
IgE mediates type  I hypersensitivity reactions, which 
include both systemic and localized anaphylaxis1,2. 
Although IgE constitutes a first-line defence against 
parasites such as helminths, inappropriate IgE-mediated 
immune responses to normally innocuous environ-
mental antigens can contribute to the pathogenesis of 
allergic diseases such as asthma, allergic rhinitis and 
atopic dermatitis, and can lead to severe life-threatening 
anaphylaxis.

IgE (FIG. 1) is the immunoglobulin isotype that has the 
lowest abundance in vivo and its levels are tightly regu-
lated. Concentrations of free serum IgE are ~50–200 ng 
per ml of blood in healthy humans compared with 
~1–10 mg per ml of blood for other immunoglobulin 
isotypes; a similar proportion of immunoglobulins are 
also present in mice3. In addition, the serum half-life of 
IgE is the shortest of all immunoglobulin isotypes, rang-
ing from ~5–12 hours in mice to ~2 days in humans, 
compared with ~10 days in mice and ~20 days for IgG in 
humans3. Furthermore, serum IgE responses in mice are 
typically transient and robust long-lived IgE responses 
are generally not observed4–10. Taken together, the low 
steady-state level of serum IgE and the transient nature of 
IgE responses may help to minimize IgE cross-reactivity 
that could trigger unwanted anaphylaxic reactions.

IgE binds to IgE receptors on immune cells in the 
tissues and in the circulation. There are two receptors 
for IgE: the high-affinity Fc receptor for IgE (FcεRI) and 
the low-affinity Fc receptor for IgE (FcεRII; also known 
as CD23)1,11,12 (FIG. 1b). FcεRI is expressed by mast cells 
and basophils, on which its activation mediates cellu-
lar degranulation, eicosanoid production and cytokine  
production12. In humans, FcεRI is also expressed by 
dendritic cells and macrophages, on which its activation 

mediates the internalization of IgE-bound antigens for 
processing and presentation on the cell surface, as well 
as the production of cytokines that promote T helper 2 
(TH2)-type immune responses12. FcεRII is expressed 
by B cells, on which it regulates IgE production and 
facilitates antigen processing and presentation. FcεRII 
is also expressed by other cells such as macrophages 
and epithelial cells, on which it mediates the uptake of  
IgE–antigen complexes11.

Despite the importance of IgE in helminth immu-
nity and allergic pathogenesis, the pathways by which 
IgE is produced and regulated are poorly understood. 
Extensive studies of the production of IgG1 in mice 
have delineated an early extrafollicular phase, in which 
short-lived plasma cells that produce low-affinity anti-
bodies are generated, followed by a germinal centre 
phase, in which memory B cells and long-lived plasma 
cells are generated that produce high-affinity antibod-
ies13–18. By contrast, it has been unclear whether the 
production of IgE follows a similar development path of 
B cell switching, antibody production and B cell mem-
ory as described for IgG1. The study of IgE production 
and regulation in vivo has been difficult because IgE 
B cells (that is, B cells that have undergone class-switch 
recombination and that express an IgE B cell receptor 
(BCR)) and IgE plasma cells are found at very low fre-
quencies. Another reason why it has been challenging 
to study IgE in vivo is because IgE B cells are difficult to 
specifically identify, as serum IgE binds to FcεRII on the 
surface of all B cells. However, the lack of sustained IgE 
responses in mice differs from the sustained responses 
that are frequently observed for IgG1 and this sug-
gests that there are differences in the production of IgE  
compared with IgG1.
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Type I hypersensitivity
Immunological hypersensitivity 
reactions have been classified 
into four types depending on 
the antigen-recognizing 
molecule involved. Type I 
hypersensitivity is defined 
as an IgE-mediated 
hypersensitivity reaction that 
can manifest as either systemic 
or localized anaphylaxis.

Anaphylaxis
A severe and rapid allergic 
reaction triggered by the 
activation of FcεRI in sensitized 
individuals. Systemic 
anaphylaxis is the most severe 
type, showing shock-like 
symptoms and usually leading 
to death within minutes if left 
untreated. Localized anaphylaxis 
is limited to a specific target 
tissue or organ, and consists of 
an early-phase response, such 
as a wheal and flare reaction in 
the skin, that may lead to a late- 
phase response characterized 
by a more persistent influx of 
immune cells.

