Ova)/
alum-sensitized wild-type mice developed much stronger lung in-
flammation than CD23-deficient mice after inhaling Ova [116].
By transplanting WT bone marrow into CD23-KO lethally irradi-
ated recipients, the authors showed that CD23 expression on lung
structural cells (esp. airway epithelium) promoted allergic inflam-
mation, while CD23 on hematopoietic cells was irrelevant [116].
This suggested epithelial CD23 promoted airway inflammation
by transporting IgE luminally, allowing it to capture Ova during
challenge, and re-absorb the IgE-bound Ova (Figure 3C,D) [116].
Considering both studies, one may conclude that CD23 inhibits
anaphylaxis triggered by allergen intrusion into the circulation
to prevent widespread FceR1 activation [114]. At the same time,
CD23-mediated IgE-allergen capture can promote trans-epithelial
immune complex passage [116]. This may facilitate antigen presen-
tation to allergen-specific Th2 CD4+ T cells in a sensitized individ-
ual [122]. Further, caveats apply to both models. Intravenous IgE
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CD23-mediated regulation of B cell IgE production
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FIGURE 3 | IgE and CD23-mediated functions. (A) CD23 provides feedback regulation of IgE production by B cells. When IgE levels and an-
tigen exposure are low, CD23 remains unoccupied, as it has reduced affinity for monomeric IgE compared with antigen-bound IgE. Under high
IgE-antigen load, IgE immune complex binding to CD23 inhibits further IgE release. (B) If IgE concentration falls sufficiently, unoccupied CD23
becomes vulnerable to ADAM protease-mediated cleavage, releasing the soluble head domain trimers that can bind B cell surface IgE (i.e., the B cell
receptor). This stimulates increased B cell IgE production. (C) CD23 can mediate IgE transcytosis across epithelial cells, such as IgE absorption from
the intestine [115]. (D) The IgE transferred by IgE to the mucosal surface can capture cognate antigens and the resulting immune complex can be
transported from the apical side to the submucosa, where it can be taken up by APCs for antigen presentation to lymphocytes [116]. (E) CD23 aids
APCsin antigen-IgE complex uptake. (F) CD23 on B cells also facilitates IgE immune complex capture. B cells may transfer the antigen or its peptides
to professional APCs via exosomes in the splenic follicular areas [117].

and/or allergen administration is highly artificial, as it bypasses
epithelial modulation. Allergic asthma induction in the Ova/alum
allergy model is known to be IgE and MC-independent due to the
artificial adjuvant use, and it cannot control for allergen-specific
IgG-mediated effects [123]. Thus, to properly elucidate the role of
maternal IgE-offspring CD23 pathways on allergy development,
different types of allergens may need to be tested in vivo. Simple
allergen-monomeric IgE complexes might be more prone to CD23-
mediated removal, while multivalent allergens that bind several
IgE molecules could cross-link FceR1 after epithelial passage.

All these unique aspects of IgE biology make it difficult to de-
tect and study. This especially applies to sampling bound IgE

in pregnant women and during human embryonic/fetal devel-
opment. Therefore, it may often be missed, and sometimes dis-
missed as contamination, leading to its role in early life being
underappreciated. However, the detailed understanding of IgE
structure binding sites allows for it to be targeted by drugs.

3 | Mast Cells in the Maternal-Fetal Interface
Setting and in Early Life

Maybe the most prominent cellular effector partners for IgE
are mast cells (MCs), a type of tissue-resident myeloid-lineage
innate immune and immune regulatory cell [124]. Although
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basophils are also prominent carriers of the FceR1 receptors,
they tend to be restricted to circulation under physiological con-
ditions, only entering the peripheral tissue following the onset
of inflammation In contrast, MCs are found in all vascular-
ized tissues, especially close to mucosal barriers, vasculature,
nerve fibers, and tissue compartment boundaries, that is, the
most likely sites of antigen exposure or tissue perturbation-
derived signal propagation. There, MCs fulfill a sentinel role
enabled by both their array of pathogen, endogenous stress, and
danger-associated pattern recognition receptors, together with
the adaptive immunity-derived antigen-specific IgE. They are
poised for immediate response to antigen detection thanks to
their pre-formed cytoplasmic granules comprised of mediators,
including protease enzymes, serotonin, histamine, or heparin
[125]. Their effects induce local inflammation, vasodilation, and
changes to vascular permeability resulting in edema, changes
to sensory nerve activity promoting itch and/or pain sensation,
smooth muscle constriction, or enhanced mucus secretion [125].
The initial MC response is followed by a later release phase of
lipid-derived prostaglandins and leukotrienes, cytokines, and
chemokines they synthesize de novo. These signals promote
the recruitment of effector cells from circulation or lymphatics,
most prominently in allergic responses, eosinophils and neutro-
phils, but also monocytes, NK cells, and T cells [126]. Due to
their ability to initiate inflammation and shape the downstream
adaptive response, and their capacity to use adaptive immune
system-derived IgE and IgG, MCs constitute a major innate—
adaptive immune system bridging element.

The physiological roles of MCs in immune defense have been
shown to include virtually all classes of pathogens [126]. In
the context where MCs are involved specifically through IgE-
mediated sensing, this may primarily involve defense against
multicellular endoparasites [127-132] and ectoparasites
[133, 134]. Apart from parasite immunity, IgE-mediated MC
functions have recently been shown to be protective in a mouse
model of Staphylococcus aureus skin and soft tissue infection
[135]. In this study, IgE targeted bacterial toxins that help S.
aureus spread, with MC degranulation products helping kill the
bacteria and degrading their secretory products. The protec-
tive effect was absent in IgE or FceR1-deficient animals [135].
Similar MC-mediated protection has been previously demon-
strated for snake venoms [136-138] or insect toxins [139, 140].
In the non-infectious disease setting, MCs have been implicated
in the regulation of many other systems, such as adipose tissue
function [141], thermoregulation [142], cancer immunity, or
behavior [143]. In the pathological context, the role of MCs is
best described in allergic diseases, with their involvement con-
sistently validated across different MC-deficient animal models
[144, 145].

A further distinctive feature of MC biology relevant to the
maternal-offspring setting in early life is their complex he-
matopoiesis. During fetal development, the formation of first
blood and leukocyte precursors initially starts in the extraem-
bryonic yolk sac (YS) (embryonic day 7 (E7-8.5) in mice; 4-6th
post-conception week (PCW) in humans) [146, 147]. This prim-
itive hematopoiesis phase outputs megakaryocytes and eryth-
roid cells for blood formation, together with erythro-myeloid
progenitors (EMPs) that give rise to the initial immune cells.
This includes microglia (brain-resident macrophages) and MC

progenitors, subsequently other macrophage, NK cell, and in-
nate lymphocyte precursors [146, 147]. Thus, MC progenitor
(MCp) cells are present from the earliest stages of mamma-
lian development. Subsequently, fetal hematopoietic stem cells
(HSCs), that can generate all types of immune cells, form in
the intraembryonic aorta-gonad-mesonephros region (AGM)
(E9; 5 PCW). Both YS EMPs and AGM HSCs seed fetal liver,
which becomes the second main locus of hematopoiesis (from
human post-conception week 6; mouse E10). Lastly, definitive
HSCs settle in the bone marrow that becomes the final immune
cell precursor source (10weeks post-conception onwards in hu-
mans; E16.5 postnatally in mice) [124]. Thus, at least in mice,
YS EMPs and AGM HSCs are thought to generate 2-3 waves of
MC-lineage-committed cells before birth, with postnatal bone
marrow contributing subsequently [124, 147]. MC ontogeny has
not been determined in such granular detail during human in-
trauterine development. However, it may be reasonable to ex-
pect an analogous process, as tissue-resident myeloid cells are
found by 6 PCW, that is, before the onset of liver hematopoiesis.
Furthermore, MCp gene expression signatures are detectable in
both human YS and fetal liver tissue in recent large single cell
RNA-profiling studies [148-150].

A specific feature of myeloid hematopoiesis originally demon-
strated for macrophages is that the early YS EMP-derived cells
colonize tissues where they differentiate and establish long-
term residence [151, 152]. Interestingly, these may be retained
across the whole lifespan and self-renew independently of the
bone marrow HSCs [152]. Alternatively, they may be gradu-
ally replaced with HSC-derived monocytes with tissue-specific
differential replacement rates [152]. For example, mouse fate
mapping models suggest that microglia originate from the YS
exclusively and do not get replaced over time [153], with skin
and liver also retaining cells of YS ontogeny [152]. More recent
lineage tracing studies in Cdh5-CreERT2 (labels hemogenic en-
dothelial cells) and RunxI-CreERT2 (labels pan-hematopoietic
progenitors) mice showed that MCs also follow a similar pattern
of gradual replacement of early YS EMP-derived cells with the
subsequent fetal HSC-derived ones [154, 155]. Following birth,
bone marrow-derived MCps continuously emerge into circula-
tion in mice [110, 156] and humans [157, 158]. They home into
tissues, especially the intestine [159] and the airways [160],
where they differentiate into primarily mucosal-type MCs [161].
It is currently unclear what proportion of postnatal human MCs
originate from each hematopoietic wave, or what the functional
consequences of this heterogeneity might be.

The processes detailed above operate under physiological con-
ditions. However, inflammation can affect hematopoietic de-
velopment before and after birth, disrupting the architecture
of tissue-resident immune cells. Maternal immune activation-
derived inflammatory cytokines can modulate fetal HSC out-
put in utero, resulting in changes to offspring immune cell
numbers [162, 163] or their subsequent responses to activating
stimuli [164]. This has been shown to translate into inflam-
matory disease in adult mouse offspring, including ILC2-
mediated airway Th2 inflammation [165] or Thl7-driven
colitis [166]. Although analogous studies of MC development
specifically have not been conducted for offspring, there are
potential pathways through which IgE-mediated maternal al-
lergic disease could be a source of inflammatory programming
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signals. For example, maternal IL-5 elicited by HDM inhala-
tion in allergic pregnant dams has been shown to cross the
placenta to mobilize fetal eosinophil production [167, 168].
The eosinophils promoted airway sensory hyperinnervation
in wild-type littermates, but these changes were absent in
fetuses deficient of eosinophils due to Cre-driven diphtheria
cytotoxin expression controlled by the eosinophil peroxidase
(EPO) promoter [168]. Hyperinnervation translated into en-
hanced allergen reactivity postnatally [167, 168]. In humans,
MCps found in fetal cord blood [169] and adult circulation
[170] both express the IL-5 receptor. Exposure of purified
MCps to IL-5 promoted their proliferation or survival in vitro
[170]; thus, it is conceivable that a similar process could also
promote MC expansion during development. Similarly, post-
natal inflammatory responses can promote MC population ex-
pansion either via enhanced rates of blood-borne MCp entry
or increased proliferation of tissue-resident MC/MCp. Such
changes are inducible not only in response to an infection
[171-173] but especially in different types of IgE-mediated
allergy, including asthmatic lungs [174-176], chronic rhini-
tis [177], intestine during food allergy [178, 179], and allergic
dermatitis [180, 181]. All this may result in increased sus-
ceptibility of a tissue to IgE-induced inflammation due to an
increase in MCs, potentially combined with changes in their
local phenotype. Although they share core features across the
organism, the MCs recruited to a tissue are also targets of pro-
gramming by local microenvironmental signals [182-185]. In
summary, MCs are long-lived, often self-renewing cells, with
a complex layered ontogeny that makes them a potential tar-
get for developmental programming by maternal and local
tissue-derived signals during the perinatal period of pheno-
typic plasticity [11]. All these studies suggest ways that the
experiences and exposures of MCs influence their abundance,
phenotype, and the long-term allergic disease risk, accentu-
ated by their role as a persistent reservoir of tissue-bound IgE
after sensitization.

MCs are present at both sides of the maternal and fetal inter-
face during gestation. As mentioned previously, they develop
among the first immune cell types during mouse and human
pregnancy, implying MCs may have functional relevance from
very early in life. Although this has not been extensively inves-
tigated, fetal MCs may aid tissue developmental processes; how-
ever, whether IgE contributes to this process is unknown. For
example, murine fetal MCs have been suggested to regulate the
branching of vasculature and innervation of the cornea [186],
of the mammary tissue duct branching [187], and assist with
fetal skin wound healing without scar formation [188], although
mouse model limitations and the fact that there is not a good
model for MC deficiency during fetal development limit our un-
derstanding of how MCs contribute to these processes. Some
studies also suggest that maternal IgE can affect fetal MC devel-
opmental function during pregnancy. In the rat fetal brain, MCs
in the hypothalamus preoptic area are receptive to the gonadal
hormone estradiol, in response to which they secrete histamine.
In turn, histamine modulates the wiring of synapses respon-
sible for controlling mating behavior in adulthood [189, 190].
Maternal IgE sensitization and allergen challenge during preg-
nancy were found to increase the rat offspring hypothalamic
MC population at birth and affect behavior [190], although the
specific mechanism is unknown. Overall, these studies indicate

that MCs and their interactions with IgE likely have develop-
mental implications.

Although fetal immune cells may adopt developmental roles
during gestation, their other main function is to defend against
pathogens. As the immune system is not fully developed till
after birth, the early life period is associated with an increased
vulnerability to infection. Several well-known congenital in-
fections include HIV and the TORCH pathogens, including
Zika virus [191]. Others, like Staphylococcus aureus, can also
cause chorioamnionitis by infecting the placenta or amniotic
fluid, and are associated with premature birth [191]. However,
whether MCs mediate protection or inflammatory responses
to pathogens before birth is unknown. Several studies report
pro-inflammatory responses of human cord blood-derived MCs
(CBMCs) to pathogens; however, these were used primarily be-
cause of their relatively accessible source and after prolonged
maturation in culture from CB progenitors [192-194]. Human
and rodent immune development research indicated that some
fetal MCs develop inflammatory response components, such as
FceR1 or heparin granules with the associated proteases, in the
first trimester [104, 150, 195, 196]. It is reasonable to expect they
could be activated following pathogen detection, but it remains
to be verified experimentally.

MCs also have very important functions on the maternal side of
the materno-fetal interface, which forms in very early pregnancy
due to the implantation of the blastocyst-stage embryo into the
maternal decidua (uterine endometrial epithelium), resulting in
the formation of fetally derived placenta (3 PCW human; E10
mouse) [191, 197]. The placenta anchors the fetus and mediates
metabolic, endocrine, and immune exchange. During human
placentation, the specialized embryonic trophoblasts invade the
uterine endometrium where they remodel and dilate maternal
spiral arteries [191, 197]. This enables the invading placental
villi containing fetal capillaries to be bathed in maternal blood
to become the primary site of materno-fetal material exchange
(Figure 5B). The maternal and fetal circulations are separated by
a thin continuous interfacing syncytiotrophoblast layer derived
from the fetus that mediates the transport processes (Figure 5B)
[191, 197].

During placentation, fetal trophoblast cells interact with ma-
ternal decidual immune cells that actively regulate the vascu-
lar remodeling and implantation [200]. This includes NK cells,
macrophages, but also MCs [201-203]. Uterine MCs respond to
gonadal and pregnancy-associated hormones and their popula-
tion increases during decidualization [202, 204, 205]. Embryo
implantation and spiral artery remodeling are partially defective
in MC-deficient mice [201, 206] and rescued by reconstitution
of the female mice prior to pregnancy with ex vivo grown MCs
[201]. MCs may support these processes via chymase [207] and
histamine [208] release, in collaboration with NK cells [206].
Additionally, there is evidence for the protective role of mater-
nal MCs in a mouse model of uterine bacterial infection associ-
ated with pregnancy complications [209]. In mice, uterine MCs
reduced Streptococcus dissemination and premature birth by a
chymase-mediated mechanism [210].

Dysregulation of MC function during placentation may con-
tribute to fetal growth restriction and miscarriage [211, 212],
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or preeclampsia pathogenesis [208]. How the biology of MCs at
the maternal-fetal interface is affected by IgE remains under-
studied. Uterine MCs can be sensitized by IgE, as tissue samples
taken from women allergic to ragweed can respond to allergen
challenge ex vivo and promote myometrial contraction [202].
Furthermore, patient cohort studies show a positive association
between maternal asthma and preeclampsia or preterm birth
risk [213]. Interestingly, children born to mothers with pre-
eclampsia during pregnancy have an increased risk of allergen
sensitization [214] and allergic disease development [215, 216].
It remains unclear whether the preeclampsia-allergy associ-
ation stems from a shared underlying mechanism or whether
one condition directly contributes to the other. It may be inter-
esting to determine whether effective treatment or control of
maternal allergic disease during pregnancy reduces the risk of
preeclampsia.

4 | The Origins of Early Life IgE

Fetal and neonatal immune systems become very different later
in life, initially exhibiting reduced efficacy when responding
to specific antigens, manifesting in increased vulnerability to
infectious diseases that are mild in later life (e.g., respiratory
syncytial virus bronchiolitis) [217]. A combination of factors is
thought to contribute, including adaptive immune system im-
maturity, increased effector response versus memory formation
balance, and increased reliance on innate responses for protec-
tion [19, 218].

Distinct early life factors also apply to B lymphocytes, the cell
type responsible for IgE production. Human fetal B cells are
detectable from the start of the 2nd trimester, developing in a
phased process, giving rise to a layered structure of their pop-
ulations [219]. The initial B cells are the innate-like B-1 lym-
phocytes, primarily originating in the fetal liver, that tend to
produce low-specificity, low-affinity polyreactive IgM antibod-
ies with protective and regulatory functions. The more conven-
tional B-2 cells capable of producing non-IgM isotype antibodies
originate from bone marrow precursors that continue to develop
in the secondary lymphoid structures (esp. spleen and lymph
node follicles). Fully functioning follicles with germinal centers
and some B cell subsets, like the marginal zone cells, only fully
develop after birth [219, 220]. Additionally, early life B lympho-
cytes may be less sensitive to activation due to reduced expres-
sion of co-stimulatory molecules, such as CD40 and CD80/86,
and due to lower function of Tfh cells during the same period
[218]. Maturation of the immunoglobulin repertoire can also
be inferred from the Ig complementarity-determining region 3
(CDR-H3) sequence lengths, which increase as VDJ junction nu-
cleotides are added over time. In humans, immature IgM, IgG,
and IgA patterns persist until about 6 months after birth, with
evidence suggesting the maturation process is endogenously
controlled and not significantly accelerated by antigen expo-
sure [221-223]. Taken together, early life production of non-IgM
class-switched antibodies following antigen exposure is more
difficult and relatively limited until at least 6 months of age and
outputs lower titre of lower affinity antibodies that wane faster
[19, 224]. In the case of IgE specifically, many studies presumed
low levels of endogenous fetal production. However, an analy-
sis of human fetal tissue and infant blood samples for VDJCe

transcripts presence across developmental time points revealed
that IgE production does not occur prenatally [225]. The VDJCe
transcripts were detected in only 2/62 liver samples and 2/133
cord blood mononuclear cell samples and remained extremely
rare until about 9 months of age after birth [225].

Considering these factors, it could be reasonable to expect that
the components of IgE production are missing or ineffective pre-
natally. Thus, the surprising findings of circulatory IgE in fetal
and neonatal cord blood consistently across many human sam-
pling studies suggest maternal origin [22, 226-234].

5 | Maternal IgE Antibody Transfer Pre- and
Postnatally

The main reason why it was thought maternal IgE does not
transfer into the fetus was the seeming placental barrier im-
permeability to IgE [235]. Also, no IgE production has been ob-
served in the placenta, only surface binding to macrophage-like
Hofbauer cells (Figure 5B) [84]. Even though maternal B cells
reside at the materno-fetal interface, they are thought to help
maintain protection and fetal tolerance during pregnancy [236].

Maternal IgE passage during gestation can explain many ob-
servations of human cohort studies. Chiefly, antigen-specific
IgE is commonly detected in human fetal blood samples. This
includes both pathogen-specific antibodies in pregnant moth-
ers with a parasite infection [237, 238] and allergen-specific
IgE [22, 226-234]. Furthermore, the ratio of allergen-specific
and total IgE in maternal blood often correlates with those of
offspring cord blood [239], as does the specific allergen sensi-
tization profile [21, 228]. This is not the case for paternal IgE
in allergic fathers [15, 16, 240-243]. Additionally, maternal IgE
sensitization is associated with a significantly increased propor-
tion of cord blood immune cells with FceR1-bound IgE [244].
We confirmed maternal IgE binding to fetal tissue MC receptors
in a murine model [104]. Taken together, this evidence suggests
that a substantial fraction of fetal IgE can be primarily derived
from the maternal organism. This could also explain how some
infants experience allergic reactions upon the first exposure to
an allergen [245], before 9months of age when endogenous IgE
is thought to begin properly [225]. Similarly, it may also explain
how maternal and infant sensitization diverge several months
after birth [21, 246], likely reflecting the decay of maternal IgE
and the start of endogenous production.

In contrast to IgE, transport of maternal IgG antibodies is well
understood. It is enabled by the FcRn receptor (Figure 4B).
Structurally, it is a heterodimer composed of a heavy a-chain and
a f3,-microglobulin light chain [248]. The MHCI-homologous a-
chain has three extracellular domains. Out of these, the «1 and
a2 form the IgG binding site together with 8,-microglobulin.
In all the examples of FcRn-IgG binding described, whether
in cellular endocytic vesicles or intestinal lumen, the process
is critically dependent on acidic pH (~6.5) and IgG re-release
is triggered by neutral pH [248]. IgG binding is thought to be
mediated via electrostatic interactions resulting from IgG C2-
Cy3 linker region histidine residue protonation under low pH
conditions being attracted to negatively charged acidic residues
in both the FcRn a2 domain and @, microglobulin chains [248].
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FIGURE 4 | FcRn roles in serum protein homeostasis, antibody transcytosis, and antigen presentation. (A) Vascular endothelial FcRn protects
serum IgG antibodies and albumin proteins from degradation after endocytic uptake by pinocytosis. Vesicle acidification protonates IgG amino acid
restudies and triggers its binding to FcRn, while albumin binds primarily via hydrophobic interactions independently of IgG at a distal site. Proteins
that cannot bind FcRn may be sorted into the lysosomal degradation pathway. (B) FcRn expressed at the maternal-fetal interface syncytiotrophoblast
mediates maternal IgG transcytosis across the placental barrier. FcRn also translocates immune complexes consisting of anti-IgE IgG and IgE from
maternal into fetal circulation. (C) Similar mechanisms have been shown to capture IgG-antigen immune complexes from mouse intestinal lumen
into the submucosa [247]. This might also allow IgG-IgE complexes to be absorbed from breast milk [198]. (D) FcRn expressed on APCs, including
dendritic cells and macrophages, can help capture IgG immune complexes in collaboration with other FcyR IgG receptors for MHCII antigen-derived
peptide presentation.