The production and regulation of IgE 
by the immune system
Lawren C. Wu and Ali A. Zarrin

Abstract | IgE not only provides protective immunity against helminth parasites but can also 
mediate the type I hypersensitivity reactions that contribute to the pathogenesis of allergic 
diseases such as asthma, allergic rhinitis and atopic dermatitis. Despite the importance of IgE 
in immune biology and allergic pathogenesis, the cells and the pathways that produce and 
regulate IgE are poorly understood. In this Review, we summarize recent advances in our 
understanding of the production and the regulation of IgE in vivo, as revealed by studies in 
mice, and we discuss how these findings compare to what is known about human IgE biology.
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Recent studies in mice have provided new insights 
and have improved our understanding of how IgE is 
produced and regulated in vivo. In particular, the gen-
eration of three different IgE reporter mice (which 
have been termed M1 prime GFP knock-in mice9,19,20, 
Verigem mice10 and CεGFP mice21 (TABLE 1)), in which 
either transcription9,19–21 or translation10 of membrane 

IgE is tagged with a fluorescent protein, has facilitated 
the direct and specific detection of IgE-switched B cells 
without complications from B cells that have serum IgE 
bound to FcεRII on their cell surface. In this Review, 
we summarize these advances, focusing on the B cell-
intrinsic factors that regulate IgE class switching and 
production, the cellular aspects of IgE production and 
memory, the mutation and affinity maturation of the IgE 
antibody repertoire, and the clearance and homeostasis 
of IgE in mice. As a result of space limitations, we do 
not discuss the structure, the signal transduction or the 
biology of FcεRI or FcεRII in detail.

B cell-intrinsic factors
IgE class switching. Two main pathways of immuno-
globulin class switching have been described for IgE: a 
direct pathway from the IgM to the IgE isotype and a 
sequential pathway from IgM to an IgG1 intermediate 
and then to IgE22,23 (FIG. 2). Although sequential IgE class 
switching has been observed in several different studies 
(see below) (BOX 1), the reported proportion of direct 
versus sequential IgE class switching that can occur in 
mice greatly differs between research groups.

Using different mouse strains in which IgG1 class 
switching cannot occur because of deletions of either 
the intron (Iγ1) or the switch (Sγ1) regions in the 
IgG1 locus (termed Δ5ʹSγ1 mice24,25 and Sγ1-knockout 
mice26, respectively (TABLE 2)), meaning that all IgE arises 
from direct class switching, two groups observed nor-
mal or increased IgE production in stimulated mature 
B cells compared with B cells from wild-type mice. 
In addition, there were no differences in the magni-
tude of IgE responses in wild-type and Δ5ʹSγ1 mice 
that were infected with the helminth Nippostrongylus 
brasiliensis or that were repeatedly immunized with 
4-hydroxy-3-nitrophenylacetyl conjugated to oval-
bumin (NP–OVA)25. Furthermore, Sγ1-knockout mice 
showed comparable or higher IgE responses compared 
with wild-type mice following primary or secondary 
immunization with 2,4,6-trinitrophenyl conjugated 
to ovalbumin (TNP–OVA)26. Taken together, these 
data suggest that sequential class switching is not an  
absolute requirement for IgE isotype switching.