IgG binding does not seem to be influenced by its glycosylation, sac endoderm in rodents (Figure 5B) [253]. These are the fetal-
unlike other FcyRs [249]. In addition to IgG, FcRn also binds derived cells at the materno-fetal interface that contact mater-
serum albumin proteins, the binding of which is thought to be nal blood. Although other Fc receptors (FcyRII and FcyRIII) are
primarily hydrophobic and of lower affinity [248]. expressed by placental cells, FcRn is the only one mediating IgG
translocation [248, 254]. It is selective for IgG (prefers IgG1 and
In adult organisms, FcRn is critical for the maintenance of serum IgG4 over IgG2 and 1gG3) and does not permit monomeric IgE
half-life longevity of both IgG and albumin proteins [250, 251]. transcytosis (Figure 5B) [248, 255].
This cycle consists of IgG/albumin binding, followed by reten-
tion inside vascular endothelial cell endosomes where FcRn Considering the inability of FcRn to interact with IgE, an indi-
protects them from lysosomal degradation, and recycling back ~ rect mechanism was proposed (Figures 4B and 5B). Using an
into circulation (Figure 4A). IgG serum half-life in WT mice is in vitro model system, it has been shown that human IgG-IgE
95h in contrast to 22h in FcRn-deficient animals [250]. Lastly, complexes, but not monomeric IgE, are actively transported
FcRn is also expressed by immune cells and facilitates antigen across human FcRn-transfected MDCK cell layers [199]. In the
presentation by IgG-antigen complex capture (Figure 4D) [249]. same study, strongly correlated amounts of anti-IgE IgG were
found in the serum of both allergic women and their neonates
In the gestational setting, FcRn is expressed on human pla- [199]. Additionally, cord blood IgE correlated with maternal 1gG
cental syncytiotrophoblast [252] and across the analogous yolk  anti-IgE content in allergic mother-neonate dyads [199]. Most
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FcRn cannot bind monomeric IgE, but has been shown to also transfer IgG-bound maternal IgE into the fetus. This has been demonstrated in vitro
[199], and recently in a murine model of maternal allergic sensitization as sufficient for offspring allergic reactivity upon the first allergen exposure

[104].

cord blood IgE was present in the complexed form, as it was de-
pleted after serum incubation with IgG-specific binding beads
[199]. We confirmed this mechanism in vivo by showing that
maternal IgE transferred into the offspring of both passively
IgE-sensitized and wild-type but not on FcRn-deficient mouse
dams allergic to ragweed [104]. Maternal IgE co-localized with
IgG on the placental endothelial cells in a FcRn-dependent man-
ner [104] and was subsequently detected on fetal skin and lung
MCs in utero [104]. We also found IgE-decorated FceR1 human
fetal skin and lung tissues as early as 14 PCW [104]. Further ev-
idence of this mechanism in humans comes from a recent study
that used ex vivo artificially perfused placentas to investigate
antibody transfer [256]. When the placenta was perfused with
peanut-allergic plasma with added peanut allergen proteins, free
IgE did not pass through. The addition of anti-IgE IgG enhanced

the transfer of IgE-peanut allergen across the barrier [256]. The
absence of anti-IgE IgG may explain why older studies using
similar ex vivo systems failed to observe IgE transfer [235].

In addition to trans-placental transfer, there is evidence of
continuing maternal IgE transmission after birth. FcRn can
secrete IgG across epithelia onto the luminal surface [251].
Specifically, FcRn is also expressed in mammary tissue of
both rodents and humans, where it transports IgG into breast
milk (Figure 5A) [20]. Following milk ingestion, neonatal
gastrointestinal epithelial FcRn captures the maternal IgG
and transports it into offspring circulation (Figure 5A). This
also enables offspring antigen-presenting cells and phago-
cytes to capture IgG-antigen immune complexes for MHC
display or removal, respectively (Figure 4D) [251, 257]. This
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can sensitize offspring MCs for an allergen, resulting in their degranulation upon a future antigen encounter and eosinophilic inflammation in the
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the activation of cDC2-type dendritic cell subset that skews the subsequent allergen-derived antigen presentation to promote Th2 CD4+ lymphocyte
development. (E) MCs and basophils secrete IL-4 following IgE cross-linking. IL-4 signals inhibit dendritic cell pro-Th1 IL-12 expression [107]. (F)
The presence of IL-4 signals during antigen presentation also enhances Th2 CD4+ cell differentiation. (G) T regulatory (Treg) cells express I1-4 re-
ceptors and their capacity to secrete inhibitory TGF-@ is attenuated by IL-4 signals, stopping them from restraining Th2 differentiation [108]. (H) The
presence of MC and basophil-derived IL-4 may also inhibit Th1 CD4+ lymphocytes that have suppressive effects on Th2 cells. The lack of IL-12 from
dendritic cells lifts the repression on the Th1 cell IL13Ra1/IL4Ra heterodimeric IL-4/IL-13 receptors expression. IL-4 sensing by Th1 cells promotes
their apoptosis, leading to the loss of Th1-biasing interferon-gamma (IFN-y) signals [109]. These events, alone or in combinations, support the Th2
inflammatory environment, that culminates in the B cell IgE class switching, and the development of offspring IgE allergen memory.

mechanism may be involved in promoting neonatal tolerance
to food antigens when complexed with maternal IgG in breast
milk [247, 258]. However, the same FcRn-mediated pathway
enables breast milk IgG-IgE absorption from the intestinal
lumen (Figures 4C and 5A). When naive mouse pups are
foster nursed by Ova-allergic dams, anti-Ova IgE becomes
detectable in their serum [198]. IgG1 anti-IgE was present in

allergic but not naive dam blood and was secreted into their
breast milk [198]. The detection of IgE in fostered offspring
was abolished in FcRn-KO, but not CD23-deficient animals
[198]. This confirmed IgE was not absorbed from the intestine
directly (via CD23), but in the form of a complex with IgG anti-
IgE. Furthermore, the serum of mice fostered by allergic dams
was able to sensitize ex vivo cultured MCs to be activated by

12 of 30

Immunological Reviews, 2025



the antigen, showing that IgG complexation is not always
sufficient to prevent its FceR1 binding [198]. Both total IgE
and allergen-specific IgE are also detectable in breast milk of
lactating women [259, 260]. Unlike in rodents, human intes-
tinal FcRn expression remains stable with age [251], enabling
continuing IgE capture over the relatively prolonged human
lactation period.

Lastly, another proposed mechanism of maternal IgE transfer
that combines transcytosis and gastrointestinal pathways may
also be explicable via FcRn actions. A pair of studies analyzed
amniotic fluid samples of British women and Brazilian women
for the presence of IgE [260, 261]. Amniotic IgE was first de-
tectable at 16 PCW and was present in all full-term samples.
Furthermore, amniotic and maternal serum IgE content were
significantly correlated [260, 261]. Although only low IgE levels
were present in fetal blood [260], this is probably due to its rapid
tissue binding. It was proposed that amniotic IgE enters the
fetus via continuous fluid swallowing, which is a major source
of nutrition in utero [260, 262]. Amniotic fluid is primarily of
maternal origin and has been shown to contain IgG, including
tetanus antigen-specific IgG due to maternal vaccination [263].
Thus, it may be reasonable to expect that IgG is transported into
the fluid via FcRn, which could also enable IgG-IgE complex
transfer. Both free and IgG-complexed IgE could be absorbed
in the fetal intestine, as it expresses both CD23 [115, 260] and
FcRn receptors [251]. However, this remains to be verified
experimentally.

In conclusion, in vivo model evidence and human study find-
ings support the role of FcRn as a major transfer mechanism
of maternal IgE during early life, both across the placenta in
utero and via breast milk and intestinal epithelium postna-
tally. Thus, IgE transfer can take place for extended periods
during development and result in trans-generational inheri-
tance of maternal allergen sensitization with potentially long-
lasting consequences.

6 | Endogenous IgE Production After Birth

In addition to the transferred maternal IgE, there may be
another source of IgE antibodies on the offspring early after
birth. This may be in the form of natural antibodies (NAbs),
which are endogenous immunoglobulins formed independent
of explicit antigenic stimulation. These were initially identi-
fied in animals bred under germ-free and external antigen-
free conditions, that unexpectedly had relatively normal IgM
antibody levels at birth [264, 265]. [gM NAbs are also found in
human newborns, with specificities primarily against micro-
biota glycans and self-antigens [266, 267]. They are thought
to have regulatory and anti-inflammatory functions, for ex-
ample, assisting with damaged or apoptotic cell removal via
efferocytosis [268].

Natural IgE is also found in the serum of germ-free mice [269].
It is detectable very soon after birth, with the timing being
mouse strain-dependent, suggesting the influence of germline
programming [269]. Interestingly, it is not ablated in athy-
mic nude mice lacking almost all T cells or MHCII-deficient
mice lacking the mechanism of antigen-specific T cell help

[269, 270]. One contributing source of mouse natural IgE is thy-
mic CD138 + Blimpl+ plasma cells, the activity of which comes
online as early as 1 week of age [103]. Paradoxically, the imma-
turity of fetal B cells may be conducive to natural IgE produc-
tion. It has been found that murine fetal liver-derived immature
B cells prefer switching towards IgE production when stimu-
lated with «CD40 and IL-4 ex vivo compared with a reduced
preference in mature B cells [60]. The switch to IgE occurs from
IgM directly, bypassing the need for germinal center selection
and hypermutation [60]. This is in line with the observed low af-
finity and specificity of murine natural IgE antibodies and their
lack of somatic hypermutation marks found in their transcript
sequences [269]. Elevated natural IgE is also found in humans
with immunodeficiency diseases that cause T cell deficiencies
[271], in agreement with the murine models. However, the ex-
tent of natural IgE formation in human infants is not clear, and
natural IgE-producing cells have not been directly identified at
such an early age.

It is currently unclear what the effects of natural IgE are. Similarly
to the natural IgM mentioned previously, natural IgE may have
homeostatic roles via auto-antigen binding [269]. Based on ex-
periments in adult mice, one proposed function might be barrier
tissue maintenance following injury [272, 273], but other roles
remain largely unknown. In terms of allergic pathology, a recent
study provided the first evidence for the capacity of NAbs to prime
airway Th2 inflammatory response in mice exposed to Ova com-
bined with alum and uric acid crystals as adjuvant, which simu-
late damage-associated molecular pattern (DAMP) signals [274].
However, this study did not differentiate the contribution of spe-
cific NADb isotypes, so it remains unknown whether natural IgE
contributed. Natural allergen-induced DAMPs are also sensed by
several tissue-resident innate immune cell types directly, introduc-
ing redundancy in the system [43].

In contrast, natural IgE could be potentially protective from
anaphylaxis. In mice, glucocorticoids have been shown to boost
circulating natural IgE levels [275]. Mechanistically, dexameth-
asone promotes murine B cell IgE switching in vitro by substi-
tuting for or reinforcing existing CD40 stimulation [276]. The
treatment also stimulated higher IgE production in already
switched B cells in vivo [276]. Pre-emptive induction of natural
IgE resulted in attenuated anaphylaxis in mice that have been
previously tapered off the drug [276]. This was presumably due
to allergen-specific IgE dilution or blocking its FceR1 loading
by natural IgE. There are indications that analogous effects
could function in humans, as patients receiving long-term ste-
roid treatment can exhibit increased total IgE induction [277]. It
is unknown whether glucocorticoid stimulation could enhance
allergen-specific IgE class switching if exposure coincided with
the initial sensitization period.

7 | Functional Consequences of Maternal IgE
Transfer

Maternal IgE transfer during pregnancy and infancy has now
been demonstrated in multiple studies including diverse mam-
malian species, as discussed previously. Although the conse-
quences of this process remain mostly unknown, current data
support a number of potential effects maternal IgE may promote.
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7.1 | Development of Offspring Allergic
Inflammation

The most straightforward outcome of IgE presence in the off-
spring is sensitization to allergens, provided sufficient scale
of antibody transfer. Allergic reactivity requires the presence
of available FceR1 receptors on cells capable of inflammatory
responses. Mouse fetal tissues become colonized by MC in the
E10.5-E12.5 period, where MCs begin to build up inflamma-
tory granules and surface FceR1 over time [104, 124]. We found
that by E15.5 virtually all mouse skin MCs contain detectable
heparin-bearing granules and comprise approx. 20% of all im-
mune cells residing in E17.5 murine fetal skin [104]. Fetal lung,
intestine, peritoneum, and cornea all contain MCs along a mat-
uration gradient [104, 155, 186, 278]. Human fetal skin and lung
contained FceR1+ MC populations at the start of the 2nd tri-
mester [104, 279]. Thus, barrier tissues contain relatively ma-
ture MC subpopulations with free FceR1 receptors prenatally.
We and others have shown that the maternally derived IgE gets
captured on the FceR1 receptors of skin and lung MCs of fetal
mice and humans [104, 280], and offspring circulating basophils
[199, 244, 281]. We observed maternal IgE was sufficient and
necessary for MC activation in E17.5 fetal and newborn mouse
skin in response to TNP-Ova detection, and in juvenile mouse
lungs following ragweed allergen inhalation (Figure 6A) [104].
In summary, these findings support the potential of barrier
tissue MCs being capable of inflammatory responses after the
first antigen challenge during early life, when armed with trans-
ferred IgE.

Taken together, these findings could be a part of the explana-
tion for certain clinical observations in infants, who can de-
velop immune reactions following the first known contact with
an allergen [245, 282, 283]. For example, in a US cohort of 4- to
11-month-old subjects with no history of peanut exposure, ap-
prox. 20% had a positive skin prick test or allergy at first intro-
duction [282]. Similarly, in an Australian cohort of infants born
to allergic mothers, over 30% had egg-specific IgE and allergic re-
activity at the age of 4months, before any previous egg exposure
[283]. These studies point to the presence of mothers allergic IgE
in infants. Even though maternally derived IgE may not remain
at detectable levels in the offspring's circulation by the time of
sampling in many clinical studies due to its high tissue receptor
binding rate, especially in the absence of ongoing breastfeeding
studies suggest that even very low IgE levels below the standard
cut-off value used in specific IgE laboratory blood tests (0.35
kU/L) may be important for allergy development. For example,
in adults with detectable peach allergen-specific IgE, 23% had
IgE levels between 0.1 and 0.34 KU/L, and out of those, approx.
one half were allergic to peach [284]. Infant sampling studies
also support the importance of very low IgE levels for allergy
in early life, where sub-0.35 kU/L levels at the age of 6 months
are sufficient to be predictive of future broader sensitization and
allergic disease in later life [285, 286].

7.2 | Development of Offspring Allergic
Sensitization—Enhancing Th2-Polarizing Signals

Apart from enabling inflammation development outright, ma-
ternal IgE-decorated cells might exert a more subtle influence

by promoting the development of offspring allergen sensitization
(Figure 6). Even relatively low amounts of maternally derived
IgE, that may not reach stably detectable levels in circulation,
will concentrate on the surfaces of FceR1 and CD23-bearing
cells [287], due to their high binding affinity. Firstly, this might
enable the intensification of mucosal epithelial or skin alarmin
signals released by allergen exposure during the initial stages
of Th2 immune response induction [43]. For example, IgE-
mediated MC degranulation introduces serine proteases into
the local skin or submucosal tissue microenvironment [125].
MC proteases can cleave full-length IL-33 into a fragment with
30-fold increased potency of driving IL-5 and IL-13 Th2 cyto-
kine secretion by local ILC2s (Figure 6B) [105]. In addition, MC
proteases also cleave proteinase-activated receptors (PARs) on
the local mucosal and cutaneous sensory nerve endings, and
together with MC histamine, stimulate them to release neu-
ropeptides (Figure 6C) [98, 106]. These activate MCs via their
MRGPRX2/Mrgprb2 (human/mouse) and other receptors
(Figure 6C) [288, 289]. Thus, maternally sensitized MCs could
potentially engage in local mediator crosstalk with positive feed-
back after allergen exposure.

The second effect of maternal IgE in offspring allergen sensitiza-
tion may be enabling their leukocytes to secrete Th2 cytokines
to polarize the incipient immune response against an incoming
antigen. IL-4 is key during both Th2 CD4+ lymphocyte dif-
ferentiation and endogenous IgE production [52]. Specifically,
mouse and human MCs are much more likely to produce IL-4
when activated via FceR1-IgE cross-linking than in response
to just epithelial alarmins alone (Figure 6A,F) [290]. Direct
evidence of IgE-MC importance to the emerging allergic sensi-
tization was obtained in mice that develop spontaneous food al-
lergy after consuming peanut butter several times [291]. IgE and
MC-derived IL-4 signals during the initial series of sensitizing
peanut ingestions promoted Th2 CD4+ and inhibited Treg cell
induction, leading to increased IgE production (Figure 6F,G)
[291]. This was abolished in both MC-deficient animals and if
mice received IgE-blocking antibody treatment during peanut
sensitization [291]. Tregs were unable to control peanut sensiti-
zation due to the IL-4-induced STATG6 signaling inhibiting their
TGFf secretion, which would normally restrain MCs and aller-
gic inflammation (Figure 6G) [108]. Although the majority of
fetal MCs are immature, it is conceivable their incomplete mat-
uration in early life will not prevent their cytokine release. For
example, hypogranulated MCps in the mesenteric lymph nodes
of helminth-infected mice secrete IL-4 and IL-6 [292], although
whether MCp activation in that model was IgE-mediated was
not tested. A recent study showed that lung tissue MCps could
produce the Th2 cytokine IL-13 following antigen-mediated IgE
cross-linking in adult mice [293]. However, similar functionality
remains to be directly demonstrated in fetal or neonatal MCs.

Apart from MCs, maternal IgE sensitization of basophils
[199, 244, 281] could make them an additional Th2 cytokine
source (Figure 6F). This capability is demonstrated in mice
transfused with basophils loaded with TNP-specific IgE [294].
These promoted Th2 CD4+ lymphocyte differentiation in an
IL-4-dependent manner after being pulsed with TNP-Ova
antigen, ultimately resulting in increased IgE synthesis after
antigen challenge in vivo [294]. IL-4 release can be triggered
in basophils purified from horse foals born to allergic mares
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by an IgE cross-linking IgG clone treatment only after, but
not prior to, milk consumption [281]. This indicated the foal
basophils were sensitized by maternal IgE transferred in co-
lostrum [281].

7.3 | Development of Offspring Allergic
Sensitization—Influencing DC Polarization

In addition to directly providing IL-4 and other Th2 cytokines,
maternal IgE may allow offspring MCs to influence DCs during
allergen sensitization (Figure 6D,E). Neonatal mouse DCs ex-
press IL-4 and IL-13 receptors (IL-4Rat/IL-13Ral), the activation
of which blocks the DC IL-12 expression (Figure 6E) [107, 295].
MC-derived IL-13 inhibits cutaneous DC IL-12 in a mouse
allergic dermatitis model and in human skin ex vivo [107].
Analogous effects are mediated by neonatal basophil-derived
IL-4 [295]. IL-12 functions as a pro-Thl signal during CD4+
T cell differentiation that may be especially important to early
life T cells. Specifically, DC IL-12 normally represses the Th1 T
cell expression of IL-13Ral receptor chains (Figure 6H) [295].
Without IL-12, the presence of IL-13Ra1 sensitizes Th1 cells to
the apoptotic effects of IL-4, leading to their loss and ablation
of IFN-y production (Figure 6H) [109]. Additional supportive
evidence comes from a clinical study using primary human neo-
natal dendritic cells [296]. When exposed to histamine released
from cord blood immune cells by FceR1 cross-linking, their
capacity for activation in response to pro-Th1l LPS stimulus is
significantly diminished [296]. Even though basophils were the
histamine source in this study, due to the ease of neonatal blood
sampling, MCs are the dominant histamine reservoirs in tissue.
In summary, the presence of maternal IgE may promote a Th2-
biased immune response on antigen exposure during the early
life developmental period.

7.4 | Development of Offspring Allergic
Sensitization—Allergen Antigen Presentation
Facilitation

Finally, maternal IgE may aid IgE receptor-expressing APCs in
capturing allergen-derived antigens to facilitate T cell presenta-
tion, esp. for normally sub-threshold antigen quantities. DCs ex-
press the high-affinity FceRI receptors in humans (Figure 2B),
but not in mice. IgE was able to boost human patient-derived DC
allergen uptake and T cell stimulation ex vivo [297, 298]. Similar
results came from mice with humanized FceRI expression in
their CD11c+ DCs [101]. However, research on the outcomes of
IgE-mediated DC antigen presentation produced mixed results.
Some animal studies showed allergic disease enhancement in
an Ova-driven allergy model [101], while in another model there
was attenuation [102]. This could be due to different allergens
and adjuvants being used for the respective studies. However,
the humanized FceRI mice did not have reduced IgE levels,
suggesting the initial sensitization was not impeded rather than
downstream inflammatory processes [102].

Another major APC type expressing IgE receptors is B lym-
phocytes. The low-affinity CD23 receptors preferentially cap-
ture IgE-antigen complexes and facilitate their uptake without
the need for antigen-specific membrane BCRs (Figure 2F), as

demonstrated in human B cells in vitro [299, 300]. Similarly,
wild-type mice immunized with IgE-antigen complexes develop
an enhanced IgG antibody response compared with CD23-KO
animals, potentially due to B cells carrying the CD23-captured
antigen into the splenic B cell follicles (Figure 2F) [117, 301]. The
induction of increased IgG production instead of IgE switching
is probably the result of using Ova, a small protein antigen, in-
stead of a complex natural allergen. The monomeric IgE-Ova
complex capture by CD23 is not inflammatory per se, and may
not elicit Th2-skewing cytokines required for an IgE response
[301]. There is evidence for analogous processes in human pa-
tients allergic to birch pollen, whose B cell CD23 expression
levels correlate with their IgE levels and skin prick test reactiv-
ity [302]. To summarize, although IgE-mediated antigen presen-
tation is effective, it does not seem to promote Th2 polarization
intrinsically [303]. Other sources of cytokines collaborate to pro-
vide such contextual cues, with maternal IgE-bound MCs and
basophils positioned to provide these during early life.

In conclusion, maternal IgE together with MCs and other cells
may be capable of serving as a multifunctional adjuvant during
the offspring Th2 immune response priming and enhance their
endogenous IgE sensitization in early life. However, the impor-
tance of such IgE-mediated effects remains to be specifically
tested in animal models of maternal allergy at the appropriate
offspring postnatal age.

7.5 | Development of Offspring Mast Cells

All the previously discussed mechanisms of maternal IgE ac-
tivity involved antigen binding. However, there has long been
experimental evidence suggesting IgE ligation to MC FceR1 was
sufficient to exert antigen-independent effects (Figure 2C). The
initial studies primarily showed increased mouse bone marrow-
derived MC survival in IgE but not IgG presence during in vitro
culture, due to increased resistance to apoptosis during growth
factor starvation (Figure 2C) [304, 305], and increased prolifera-
tion under normal conditions [304]. Further, different IgE clones
have demonstrated different capacities for promoting MC sur-
vival [306], although the reason for this remained unclear. The
proposed mechanisms included FceR1 aggregation [306] or au-
tocrine IL-3 cytokine secretion [307]. It was subsequently found
that there is a major chance of confounding due to the nature
of certain IgE clones used for in vitro experiments. In addition
to supraphysiological IgE concentrations used [308], certain IgE
clones exhibited self-aggregation capacity via mutual Fab re-
gion interactions [309]. However, enhanced MC survival effects
were reproducible when MCs were exposed to polyclonal IgE-
containing sera obtained from HDM-allergic mice and atopic
dermatitis patients [310], where the aggregation effects of cer-
tain IgE monoclonals should not be present.

Effects analogous to some of the in vitro studies were also ob-
served in vivo. For example, mice peritoneally transplanted
with IgE hybridoma had an increased population of mucosal
mast cells in the surrounding tissues [306]. Similarly, adop-
tively transferred CFSE-labeled MCs survived significantly
longer in allergen-sensitized WT mice compared with IgE-KO
animals due to reduced apoptosis [311]. Recently, our study
provided further supportive evidence in a more physiological

15 of 30



setting without direct manipulation of the MCs in question
[104]. We found that materno-fetal IgE transfer during devel-
opment resulted in increased maturation of fetal skin MCs
and increased their granule development (Figure 2C) [104].
Comparable observations came from another recent study,
where the ablation of homeostatic natural IgE resulted in a
reduction of mouse skin and intestinal MC populations [103].
This was sufficient to significantly attenuate the severity of
systemic and local cutaneous anaphylaxis [103]. It is currently
unknown whether these results apply to human MC develop-
ment during the early life period. We found fetal MCs with
surface IgE in the 2nd trimester fetal tissues of maternal al-
lergy subjects [104]. Whether offspring MC population size or
maturation correlate with maternal IgE levels and allergen
exposure remains to be determined in the clinic.

We can consider the evidence for IgE-mediated MC maturation
together with additional facts. IgE binding stabilizes the FceR1
receptors to increase their surface expression on MCs [123].
MCs survive for long periods in their tissue of residence, esp.
the connective MC type [124]. Lastly, MCs replenish their in-
flammatory mediator stores after degranulation, in contrast to
other granulocytes [124]. Together, this implies that maternal
and endogenous IgE may influence the offspring's MC numbers
and activation threshold, resulting in long-term allergic inflam-
matory set point programming.

7.6 | Beneficial Effects of Maternal IgE Transfer

The transfer of IgE into offspring may represent a temporary
conferment of maternal humoral immunity, as is the more fa-
miliar case of IgG and IgA antibodies. Maternal IgE that confers
MCs reactivity may represent a temporary transfer of maternal
Th2 immunological memory derived from exposures close to
the time of pregnancy.

One area of protection through the maternal IgE-offspring MC
axis may be in certain parasitic infections [133], suggested by the
findings of human serum sampling studies of paired maternal
and neonatal cord blood across the globe. Maternal hookworm
(Necator americanus) infection was linked to the presence of
pathogen-specific IgE in the neonatal cord blood [312]. Similarly,
schistosome egg antigen-specific IgE was found in the cord
blood of African but not European or North American neonates
[313, 314]. This was also the case for other non-schistosome filarial
species. The specific IgE was elevated in the cord blood of Indian
mothers with Wuchereria bancrofti [238, 315] or Onchocerca
volvulus-positive mothers in Togo [316], compared with samples
from non-infected women. IgE transfer may be adaptive, as it
could enable early detection of the pathogen-derived antigens
during the initial infection and facilitate presentation to offspring
lymphocytes under Th2-promoting conditions. However, the
human serology data are circumstantial; whether the neonates
of helminth-sensitized mothers are better at controlling postnatal
infection has not been determined. Apart from helminths, anal-
ogous results for plasmodium-specific IgE have been obtained
in several studies of malaria during pregnancy [317-319]. As
trans-placental infection does not take place, it is reasonable to
hypothesize that the specific IgE is of maternal origin. Although
it has been hypothesized that some of the fetal antibodies could be

produced endogenously due to pathogen antigen transfer, no IgE-
producing cells have been identified thus far in the tissue samples
or following ex vivo stimulation.

Another protective function of IgE and MCs could be increased
host resistance to certain venoms or toxins, including those of
insects, reptiles, or bacteria [133, 320]. This is primarily based
on work using different murine models deficient in MCs, spe-
cific MC proteases, or IgE-deficient animals [133]. IgE-MC ac-
tivation can mediate protection via proteolytic degradation and
absorption inhibition from the local injection site due to oedema
formation [140, 321]. In the case of honeybee venom, the initial
exposure can promote IgE formation [322], with the resulting IgE
significantly enhancing resistance to a subsequent high venom
dose exposure [323] by promoting the MC efficacy in venom in-
activation [139]. Analogous protective effects of acquired IgE and
MC-mediated immunity were demonstrated in mice during sec-
ondary exposure to viper venom [324]. In humans, there is a large
discrepancy between the prevalence of venom- or toxin-specific
IgE detection in serum, which is much higher than the propor-
tion of subjects who manifest any allergic symptoms [325-327].
This may suggest that the anti-venom IgE is beneficial due to its
protective effect. Maternal IgE might potentially confer advan-
tage to offspring against insults that require rapid Th2 response
induction for efficient protection. However, evidence of such ef-
fects in humans remains to be identified.

Finally, IgE-mediated allergic mechanisms have been theorized to
serve as a food quality control system [328]. A pair of recent stud-
ies used mouse models of egg Ova allergy to show that drinking
sugar water containing Ova triggered behavioral avoidance in the
sensitized animals within minutes of allergen intake [329, 330].
Amounts of allergen consumption sufficient to trigger avoidance
were below the threshold of those required to manifest outward
food allergy symptoms or gastrointestinal inflammation based on
tissue analysis. Ovalbumin aversion behavior required antigen-
specific IgE-mediated intestinal MC activation [329, 330]. The re-
flex involved MC production of cysteinyl leukotrienes [329] and
growth differentiating factor 15 (GDF15) peptide secretion from
intestinal cells [330]. These signals communicated allergen de-
tection to the CNS, resulting in neuronal signaling in the nucleus
tractus solitarius, parabrachial nucleus, and amygdala brain areas
[330]. GDF15 has been previously shown to be involved in nausea
and emesis in humans and anorexia in mice [331, 332]. Similar
IgE-MC-neural axis-mediated aversion preceding lung inflamma-
tion and involving overlapping brain regions may be present in an
inhaled allergen avoidance mouse model [333]. Thus, the IgE-MC
module can trigger both behavioral defense at low allergen doses,
while a higher dose induces MC-mediated protective intestinal re-
flexes (i.e., mucus production and motility increase to promote the
triggering substance expulsion) [334].

Maternal IgE transfer could potentially allow the transmission
of acquired memory of maternal encounters with noxious di-
etary components. This could enable offspring protection with-
out requiring an initial exposure or enhance their detection
sensitivity in the post-weaning period. It is currently unknown
if analogous neuro-immune mechanisms contribute to child-
hood food avoidance, picky eating, or anxiety. Food-allergic
children report more pain [335], food anxiety [336], and long-
term behavioral feeding difficulties [337]. Interestingly, GDF15
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has been implicated in chemotherapy-induced nausea [331],
which can develop in children in an anticipatory manner and
be triggered by food stimuli, resulting in behavioral aversion
development to those food items in the affected subjects [338].
Whether avoidance could result from maternal food allergen-
specific IgE transfer remains to be tested in animal models.

8 | Factors Influencing the IgE Transfer or
Functionality

IgE content in neonatal cord blood, a proportion of which is
probably maternally derived, has been investigated by many
past studies for use as a predictive risk marker in pediatric aller-
gic disease development. However, this has proven difficult due
to the results often being mixed. A positive association between
cord blood IgE levels and future allergic disease was identified
in some studies [339-343]. However, other studies found either
no significant relationship [344, 345] or found an association
with elevated total or specific IgE levels in later life but not with
overt allergic disease [343, 346-348]. Thus, cord blood IgE lev-
els are often associated with subsequent atopy or specific IgE
development, but the sensitivity as a predictor for disease is too
low. There are similarities in the observed allergen-specific IgE
detection rates in populations across different regions, where its
presence is a major risk factor for allergic disease that only man-
ifests clinically in a minority of sensitized individuals [349-351].

The discrepancies between maternal and cord blood IgE, or neo-
natal IgE and allergen reactivity may arise from many different
sources. Technical aspects of IgE serology [352, 353], definitions
of positivity [285], or genetics [354] may partially contribute.
Importantly, effector cell degranulation by IgE is affected by the
total and allergen-specific IgE antibody concentration in an in-
dividual, its affinity, and the diversity of epitopes recognized on
an allergen by the IgE repertoire [355]. These parameters could
be modulated by numerous factors along the maternal-fetal IgE
axis. For example, simultaneous transfer of allergen-specific IgG
and IgA antibodies, or IgG-allergen immune complexes, may
protect the offspring from allergic disease [10].

8.1 | IgE Regulation by Endogenous IgG Anti-IgE
Antibodies

Interestingly, anti-IgE auto-antibodies are detectable in most in-
dividuals under physiological conditions and are known to be
increased in allergic disease patients; however, little is known
about their function [356]. Some studies suggest their function
is to inhibit IgE [357]. Others have shown they could be pro-
inflammatory by causing IgE cross-linking [358], although this
may be due to the specific technical aspects of the experiments
performed in vitro. Interestingly, IgG anti-IgE autoantibodies
purified from the sera of HDM-allergic asthmatic patients could
induce an inflammatory skin hypersensitivity reaction when
injected into healthy subjects [359]. IgE-binding IgG have also
been purified from commercial therapeutic human intravenous
immunoglobulin (IVIG) preparations, further confirming its
common occurrence. The IVIG anti-IgE could stimulate Th2
cytokine release from human donor basophils without inducing
their degranulation [360, 361]. Thus, the discrepancy of observed

anti-IgE IgG effects is on relative concentrations used for exper-
iments, as the content was very low in IVIG [361].

Animal model-derived evidence supports an anti-inflammatory
function of auto-IgG anti-IgE [40]. This may be because the
anti-IgE IgG elicited in these studies targeted the same gly-
can residues shown to be required for IgE binding to FceR1
(Figure 1A,B) [41]. This may not necessarily be the case with
all anti-IgE antibodies. Additionally, the extent to which anti-
IgE epitope depends on the method of its induction in animal
studies has not been systematically investigated, as it could be
influenced by the type of allergen and adjuvant used. This may
be important because different allergens could potentially bias
towards different anti-IgE binding specificities. In a model of
allergen oral tolerization in mice previously sensitized to HDM,
allergen consumption was associated with anti-IgE IgG genera-
tion in an allergen-specific manner [362]. Mice sensitized to D.
pteronyssinus produced anti-IgE IgG, while animals allergic to
B. tropicalis dust mite species did not [362]. Whether anti-IgE
contributed to the reduction of disease severity was not deter-
mined. Induction of non-inhibitory anti-IgE is supported by data
derived from human clinical samples. An analysis of anti-IgE
IgG isolated from human patients identified both IgE Ce2 and
Ce4 binding sites (Figure 1B) [39]. The Ce2-specific IgE will in-
terfere with FceR1 ligation, while the Ce4-binding species may
not, as it is distal from the receptor binding sites (Figure 1) [86].
Maternal IgG anti-IgE thus may have distinct effects on IgE in
different individuals depending on the past exposures.

Anti-IgE that does not block FceR1 binding may still be benefi-
cial to the mother by promoting IgE clearance from circulation
by FcyR-mediated mechanisms [40]. However, this IgG binding
probably does not interfere with its placental transport. An anal-
ysis of serum samples of newborns and their mothers showed
that both contained IgG-IgE complexes [199]. Most of the cord
blood IgE was natively bound in a complex with IgG, consistent
with FcRn-mediated transport [199]. Our study corroborated
the preservation of maternally transferred IgE FceR1-binding
capacity even after forming complexes with natively present
anti-IgE in pregnant mouse dam blood [104].

Lastly, in addition to facilitating IgE transport, free anti-IgE
IgG could potentially contribute to the antigen-independent in-
fluence of IgE on offspring MCs. Auto-IgG antibodies capable
of binding two separate IgE antibodies were able to promote
MC survival in vitro [363]. However, this has not been verified
in vivo, following maternal IgG transfer into the offspring.

To summarize, maternal anti-IgE IgG that may normally act as
a sink to reduce pro-inflammatory IgE, which may in turn me-
diate increased trans-placental passage of allergen-specific IgE
to the offspring during early life. There are different anti-IgE
forms, with the Ce4 domain-binding ones retaining the capacity
of transferred IgE to bind offspring FceR1 receptors.

8.2 | IgE Regulation by Its Glycosylation During
Allergy and Pregnancy

A distinct feature of IgE immunoglobulins is their heavy gly-
cosylation. Human and mouse IgE contain seven and nine Fc
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domain glycosylation sites respectively (Figure 1A) [96]. The
highly complex sugar chains can comprise 12% of the molecu-
lar weight [96]. Glycosylation can affect antibody function and
receptor binding [96, 364] but this area remains understudied
for IgE. For example, specific glycans in the IgE Ce3 domain
(N394) are obligatory for FceR1 binding and anaphylaxis initi-
ation (Figure 1A) [365]. Others are crucial for maintaining IgE
serum half-life in vivo, as hypoglycosylated forms get cleared 10
times faster in mice [366]. Although the specific factors affecting
antibody glycosylation are not well understood and are probably
complex, age, gender, or the specific cytokine environment all
contribute [364].

There is evidence for IgE glycosylation differences in human
allergy. Peanut-allergic individuals exhibit elevated IgE sialyla-
tion, compared to increased galactose residues in non-allergic
subjects [367]. Sialic acid removal attenuated the IgE-mediated
MC activation in vitro and inhibited the severity in a mouse
model of passive anaphylaxis [367]. The specific mechanism is
unclear but does not involve changes in FceR1 binding [368].

It is currently not known if IgE glycosylation changes may hap-
pen in pregnant women and what the functional impacts may
be. However, IgG1 antibody glycosylation changes have been
demonstrated in a mouse model of maternal allergic airway in-
flammation during pregnancy induced by Ova [369]. Allergen
challenge in sensitized dams led to a shift in both maternal
and offspring allergen-specific IgGl glycans, inflammation-
associated profile [369]. This led to an increase in airway disease
severity following offspring allergen inhalation [369]. There is
clinical evidence that IgG glycosylation is modified during
human pregnancy [370] and by allergen exposure during de-
sensitization immunotherapy [371]. Thus, it may be reasonable
to hypothesize that glycosylation of IgE could also shift under
these conditions. It may be interesting to verify if the maternal
and neonatal serum IgE glycosylation correlate.

8.3 | Glycan-Mediated IgG-IgE Interactions Along
the Maternal-Fetal Axis

Apart from promoting allergic reactivity, glycans constitute a
major avenue of IgG-IgE interactions that are crucial for IgE
activity modulation. Mice immunized with IgE-feline allergen
immune complexes developed endogenous anti-IgE IgG anti-
bodies specific for IgE glycan epitopes that inhibited the sever-
ity of their anaphylaxis (Figure 1B) [40]. This could represent
a potential negative feedback mechanism under high allergen
exposure resulting in increased IgE-allergen complex forma-
tion. However, glycan-mediated IgG binding could potentially
result in increased FcRn-mediated IgE transcytosis across the
placenta during gestation.

In addition to determining the immunogenicity of IgE-
autoantibodies, IgE glycosylation patterns may also be import-
ant for assessing the efficacy of IgE-neutralizing therapeutic
antibodies. Omalizumab, the only widely used therapeutic an-
tibody in the clinic, has been shown to require IgE to be gly-
cosylated to exert its neutralizing activity [372]. Omalizumab
is also being tested for safety in allergic women with high-risk

pregnancies [373]. Thus, it may be important to validate that
anti-IgE treatment does not promote maternal allergen-specific
IgE transfer during gestation.

Lastly, glycosylation patterns do not only influence IgG bind-
ing to IgE but have also been shown to affect interactions with
FcRn. Changes in IgG glycosylation have been shown to modu-
late its placental transcytosis rate [374, 375]. Such changes can
potentially result in response to maternal inflammation during
pregnancy. For example, SARS-CoV-2 infection of pregnant
women during the 3rd trimester led to the production of anti-
SARS-CoV-2 IgG with altered glycosylation [375]. Although
these changes reduced the FcRn-mediated transfer, there was
evidence of increased FCGR3 transport [375]. Whether similar
effects can be induced by Th2-type inflammation following al-
lergen exposure during pregnancy remains to be determined.

8.4 | Endogenous Offspring IgE and Its
Modulation by Maternal Signals

The effects of maternal IgE could be influenced by the en-
dogenous natural IgE levels in the offspring. As mentioned
previously, natural IgE induction can be protective in mice
during anaphylaxis [276], potentially due to FceR1 occupancy.
Glucocorticoids represent a potential pathway of natural IgE
modulation by maternal signals during pregnancy, as they have
been shown to enhance circulating natural IgE levels in naive
mice [275]. Glucocorticoid signals could be endogenous, as they
are stress hormones, and human maternal stress during preg-
nancy has been linked to childhood allergy risk [376]. They
could also be exogenous, as the use of antenatal steroids is a
long-established therapy in women expecting premature birth,
with the drug transferring across the placenta to boost fetal lung
development [377].

Maternal steroid drug treatment has been shown to promote
offspring disease in murine models of allergic asthma, but
mechanisms involving IgE remain understudied. In one mu-
rine model, maternal steroid treatment enhanced HDM allergy
in the sensitized offspring, but their IgE levels were not signifi-
cantly different [378]. In another murine study, the maternal ef-
fect was mediated via glucocorticoid-induced programming of
offspring respiratory ILC2 cells to increase their responsiveness
[379]. In both cases the offspring allergen sensitization was done
at the age of 4-7weeks, removing the maternal steroid influence
during offspring IgE development. In the final study, exposure
of pregnant dams to stress-induced or administered glucocorti-
coids enhanced offspring allergy following suboptimal Ova sen-
sitization starting day 4 after birth [380]. It is unknown whether
glucocorticoid stimulation promoted allergen-specific IgE class
switching in these animals, as the authors did not quantify the
offspring IgE levels. Human epidemiological studies also inves-
tigated an association between gestational steroid use and off-
spring asthma development. There was a positive association in
some cohorts [381, 382], but not in others [383, 384]. Defining
steroid effects is challenging, both due to their pleiotropic na-
ture and the uncertain direction of causality in the epidemiolog-
ical studies, which can both introduce significant confounding
effects.
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In summary, the transfer of antigen-specific IgE takes place
against the background of numerous immunological processes.
Thus, its presence in the offspring alone may not be suffi-
cient to allow allergic inflammation or facilitate sensitization.
Furthermore, the properties of maternal IgE itself (e.g., glyco-
sylation) could influence its capacity for translocation into the
offspring, offspring receptor binding, or escaping inhibitory
factors (e.g., anti-IgE IgG). This complexity of interactions, to-
gether with other non-IgE-dependent mechanisms, may partly
explain why the detection of allergen-specific IgE and allergic
disease manifestation do not always coincide within the same
individual.

9 | Conclusion

Early life is a time when the immune system undergoes criti-
cal development, with maternal factors influential in shaping
immune responses. Among these factors, maternal IgE has
emerged as a likely contributor to allergy disease risk. While
IgE, particularly when produced endogenously, is well estab-
lished to promote allergic diseases, its broader immunological
functions—including its effects on neonatal and early life im-
munity—remain poorly understood, with respect to both IgE
that is endogenously produced or maternally derived.

The growing evidence that maternal IgE can be detected in fetal
circulation raises important questions about its role in neona-
tal immune priming. Maternal IgE may predispose infants to
allergic reactions upon initial allergen exposure, potentially
contributing to the early onset of allergic diseases. Additionally,
maternal IgE may influence Th2 polarization, shape dendritic
cell function, and modulate cytokine environments, all of which
could enhance allergic disease susceptibility. Furthermore, the
role of IgE extends beyond allergen-specific antibodies, as natu-
ral IgE, which is produced independently of specific antigen ex-
posure, may contribute to homeostasis and tissue repair. While
natural IgE may offer protective benefits against infections or
anaphylaxis, allergen-specific IgE has been implicated in the
onset and persistence of allergic diseases. This highlights the
complexity and context-dependent roles of IgE in early life.