However, sequential IgE class switching can clearly 
contribute to IgE production in wild-type mice, as has 
been shown by multiple groups27–36. Recent studies 
indicate that direct and sequential IgE class switch-
ing may lead to distinct IgE fates. An analysis of the 
class-switch history of IgE germinal centre B cells and 
IgE plasma cells in CεGFP IgE reporter mice sug-
gested that IgE germinal centre B cells had been pri-
marily generated by direct class switching, whereas IgE 
plasma cells had primarily developed from sequential 
class switching21. In addition, in a separate study, the 
IgE antibody repertoire in wild-type mice was shown 
to have more somatic mutations and a higher affinity 
for antigens than that in mice that could not switch 
to IgG1, which suggests that sequential class switch-
ing promotes high-affinity IgE responses, whereas 
direct class switching may generate lower affinity IgE 
antibodies34.
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Figure 1 | IgE and its receptors. a | IgE is produced in two forms: a membrane B cell 
receptor form that is expressed on the surface of B cells that have undergone class 
switching to IgE; and a secreted form that is produced by plasma cells. Membrane IgE 
mediates antigen uptake and presentation by B cells and, in combination with 
co‑stimulatory signals, also triggers B cell proliferation and differentiation. Membrane 
IgE signals through CD79, which has an immunoreceptor tyrosine-based activation 
motif (ITAM). b | The high‑affinity Fc receptor for IgE (FcεRI) is expressed as a tetrameric 
complex of one α-subunit, one β-subunit and two γ-subunits on mast cells and basophils. 
The γ‑subunit contains an ITAM and is the signalling component of the receptor 
complex. In humans, but not in mice, FcεRI is also constitutively expressed as a trimeric 
complex consisting of one α-subunit and two γ-subunits on dendritic cells, macrophages 
and other cell types. The low‑affinity Fc receptor for IgE (FcεRII; also known as CD23) is 
expressed as a homotrimeric complex on B cells and other immune cell types. c | The IgE 
genomic locus consists of exons encoding the four heavy‑chain constant domains 
(CH1–CH4), a transmembrane domain (M1) and a cytoplasmic domain (M2). The 
polyadenylation sites (AA) for secreted IgE are located between the CH4 and M1 exons, 
whereas the polyadenylation sites (AAA) for membrane IgE, which contain suboptimal 
sequences, are located downstream of the M2 exon. C
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Eicosanoid
A fatty acid derivative  
that is mainly derived from 
arachidonic acid precursors and 
has a wide variety of biological 
activities. There are four main 
classes of eicosanoids — 
prostaglandins, prostacyclins, 
thromboxanes and leukotrienes 
— which are derived from the 
activities of cyclooxygenases 
and lipoxygenases on  
membrane-associated fatty 
acid precursors.

Germinal centre
A highly specialized and 
dynamic microenvironment 
that gives rise to secondary 
B cell follicles during an 
immune response. It is the 
main site of B cell maturation, 
leading to the generation of 
memory B cells and plasma 
cells that produce high-affinity 
antibodies.

Multiple factors can influence whether a B cell switches 
to IgE via direct or sequential class switching. Factors that 
are intrinsic to the switch regions, such as their size30,37 and 
the distance of the IgE switch region (Sε) to the switch 
region of IgM (Sμ)38, can affect the frequency of class 
switching. Sε is the shortest switch region, it has fewer 
nucleotide repeats and is more distant from Sμ than 
from Sγ1 (REF. 39). As a result, intra-Sγ1 recombination 
events occur more often than intra-Sε recombination 
events, which thereby limits class switching to IgE26,30,36,40. 
The replacement of the core Sε region with a larger and 
more prominent Sμ region in mice (termed Sμ knock-in 
mice (TABLE 2)) resulted in increased IgE production30. 
This was associated with increased germline transcrip-
tion of the IgE locus and increased direct class switching 
to IgE at the expense of class switching to IgG1, as the 
Sμ knock-in locus could outcompete endogenous Sγ1 for 
class switching. These studies suggest that the accessibility, 
the size and the sequence of the switch regions are a major 
determinant of IgE class switching.

The pathways of IgE class switching can also be dif-
ferentially regulated in developing B cell subsets33,41. 
Activated immature or transitional B cells preferen-
tially switch to IgE versus IgG1 through direct class 
switching33. This may, at least partly, be due to differ-
ential methylation of the IgG1 promoter that leads to 
alterations in the efficiency of IgG1 and IgE germline 
transcription. Indeed, it has been suggested that this 

may be an explanation for the dysregulation of IgE pro-
duction that is associated with several primary human 
immuno deficiencies, in which patients have impaired 
B cell maturation33.

Although the pathway for sequential class switching 
typically consists of switching from Sμ to Sγ1 followed 
by switching to Sε, an alternative sequential class- 
switching pathway has recently been reported in mice that 
lack the core Sμ region (Sμ-knockout mice (TABLE 2))36. 
Sμ-knockout mice have normal levels of IgE despite a 
severe defect in IgG1 class switching36. In these mice, Sγ1 
first joins to Sε and then joins to recombination break 
points in a small region upstream of Sμ that includes Iμ 
(FIG. 2c). This alternative sequential class-switch pathway 
may be a mechanism by which sequential IgE class switch-
ing can occur without an IgG1 B cell intermediate stage, 
but this pathway has not yet been extensively studied  
in wild-type mice.