Despite these insights, significant gaps remain in under-
standing how maternal IgE affects neonatal immunity and
allergy development. Studies investigating cord blood IgE as
a predictive marker for allergy risk have yielded inconsistent
findings, emphasizing the complexity of IgE function and its
interactions with other immune components. Factors such as
maternal autoantibodies, IgE glycosylation patterns, and the
broader maternal immune environment are likely to modu-
late IgE activity and its impact on offspring. As allergic dis-
eases continue to rise globally and no curative therapies exist,
further research into IgE's dual roles—both as a driver of pa-
thology and a potential immune regulator—is essential. Given
these contrasting functions, and the evolutionary conserva-
tion of IgE across mammalian species, further research is also
needed to clarify and validate the presumed beneficial effects
of early-life IgE in protection against pathogens, venoms, and
toxins. A deeper understanding of maternal IgE transfer, its
mechanisms, and its long-term effects on immunity could

inform the development of novel approaches to allergy pre-
vention and treatment.

Acknowledgments

The authors thank the Tanoto Foundation Medical Research Fund for
support to ALS. Figures were prepared using Birender.com.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The authors have nothing to report.

References

1.C. A. Akdis, M. Akdis, S. D. Boyd, V. Sampath, S. J. Galli, and
K. C. Nadeau, “Allergy: Mechanistic Insights Into New Methods of
Prevention and Therapy,” Science Translational Medicine 15, no. 679
(2023): eadd2563.

2.J. Wang, Y. Zhou, H. Zhang, et al., “Pathogenesis of Allergic Diseases
and Implications for Therapeutic Interventions,” Signal Transduction
and Targeted Therapy 8, no. 1 (2023): 1-30.

3. D. I. Pritchard, F. H. Falcone, and P. D. Mitchell, “The Evolution of
IgE-Mediated Type I Hypersensitivity and Its Immunological Value,”
Allergy 76, no. 4 (2021): 1024-1040.

4. M. E. Kuruvilla, F. E. H. Lee, and G. B. Lee, “Understanding Asthma
Phenotypes, Endotypes, and Mechanisms of Disease,” Clinical Reviews
in Allergy and Immunology 56, no. 2 (2019): 219-233, https://doi.org/10.
1007/s12016-018-8712-1.

5.J. Pakkasela, P. Ilmarinen, J. Honkamiki, et al., “Age-Specific
Incidence of Allergic and Non-Allergic Asthma,” BMC Pulmonary
Medicine 20, no. 1 (2020): 9.

6. T. Augustine, M. A. Al-Aghbar, M. Al-Kowari, M. Espino-Guarch,
and N. van Panhuys, “Asthma and the Missing Heritability Problem:
Necessity for Multiomics Approaches in Determining Accurate Risk
Profiles,” Frontiers in Immunology 13, no. 1 (2022): 822324.

7.S. F. Thomsen, S. Van Der Sluis, K. O. Kyvik, A. Skytthe, and V.
Backer, “Estimates of Asthma Heritability in a Large Twin Sample,”
Clinical and Experimental Allergy 40, no. 7 (2010): 1054-1061.

8. A. Cardenas, R. P. Fadadu, and G. H. Koppelman, “Epigenome-Wide
Association Studies of Allergic Disease and the Environment,” Journal
of Allergy and Clinical Immunology 152, no. 3 (2023): 582-590.

9.P. D. Gluckman and M. A. Hanson, “Developmental Origins of
Disease Paradigm: A Mechanistic and Evolutionary Perspective,”
Pediatric Research 56, no. 3 (2004): 311-317.

10. J. Balla, A. P. Rathore, and A. L. St. John, “Mechanisms and Risk
Factors for Perinatal Allergic Disease,” Current Opinion in Immunology
91 (2024): 102505.

11.J. Y. Hong and R. Medzhitov, “On Developmental Programming
of the Immune System,” Trends in Immunology 44, no. 11 (2023):
877-889.

12. A. A. Litonjua, V. J. Carey, H. A. Burge, S. T. Weiss, and D. R. Gold,
“Parental History and the Risk for Childhood Asthma: Does Mother
Confer More Risk Than Father?,” American Journal of Respiratory and
Critical Care Medicine 158, no. 1 (1998): 176-181, https://doi.org/10.
1164/ajrccm.158.1.9710014.

13. H. Mirzakhani, V. J. Carey, R. Zeiger, et al., “Impact of Parental
Asthma, Prenatal Maternal Asthma Control, and Vitamin D Status

19 of 30


http://birender.com
https://doi.org/10.1007/s12016-018-8712-1
https://doi.org/10.1007/s12016-018-8712-1
https://doi.org/10.1164/ajrccm.158.1.9710014
https://doi.org/10.1164/ajrccm.158.1.9710014

on Risk of Asthma and Recurrent Wheeze in 3-Year-Old Children,”
Clinical and Experimental Allergy 49, no. 4 (2019): 419-429.

14. R. H. Lim, L. Kobzik, and M. Dahl, “Risk for Asthma in Offspring of
Asthmatic Mothers Versus Fathers: A Meta-Analysis,” PLoS One 5, no.
4(2010): €10134.

15. R. G. G. Ruiz, D. M. Kemeny, and J. F. Price, “Higher Risk of Infantile
Atopic Dermatitis From Maternal Atopy Than From Paternal Atopy,”
Clinical and Experimental Allergy 22, no. 8 (1992): 762-766.

16. A. M. M. Schoos, B. R. Hansen, J. Stokholm, B. L. Chawes, K.
Bonnelykke, and H. Bisgaard, “Parent-Specific Effects on Risk of
Developing Allergic Sensitization and Asthma in Childhood,” Clinical
and Experimental Allergy 50, no. 8 (2020): 915-921.

17.J. Rothers, D. A. Stern, I. C. Lohman, et al., “Maternal Cytokine
Profiles During Pregnancy Predict Asthma in Children of Mothers
Without Asthma,” American Journal of Respiratory Cell and Molecular
Biology 59, no. 5 (2018): 592-600.

18. M. Albrecht and P. C. Arck, “Vertically Transferred Immunity
in Neonates: Mothers, Mechanisms and Mediators,” Frontiers in
Immunology 11 (2020): 555.

19. E. C. Semmes, J. L. Chen, R. Goswami, T. D. Burt, S. R. Permar, and
G. G. Fouda, “Understanding Early-Life Adaptive Immunity to Guide
Interventions for Pediatric Health,” Frontiers in Immunology 11 (2020):
595297.

20.C. Atyeo and G. Alter, “The Multifaceted Roles of Breast Milk
Antibodies,” Cell 184, no. 6 (2021): 1486-1499.

21. K. Bennelykke, C. B. Pipper, and H. Bisgaard, “Sensitization Does
Not Develop in Utero,” Journal of Allergy and Clinical Immunology 121,
no. 3 (2008): 646-651.

22.L. A. P. M. Meulenbroek and L. M. J. Knippels, “Cord Blood IgE:
Fetal or Maternal?,” Clinical and Experimental Allergy 45, no. 6 (2015):
1012-1014.

23.S. H. Sicherer, A. W. Burks, and H. A. Sampson, “Clinical Features
of Acute Allergic Reactions to Peanut and Tree Nuts in Children,”
Pediatrics 102, no. 1 (2004): e6.

24. H. F. Kjaer, E. Eller, K. E. Andersen, A. Host, and C. Bindslev-
Jensen, “The Association Between Early Sensitization Patterns and
Subsequent Allergic Disease. The DARC Birth Cohort Study,” Pediatric
Allergy and Immunology 20, no. 8 (2009): 726-734, https://doi.org/10.
1111/j.1399-3038.2009.00862.x.

25.X. Liu, E. Agerbo, V. Schliinssen, R. J. Wright, J. Li, and T. Munk-
Olsen, “Maternal Asthma Severity and Control During Pregnancy and
Risk of Offspring Asthma,” Journal of Allergy and Clinical Immunology
141, no. 3 (2018): 886-892.

26. M. Morten, A. Collison, V. E. Murphy, et al., “Managing Asthma
in Pregnancy (MAP) Trial: FENO Levels and Childhood Asthma,”
Journal of Allergy and Clinical Immunology 142, no. 6 (2018):
1765-1772.

27.K. Hamada, Y. Suzaki, A. Goldman, et al., “Allergen-Independent
Maternal Transmission of Asthma Susceptibility,” Journal of
Immunology 170, no. 4 (2003): 1683-1689.

28. A. DeVries, K. McCauley, D. Fadrosh, et al., “Maternal Prenatal
Immunity, Neonatal Trained Immunity, and Early Airway Microbiota
Shape Childhood Asthma Development,” Allergy 77, no. 12 (2022):
3617-3628.

29.Y. H. Shin, J. Hwang, R. Kwon, et al., “Global, Regional, and
National Burden of Allergic Disorders and Their Risk Factors in 204
Countries and Territories, From 1990 to 2019: A Systematic Analysis
for the Global Burden of Disease Study 2019,” Allergy 78, no. 8 (2023):
2232-2254, https://doi.org/10.1111/al1.15807.

30. E. Ronmark, J. Bunne, A. Bjerg, et al., “Prevalence and Risk
Factors for Allergic Sensitization: 3 Cross-Sectional Studies Among

Schoolchildren From 1996 to 2017,” Journal of Allergy and Clinical
Immunology Global 2, no. 4 (2023): 100150.

31. G. Roberts, H. Zhang, W. Karmaus, et al., “Trends in Cutaneous
Sensitization in the First 18 Years of Life: Results From the 1989 Isle of
Wight Birth Cohort Study,” Clinical and Experimental Allergy 42, no. 10
(2012): 1501-1509.

32.J.J.Lim, Y. Y. E. Lim, J. Y. Ng, et al., “An Update on the Prevalence,
Chronicity, and Severity of Atopic Dermatitis and the Associated
Epidemiological Risk Factors in the Singapore/Malaysia Chinese Young
Adult Population: A Detailed Description of the Singapore/Malaysia
Cross-Sectional Genetics Epidemiology Study (SMCGES) Cohort,”
World Allergy Organization Journal 15, no. 12 (2022): 100722.

33. T. A. E. Platts-Mills, “The Allergy Epidemics: 1870-2010,” Journal of
Allergy and Clinical Immunology 136 (2015): 3-13.

34. A. B. Fishbein, B. T. Cheng, C. C. Tilley, et al., “Sleep Disturbance
in School-Aged Children With Atopic Dermatitis: Prevalence and
Severity in a Cross-Sectional Sample,” Journal of Allergy and Clinical
Immunology in Practice 9, no. 8 (2021): 3120.

35. R. Meyer, C. De Koker, R. Dziubak, et al., “Malnutrition in Children
With Food Allergies in the UK,” Journal of Human Nutrition and
Dietetics 27, no. 3 (2014): 227-235.

36.S. B. L. Barnett and T. A. Nurmagambetov, “Costs of Asthma in the
United States: 2002-2007,” Journal of Allergy and Clinical Immunology
127 (2011): 145-152.

37.S. Accordini, A. G. Corsico, M. Braggion, et al., “The Cost of
Persistent Asthma in Europe: An International Population-Based Study
in Adults,” International Archives of Allergy and Immunology 160, no. 1
(2013): 93-101.

38. L. T. Hellman, S. Akula, M. Thorpe, and Z. Fu, “Tracing the Origins
of IgE, Mast Cells, and Allergies by Studies of Wild Animals,” Frontiers
in Immunology 8 (2017): 1749.

39. F. Shakib and A. Powell-Richards, “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,” International
Archives of Allergy and Applied Immunology 95, no. 2-3 (1991): 102-108.

40. K. Plattner, Z. Gharailoo, S. Zinkhan, P. Engeroff, M. F. Bachmann,
and M. Vogel, “IgE Glycans Promote Anti-IgE IgG Autoantibodies
That Facilitate IgE Serum Clearance via fc Receptors,” Frontiers in
Immunology 13 (2022): 1069100.

41. P. Engeroff, K. Plattner, F. Storni, et al., “Glycan-Specific IgG Anti-
IgE Autoantibodies Are Protective Against Allergic Anaphylaxis in a
Murine Model,” Journal of Allergy and Clinical Immunology 147, no. 4
(2021): 1430-1441.

42.H. C. Oettgen, “Fifty Years Later: Emerging Functions of IgE
Antibodies in Host Defense, Immune Regulation, and Allergic
Diseases,” Journal of Allergy and Clinical Immunology 137, no. 6 (2016):
1631.

43.E. B. Kopp, K. Agaronyan, I. Licona-Limén, S. A. Nish, and R.
Medzhitov, “Modes of Type 2 Immune Response Initiation,” Immunity
56, n0. 4 (2023): 687-694.

44.R. A. Rahimi and C. L. Sokol, “Functional Recognition Theory and
Type 2 Immunity: Insights and Uncertainties,” Immunohorizons 6, no.
8 (2022): 569-580, https://doi.org/10.4049/immunohorizons.2200002.

45. L. Gough, O. Schulz, H. F. Sewell, and F. Shakib, “The Cysteine
Protease Activity of the Major Dust Mite Allergen der p 1 Selectively
Enhances the Immunoglobulin E Antibody Response,” Journal of
Experimental Medicine 190, no. 12 (1999): 1897-1902, https://doi.org/10.
1084/jem.190.12.1897.

46. T. Dudler, D. C. Machado, L. Kolbe, et al., “A Link Between Catalytic
Activity, IgE-Independent Mast Cell Activation, and Allergenicity of
Bee Venom Phospholipase A2,” Journal of Immunology 155, no. 5 (1995):
2605-2613.

20 of 30

Immunological Reviews, 2025


https://doi.org/10.1111/j.1399-3038.2009.00862.x
https://doi.org/10.1111/j.1399-3038.2009.00862.x
https://doi.org/10.1111/all.15807
https://doi.org/10.4049/immunohorizons.2200002
https://doi.org/10.1084/jem.190.12.1897
https://doi.org/10.1084/jem.190.12.1897

47. M. B. Pucca, S. Ahmadi, F. A. Cerni, et al., “Unity Makes Strength:
Exploring Intraspecies and Interspecies Toxin Synergism Between
Phospholipases A2 and Cytotoxins,” Frontiers in Pharmacology 11
(2020): 611.

48. H. Hammad, M. Chieppa, F. Perros, M. A. Willart, R. N. Germain,
and B. N. Lambrecht, “House Dust Mite Allergen Induces Asthma via
TLR4 Triggering of Airway Structural Cells,” Nature Medicine 15, no.
4(2009): 410.

49. C. Perner, C. H. Flayer, X. Zhu, et al., “Substance P Release by
Sensory Neurons Triggers Dendritic Cell Migration and Initiates the
Type-2 Immune Response to Allergens,” Immunity 53, no. 5 (2020):
1063-1077.

50. C. S. N. Klose, T. Mahlakaiv, J. B. Moeller, et al., “The Neuropeptide
Neuromedin U Stimulates Innate Lymphoid Cells and Type 2
Inflammation,” Nature 549, no. 7671 (2017): 282-286.

51. L. Brabenec, S. Gupta, T. Eichwald, M. Rafei, and S. Talbot,
“Decoding the Neuroimmune Axis in the Atopic March: Mechanisms
and Implications,” Current Opinion in Immunology 91 (2024): 102507.

52. M. J. Butcher and J. Zhu, “Recent Advances in Understanding the
Th1/Th2 Effector Choice,” Faculty Review 10 (2021): 10.

53.R. Tussiwand, B. Everts, G. E. Grajales-Reyes, et al., “KlIf4
Expression in Conventional Dendritic Cells Is Required for T Helper 2
Cell Responses,” Immunity 42, no. 5 (2015): 916-928.

54.Y. Kumamoto, M. Linehan, J. S. Weinstein, B. J. Laidlaw, J. E. Craft,
and A. Iwasaki, “CD301b+ Dermal Dendritic Cells Drive T Helper 2
Cell-Mediated Immunity,” Immunity 39, no. 4 (2013): 733-743, https://
doi.org/10.1016/j.immuni.2013.08.029.

55.]J.U. Mayer, M. Demiri, W. W. Agace, A. S. MacDonald, M. Svensson-
Frej, and S. W. Milling, “Different Populations of CD11b+ Dendritic
Cells Drive Th2 Responses in the Small Intestine and Colon,” Nature
Communications 8 (2017): 15820.

56. H. Shimoda, J. Van Deursen, M. Y. Sangster, et al., “Lack of IL-4-
Induced Th2 Response and IgE Class Switching in Mice With Disrupted
Stat6 Gene,” Nature 380, no. 6575 (1996): 630-633.

57.Z.Ding, J. Mulder, and M. J. Robinson, “The Origins and Longevity
of IgE Responses as Indicated by Serological and Cellular Studies in
Mice and Humans,” Allergy 78, no. 12 (2023): 3103-3117, https://doi.
org/10.1111/al1.15799.

58. F. D. Finkelman, I. M. Katona, J. F. Urban, et al., “IL-4 Is Required
to Generate and Sustain In Vivo IgE Responses,” Journal of Immunology
141, no. 7 (1988): 2335-2341.

59. U. Gowthaman, J. S. Chen, B. Zhang, et al., “Identification of a T
Follicular Helper Cell Subset That Drives Anaphylactic IgE,” Science
365, no. 6456 (2019): eaaw6433.

60.D. R. Wesemann, J. M. Magee, C. Boboila, et al., “Immature B
Cells Preferentially Switch to IgE With Increased Direct Su to Se
Recombination,” Journal of Experimental Medicine 208, no. 13 (2011):
2733.

61. H. Xiong, J. Dolpady, M. Wabl, M. A. C. de Lafaille, and J. J. Lafaille,
“Sequential Class Switching is Required for the Generation of High
Affinity IgE Antibodies,” Journal of Experimental Medicine 209, no. 2
(2012): 353-364.

62. R. S. Rahman and D. R. Wesemann, “Whence and Wherefore IgE?,”
Immunological Reviews 326, no. 1 (2024): 48-65, https://doi.org/10.
1111/imr.13373.

63.R. L. Clement, J. Daccache, M. T. Mohammed, et al., “Follicular
Regulatory T Cells Control Humoral and Allergic Immunity by
Restraining Early B Cell Responses,” Nature Immunology 20, no. 10
(2019): 1360.

64. Q. Chen, H. Liu, N. Luling, J. Reinke, and A. L. Dent, “Evidence
That High-Affinity IgE Can Develop in the Germinal Center in the

Absence of an IgGl-Switched Intermediate,” Journal of Immunology
210, no. 7 (2023): 905-915, https://doi.org/10.4049/jimmunol.2200521.

65. K. Haniuda, S. Fukao, T. Kodama, H. Hasegawa, and D. Kitamura,
“Autonomous Membrane IgE Signaling Prevents IgE-Memory
Formation,” Nature Immunology 17, no. 9 (2016): 1109-1117.

66. Z. Yang, M. J. Robinson, X. Chen, et al., “Regulation of B Cell Fate
by Chronic Activity of the IgE B Cell Receptor,” eLife 5 (2016): €21238.

67.J. S. He, M. Meyer-Hermann, D. Xiangying, et al., “The
Distinctive Germinal Center Phase of IgE+ B Lymphocytes Limits
Their Contribution to the Classical Memory Response,” Journal of
Experimental Medicine 210, no. 12 (2013): 2755-2771.

68. A. K. Wade-Vallance, Z. Yang, J. B. Libang, M. J. Robinson, D. M.
Tarlinton, and C. D. C. Allen, “B Cell Receptor Ligation Induces IgE
Plasma Cell Elimination,” Journal of Experimental Medicine 220, no. 4
(2023): €20220964.

69. S. Asrat, N. Kaur, X. Liu, et al., “Chronic Allergen Exposure Drives
Accumulation of Long-Lived IgE Plasma Cells in the Bone Marrow,
Giving Rise to Serological Memory,” Science Immunology 5, no. 43
(2020): eaav8402.

70. G. A. Pacheco, V. Rao, D. K. Yoo, et al., “Origins and Diversity of
Pan-Isotype Human Bone Marrow Plasma Cells. bioRxiv,” (2024),
https://doi.org/10.1101/2024.05.08.592267.

71.R. Jiménez-Saiz, Y. Ellenbogen, K. Bruton, et al,, “Human BCR
Analysis of Single-Sorted, Putative IgE+ Memory B Cells in Food Allergy,”
Journal of Allergy and Clinical Immunology 144, no. 1 (2019): 336-339.

72.]. F. E. Koenig, N. P. H. Knudsen, A. Phelps, et al., “Type 2-Polarized
Memory B Cells Hold Allergen-Specific IgE Memory,” Science
Translational Medicine 16, no. 733 (2024): eadi0944.

73. M. Ota, K. B. Hoehn, W. Fernandes-Braga, et al., “CD23+IgG1+
Memory B Cells Are Poised to Switch to Pathogenic IgE Production
in Food Allergy,” Science Translational Medicine 16, no. 733 (2024):
eadi0673.

74. A.von Borstel, R. E. O'Hehir, and M. C. van Zelm, “IgE in Allergy: It
Takes Two,” Science Translational Medicine 16, no. 733 (2024): ead11202,
https://doi.org/10.1126/scitranslmed.ad11202.

75.R. P. Ramonell, M. Brown, M. C. Woodruff, et al., “Single-Cell
Analysis of Human Nasal Mucosal IgE Antibody Secreting Cells
Reveals a Newly Minted Phenotype,” Mucosal Immunology 16, no. 3
(2023): 287-301.

76. K. M. Buchheit and K. E. Hulse, “Local Immunoglobulin Production
in Nasal Tissues: A Key to Pathogenesis in Chronic Rhinosinusitis With
Nasal Polyps and Aspirin-Exacerbated Respiratory Disease,” Annals of
Allergy, Asthma & Immunology 126, no. 2 (2021): 127-134.

77. A. Testera-Montes, F. Palomares, R. Jurado-Escobar, et al.,
“Sequential Class Switch Recombination to IgE and Allergen-Induced
Accumulation of IgE+ Plasmablasts Occur in the Nasal Mucosa of
Local Allergic Rhinitis Patients,” Allergy 77, no. 9 (2022): 2712-2724.