In humans, multiple groups have reported evidence for 
direct and sequential class switching to IgE at variable fre-
quencies. Sequential class switching in humans may involve 
all Sγ regions, probably because of less stringent regulation 
of Iγ promoters than occurs in mice, in which sequential 
class switching mostly involves Sγ1 (Supplementary infor-
mation S1 (figure)). Sequential class switching to IgE has 
been detected in studies of human B cells that have been 
stimulated in vitro, with anywhere from 20%42 to 100%43 
of Sμ–Sε junctions containing remnants of Sγ regions. In 

Table 1 | IgE reporter mice

Mouse name Mouse 
background

Modifications Effect of 
modifications

Comments Refs

M1 prime GFP 
knock‑in mice

C57BL/6 •	Insertion of IRES–GFP 
bicistronic reporter gene 
with a polyadenylation 
sequence 26 bases 
downstream of the end of the 
M2 exon in the IgE locus

•	Insertion of the M1 prime* 
domain of human membrane 
IgE into its comparable 
location upstream of the M1 
domain in the IgE locus

•	Expression of 
membrane IgE 
transcripts

•	Membrane IgE BCR 
contains the human 
M1 prime domain

•	Exogenous polyadenylation sequence 
inserted into membrane IgE locus 
(polyadenylation site usage not 
determined)

•	GFP expression from non‑rearranged 
chromosome observed in some IgG1+ 
B cells

•	No differences in membrane IgE BCR 
expression levels compared with wild‑type 
mice

•	No differences in primary or memory 
IgE and IgG1 responses compared with 
wild-type mice

9,19,20,  
52, 53

Verigem mice 129, 
backcrossed 
to C57BL/6

•	Insertion of viral 2A peptide 
sequence and Venus yellow 
fluorescent protein at the 
3ʹ end of the M2 exon in the 
IgE locus

•	Insertion of a furin cleavage 
site at the 3ʹ end of the CH4 
exon in the IgE locus

•	Expression of 
membrane IgE 
protein

•	Membrane IgE 
BCR contains a 
carboxy‑terminal 
17-amino-acid-long 
extension of 
2A peptide

•	No alterations in endogenous membrane 
IgE polyadenylation sites

•	No differences in phenotype, 
differentiation or behaviour of IgE germinal 
centre B cells or IgE plasma cells compared 
with wild-type mice

•	Small increase in membrane IgE BCR 
expression by germinal centre IgE B cells 
and a slight decrease in secreted IgE by IgE 
plasma cells compared with wild-type mice

10

CεGFP mice 129, 
backcrossed 
to BALB/c

Insertion of IRES–GFP 
bicistronic reporter gene 
downstream of the end of the 
M2 exon and upstream of the 
endogenous membrane IgE 
polyadenylation sites in the 
IgE locus

Expression of 
membrane IgE 
transcripts

•	No alterations in endogenous membrane 
IgE polyadenylation sites

•	GFP expression from non‑rearranged 
chromosome observed in some IgG1+ 
B cells

21

BCR, B cell receptor; CH4, heavy‑chain constant domain 4; GFP, green fluorescent protein; IRES, internal ribosome entry site; M1, transmembrane domain;  
M2, cytoplasmic domain. *A 52‑amino‑acid amino‑terminal extension to the transmembrane domain of human IgE.
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Class-switch recombination
DNA rearrangement of the  
V(D)J gene from IgM to any of 
the IgG, IgA and IgE constant 
region genes at the heavy 
chain locus. Recombination 
occurs in repetitive sequences 
of DNA that are located 
upstream of each constant 
gene.

Affinity maturation
A process by which the 
mutation of antibody variable 
region genes followed by the 
selection of higher-affinity 
variants in the germinal 
centre leads to an increase in 
average antibody affinity as an 
immune response progresses. 
The selection is thought to be 
a competitive process in 
which B cells compete with 
free antibodies to capture 
decreasing amounts of 
antigens.

Polyadenylation sites
Sequences required for the 
cleavage of primary RNA 
transcripts that are produced 
by RNA polymerase II. As a 
consequence of such cleavage, 
the 5ʹ cut-off product becomes 
polyadenylated, whereas the 
3ʹ product undergoes rapid 
degradation that induces 
polymerase II release from  
the DNA and hence leads to 
transcriptional termination. 

addition, direct analysis of IgE class-switch break points 
in unstimulated B cells from patients with atopic derma-
titis or from patients who are infected with Schistosoma 
mansoni revealed that about 25% of Sμ–Sε junctions 
carried Sγ repeat remnants, which indicates sequential 
switching, with marked patient-to-patient variability44. 
However, other studies have found a dominance of direct 
class switching, with little or no evidence for sequential 
class switching. Remnants of Sγ regions were not observed 
in Sμ–Sε junctions from panels of Epstein–Barr virus 
(EBV)-transformed human B cells45, and there was no  
evidence of sequential class switching in Sμ–Sε junctions  
of B cells isolated from patients with atopic dermatitis46.