78.P. Takhar, C. J. Corrigan, L. Smurthwaite, et al., “Class Switch
Recombination to IgE in the Bronchial Mucosa of Atopic and Nonatopic
Patients With Asthma,” Journal of Allergy and Clinical Immunology
119, no. 1 (2007): 213-218.

79. M. Coéffier, A. Lorentz, M. P. Manns, and S. C. Bischoff, “Epsilon
Germ-Line and IL-4 Transcripts Are Expressed in Human Intestinal
Mucosa and Enhanced in Patients With Food Allergy,” Allergy 60, no.
6 (2005): 822-827.

80.R. A. Hoh, S. A. Joshi, J. Y. Lee, et al., “Origins and Clonal
Convergence of Gastrointestinal IgE+ B Cells in Human Peanut
Allergy,” Science Immunology 5, no. 45 (2020): eaay4209.

81.J. Gerstenberg, S. Mishra, M. Holtfreter, et al., “Human Placental
Schistosomiasis-A Systematic Review of the Literature,” Pathogens 13,
no. 6 (2024): 470.

21 of 30


https://doi.org/10.1016/j.immuni.2013.08.029
https://doi.org/10.1016/j.immuni.2013.08.029
https://doi.org/10.1111/all.15799
https://doi.org/10.1111/all.15799
https://doi.org/10.1111/imr.13373
https://doi.org/10.1111/imr.13373
https://doi.org/10.4049/jimmunol.2200521
https://doi.org/10.1101/2024.05.08.592267
https://doi.org/10.1126/scitranslmed.adl1202

82. E. Ludwig, J. Harder, M. Lacorcia, et al., “Placental Gene Expression
and Antibody Levels of Mother-Neonate Pairs Reveal an Enhanced Risk
for Inflammation in a Helminth Endemic Country,” Scientific Reports 9,
no. 1 (2019): 15776.

83. M. Joerink, E. Rindsjo, F. Stenius, et al., “Evidence for Allergen-
Specific IgE of Maternal Origin in Human Placenta,” Allergy 64, no. 6
(2009): 905-912.

84. E. Sverremark Ekstrom, C. Nilsson, U. Holmlund, et al., “IgE Is
Expressed on, but Not Produced by, Fetal Cells in the Human Placenta
Irrespective of Maternal Atopy,” Clinical and Experimental Immunology
127, no. 2 (2002): 274-282, https://doi.org/10.1046/j.1365-2249.2002.
01773.x.

85.G. J. Gleich, E. M. Zimmermann, L. L. Henderson, and J. W.
Yunginger, “Effect of Immunotherapy on Immunoglobulin E and
Immunoglobulin G Antibodies to Ragweed Antigens: A Six-Year
Prospective Study,” Journal of Allergy and Clinical Immunology 70, no.
4(1982): 261-271.

86.J. M. McDonnell, B. Dhaliwal, B. J. Sutton, and H. J. Gould,
“IgE, IgE Receptors and Anti-IgE Biologics: Protein Structures and
Mechanisms of Action,” Annual Review of Immunology 41 (2023):
255-275.

87.K. A. Doré, A. M. Davies, N. Drinkwater, A. J. Beavil, J. M.
McDonnell, and B. J. Sutton, “Thermal Sensitivity and Flexibility of
the Ce3 Domains in Immunoglobulin E,” Biochimica et Biophysica Acta
(BBA) - Proteins and Proteomics 1865, no. 11 (2017): 1336-1347.

88.N. E. Price, N. C. Price, S. M. Kelly, and J. M. McDonnell, “The Key
Role of Protein Flexibility in Modulating IgE Interactions,” Journal of
Biological Chemistry 280, no. 3 (2005): 2324-2330.

89.N. E. Harwood and J. M. McDonnell, “The Intrinsic Flexibility of
IgE and Its Role in Binding FceR1,” Biomedicine & Pharmacotherapy 61,
no. 1 (2007): 61-67.

90. T. Wan, R. L. Beavil, S. M. Fabiane, et al., “The Crystal Structure
of IgE Fc Reveals an Asymmetrically Bent Conformation,” Nature
Immunology 3, no. 7 (2002): 681-686.

91. B. J. Sutton, A. M. Davies, H. J. Bax, and S. N. Karagiannis, “IgE
Antibodies: From Structure to Function and Clinical Translation,”
Antibodies 8, no. 1 (2019): 19.

92.N. E. Harwood, N. C. Price, and J. M. McDonnell, “Catalytic Folding
of the Ce3 Domain by Its High Affinity Receptor,” FEBS Letters 580, no.
8(2006): 2129-2134.

93. M. D. Holdom, A. M. Davies, J. E. Nettleship, et al., “Conformational
Changes in IgE Contribute to its Uniquely Slow Dissociation Rate From
Receptor FceR1,” Nature Structural & Molecular Biology 18, no. 5 (2011):
571-576.

94. M. G. Lawrence, J. A. Woodfolk, A. J. Schuyler, L. C. Stillman, M. D.
Chapman, and T. A. E. Platts-Mills, “Half-Life of IgE in Serum and Skin:
Consequences for Anti-IgE Therapy in Patients With Allergic Disease,”
Journal of Allergy and Clinical Immunology 139, no. 2 (2017): 422-428.

95. C. Kanagaratham, Y. S. El Ansari, O. L. Lewis, and H. C. Oettgen,
“IgE and IgG Antibodies as Regulators of Mast Cell and Basophil
Functions in Food Allergy,” Frontiers in Immunology 11 (2020): 603050.

96. K. Plattner, M. F. Bachmann, and M. Vogel, “On the Complexity of
IgE: The Role of Structural Flexibility and Glycosylation for Binding Its
Receptors,” Frontiers in Allergy 4 (2023): 1117611, https://doi.org/10.
3389/falgy.2023.1117611.

97.T. Crosson, J. C. Wang, B. Doyle, et al., “FceR1-Expressing
Nociceptors Trigger Allergic Airway Inflammation,” Journal of Allergy
and Clinical Immunology 147, no. 6 (2021): 2330-2342.

98. H. Kabata and D. Artis, “Neuro-Immune Crosstalk and Allergic
Inflammation,” Journal of Clinical Investigation 129, no. 4 (2019):
1475-1482.

99. A. M. Campbell, I. Vachier, P. Chanez, et al., “Expression of the High-
Affinity Receptor for IgE on Bronchial Epithelial Cells of Asthmatics,”
American Journal of Respiratory Cell and Molecular Biology 19, no. 1
(2012): 92-97, https://doi.org/10.1165/ajrcmb.19.1.2648.

100. C. M. Weng, M. J. Lee, W. Chao, et al., “Airway Epithelium IgE-
FceRI Cross-Link Induces Epithelial Barrier Disruption in Severe T2-
High Asthma,” Mucosal Immunology 16, no. 5 (2023): 685-698.

101. E. Sallmann, B. Reininger, S. Brandt, et al., “High-Affinity
IgE Receptors on Dendritic Cells Exacerbate Th2-Dependent
Inflammation,” Journal of Immunology 187, no. 1 (2011): 164-171.

102. B. Platzer, K. Baker, M. P. Vera, et al., “Dendritic Cell-Bound IgE
Functions to Restrain Allergic Inflammation at Mucosal Sites,” Mucosal
Immunology 8, no. 3 (2015): 516-532.

103. D. i. Kwon, E. S. Park, M. Kim, et al., “Homeostatic Serum IgE
Is Secreted by Plasma Cells in the Thymus and Enhances Mast Cell
Survival,” Nature Communications 13, no. 1 (2022): 1418.

104. R. Msallam, J. Balla, A. P. S. Rathore, et al., “Fetal Mast Cells
Mediate Postnatal Allergic Responses Dependent on Maternal IgE,”
Science (Washington, D.C.) 370, no. 6519 (2020): 941-950, https://doi.
org/10.1126/science.aba0864.

105. E. Lefrancais, A. Duval, E. Mirey, et al., “Central Domain of IL-33 Is
Cleaved by Mast Cell Proteases for Potent Activation of Group-2 Innate
Lymphoid Cells,” Proceedings of the National Academy of Sciences 111,
no. 43 (2014): 15502-15507.

106. H. Ui, T. Andoh, J. B. Lee, H. Nojima, and Y. Kuraishi, “Potent
Pruritogenic Action of Tryptase Mediated by PAR-2 Receptor and Its
Involvement in Anti-Pruritic Effect of Nafamostat Mesilate in Mice,”
European Journal of Pharmacology 530, no. 1-2 (2006): 172-178.

107.J. M. Leyva-Castillo, M. Das, E. Artru, J. Yoon, C. Galand, and R.
S. Geha, “Mast Cell-Derived IL-13 Downregulates IL-12 Production
by Skin Dendritic Cells to Inhibit the TH1 Cell Response to Cutaneous
Antigen Exposure,” Journal of Allergy and Clinical Immunology 147, no.
6(2021): 2305-2315.

108. J. A. Turner, E. Stephen-Victor, S. Wang, et al., “Regulatory T Cell-
Derived TGF-£1 Controls Multiple Checkpoints Governing Allergy and
Autoimmunity,” Immunity 53, no. 6 (2020): 1202-1214.

109. L. Li, H. H. Lee, J. J. Bell, et al., “IL-4 Utilizes an Alternative
Receptor to Drive Apoptosis of Th1 Cells and Skews Neonatal Immunity
Toward Th2,” Immunity 20, no. 4 (2004): 429-440.

110.J. S. Dahlin, B. Heyman, and J. Hallgren, “Committed Mast Cell
Progenitors in Mouse Blood Differ in Maturity Between Th1l and Th2
Strains,” Allergy: European Journal of Allergy and Clinical Immunology
68, no. 10 (2013): 1333-1337, https://doi.org/10.1111/al1.12223.

111. B. Dhaliwal, D. Yuan, M. O.Y. Pang, et al., “Crystal Structure of IgE
Bound to Its B-Cell Receptor CD23 Reveals a Mechanism of Reciprocal
Allosteric Inhibition With High Affinity Receptor FceRI,” Proceedings
of the National Academy of Sciences of the United States of America 109,
no. 31 (2012): 12686-12691.

112. R. G. Hibbert, P. Teriete, G. J. Grundy, et al., “The Structure of
Human CD23 and Its Interactions With IgE and CD21,” Journal of
Experimental Medicine 202 (2005): 751-760.

113. M. L. Richards and D. H. Katz, “The Binding of IgE to Murine fc
Epsilon RII Is Calcium-Dependent but Not Inhibited by Carbohydrate,”
Journal of Immunology 144, no. 7 (1990): 2638-2646.

114. P. Engeroff, F. Caviezel, D. Mueller, F. Thoms, M. F. Bachmann,
and M. Vogel, “CD23 Provides a Noninflammatory Pathway for IgE-
Allergen Complexes,” Journal of Allergy and Clinical Immunology 145,
no. 1 (2020): 301-311.

115.Y. Tu, S. Salim, J. Bourgeois, et al., “CD23-Mediated IgE Transport
Across Human Intestinal Epithelium: Inhibition by Blocking Sites of
Translation or Binding,” Gastroenterology 129, no. 3 (2005): 928-940.

22 of 30

Immunological Reviews, 2025


https://doi.org/10.1046/j.1365-2249.2002.01773.x
https://doi.org/10.1046/j.1365-2249.2002.01773.x
https://doi.org/10.3389/falgy.2023.1117611
https://doi.org/10.3389/falgy.2023.1117611
https://doi.org/10.1165/ajrcmb.19.1.2648
https://doi.org/10.1126/science.aba0864
https://doi.org/10.1126/science.aba0864
https://doi.org/10.1111/all.12223

116. S. Palaniyandi, X. Liu, S. Periasamy, et al., “Inhibition of CD23-
Mediated IgE Transcytosis Suppresses the Initiation and Development
of Allergic Airway Inflammation,” Mucosal Immunology 8, no. 6 (2015):
1262-1274.

117.F. Henningsson, Z. Ding, J. S. Dahlin, et al., “IgE-Mediated
Enhancement of CD4+ T Cell Responses in Mice Requires Antigen
Presentation by CD11c+ Cells and Not by B Cells,” PLoS One 6, no. 7
(2011): €21760.

118. N. McCloskey, J. Hunt, R. L. Beavil, et al., “Soluble CD23 Monomers
Inhibit and Oligomers Stimulate IGE Synthesis in Human B Cells,”
Journal of Biological Chemistry 282, no. 33 (2007): 24083-24091.

119. S. Palaniyandi, E. Tomei, Z. Li, D. H. Conrad, and X. Zhu, “CD23-
Dependent Transcytosis of IgE and Immune Complex Across the
Polarized Human Respiratory Epithelial Cells,” Journal of Immunology
186, no. 6 (2011): 3484-3496, https://doi.org/10.4049/jimmunol.
1002146.

120. H. Li, A. Nowak-Wegrzyn, Z. Charlop-Powers, et al., “Transcytosis
of IgE-Antigen Complexes by CD23a in Human Intestinal Epithelial
Cells and Its Role in Food Allergy,” Gastroenterology 131, no. 1 (2006):
47-58.

121. C. A. Thornton, J. A. Holloway, and J. O. Warner, “Expression of
CD21 and CD23 During Human Fetal Development,” Pediatric Research
52, no. 2 (2002): 245-250.

122.S. Villazala-Merino, A. Rodriguez-Dominguez, V. Stanek,
et al., “Allergen-Specific IgE Levels and the Ability of IgE-Allergen
Complexes to Cross-Link Determine the Extent of CD23-Mediated T-
Cell Activation,” Journal of Allergy and Clinical Immunology 145, no. 3
(2020): 958-967.

123.S. J. Galli and M. Tsai, “IgE and Mast Cells in Allergic Disease,”
Nature Medicine 18, no. 5 (2012): 693.

124. A. L. St. John, A. P. S. Rathore, and F. Ginhoux, “New Perspectives
on the Origins and Heterogeneity of Mast Cells,” Nature Reviews
Immunology 23, no. 1 (2022): 55-68.

125. S. Wernersson and G. Pejler, “Mast Cell Secretory Granules: Armed
for Battle,” Nature Reviews Immunology 14, no. 7 (2014): 478-494.

126.S. N. Abraham and A. L. St. John, “Mast Cell-Orchestrated
Immunity to Pathogens,” Nature Reviews Immunology 10, no. 6 (2010):
440-452.

127. N. M. Ryan and S. Oghumu, “Role of Mast Cells in the Generation
of a T-Helper Type 2 Dominated Anti-Helminthic Immune Response,”
Bioscience Reports 39, no. 2 (2019): BSR20181771.

128. M. Reitz, M. L. Brunn, H. R. Rodewald, et al., “Mucosal Mast Cells
Are Indispensable for the Timely Termination of Strongyloides Ratti
Infection,” Mucosal Immunology 10, no. 2 (2017): 481-492.

129. M. R. Hepworth, E. Danilowicz-Luebert, S. Rausch, et al., “Mast
Cells Orchestrate Type 2 Immunity to Helminths Through Regulation
of Tissue-Derived Cytokines,” Proceedings of the National Academy of
Sciences of the United States of America 109, no. 17 (2012): 6644-6649.

130. M. Matsumoto, Y. Sasaki, K. Yasuda, et al, “IgG and IgE
Collaboratively Accelerate Expulsion of Strongyloides Venezuelensis in a
Primary Infection,” Infection and Immunity 81, no. 7 (2013): 2518-2527.

131. M. F. Gurish, P. J. Bryce, H. Tao, et al., “IgE Enhances Parasite
Clearance and Regulates Mast Cell Responses in Mice Infected
With Trichinella Spiralis,” Journal of Immunology 172, no. 2 (2004):
1139-1145.

132. P. Hagan, U. J. Blumenthal, D. Dunn, A. J. G. Simpson, and H.
A. Wilkins, “Human IgE, IgG4 and Resistance to Reinfection With
Schistosoma Haematobium,” Nature 349, no. 6306 (1991): 243-245.

133. K. Mukai, M. Tsai, P. Starkl, T. Marichal, and S. J. Galli, “IgE and
Mast Cells in Host Defense Against Parasites and Venoms,” Seminars in
Immunopathology 38, no. 5 (2016): 581.

134.Z. Fu, S. Akula, A. K. Olsson, J. Kervinen, and L. Hellman, “Mast
Cells and Basophils in the Defense Against Ectoparasites: Efficient
Degradation of Parasite Anticoagulants by the Connective Tissue Mast
Cell Chymases,” International Journal of Molecular Sciences 22, no. 23
(2021): 12627.

135. P. Starkl, M. L. Watzenboeck, L. M. Popov, et al., “IgE Effector
Mechanisms, in Concert With Mast Cells, Contribute to Acquired Host
Defense Against Staphylococcus aureus,” Immunity 53, no. 4 (2020):
793-804.

136. P. Starkl, T. Marichal, N. Gaudenzio, et al., “IgE Antibodies,
FceRIa, and IgE-Mediated Local Anaphylaxis Can Limit Snake Venom
Toxicity,” Journal of Allergy and Clinical Immunology 137, no. 1 (2016):
246-257.

137. L. A. Schneider, S. M. Schlenner, T. B. Feyerabend, M. Wunderlin,
and H. R. Rodewald, “Molecular Mechanism of Mast Cell Mediated
Innate Defense Against Endothelin and Snake Venom Sarafotoxin,”
Journal of Experimental Medicine 204, no. 11 (2007): 2629-2639, https://
doi.org/10.1084/jem.20071262.

138.T. Y. Du, S. R. Hall, F. Chung, et al., “Molecular Dissection of
Cobra Venom Highlights Heparinoids as an Antidote for Spitting Cobra
Envenoming,” Science Translational Medicine 16, no. 756 (2024): 4802,
https://doi.org/10.1126/scitranslmed.adk4802.

139. P. Starkl, N. Gaudenzio, T. Marichal, et al., “IgE Antibodies Increase
Honeybee Venom Responsiveness and Detoxification Efficiency of Mast
Cells,” Allergy 77, no. 2 (2022): 499-512.

140. Y. Fujiwara, T. Nakamura, T. Maehara, A. Hayashi, K. Aritake,
and T. Murata, “Mast Cell-Derived Prostaglandin D2 Limits the
Subcutaneous Absorption of Honey Bee Venom in Mice,” Proceedings
of the National Academy of Sciences of the United States of America 120,
no. 22 (2023): €2300284120.

141.E. A. Komi D, F. Shafaghat, and C. M. Crosstalk, “Crosstalk
Between Mast Cells and Adipocytes in Physiologic and Pathologic
Conditions,” Clinical Reviews in Allergy & Immunology 58, no. 3 (2020):
388.

142. C. Bao, O. Chen, H. Sheng, et al., “A Mast Cell-Thermoregulatory
Neuron Circuit Axis Regulates Hypothermia in Anaphylaxis,” Science
Immunology 8, no. 81 (2023): eadc9417.

143. K. M. Nautiyal, A. C. Ribeiro, D. W. Pfaff, and R. Silver, “Brain Mast
Cells Link the Immune System to Anxiety-Like Behavior,” Proceedings
of the National Academy of Sciences of the United States of America 105,
no. 46 (2008): 18053-18057.

144. H. R. Rodewald and T. B. Feyerabend, “Widespread Immunological
Functions of Mast Cells: Fact or Fiction?,” Immunity 37, no. 1 (2012):
13-24.

145. S.J. Galli, N. Gaudenzio, and M. Tsai, “Mast Cells in Inflammation
and Disease: Recent Progress and Ongoing Concerns,” Annual Review
of Immunology 38 (2020): 49-77.

146.J. E. Park, L. Jardine, B. Gottgens, S. A. Teichmann, and M.
Haniffa, “Prenatal Development of Human Immunity,” Science 368, no.
6491 (2020): 600-603.

147.S. L. Chia, S. Kapoor, C. Carvalho, M. Bajénoff, and R. Gentek,
“Mast Cell Ontogeny: From Fetal Development to Life-Long Health and
Disease,” Immunological Reviews 315, no. 1 (2023): 31.

148. W. Ma, H. Chen, F. Gao, et al., “Embryonic Mast Cells Arise From
Cpa3-Expressing Precursors Independent of Granulocyte-Monocyte
Progenitors.  bioRxiv,” 2024, https://doi.org/10.1101/2024.10.30.
620640v1.

149. 1. Goh, R. A. Botting, A. Rose, et al., “Yolk Sac Cell Atlas Reveals
Multiorgan Functions During Human Early Development,” Science 381,
no. 6659 (2023): eadd7564.

150. D. M. Popescu, R. A. Botting, E. Stephenson, et al., “Decoding
Human Fetal Liver Haematopoiesis,” Nature 574, no. 7778 (2019): 365.

23 of 30


https://doi.org/10.4049/jimmunol.1002146
https://doi.org/10.4049/jimmunol.1002146
https://doi.org/10.1084/jem.20071262
https://doi.org/10.1084/jem.20071262
https://doi.org/10.1126/scitranslmed.adk4802
https://doi.org/10.1101/2024.10.30.620640v1
https://doi.org/10.1101/2024.10.30.620640v1

151. E. Gomez Perdiguero, K. Klapproth, C. Schulz, et al., “Tissue-
Resident Macrophages Originate From Yolk-Sac-Derived Erythro-
Myeloid Progenitors,” Nature 518, no. 7540 (2015): 547-551.

152. G. Hoeffel and F. Ginhoux, “Fetal Monocytes and the Origins of
Tissue-Resident Macrophages,” Cellular Immunology 330 (2018): 5-15.

153. F. Ginhoux, M. Greter, M. Leboeuf, et al., “Fate Mapping Analysis
Reveals That Adult Microglia Derive From Primitive Macrophages,”
Science 330, no. 6005 (2010): 841-845, https://doi.org/10.1126/science.
1194637.

154. Z. Li, S. Liu, J. Xu, et al., “Adult Connective Tissue-Resident Mast
Cells Originate From Late Erythro-Myeloid Progenitors,” Immunity 49,
no. 4 (2018): 640-653.