Overall, these studies indicate that both direct and 
sequential class switching are involved in IgE production 
in mice and humans. The newly identified alternative 
sequential class-switch pathway needs further investi-
gation to determine its relevance in wild-type mice and 
humans. Additional work is also needed to better under-
stand the contribution of each class-switch pathway to 
IgE production in healthy individuals and to those with 
IgE-driven diseases.

The IgE BCR. Several studies have shown the importance 
of the membrane IgE BCR in primary and memory IgE 
responses. Mice that have a deletion of the transmem-
brane and the cytoplasmic domains of membrane IgE and 
that therefore lack expression of an IgE BCR (ΔM1M2 
mice (TABLE 2)) completely lack primary and memory IgE 
responses47. Furthermore, mice in which the endogenous 
cytoplasmic domain of membrane IgE is truncated and 
replaced with the three amino acids Lys-Val-Lys, which 
results in a putative alteration of membrane IgE signal-
ling and function (KVKΔtail mice (TABLE 2)), showed a 
substantial reduction in both primary and memory IgE 
responses47. These effects were specific to IgE responses, 
as IgG1 antibody responses in both ΔM1M2 mice and 
KVKΔtail mice were unaffected. These studies indi-
cate that primary and memory IgE responses proceed 
through B cells that express an IgE BCR.

Mice in which the transmembrane and the cytoplas-
mic domains of membrane IgE are replaced with the 
corresponding regions of membrane IgG1 (KN1 mice 
(TABLE 2)) produced higher levels of IgE and had more 
pronounced memory IgE responses than wild-type mice, 
which is consistent with the studies using ΔM1M2 mice 
and KVKΔtail mice48. Thus, the cytoplasmic tail of mem-
brane IgE influences the quality and the quantity of the 
IgE response, presumably through effects on the down-
stream signalling pathways, and limits these responses 
compared with the cytoplasmic tail of membrane IgG1.

Studies of the IgE gene locus in mice and humans 
revealed that the 3ʹ-untranslated region of membrane 
IgE contains suboptimal polyadenylation sites com-
pared with IgG1, which results in the production of a 
lower proportion of mRNA for membrane IgE than for 
secreted IgE49. It has been suggested that this contributes 
to lower expression levels of IgE BCRs on the surface 
of IgE B cells and that this may therefore provide an 
additional mechanism (along with the sequence of the 
cytoplasmic tail of membrane IgE) to limit membrane 
IgE BCR signalling.

The location of IgE production in vivo
Germinal centres give rise to high-affinity antibodies, 
long-lived plasma cells and memory B cells, whereas 
extrafollicular sites support the production of early 
low-affinity antibodies. The contribution of extrafolli-
cular and germinal centre pathways to IgE production is 
poorly understood. Early studies in mice indicated that 
IgE B cells could be detected in lymph nodes50 and were 
localized in germinal centres51, but these studies may not 
have definitely distinguished bona fide IgE B cells from 
B cells that had serum IgE bound to their surface via 
FcεRII. Mice with monoclonal B cells and T cells were 
more recently used to study IgE production in vivo28, 
as these mice were previously shown to have greater 
IgE responses than wild-type mice. This study showed 
that, although IgE class switching occurred in germinal  
centres, only a small number of IgE germinal centre 
B cells could be detected.

Studies using IgE reporter mice have facilitated the 
clear identification and more detailed analyses of IgE 
germinal centre B cells: IgE germinal centre B cells have 
been detected in M1 prime GFP knock-in mice9, Verigem 
mice10 and CεGFP mice21 that were infected with 
N. brasiliensis, as well as in M1 prime GFP knock-in mice 
that were immunized with TNP–OVA9 and in Verigem 
mice that were immunized with NP conjugated to key-
hole limpet haemocyanin (NP–KLH)10. In all three types 
of IgE reporter mice, it was found that the expression of 
the IgE BCR on the surface of IgE B cells was low.