155. R. Gentek, C. Ghigo, G. Hoeffel, et al., “Hemogenic Endothelial
Fate Mapping Reveals Dual Developmental Origin of Mast Cells,”
Immunity 48, no. 6 (2018): 1160-1171.

156.C. C. Chen, M. A. Grimbaldeston, M. Tsai, I. L. Weissman, and
S. J. Galli, “Identification of Mast Cell Progenitors in Adult Mice,”
Proceedings of the National Academy of Sciences of the United States of
America 102, no. 32 (2005): 11408-11413, https://doi.org/10.1073/pnas.
0504197102.

157. A. S. Kirshenbaum, S. W. Kessler, J. P. Goff, and D. D. Metcalfe,
“Demonstration of the Origin of Human Mast Cells From CD34+ Bone
Marrow Progenitor Cells,” Journal of Immunology 146, no. 5 (1991):
1410-1415.

158.J. S. Dahlin, A. Malinovschi, H. Ohrvik, et al., “Lin- CD34hi
CD117Int/Hi FceRI+ Cells in Human Blood Constitute a Rare
Population of Mast Cell Progenitors,” Blood 127, no. 4 (2016): 383-391.

159. M. F. Gurish, H. Tao, J. P. Abonia, et al., “Intestinal Mast Cell
Progenitors Require CD49df7 (a4f7 Integrin) for Tissue-Specific
Homing,” Journal of Experimental Medicine 194, no. 9 (2001): 1243—
1252, https://doi.org/10.1084/jem.194.9.1243.

160. L. G. Bankova, D.F. Dwyer, A. Y. Liu, K. F. Austen, and M. F. Gurish,
“Maturation of Mast Cell Progenitors to Mucosal Mast Cells During
Allergic Pulmonary Inflammation in Mice,” Mucosal Immunology 8,
no. 3 (2015): 596-606.

161. T. Derakhshan, S. K. Samuchiwal, N. Hallen, et al., “Lineage-
Specific Regulation of Inducible and Constitutive Mast Cells in Allergic
Airway Inflammation,” Journal of Experimental Medicine 218, no. 1
(2021): €20200321.

162. A. Collins, J. W. Swann, M. A. Proven, et al., “Maternal
Inflammation Regulates Fetal Emergency Myelopoiesis,” Cell 187, no.
6(2024): 1402-1421.

163.D. A. Lopez, A. C. Apostol, E. J. Lebish, et al., “Prenatal
Inflammation Perturbs Murine Fetal Hematopoietic Development and
Causes Persistent Changes to Postnatal Immunity,” Cell Reports 41, no.
8(2022): 111677.

164. B. de Laval, J. Maurizio, P. K. Kandalla, et al., “C/EBPS-Dependent
Epigenetic Memory Induces Trained Immunity in Hematopoietic Stem
Cells,” Cell Stem Cell 26, no. 5 (2020): 793.

165.D. A. Lopez, A. Griffin, L. Moreno Aguilar, et al., “Prenatal
Inflammation Remodels Lung Immunity and Function by Programming
ILC2 Hyperactivation,” Cell Reports 43, no. 7 (2024): 114365.

166. A. 1. Lim, T. McFadden, V. M. Link, et al., “Prenatal Maternal
Infection Promotes Tissue-Specific Immunity and Inflammation in
Offspring,” Science 373, no. 6558 (2021): eabf3002.

167. K. M. Lebold, M. G. Drake, A. B. Pincus, A. B. Pierce, A. D. Fryer,
and D. B. Jacoby, “Unique Allergic Asthma Phenotypes in Offspring of
House Dust Mite-Exposed Mice,” American Journal of Respiratory Cell
and Molecular Biology 67, no. 1 (2022): 89-98.

168. K. M. Lebold, M. G. Drake, L. B. Hales-Beck, A. D. Fryer, and D.
B. Jacoby, “IL-5 Exposure in Utero Increases Lung Nerve Density and

Airway Reactivity in Adult Offspring,” American Journal of Respiratory
Cell and Molecular Biology 62, no. 4 (2020): 493-502.

169. H. Ochi, W. M. Hirani, Q. Yuan, D. S. Friend, K. F. Austen, and
J. A. Boyce, “T Helper Cell Type 2 Cytokine-Mediated Comitogenic
Responses and CCR3 Expression During Differentiation of Human
Mast Cells In Vitro,” Journal of Experimental Medicine 190, no. 2 (1999):
267-280.

170. P. A. Alvarado-Vazquez, E. Mendez-Enriquez, M. Salomonsson,
et al., “Targeting of the IL-5 Pathway in Severe Asthma Reduces Mast
Cell Progenitors,” Journal of Allergy and Clinical Immunology 155
(2025): 1310-1320.

171. M. Reitz, W. Hartmann, N. Riidiger, Z. Orinska, M. L. Brunn,
and M. Breloer, “Interleukin-9 Promotes Early Mast Cell-Mediated
Expulsion of Strongyloides Ratti but Is Dispensable for Generation of
Protective Memory,” Scientific Reports 8, no. 1 (2018): 8636.

172. G.F.J. Newlands, P. S. Coulson, and R. A. Wilson, “Stem Cell Factor
Dependent Hyperplasia of Mucosal-Type Mast Cells but Not Eosinophils
in Schistosoma mansoni-Infected Rats,” Parasite Immunology 17, no. 11
(1995): 595-598.

173. B. Zarnegar, A. Westin, S. Evangelidou, and J. Hallgren, “Innate
Immunity Induces the Accumulation of Lung Mast Cells During
Influenza Infection,” Frontiers in Immunology 9 (2018): 2288.

174. R. H. Dougherty, S. S. Sidhu, K. Raman, et al., “Accumulation of
Intraepithelial Mast Cells With a Unique Protease Phenotype in TH2-
High Asthma,” Journal of Allergy and Clinical Immunology 125, no. 5
(2010): 1046-1053.

175. P. A. Alvarado-Vazquez, E. Mendez-Enriquez, M. Salomonsson,
et al., “Circulating Mast Cell Progenitors Increase During Natural Birch
Pollen Exposure in Allergic Asthma Patients,” Allergy 78, no. 11 (2023):
2959-2968.

176.J. Hallgren, T. G. Jones, J. P. Abonia, et al., “Pulmonary CXCR2
Regulates VCAM-1 and Antigen-Induced Recruitment of Mast Cell
Progenitors,” Proceedings of the National Academy of Sciences of the
United States of America 104, no. 51 (2007): 20478-20483.

177.D. F. Dwyer, J. Ordovas-Montanes, S. J. Allon, et al., “Human
Airway Mast Cells Proliferate and Acquire Distinct Inflammation-
Driven Phenotypes During Type 2 Inflammation,” Science Immunology
6, n0o. 16 (2021): eabb7221.

178. K. Oishi, N. Nakano, M. Ota, et al., “MHC Class II-Expressing
Mucosal Mast Cells Promote Intestinal Mast Cell Hyperplasia in a
Mouse Model of Food Allergy,” Allergy ahead of print, January 27
(2025), https://doi.org/10.1111/all1.16477.

179. E. E. Forbes, K. Groschwitz, J. P. Abonia, et al., “IL-9- And Mast
Cell-Mediated Intestinal Permeability Predisposes to Oral Antigen
Hypersensitivity,” Journal of Experimental Medicine 205, no. 4 (2008): 897.

180.Y. H. Keith, T. Honda, S. Ono, et al., “Infiltration and Local
Differentiation of Bone Marrow-Derived integrin@7-Positive Mast Cell
Progenitors in Atopic Dermatitis-Like Skin,” Journal of Allergy and
Clinical Immunology 151, no. 1 (2023): 159-171.

181. K. Ridge, B. Moran, P. A. Alvarado-Vazquez, et al., “Lin-
CD1174+CD34+4FceRI+ Progenitor Cells Are Increased in Chronic
Spontaneous Urticaria and Predict Clinical Responsiveness to Anti-IgE
Therapy,” Allergy 79 (2024): 2423-2434.

182.D. F. Dwyer, N. A. Barrett, K. F. Austen, et al., “Expression
Profiling of Constitutive Mast Cells Reveals a Unique Identity Within
the Immune System,” Nature Immunology 17, no. 7 (2016): 878-887.

183. M. Tauber, L. Basso, J. Martin, et al, “Landscape of Mast
Cell Populations Across Organs in Mice and Humans,” Journal of
Experimental Medicine 220, no. 10 (2024): e20230570, https://doi.org/
10.1084/jem.20230570.

184. N. Nakano, K. Saida, M. Hara, et al., “Mucosal Mast Cell-Specific
Gene Expression Is Promoted by Interdependent Action of Notch

24 of 30

Immunological Reviews, 2025


https://doi.org/10.1126/science.1194637
https://doi.org/10.1126/science.1194637
https://doi.org/10.1073/pnas.0504197102
https://doi.org/10.1073/pnas.0504197102
https://doi.org/10.1084/jem.194.9.1243
https://doi.org/10.1111/all.16477
https://doi.org/10.1084/jem.20230570
https://doi.org/10.1084/jem.20230570

and TGF-f Signaling,” Journal of Immunology 207, no. 12 (2021):
3098-3106.

185.S. Tomar, V. Ganesan, A. Sharma, et al., “IL-4-BATF Signaling
Directly Modulates IL-9 Producing Mucosal Mast Cell (MMC9)
Function in Experimental Food Allergy,” Journal of Allergy and Clinical
Immunology 147, no. 1 (2020): 280.

186.J. Liu, T. Fu, F. Song, et al., “Mast Cells Participate in Corneal
Development in Mice,” Scientific Reports 5 (2015): 17569.

187.J. N. Lilla and Z. Werb, “Mast Cells Contribute to the Stromal
Microenvironment in Mammary Gland Branching Morphogenesis,”
Developmental Biology 337, no. 1 (2010): 124-133.

188. B. C. Wulff, A. E. Parent, M. A. Meleski, L. A. Dipietro, M. E.
Schrementi, and T. A. Wilgus, “Mast Cells Contribute to Scar Formation
During Fetal Wound Healing,” Journal of Investigative Dermatology
132, no. 2 (2012): 458-465.

189. K. M. Lenz, L. A. Pickett, C. L. Wright, K. T. Davis, A. Joshi, and
M. M. McCarthy, “Mast Cells in the Developing Brain Determine Adult
Sexual Behavior,” Journal of Neuroscience 38, no. 37 (2018): 8044-8059,
https://doi.org/10.1523/JNEUROSCI.1176-18.2018.

190.K. M. Lenz, L. A. Pickett, C. L. Wright, A. Galan, and M. M.
McCarthy, “Prenatal Allergen Exposure Perturbs Sexual Differentiation
and Programs Lifelong Changes in Adult Social and Sexual Behavior,”
Scientific Reports 9, no. 1 (2019): 4837.

191. C. J. Megli and C. B. Coyne, “Infections at the Maternal-Fetal
Interface: An Overview of Pathogenesis and Defence,” Nature Reviews
Microbiology 20, no. 2 (2022): 67.

192. S. Varadaradjalou, F. Féger, N. Thieblemont, et al., “Toll-Like
Receptor 2 (TLR2) and TLR4 Differentially Activate Human Mast
Cells,” European Journal of Immunology 33, no. 4 (2003): 899-906,
https://doi.org/10.1002/€ji.200323830.

193. C. M. Rocha-de-Souza, B. Berent-Maoz, D. Mankuta, A. E. Moses,
and F. Levi-Schaffer, “Human Mast Cell Activation by Staphylococcus
aureus: Interleukin-8 and Tumor Necrosis Factor Alpha Release and
the Role of Toll-Like Receptor 2 and CD48 Molecules,” Infection and
Immunity 76, no. 10 (2008): 4489.

194. S. M. Burke, T. B. Issekutz, K. Mohan, P. W. K. Lee, M. Shmulevitz,
and J. S. Marshall, “Human Mast Cell Activation With Virus-Associated
Stimuli Leads to the Selective Chemotaxis of Natural Killer Cells by a
CXCL8-Dependent Mechanism,” Blood 111, no. 12 (2008): 5467-5476.

195. C. Suo, E. Dann, I. Goh, et al., “Mapping the Developing Human
Immune System Across Organs,” Science 376, no. 6597 (2022): eabo0510.

196.Y. Xu, J. Zhang, Y. Hu, et al., “Single-Cell Transcriptome Analysis
Reveals the Dynamics of Human Immune Cells During Early Fetal Skin
Development,” Cell Reports 36, no. 6 (2021): 109524.

197. G. J. Burton and A. L. Fowden, “The Placenta: A Multifaceted,
Transient Organ,” Philosophical Transactions of the Royal Society, B:
Biological Sciences 370, no. 1663 (2015): 20140066.

198.S. Paveglio, L. Puddington, E. Rafti, and A. P. Matson, “FcRn-
Mediated Intestinal Absorption of IgG Anti-IgE/IgE Immune Complexes
in Mice,” Clinical and Experimental Allergy 42, no. 12 (2012): 1791-1800.

199. A. Bundhoo, S. Paveglio, E. Rafti, A. Dhongade, R. S. Blumberg,
and A. P. Matson, “Evidence That FcRn Mediates the Transplacental
Passage of Maternal IgE in the Form of IgG Anti-IgE/IgE Immune
Complexes,” Clinical and Experimental Allergy 45, no. 6 (2015): 1085-
1098, https://doi.org/10.1111/cea.12508.

200. S. E. Ander, M. S. Diamond, and C. B. Coyne, “Immune Responses
at the Maternal-Fetal Interface,” Science Immunology 4, no. 31 (2019):
eaat6114.

201. K. Woidacki, M. Popovic, M. Metz, et al., “Mast Cells Rescue
Implantation Defects Caused by c-Kit Deficiency,” Cell Death & Disease
4,1n0. 1 (2013): e462.

202.R. E. Garfield, A. M. Irani, L. B. Schwartz, E. Bytautiene, and R.
Romero, “Structural and Functional Comparison of Mast Cells in the
Pregnant Versus Nonpregnant Human Uterus,” American Journal of
Obstetrics and Gynecology 194, no. 1 (2006): 261-267.

203. A. Mori, Y. L. Zhai, T. Toki, T. Nikaido, and S. Fujii, “Distribution
and Heterogeneity of Mast Cells in the Human Uterus,” Human
Reproduction 12, no. 2 (1997): 368-372, https://doi.org/10.1093/hum-
rep/12.2.368.

204.F. Schmerse, K. Woidacki, M. Riek-Burchardt, et al., “In Vivo
Visualization of Uterine Mast Cells by Two-Photon Microscopy,”
Reproduction 147, no. 6 (2014): 781-788.

205. F. Jensen, M. Woudwyk, A. Teles, et al., “Estradiol and Progesterone
Regulate the Migration of Mast Cells From the Periphery to the Uterus
and Induce Their Maturation and Degranulation,” PLoS One 5, no. 12
(2010): €14409.

206. N. Meyer, T. Schiiler, and A. C. Zenclussen, “Simultaneous
Ablation of Uterine Natural Killer Cells and Uterine Mast Cells
in Mice Leads to Poor Vascularization and Abnormal Doppler
Measurements That Compromise Fetal Well-Being,” Frontiers in
Immunology 8 (2018): 1913.

207. N. Meyer, K. Woidacki, M. Knéfler, et al., “Chymase-Producing
Cells of the Innate Immune System Are Required for Decidual
Vascular Remodeling and Fetal Growth,” Scientific Reports 7 (2017):
45106.

208.G. Szewczyk, M. Pyzlak, J. Klimkiewicz, W. Smiertka, M.
Miedzinska-Maciejewska, and D. Szukiewicz, “Mast Cells and
Histamine: Do They Influence Placental Vascular Network and
Development in Preeclampsia?,” Mediators of Inflammation 2012
(2012): 307189.

209. R. S. Doster, L. A. Kirk, L. M. Tetz, L. M. Rogers, D. M. Aronoff, and
J. A. Gaddy, “Staphylococcus aureus Infection of Human Gestational
Membranes Induces Bacterial Biofilm Formation and Host Production
of Cytokines,” Journal of Infectious Diseases 215, no. 4 (2016): 653.

210. C. Gendrin, N. J. Shubin, E. Boldenow, et al., “Mast Cell Chymase
Decreases the Severity of Group B Streptococcus Infections,” Journal of
Allergy and Clinical Immunology 142, no. 1 (2018): 120-129.

211. M. H. Schoots, R. E. Bezemer, T. Dijkstra, et al., “Distribution of
Decidual Mast Cells in Fetal Growth Restriction and Stillbirth at (Near)
Term,” Placenta 129 (2022): 104-110.

212. L. Marx, P. Arck, C. Kieslich, S. Mitterlechner, M. Kapp, and J. Dietl,
“Decidual Mast Cells Might Be Involved in the Onset of Human First-
Trimester Abortion,” American Journal of Reproductive Immunology 41,
no. 1 (1999): 34-40.

213. V. E. Murphy, J. A. Namazy, H. Powell, et al., “A Meta-Analysis of
Adverse Perinatal Outcomes in Women With Asthma,” BJOG 118, no.
11 (2011): 1314-1323.

214. K. K. Byberg, B. Ogland, G. E. Eide, and K. @ymar, “Birth After
Preeclamptic Pregnancies: Association With Allergic Sensitization and
Allergic Rhinoconjunctivitis in Late Childhood; a Historically Matched
Cohort Study,” BMC Pediatrics 14, no. 1 (2014): 101.

215.7J. Stokholm, A. Sevelsted, U. D. Anderson, and H. Bisgaard,
“Preeclampsia Associates With Asthma, Allergy, and Eczema in
Childhood,” American Journal of Respiratory and Critical Care Medicine
195, no. 5(2017): 614-621.

216. H. Mirzakhani, V. J. Carey, T. F. McElrath, et al., “Maternal
Asthma, Preeclampsia, and Risk for Childhood Asthma at Age Six,”
American Journal of Respiratory and Critical Care Medicine 200, no. 5
(2019): 638-642.

217. T. R. Kollmann, B. Kampmann, S. K. Mazmanian, A. Marchant,
and O. Levy, “Protecting the Newborn and Young Infant From
Infectious Diseases: Lessons From Immune Ontogeny,” Immunity 46,
no. 3 (2017): 350-363.

25 of 30


https://doi.org/10.1523/JNEUROSCI.1176-18.2018
https://doi.org/10.1002/eji.200323830
https://doi.org/10.1111/cea.12508
https://doi.org/10.1093/humrep/12.2.368
https://doi.org/10.1093/humrep/12.2.368

218.D. K. J. Pieren, M. C. Boer, and J. de Wit, “The Adaptive Immune
System in Early Life: The Shift Makes It Count,” Frontiers in Immunology
13 (2022): 1031924.

219.X. Zhang, D. Zhivaki, and R. Lo-Man, “Unique Aspects of the
Perinatal Immune System,” Nature Reviews. Immunology 17, no. 8
(2017): 495-507.

220. A. J. Barzanji and J. L. Emery, “Germinal Centers in the Spleens
of Neonates and Stillbirths,” Early Human Development 1, no. 4 (1978):
363-369.

221. H. W. Schroeder, L. Zhang, and J. B. Philips, “Slow, Programmed
Maturation of the Immunoglobulin HCDR3 Repertoire During the
Third Trimester of Fetal Life,” Blood 98, no. 9 (2001): 2745-2751.

222.T. Rogosch, S. Kerzel, K. Hof, et al., “IgA Response in Preterm
Neonates Shows Little Evidence of Antigen-Driven Selection,” Journal
of Immunology 189, no. 11 (2012): 5449-5456.

223. M. Zemlin, G. Hoersch, C. Zemlin, et al., “The Postnatal Maturation
of the Immunoglobulin Heavy Chain IgG Repertoire in Human Preterm
Neonates Is Slower Than in Term Neonates,” Journal of Immunology
178, no. 2 (2007): 1180-1188.

224. M. Prabhudas, B. Adkins, H. Gans, et al., “Challenges in Infant
Immunity: Implications for Responses to Infection and Vaccines,”
Nature Immunology 12, no. 3 (2011): 189-194.

225.J. O. Lima, L. Zhang, T. P. Atkinson, J. Philips, A. P. Dasanayake,
and H. W. Schroeder, “Early Expression of Ie, CD23 (FceRII), IL-
4Ra, and IgE in the Human Fetus,” Journal of Allergy and Clinical
Immunology 106, no. 5 (2000): 911-917.

226. P. 1. Pfefferle, S. Sel, M. J. Ege, et al., “Cord Blood Allergen-Specific
IgE Is Associated With Reduced IFN-Gamma Production by Cord Blood
Cells: The Protection Against Allergy-Study in Rural Environments
(PASTURE) Study,” Journal of Allergy and Clinical Immunology 122,
no. 4 (2008): 711-716.

227. G. Lilja, C. G. M. Magnusson, S. G. O. Johansson, E. Kusoffsky, and
H. Oman, “Neonatal IgE Levels and Three Different Blood Sampling
Techniques,” Allergy 47, no. 5 (1992): 522-526.

228. E. Bertino, C. Bisson, C. Martano, et al., “Relationship Between
Maternal- and Fetal-Specific IgE,” Pediatric Allergy and Immunology
17, no. 7 (2006): 484-488.

229. N. H. Susanto, A. M. M. Schoos, M. Standl, et al., “Environmental
Grass Pollen Levels in Utero and at Birth and Cord Blood IgE: Analysis
of Three Birth Cohorts,” Environmental International 119, no. 1 (2018):
295-301, https://doi.org/10.1016/j.envint.2018.06.036.

230.7J. L. Peters, S. F. Suglia, T. A. E. Platts-Mills, J. Hosen, D. R. Gold,
and R. J. Wright, “Relationships Among Prenatal Aeroallergen Exposure,
Maternal and Cord Blood Immunoglobulin E: Project ACCESS,” Journal
of Allergy and Clinical Immunology 123, no. 5 (2009): 1041.

231. M. J. Ege, I. Herzum, G. Biichele, et al., “Specific IgE to Allergens
in Cord Blood Is Associated With Maternal Immunity to Toxoplasma
Gondii and Rubella Virus,” Allergy 63, no. 11 (2008): 1505-1511, https://
doi.org/10.1111/j.1398-9995.2008.01793.x.

232. M. J. Ege, 1. Herzum, G. Biichele, et al., “Prenatal Exposure to a
Farm Environment Modifies Atopic Sensitization at Birth,” Journal of
Allergy and Clinical Immunology 122, no. 2 (2008): 407-412.

233. A. J. Sybilski, A. Doboszynska, and B. Samolinski, “Total and
Antigen-Specific Ige Levels in Umbilical Cord Blood,” European
Journal of Medical Research 14, no. Suppl.4 (2009): 233-236.

234. A. Bahrainwala, S. Hassan, M. Long, and J. Kaplan, “Cord Blood
House Dust Mite Allergen in Newborns: Relationship to Maternal
Blood Levels of Allergen and Allergen Specific IgG and IgE,” Annals of
Allergy, Asthma & Immunology 95, no. 5 (2005): 480-483.

235. A. Malek, R. Sager, A. Zakher, and H. Schneider, “Transport of
Immunoglobulin G and Its Subclasses Across the In Vitro-Perfused

Human Placenta,” American Journal of Obstetrics and Gynecology 173,
no. 3 Pt 1(1995): 760-767.

236.J. C. Liu, Q. Zeng, Y. G. Duan, et al., “B Cells: Roles in Physiology
and Pathology of Pregnancy,” Frontiers in Immunology 15 (2024):
1456171.

237. A.J. Terhell, S. Wahyuni, A. Pryce, J. W. M. Koot, K. Abadi, and M.
Yazdanbakhsh, “Anti-Filarial and Total IgG4 and IgE Antibody Levels
Are Correlated in Mothers and Their Offspring,” Transactions of the
Royal Society of Tropical Medicine and Hygiene 96, no. 3 (2002): 334-339.

238.G. J. Weil, R. Hussain, V. Kumaraswami, S. P. Tripathy, K. S.
Phillips, and E. A. Ottesen, “Prenatal Allergic Sensitization to Helminth
Antigens in Offspring of Parasite-Infected Mothers,” Journal of Clinical
Investigation 71, no. 5 (1983): 1124-1129.

239. K. Bonnelykke, C. B. Pipper, and H. Bisgaard, “Transfer of Maternal
IgE Can Be a Common Cause of Increased IgE Levels in Cord Blood,”
Journal of Allergy and Clinical Immunology 126, no. 3 (2010): 657-663.

240.C. A. Liu, C. L. Wang, H. Chuang, C. Y. Ou, T. Y. Hsu, and K. D.
Yang, “Prenatal Prediction of Infant Atopy by Maternal but Not Paternal
Total IgE Levels,” Journal of Allergy and Clinical Immunology 112, no.
5(2003): 899-904.

241. M. De Amici, F. Perotti, G. L. Marseglia, et al., “Cord and Blood
Levels of Newborn IgE: Correlation, Role and Influence of Maternal
IgE,” Immunobiology 222, no. 2 (2017): 450-453.

242.E. Hernandez, A. Barraza-Villarreal, M. C. Escamilla-Nufiez,
et al., “Prenatal Determinants of Cord Blood Total Immunoglobulin E
Levels in Mexican Newborns,” Allergy and Asthma Proceedings 34, no.
5(2013): e27-€e34.

243.C. C. Wu, R. F. Chen, and H. C. Kuo, “Different Implications of
Paternal and Maternal Atopy for Perinatal IgE Production and Asthma
Development,” Clinical & Developmental Immunology 2012 (2012): 132142.

244. A. P. Matson, M. M. Cloutier, A. Dhongade, L. Puddington, and
E. Rafti, “Maternal Allergy Is Associated With Surface-Bound IgE on
Cord Blood Basophils,” Pediatric Allergy and Immunology 24, no. 6
(2013): 614-621, https://doi.org/10.1111/pai.12113.

245.S. H. Sicherer, R. A. Wood, D. Stablein, et al., “Maternal
Consumption of Peanut During Pregnancy Is Associated With Peanut
Sensitization in Atopic Infants,” Journal of Allergy and Clinical
Immunology 126, no. 6 (2010): 1191-1197.

246.8S. G. Tedner, C. Soderhill, J. R. Konradsen, et al., “Extract and
Molecular-Based Early Infant Sensitization and Associated Factors-A
PreventADALL Study,” Allergy 76, no. 9 (2021): 2730-2739.

247. A. Ohsaki, N. Venturelli, T. M. Buccigrosso, et al., “Maternal
IgG Immune Complexes Induce Food Allergen- Specific Tolerance in
Offspring,” Journal of Experimental Medicine 215, no. 1 (2018): 91-113.

248. M. Pyzik, K. M. K. Sand, J. J. Hubbard, J. T. Andersen, I. Sandlie,
and R. S. Blumberg, “The Neonatal fc Receptor (FcRn): A Misnomer?,”
Frontiers in Immunology 10 (2019): 459634.

249.N. M. Stapleton, H. K. Einarsdéttir, A. M. Stemerding, and G.
Vidarsson, “The Multiple Facets of FcRn in Immunity,” Immunological
Reviews 268, no. 1 (2015): 253-268.

250. C. Chaudhury, S. Mehnaz, J. M. Robinson, et al., “The Major
Histocompatibility Complex-Related fc Receptor for IgG (FcRn) Binds
Albumin and Prolongs Its Lifespan,” Journal of Experimental Medicine
197, no. 3 (2003): 315-322.

251. M. Pyzik, T. Rath, W. I. Lencer, K. Baker, and R. S. Blumberg,
“FcRn: The Architect Behind the Immune and Non-Immune Functions
of IgG and Albumin,” Journal of Immunology 194, no. 10 (2015): 4595.

252.N. E. Simister, C. M. Story, H. L. Chen, and J. S. Hunt, “An IgG-
Transporting fc Receptor Expressed in the Syncytiotrophoblast of
Human Placenta,” European Journal of Immunology 26, no. 7 (1996):
1527-1531.

26 of 30

Immunological Reviews, 2025


https://doi.org/10.1016/j.envint.2018.06.036
https://doi.org/10.1111/j.1398-9995.2008.01793.x
https://doi.org/10.1111/j.1398-9995.2008.01793.x
https://doi.org/10.1111/pai.12113

253.]J. Kim, S. Mohanty, L. P. Ganesan, et al., “FcRn in the Yolk Sac
Endoderm of Mouse Is Required for IgG Transport to Fetus,” Journal of
Immunology 182, no. 5 (2009): 2583.

254.8S. Borghi, S. Bournazos, N. K. Thulin, et al.,, “FcRn, but Not
FcyRs, Drives Maternal-Fetal Transplacental Transport of Human I1gG
Antibodies,” Proceedings of the National Academy of Sciences of the
United States of America 117, no. 23 (2020): 12943-12951.

255. M. Brinkhaus, E. J. van der Kooi, A. E. H. Bentlage, et al., “Human
IgE Does Not Bind to Human FcRn,” Scientific Reports 12, no. 1 (2022): 62.

256. A. Kothari, B. Hirschmugl, J. S. Lee, et al., “The Impact of
Maternal-Fetal Omalizumab Transfer on Peanut-Specific Responses in
an Ex Vivo Placental Perfusion Model,” Allergy 77, no. 12 (2022): 3684.

257. M. Yoshida, S. M. Claypool, J. S. Wagner, et al., “Human Neonatal
fc Receptor Mediates Transport of IgG Into Luminal Secretions for
Delivery of Antigens to Mucosal Dendritic Cells,” Immunity 20, no. 6
(2004): 769-783.

258. E. Mosconi, A. Rekima, B. Seitz-Polski, et al., “Breast Milk Immune
Complexes Are Potent Inducers of Oral Tolerance in Neonates and
Prevent Asthma Development,” Mucosal Immunology 3, no. 5 (2010):
461-474.

259. H. Hochwallner, J. Alm, C. Lupinek, et al., “Transmission of
Allergen-Specific IgG and IgE From Maternal Blood Into Breast Milk
Visualized With Microarray Technology,” Journal of Allergy and
Clinical Immunology 134, no. 5 (2014): 1213-1215.

260. C. A. Thornton, J. A. Holloway, E. J. Popplewell, J. K. Shute, J.
Boughton, and J. O. Warner, “Fetal Exposure to Intact Immunoglobulin
E Occurs via the Gastrointestinal Tract,” Clinical and Experimental
Allergy 33, no. 3(2003): 306-311.

261. C. A. Jones, J. A. Warner, and J. O. Warner, “Fetal Swallowing of
IgE,” Lancet 351, no. 9119 (1998): 1859.

262. R. M. Pitkin and W. A. Reynolds, “Fetal Ingestion and Metabolism
of Amniotic Fluid Protein,” American Journal of Obstetrics and
Gynecology 123, no. 4 (1975): 356-363.

263.C. P. Quan, F. Forestier, and J. P. Bouvet, “Immunoglobulins
of the Human Amniotic Fluid,” American Journal of Reproductive
Immunology 42, no. 4 (1999): 219-225.

264. M. Haury, A. Sundblad, A. Grandien, C. Barreau, A. Coutinho, and
A. Nobrega, “The Repertoire of Serum IgM in Normal Mice Is Largely
Independent of External Antigenic Contact,” European Journal of
Immunology 27, no. 6 (1997): 1557-1563.

265. N. A. Bos, C. G. Meeuwsen, P. Can Wijngaarden, and R. Benner,
“B Cell Repertoire in Adult Antigen-Free and Conventional Neonatal
BALB/c Mice. II. Analysis of Antigen-Binding Capacities in Relation
to VH Gene Usage,” European Journal of Immunology 19, no. 10 (1989):
1817-1822.

266.Y. Merbl, M. Zucker-Toledano, F. J. Quintana, and I. R. Cohen,
“Newborn Humans Manifest Autoantibodies to Defined Self Molecules
Detected by Antigen Microarray Informatics,” Journal of Clinical
Investigation 117, no. 3 (2007): 712.

267.M. Y. Chou, L. Fogelstrand, K. Hartvigsen, et al., “Oxidation-
Specific Epitopes Are Dominant Targets of Innate Natural Antibodies
in Mice and Humans,” Journal of Clinical Investigation 119, no. 5 (2009):
1335-1349.

268.C. Gronwall and G. J. Silverman, “Natural IgM: Beneficial
Autoantibodies for the Control of Inflammatory and Autoimmune
Disease?,” Journal of Clinical Immunology 34, no. 1 (2014): S12.

269. K. D. McCoy, N. L. Harris, P. Diener, et al., “Natural IgE Production
in the Absence of MHC Class II Cognate Help,” Immunity 24, no. 3
(2006): 329-339.

270. H. F. J. Savelkoul, T. W. van den Akker, P. W. C. Soeting, A. van
Oudenaren, and R. Benner, “Modulation of Total IgE Levels in Serum

of Normal and Athymic Nude BALB/c Mice by T Cells and Exogenous
Antigenic Stimulation,” International Archives of Allergy and Applied
Immunology 89, no. 2-3 (1989): 113-119.

271. E. Ozcan, L. D. Notarangelo, and R. S. Geha, “Primary Immune
Deficiencies With Aberrant IgE Production,” Journal of Allergy and
Clinical Immunology 122, no. 6 (2008): 1054-1062.

272. M. D. Hayes, S. Ward, G. Crawford, et al., “Inflammation-Induced
IgE Promotes Epithelial Hyperplasia and Tumour Growth,” eLife 9
(2020): e51862.

273.G. Crawford, M. D. Hayes, R. C. Seoane, et al., “Epithelial
Damage and Tissue y8 T Cells Promote a Unique Tumor-Protective IgE
Response,” Nature Immunology 19, no. 8 (2018): 859.

274. A. B. Mara, K. Rawat, W. T. King, and C. V. Jakubzick, “Natural
Antibodies Drive Type 2 Immunity in Response to Damage-Associated
Molecular Patterns,” JCI Insight 9, no. 8 (2024): €177230.

275. G. Zieg, G. Lack, R. J. Harbeck, E. W. Gelfand, and D. Y. M. Leung,
“In Vivo Effects of Glucocorticoids on IgE Production,” Journal of
Allergy and Clinical Immunology 94, no. 2 Pt 1 (1994): 222-230.

276.]. Lim, E. V. Lin, J. Y. Hong, et al., “Induction of Natural IgE by
Glucocorticoids,” Journal of Experimental Medicine 219, no. 10 (2022):
€20220903.

277.C. A. Akdis, T. Blesken, M. Akdis, S. S. Alkan, C. H. Heusser,
and K. Blaser, “Glucocorticoids Inhibit Human Antigen-Specific and
Enhance Total IgE and IgG4 Production due to Differential Effects on T
and B Cells In Vitro,” European Journal of Immunology 27, no. 9 (1997):
2351-2357.

278. D. Guy-Grand, M. Dy, G. Luffau, and P. Vassalli, “Gut Mucosal Mast
Cells. Origin, Traffic, and Differentiation,” Journal of Experimental
Medicine 160, no. 1 (1984): 12-28.

279.C. Schuster, C. Vaculik, M. Prior, et al., “Phenotypic
Characterization of Leukocytes in Prenatal Human Dermis,” Journal of
Investigative Dermatology 132, no. 11 (2012): 2581.

280.Y. Honda, S. Ono, T. Honda, et al., “Murine Neonatal Skin Mast
Cells Are Phenotypically Immature and Minimally Sensitized With
Transplacentally Transferred IgE,” Journal of Allergy and Clinical
Immunology 144, no. 2 (2019): 617-620.

281. B. Wagner, T. Stokol, and D. M. Ainsworth, “Induction of
Interleukin-4 Production in Neonatal IgE+ Cells After Crosslinking of
Maternal IgE,” Developmental and Comparative Immunology 34, no. 4
(2010): 436-444.

282. C. Keet, M. Pistiner, M. Plesa, et al., “Age and Eczema Severity, but
Not Family History, Are Major Risk Factors for Peanut Allergy in Infancy,”
Journal of Allergy and Clinical Immunology 147, no. 3 (2021): 984-991.

283.D. J. Palmer, J. Metcalfe, M. Makrides, et al., “Early Regular Egg
Exposure in Infants With Eczema: A Randomized Controlled Trial,”
Journal of Allergy and Clinical Immunology 132, no. 2 (2013): 387-392.

284. S. Balsells-Vives, C. San Bartolomé, R. Casas-Saucedo, et al., “Low
Levels Matter: Clinical Relevance of Low Pru p 3 sIgE in Patients With
Peach Allergy,” Frontiers in Allergy 3 (2022): 868267.

285.S. F. Nilsson, G. Lilja, H. Jdrnbert-Pettersson, and J. Alm,
“Relevance of Low Specific IgE Levels to Egg, Milk and Peanut in
Infancy,” Clinical and Experimental Allergy 49, no. 3 (2019): 308-316.

286. L. Soderstrom, G. Lilja, M. P. Borres, and C. Nilsson, “An Explorative
Study of Low Levels of Allergen-Specific IgE and Clinical Allergy
Symptoms During Early Childhood,” Allergy 66, no. 8 (2011): 1058-1064.

287. C. Qiu, L. Zhong, C. Huang, et al., “Cell-Bound IgE and Plasma
IgE as a Combined Clinical Diagnostic Indicator for Allergic Patients,”
Scientific Reports 10, no. 1 (2020): 1-9.

288. M. Kulka, C. H. Sheen, B. P. Tancowny, L. C. Grammer, and R. P.
Schleimer, “Neuropeptides Activate Human Mast Cell Degranulation
and Chemokine Production,” Immunology 123, no. 3 (2008): 398-410.

27 of 30



289. N. Serhan, L. Basso, R. Sibilano, et al., “House Dust Mites Activate
Nociceptor-Mast Cell Clusters to Drive Type 2 Skin Inflammation,”
Nature Immunology 20, no. 11 (2019): 1435.

290. K. Mukai, M. Tsai, H. Saito, and S. J. Galli, “Mast Cells as Sources of
Cytokines, Chemokines, and Growth Factors,” Immunological Reviews
282 (2018): 121-150.

291. O. T. Burton, M. Noval Rivas, J. S. Zhou, et al., “Inhibition of
Immunoglobulin E Signals During Allergen Ingestion Leads to
Reversal of Established Food Allergy and Induction of Regulatory T
Cells,” Immunity 41, no. 1 (2014): 141.

292.A. Y. Liu, D. F. Dwyer, T. G. Jones, et al., “Mast Cells Recruited
to Mesenteric Lymph Nodes During Helminth Infection Remain
Hypogranular and Produce IL-4 and IL-6,” Journal of Immunology 190,
no. 4 (2013): 1758-1766.

293. E. Méndez-Enriquez, M. Salomonsson, J. Eriksson, et al., “IgE Cross-
Linking Induces Activation of Human and Mouse Mast Cell Progenitors,”
Journal of Allergy and Clinical Immunology 149, no. 4 (2022): 1458-1463.

294. T. Yoshimoto, K. Yasuda, H. Tanaka, et al., “Basophils Contribute
to TH2-IgE Responses In Vivo via IL-4 Production and Presentation of
Peptide-MHC Class I Complexes to CD4+ T Cells,” Nature Immunology
10, no. 7 (2009): 706-712.

295. M. Dhakal, M. M. Miller, A. A. Zaghouani, M. P. Sherman, and
H. Zaghouani, “Neonatal Basophils Stifle the Function of Early Life
Dendritic Cells to Curtail T Helper 1 Immunity in Newborn Mice,”
Journal of Immunology 195, no. 2 (2015): 507.

296. S. Paveglio, E. Bennett, K. L. Hawley, and A. P. Matson, “FceRI Cross-
Linking Reduces Cord Blood Dendritic Cell Responsiveness to LPS,”
Journal of Allergy and Clinical Immunology 139, no. 6 (2017): 1992-1994.

297.1. K. Sharquie, A. Al-Ghouleh, P. Fitton, et al., “An Investigation
Into IgE-Facilitated Allergen Recognition and Presentation by Human
Dendritic Cells,” BMC Immunology 14, no. 1 (2013): 54.

298. G. C. Mudde, F. C. Van Reijsen, G. J. Boland, G. C. De Gast, P. L.
Bruijnzeel, and C. A. Bruijnzeel-koomen, “Allergen Presentation by
Epidermal Langerhans' Cells From Patients With Atopic Dermatitis is
Mediated by IgE,” Immunology 69, no. 3 (1990): 335.

299. U. Pirron, T. Schlunck, J. C. Prinz, and E. P. Rieber, “IgE-Dependent
Antigen Focusing by Human B Lymphocytes Is Mediated by the Low-
Affinity Receptor for IgE,” European Journal of Immunology 20, no. 7
(1990): 1547-1551.

300. P. Engeroff, M. Fellmann, D. Yerly, M. F. Bachmann, and M. Vogel,
“A Novel Recycling Mechanism of Native IgE-Antigen Complexes in
Human B Cells Facilitates Transfer of Antigen to Dendritic Cells for
Antigen Presentation,” Journal of Allergy and Clinical Immunology 142,
no. 2 (2018): 557-568.

301. R. K. Martin, K. B. Brooks, F. Henningsson, B. Heyman, and D.
H. Conrad, “Antigen Transfer From Exosomes to Dendritic Cells as
an Explanation for the Immune Enhancement Seen by IgE Immune
Complexes,” PLoS One 9, no. 10 (2014): €110609.

302. R. Selb, J. Eckl-Dorna, A. Neunkirchner, et al.,, “CD23 Surface
Density on B Cells Is Associated With IgE Levels and Determines IgE-
Facilitated Allergen Uptake, as Well as Activation of Allergen-Specific
T Cells,” Journal of Allergy and Clinical Immunology 139, no. 1 (2017):
290-299.

303. B. Platzer, M. Stout, and E. Fiebiger, “Functions of Dendritic-Cell-
Bound IgE in Allergy,” Molecular Immunology 68, no. 2 Pt A (2015):
116-119.

304. K. Asai, J. Kitaura, Y. Kawakami, et al., “Regulation of Mast Cell
Survival by IgE,” Immunity 14, no. 6 (2001): 791-800.

305. J. Kalesnikoff, M. Huber, V. Lam, et al., “Monomeric IgE Stimulates
Signaling Pathways in Mast Cells That Lead to Cytokine Production
and Cell Survival,” Immunity 14, no. 6 (2001): 801-811.

306. J. Kitaura, J. Song, M. Tsai, et al., “Evidence That IgE Molecules
Mediate a Spectrum of Effects on Mast Cell Survival and Activation
via Aggregation of the FceRI,” Proceedings of the National Academy of
Sciences of the United States of America 100, no. 22 (2003): 12911-12916,
https://doi.org/10.1073/pnas.1735525100.

307. M. Kohno, S. Yamasaki, V. L. J. Tybulewicz, and T. Saito, “Rapid
and Large Amount of Autocrine IL-3 Production Is Responsible for
Mast Cell Survival by IgE in the Absence of Antigen,” Blood 105, no. 5
(2005): 2059-2065.

308. H. J. Bax, H. Bowen, T. S. Dodev, B. J. Sutton, and H. J. Gould,
“Mechanism of the Antigen-Independent Cytokinergic SPE-7 IgE
Activation of Human Mast Cells In Vitro,” Scientific Reports 5, no. 1
(2015): 1-7.

309. H. J. Bax, H. Bowen, R. L. Beavil, et al., “IgE Trimers Drive SPE-7
Cytokinergic Activity,” Scientific Reports 7, no. 1 (2017): 8164.

310.J. I. Kashiwakura, Y. Kawakami, K. Yuki, et al., “Polyclonal IgE
Induces Mast Cell Survival and Cytokine Production,” Allergy 58, no.
3(2009): 411.

311. C. B. Mathias, E. J. Freyschmidt, B. Caplan, et al., “IgE Influences
the Number and Function of Mature Mast Cells but not Progenitor
Recruitment in Allergic Pulmonary Inflammation,” Journal of
Immunology 182, no. 4 (2009): 2416.