One group10 developed a novel flow cytometry proce-
dure using intracellular IgE staining to detect IgE B cells, 
which was not confounded by FcεRII-bound serum IgE 
and which had increased sensitivity in detecting B cells 
with lower levels of IgE BCR than surface IgE staining; 
they used this approach to confirm the presence of IgE 
germinal centre B cells in wild-type mice. The charac-
terization of IgE germinal centre B cells in CεGFP mice 
confirmed that these cells had lower surface expression 

Figure 2 | Direct, sequential and alternative sequential IgE class-switch 
recombination. The mechanism of class‑switch recombination to produce IgE involves 
both direct and sequential antibody isotype switching, which is the process by which  
the IgM constant region (Cμ) is exchanged for the downstream constant regions of IgE. 
a | The exons encoding each isotype constant region are preceded by an intronic 
promoter (arrow), a non‑coding exon (I exon) and a switch region (S). The switch regions 
of IgM (Sμ), IgE (Sε) and IgA (Sα) are homologous to each other and the various IgG switch 
regions (Sγ) are highly similar to each other. Class‑switch recombination typically 
involves the direct recombination of a donor Sμ region with a downstream acceptor 
switch region (for example, Sε), along with the deletion of intervening sequences, the 
ends of which are joined together in a reciprocal fashion to generate circular transcripts. 
Activation of intronic promoters (arrows) facilitates the accessibility of switch regions  
to undergo class switching97,98, and DNA lesions that function as recombination  
points for class switching are generated in transcribed switch regions by the enzyme 
activation‑induced cytidine deaminase (AID)99. Direct IgE class switching is a single 
recombination event between Sμ and Sε. b | Sequential class switching refers to a 
two‑step recombination process in which Sμ is first joined to Sγ1, followed by joining to Sε. 
c | Alternative sequential class switching is a newly described pathway observed in mice 
that lack the core Sμ region (ΔSμ) in which Sγ1 is joined to Sε first, followed by joining to 
a small region upstream of Sμ that includes Iμ. All potential alternative sequential switch 
junctions and circular DNAs are depicted. 3ʹRR, 3ʹ regulatory region. 

◀
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Nested PCR
A technique for improving the 
sensitivity and the specificity  
of PCR by the sequential use 
of two sets of oligonucleotide 
primers in two rounds of PCR. 
The second pair (known as 
nested primers) is located in 
the segment of DNA that is 
amplified by the first pair.

Episome
Extrachromosomal circular 
DNA in a cell nucleus.

of the BCR, of the co-stimulatory molecules inducible 
T cell co-stimulator ligand (ICOSL) and OX40 ligand 
(also known as TNFSF4), and of the complement recep-
tors CD21 and CD35, compared with IgG1 germinal 
centre B cells21.

The kinetics of IgE germinal centre B cell develop-
ment during IgE responses have been studied in all 
three IgE reporter mice9,10,21,52,53. In contrast to IgG1 
germinal centre B cells, which were shown to have sus-
tained numbers in germinal centres, the number of IgE 
germinal centre B cells decreased over time in all three 
IgE reporter mice. Additional studies in Verigem mice 
(discussed further below) suggested that this was due 
to a predisposition of IgE germinal centre B cells to dif-
ferentiate into short-lived plasma cells10. By contrast, 
studies using CεGFP mice suggested that the transient 
IgE germinal centre B cell response was due to reduced 
signalling through the IgE BCR and to a resulting pre-
disposition of IgE germinal centre B cells to undergo 
apoptosis21. Thus, additional studies are needed to clarify 
the fate of IgE germinal centre B cells.

IgE can also be produced from non-germinal cen-
tre sources. Mice that are unable to develop germinal 
centres or that have greatly reduced germinal centre 
formation, such as mice that lack T cells, MHC class II 
molecules or B cell lymphoma 6 (BCL-6), have higher 
levels of serum IgE than wild-type mice54,55. In addition, 
immunoglobulin repertoire analysis of IgE germinal 
centre B cells and of IgE plasma cells from wild-type 
mice indicates that early IgE production is derived from 
extrafollicular sources, as almost all IgE plasma cells that 
were generated early following NP–KLH immunization 

contain unmutated germline sequences (and therefore 
are independent of the germinal centre), whereas IgE 
germinal centre B cells at the same time point contain 
mostly mutated non-germline sequences10. By contrast, 
IgE plasma cells that were produced late in the response 
to NP–KLH were shown to predominantly contain 
mutated non-germline sequences, which indicates a 
germinal centre origin of these cells10.