312.D. S. S. Pit, A. M. Polderman, H. Schulz-Key, and P. T. Soboslay,
“Prenatal Immune Priming With Helminth Infections: Parasite-
Specific Cellular Reactivity and Thl and Th2 Cytokine Responses in
Neonates,” Allergy 55, no. 8 (2000): 732-739, https://doi.org/10.1034/j.
1398-9995.2000.00477.X.

313. L. S. Seydel, A. Petelski, G. J. Van Dam, et al., “Association of in
Utero Sensitization to Schistosoma Haematobium With Enhanced
Cord Blood IgE and Increased Frequencies of CD5- B Cells in African
Newborns,” American Journal of Tropical Medicine and Hygiene 86, no.
4(2012): 613-619.

314. C. L. King, I. Malhotra, P. Mungai, et al., “B Cell Sensitization
to Helminthic Infection Develops in Utero in Humans,” Journal of
Immunology 160, no. 7 (1998): 3578-3584.

315. M. S.Bal,N.N.Mandal, M. K. Das, S. K. Kar, S. S. Sarangi, and M. K.
Beuria, “Transplacental Transfer of Filarial Antigens From Wuchereria
Bancrofti-Infected Mothers to Their Offspring,” Parasitology 137, no. 4
(2010): 669-673.

316. P. T. Soboslay, S. M. Geiger, B. Drabner, et al., “Prenatal Immune
Priming in Onchocerciasis—Onchocerca Volvulus-Specific Cellular
Responsiveness and Cytokine Production in Newborns From Infected
Mothers,” Clinical and Experimental Immunology 117, no. 1 (1999): 130.

317. R. S. Desowitz, J. Elm, and M. P. Alpers, “Plasmodium Falciparum-
Specific Immunoglobulin G (IgG), IgM, and IgE Antibodies in Paired
Maternal-Cord Sera From East Sepik Province, Papua New Guinea,”
Infection and Immunity 61, no. 3 (1993): 988.

318. Apinjoh, TO, J. K. Anchang-Kimbi, R. N. Mugri, et al.,
“Determinants of Infant Susceptibility to Malaria During the First Year
of Life in South Western Cameroon,” Open Forum Infectious Diseases 2,
no. 1 (2015): fv012.

319. P. Deloron, B. Dubois, J. Y. L. E. Hesran, et al., “Isotypic Analysis of
Maternally Transmitted Plasmodium falciparum-Specific Antibodies
in Cameroon, and Relationship With Risk of P. falciparum Infection,”
Clinical and Experimental Immunology 110, no. 2 (1997): 212.

320. P. Starkl, M. L. Watzenboeck, L. M. Popov, et al., “IgE Effector
Mechanisms, in Concert With Mast Cells, Contribute to Acquired Host
Defense Against S. aureus,” Immunity 53, no. 4 (2020): 793.

321. M. Metz, A. M. Piliponsky, C. C. Chan, et al., “Mast Cells Can
Enhance Resistance to Snake and Honeybee Venoms,” Science 313, no.
5786 (2006): 526-530.

28 of 30

Immunological Reviews, 2025


https://doi.org/10.1073/pnas.1735525100
https://doi.org/10.1034/j.1398-9995.2000.00477.x
https://doi.org/10.1034/j.1398-9995.2000.00477.x

322. M. Kida, T. Nakamura, Y. Fujiwara, M. Nakamura, and T. Murata,
“PGD2/CRTH2 Signaling Promotes Acquired Immunity Against Bee
Venom by Enhancing IgE Production,” FASEB Journal 35, no. 6 (2021):
€21616, https://doi.org/10.1096/£j.202002748RR.

323.T. Marichal, P. Starkl, L. L. Reber, et al., “A Beneficial Role for
Immunoglobulin E in Host Defense Against Honeybee Venom Authors,”
Immunity 39, no. 5 (2013): 963.

324.P. Starkl, T. Marichal, N. Gaudenzio, et al., “IgE Antibodies,
FceRIaand IgE-Mediated Local Anaphylaxis Can Limit Snake Venom
Toxicity,” Journal of Allergy and Clinical Immunology 137, no. 1
(2015): 246.

325. G. J. Sturm, B. Kranzelbinder, C. Schuster, et al., “Sensitization to
Hymenoptera Venoms Is Common, but Systemic Sting Reactions Are
Rare,” Journal of Allergy and Clinical Immunology 133, no. 6 (2014):
1635-1643.

326.T. Schifer and B. Przybilla, “IgE Antibodies to Hymenoptera
Venoms in the Serum Are Common in the General Population and
Are Related to Indications of Atopy,” Allergy 51, no. 6 (1996): 372-377,
https://doi.org/10.1111/j.1398-9995.1996.tb04632.x.

327.1. Sintobin, V. Siroux, G. Holtappels, et al., “Sensitisation to
Staphylococcal Enterotoxins and Asthma Severity: A Longitudinal
Study in the EGEA Cohort,” European Respiratory Journal 54, no. 3
(2019): 1900198.

328.E. B. Florsheim, Z. A. Sullivan, W. Khoury-Hanold, and R.
Medzhitov, “Food Allergy as a Biological Food Quality Control System,”
Cell 184, no. 6 (2021): 1440-1454.

329. T. Plum, R. Binzberger, R. Thiele, et al., “Mast Cells Link Immune
Sensing to Antigen-Avoidance Behaviour,” Nature 620, no. 7974 (2023):
634-642.

330. E. B. Florsheim, N. D. Bachtel, J. L. Cullen, et al., “Immune Sensing
of Food Allergens Promotes Avoidance Behaviour,” Nature 620, no.
7974 (2023): 643-650.

331. T. Borner, E. D. Shaulson, M. Y. Ghidewon, et al., “GDF15 Induces
Anorexia Through Nausea and Emesis,” Cell Metabolism 31, no. 2
(2020): 351-362.

332. M. Fejzo, N. Rocha, I. Cimino, et al., “GDF15 Linked to Maternal
Risk of Nausea and Vomiting During Pregnancy,” Nature 625, no. 7996
(2024): 760-767.

333. F. A. Costa-Pinto, A. S. Basso, and M. Russo, “Role of Mast Cell
Degranulation in the Neural Correlates of the Immediate Allergic
Reaction in a Murine Model of Asthma,” Brain, Behavior, and Immunity
21, no. 6 (2007): 783-790.

334.N. W. Palm, R. K. Rosenstein, and R. Medzhitov, “Allergic Host
Defenses,” Nature 484, no. 7395 (2012): 465-472, https://doi.org/10.
1038/nature11047.

335. B. M. J. De Flokstra- Blok, A. E. J. Dubois, B. J. Vlieg-Boerstra,
et al., “Health-Related Quality of Life of Food Allergic Patients:
Comparison With the General Population and Other Diseases,”
Allergy 65, no. 2 (2010): 238-244, https://doi.org/10.1111/j.1398-9995.
2009.02121.x.

336. A. E. Drakouli, I. Kontele, D. Poulimeneas, et al., “Food Allergies
and Quality of Life Among School-Aged Children and Adolescents: A
Systematic Review,” Children 10, no. 3 (2023): 433.

337. R. Meyer, “Nutritional Disorders Resulting From Food Allergy in
Children,” Pediatric Allergy and Immunology 29, no. 7 (2018): 689-704.

338. M. Teufel, T. Biedermann, N. Rapps, et al., “Psychological Burden
of Food Allergy,” World Journal of Gastroenterology 13, no. 25 (2007):
3456.

339. H. J. Wen, Y. J. Wang, Y. C. Lin, et al., “Prediction of Atopic
Dermatitis in 2-Yr-Old Children by Cord Blood IgE, Genetic

Polymorphisms in Cytokine Genes, and Maternal Mentality During
Pregnancy,” Pediatric Allergy and Immunology 22, no. 7 (2011): 695-703.

340. M. Pesonen, M. J. T. Kallio, M. A. Siimes, P. Elg, F. Bjorksten, and
A. Ranki, “Cord Serum Immunoglobulin E as a Risk Factor for Allergic
Symptoms and Sensitization in Children and Young Adults,” Pediatric
Allergy and Immunology 20, no. 1 (2009): 12-18.

341. A. Ferguson, H. Dimich-Ward, A. Becker, et al., “Elevated Cord
Blood IgE Is Associated With Recurrent Wheeze and Atopy at 7 Yrsin a
High Risk Cohort,” Pediatric Allergy and Immunology 20, no. 8 (2009):
710-713.

342.S. P. Nissen, H. F. Kjer, A. Host, J. Nielsen, and S. Halken, “Can
Family History and Cord Blood IgE Predict Sensitization and Allergic
Diseases up to Adulthood?,” Pediatric Allergy and Immunology 26, no.
1(2015): 42-48.

343. P.S.Shah, G. Wegienka, S. Havstad, C. C.Johnson, D. R. Ownby, and
E. M. Zoratti, “The Relationship Between Cord Blood Immunoglobulin
E Levels and Allergy-Related Outcomes in Young Adults,” Annals of
Allergy, Asthma & Immunology 106, no. 3 (2011): 245-251.

344.T. H. Eiriksson, B. Sigurgeirsson, B. Ardal, A. Sigftisson, and H.
Valdimarsson, “Cord Blood IgE Levels Are Influenced by Gestational
Age but Do Not Predict Allergic Manifestations in Infants,” Pediatric
Allergy and Immunology 5, no. 1 (1994): 5-10.

345. A. J. Sybilski, A. Doboszynska, and B. Samolinski, “Prediction of
Atopy in the First Year of Life Using Cord Blood IgE Levels and Family
History,” European Journal of Medical Research 14, no. Suppl 4 (2009):
227-232.

346.S. M. Tariq, S. H. Arshad, S. M. Matthews, and E. A. Hakim,
“Elevated Cord Serum IgE Increases the Risk of Aeroallergen
Sensitization Without Increasing Respiratory Allergic Symptoms in
Early Childhood,” Clinical and Experimental Allergy 29, no. 8 (1999):
1042-1048.

347. G. Edenharter, R. L. Bergmann, K. E. Bergmann, et al., “Cord
Blood-IgE as Risk Factor and Predictor for Atopic Diseases,” Clinical
and Experimental Allergy 28, no. 6 (1998): 671-678.

348.R. L. Bergmann, G. Edenharter, K. E. Bergmann, et al.,
“Predictability of Early Atopy by Cord Blood-IgE and Parental History,”
Clinical & Experimental Allergy 27, no. 7 (1997): 752-760.

349.J. E. Yun, E. B. Ko, H. I. Jung, et al., “Allergen Sensitization and Its
Association With Allergic Diseases in the Korean Population: Results
From the 2019 Korea National Health and Nutrition Examination
Survey,” Allergy, Asthma & Immunology Research 16, no. 5 (2024): 534.

350. P. M. Salo, S. J. Arbes, R. Jaramillo, et al., “Prevalence of Allergic
Sensitization in the United States: Results From the National Health
and Nutrition Examination Survey (NHANES) 2005-2006,” Journal of
Allergy and Clinical Immunology 134, no. 2 (2014): 350-359.

351. L. Owens, I. A. Laing, G. Zhang, S. Turner, and P. N. Le Souéf,
“Prevalence of Allergic Sensitization, Hay Fever, Eczema, and Asthma
in a Longitudinal Birth Cohort,” Journal of Asthma and Allergy 11
(2018): 173.

352. R. G. Hamilton, “Allergic Sensitization Is a Key Risk Factor for but
Not Synonymous With Allergic Disease,” Journal of Allergy and Clinical
Immunology 134, no. 2 (2014): 360-361.

353.J. Fromberg, “IgE as a Marker in Allergy and the Role of IgE
Affinity,” Allergy 61, no. 10 (2006): 1234, https://doi.org/10.1111/j.1398-
9995.2006.01222..x.

354. C. M. Chen, S. Weidinger, N. Klopp, et al., “Common Variants in
FCERI1A Influence Total Serum IgE Levels From Cord Blood up to Six
Years of Life,” Allergy 64, no. 9 (2009): 1327-1332.

355.L. H. Christensen, J. Holm, G. Lund, E. Riise, and K. Lund,
“Several Distinct Properties of the IgE Repertoire Determine Effector
Cell Degranulation in Response to Allergen Challenge,” Journal of
Allergy and Clinical Immunology 122, no. 2 (2008): 298-304.

29 of 30


https://doi.org/10.1096/fj.202002748RR
https://doi.org/10.1111/j.1398-9995.1996.tb04632.x
https://doi.org/10.1038/nature11047
https://doi.org/10.1038/nature11047
https://doi.org/10.1111/j.1398-9995.2009.02121.x
https://doi.org/10.1111/j.1398-9995.2009.02121.x
https://doi.org/10.1111/j.1398-9995.2006.01222.x
https://doi.org/10.1111/j.1398-9995.2006.01222.x

356. M. Vogel, P. A. Engeroff, M. Vogel, and P. Engeroff, “A Comparison
of Natural and Therapeutic Anti-IgE Antibodies,” Antibodies 13, no. 3
(2024): 58.

357.Y. C. Chan, F. Ramadani, A. F. Santos, et al., ““Auto-Anti-IgE”:
Naturally Occurring IgG Anti-IgE Antibodies May Inhibit Allergen-
Induced Basophil Activation,” Journal of Allergy and Clinical
Immunology 134, no. 6 (2014): 1394.

358. R. Poto, I. Quinti, G. Marone, et al., “IgG Autoantibodies Against
IgE From Atopic Dermatitis Can Induce the Release of Cytokines and
Proinflammatory Mediators From Basophils and Mast Cells,” Frontiers
in Immunology 13 (2022): 880412.

359.Y. Nawata, T. Koike, T. Yanagisawa, et al., “Anti-IgE Autoantibody
in Patients With Bronchial Asthma,” Clinical and Experimental
Immunology 58, no. 2 (1984): 348.

360. C. Galeotti, E. Stephen-Victor, A. Karnam, et al., “Intravenous
Immunoglobulin Induces IL-4 in Human Basophils by Signaling
Through Surface-Bound IgE,” Journal of Allergy and Clinical
Immunology 144, no. 2 (2019): 524-535.

361. C. Galeotti, A. Karnam, J. D. Dimitrov, A. Chevailler, S. V. Kaveri,
and J. Bayry, “Anti-IgE IgG Autoantibodies Isolated From Therapeutic
Normal IgG Intravenous Immunoglobulin Induce Basophil Activation,”
Cellular & Molecular Immunology 17, no. 4 (2019): 426.

362. M. N. Sato, C. R. Oliveira, E. A. Futata, et al., “Oral Tolerance
Induction to Dermatophagoides Pteronyssinus and Blomia Tropicalis
in Sensitized Mice: Occurrence of Natural Autoantibodies to
Immunoglobulin E,” Clinical and Experimental Allergy 32, no. 11
(2002): 1667-1674.

363. M. Sypka, M. Zwicker, S. B. Lagache, A. C. Uldry, M. Vogel, and
P. Engeroff, “Mouse IgE Clone SPE-7 Can Contain Functional Mouse
1gG,” Allergy 79, no. 9 (2024): 2544-2547, https://doi.org/10.1111/all.
16141.

364. M. F. Jennewein and G. Alter, “The Immunoregulatory Roles
of Antibody Glycosylation,” Trends in Immunology 38, no. 5 (2017):
358-372.

365. K. T. C. Shade, B. Platzer, N. Washburn, et al., “A Single Glycan
on IgE Is Indispensable for Initiation of Anaphylaxis,” Journal of
Experimental Medicine 212, no. 4 (2015): 457-467.

366. J. SoRelle, E. NairGill, S. Ludwig, et al., “Glycosylation Regulates
IgE Production and Stability In Vivo,” Journal of Allergy and Clinical
Immunology 151, no. 2 (2023): AB220.

367. K. T. C. Shade, M. E. Conroy, N. Washburn, et al., “IgE Sialylation
Is a Determinant of Allergic Pathogenicity,” Nature 582, no. 7811 (2020):
265.

368. S. Banerjee, C. P. Phelan, B. B. Reese, M. E. Conroy, and R. M.
Anthony, “Sialylation of IgE Does Not Impact Its Interaction With
FceRIL,” Allergy 79, no. 3 (2024): 761.

369. E. B. Sodemann, S. Ddhling, R. Klopfleisch, et al., “Maternal
Asthma Is Associated With Persistent Changes in Allergic Offspring
Antibody Glycosylation,” Clinical and Experimental Allergy 50, no. 4
(2020): 520-531.

370. A. Bondt, Y. Rombouts, M. H. J. Selman, et al., “Immunoglobulin
G (IgG) Fab Glycosylation Analysis Using a New Mass Spectrometric
High-Throughput Profiling Method Reveals Pregnancy-Associated
Changes,” Molecular & Cellular Proteomics 13, no. 11 (2014): 3029-3039.

371.R. Zhao, C. Wang, F. Li, Z. Zeng, Y. Hu, and X. Dong, “Elevated
Level of Multibranched Complex Glycan Reveals an Allergic Tolerance
Status,” Clinical Proteomics 21, no. 1 (2024): 40.

372. K. Plattner, G. Augusto, L. Muerner, et al., “IgE Glycosylation Is
Essential for the Function of Omalizumab,” Allergy 78, no. 9 (2023):
2546-2549, https://doi.org/10.1111/all1.15748.

373.J. A. Namazy, L. Blais, E. B. Andrews, et al., “Pregnancy Outcomes
in the Omalizumab Pregnancy Registry and a Disease-Matched
Comparator Cohort,” Journal of Allergy and Clinical Immunology 145,
no. 2 (2020): 528-536.

374. M. F. Jennewein, I. Goldfarb, S. Dolatshahi, et al., “Fc Glycan-
Mediated Regulation of Placental Antibody Transfer,” Cell 178, no. 1
(2019): 202.

375. C. Atyeo, K. M. Pullen, E. A. Bordt, et al., “Compromised SARS-
CoV-2-Specific Placental Antibody Transfer,” Cell 184, no. 3 (2021):
628-642.

376. C. Flanigan, A. Sheikh, A. DunnGalvin, B. K. Brew, C. Almqvist,
and B. I. Nwaru, “Prenatal Maternal Psychosocial Stress and Offspring's
Asthma and Allergic Disease: A Systematic Review and Meta-Analysis,”
Clinical and Experimental Allergy 48, no. 4 (2018): 403-414.

377. A. Walters, C. McKinlay, P. Middleton, J. E. Harding, and C. A.
Crowther, “Repeat Doses of Prenatal Corticosteroids for Women at Risk
of Preterm Birth for Improving Neonatal Health Outcomes,” Cochrane
Database of Systematic Reviews 2022, no. 4 (2022): CD003935.

378. A. L. Smith, E. Paul, D. McGee, et al., “Chronic, Elevated Maternal
Corticosterone During Pregnancy in the Mouse Increases Allergic
Airway Inflammation in Offspring,” Frontiers in Immunology 10 (2020):
3134.

379.T. Takao, A. Matsui, C. Kikutake, et al.,, “Maternal Asthma
Imprints Fetal Lung ILC2s via Glucocorticoid Signaling Leading to
Worsened Allergic Airway Inflammation in Murine Adult Offspring,”
Nature Communications 16, no. 1 (2025): 1-16.

380.R. Lim, A. V. Fedulov, and L. Kobzik, “Maternal Stress During
Pregnancy Increases Neonatal Allergy Susceptibility: Role of
Glucocorticoids,” American Journal of Physiology - Lung Cellular and
Molecular Physiology 307, no. 2 (2014): 141-148.

381. W. N. Tseng, C. C. Chen, H. R. Yu, L. T. Huang, and H. C. Kuo,
“Antenatal Dexamethasone Exposure in Preterm Infants Is Associated
With Allergic Diseases and the Mental Development Index in Children,”
International Journal of Environmental Research and Public Health 13,
no. 12 (2016): 1206.

382.J. D. Pole, C. A. Mustard, T. To, J. Beyene, and A. C. Allen,
“Antenatal Steroid Therapy for Fetal Lung Maturation: Is There an
Association With Childhood Asthma?,” Journal of Asthma 46, no. 1
(2009): 47-52.

383. A. Byrjalsen, T. Froeslev, A. B. Telén Andersen, M. Olsen, and H.
T. Serensen, “Use of Corticosteroids During Pregnancy and Risk of
Asthma in Offspring: A Nationwide Danish Cohort Study,” BMJ Open
4, no. 6 (2014): e005053.

384.K. Ninan, S. K. Liyanage, K. E. Murphy, E. V. Asztalos, and S.
D. McDonald, “Evaluation of Long-Term Outcomes Associated With
Preterm Exposure to Antenatal Corticosteroids: A Systematic Review
and Meta-Analysis,” JAMA Pediatrics 176, no. 6 (2022): e220483.

30 of 30

Immunological Reviews, 2025


https://doi.org/10.1111/all.16141
https://doi.org/10.1111/all.16141
https://doi.org/10.1111/all.15748

	Maternal IgE Influence on Fetal and Infant Health
	ABSTRACT
	1   |   Introduction
	2   |   IgE Antibodies and Their Receptors
	3   |   Mast Cells in the Maternal-Fetal Interface Setting and in Early Life
	4   |   The Origins of Early Life IgE
	5   |   Maternal IgE Antibody Transfer Pre- and Postnatally
	6   |   Endogenous IgE Production After Birth
	7   |   Functional Consequences of Maternal IgE Transfer
	7.1   |   Development of Offspring Allergic Inflammation
	7.2   |   Development of Offspring Allergic Sensitization—Enhancing Th2-Polarizing Signals
	7.3   |   Development of Offspring Allergic Sensitization—Influencing DC Polarization
	7.4   |   Development of Offspring Allergic Sensitization—Allergen Antigen Presentation Facilitation
	7.5   |   Development of Offspring Mast Cells
	7.6   |   Beneficial Effects of Maternal IgE Transfer

	8   |   Factors Influencing the IgE Transfer or Functionality
	8.1   |   IgE Regulation by Endogenous IgG Anti-IgE Antibodies
	8.2   |   IgE Regulation by Its Glycosylation During Allergy and Pregnancy
	8.3   |   Glycan-Mediated IgG–IgE Interactions Along the Maternal-Fetal Axis
	8.4   |   Endogenous Offspring IgE and Its Modulation by Maternal Signals

	9   |   Conclusion
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