In humans, the extrafollicular or germinal centre ori-
gins of IgE B cells have not been well studied, although 
IgE B cells were detected in germinal centre structures 
in the lungs of a patient with allergic bronchopulmo-
nary aspergillosis56. A major focus of studies of IgE 
production in humans has been to determine whether 
IgE can be produced locally in inflamed mucosal tissues 
in allergic diseases such as asthma and allergic rhinitis. 
These studies, which have been previously reviewed57, 
provide substantial evidence that IgE class-switch 
recombination and IgE synthesis can occur locally in 
nasal and bronchial mucosal tissues.

Taken together, early IgE antibody responses arise 
from extrafollicular sources, whereas later IgE anti-
body responses are derived from germinal centres. IgE  
germinal centre responses are transient compared with 
IgG1 germinal centre responses and this may limit  
IgE production.

IgE memory
Immunoglobulin memory consists of sustained antibody 
production from long-lived plasma cells that are found in 
the bone marrow and from the re-activation and differen-
tiation of memory B cells following a secondary encounter 
with the same antigen. Recent studies have consider-
ably increased our understanding of the origin and the 
lifespan of IgE plasma cell populations, as well as of the 
memory B cell populations that contribute to IgE mem-
ory. However, they have also led to differing conclusions  
that will require clarification from additional studies.

IgE plasma cells. Recent studies indicate that most IgE 
plasma cells are short-lived and that, in contrast to IgG1 
germinal centre B cells, which primarily differentiate 
into long-lived plasma cells, IgE germinal centre cells 
are predisposed to differentiate into short-lived plasma 
cells. Indeed, studies using mice that have monoclonal 
B cells and T cells showed that there was a rapid differ-
entiation of IgE cells into plasma cells28. In another study 
of in vitro B cell cultures from wild-type mice, a much 
larger fraction of IgE B cells differentiated into plasma 
cells compared with IgG1 B cells10. IgE plasma cells in 
Verigem mice10, M1 prime GFP knock-in mice9 and 
CεGFP mice21 that had been immunized with antigens or 
infected with N. brasiliensis were predominantly short-
lived cells found in the lymph nodes and the spleen. 
Consistent with a predisposition of IgE plasma cells to be 
short-lived, transgenic expression of the anti-apoptotic 
protein BCL-2 in the B cell lineage resulted in increases 
in both IgE plasma cells in the lymph nodes and IgE lev-
els in the serum, because of the rescue of short-lived IgE 
plasma cells from apoptosis10. A comparison of the ratio 
of plasma cells to germinal centre B cells over time for 

Box 1 | Detection of direct and sequential IgE class switching

IgE	class-switch	history	can	be	determined	by	several	methodologies.	IgE	class-switch	
junction	DNA	can	be	directly	amplified	by	nested PCR	between	the	switch	region	of	
IgM	(Sμ)	and	the	switch	region	of	IgE	(Sε),	using	primers	that	are	specific	for	the	intron	
region	of	IgM	(Iμ)	and	the	constant	region	of	IgE	(Cε).	Detection	of	a	remnant	of	the	
switch	region	of	IgG1	(Sγ1)	in	the	amplified	product	indicates	a	sequential	class-switch	
event.	Alternatively,	active	class	switching	can	be	studied	by	analysing	the	circular	
transcripts	or	circular	DNA	containing	the	constant	heavy	chain94–96.	During	class	
switching,	the	intervening	genomic	DNA	between	two	connecting	switch	regions	is	
looped	out,	generating	an	episome	in	which	the	intronic	promoter	of	the	downstream	
switch	region	(that	is,	Iε	or	Iγ1)	drives	transcription	of	the	constant	region	adjacent	to	
the	upstream	switch	(that	is,	Cμ	or	Cγ1).	In	the	circular	transcript	assay,	primers	that	are	
specific	to	Iγ1	and	Cμ identify	circular	products	from Sγ1–Sμ	junctions,	primers	that		
are	specific	to	Iε	and	Cμ identify	circular	products	from Sε–Sμ junctions,	and	primers	
that	are	specific	to	Iε	and	Cγ1	identify	circular	products	from	Sε–Sγ1	junctions.
To	analyse	circular	DNA,	PCR	fragments	are	obtained	from	DNA	using	similar	primers.	

These	PCR	fragments	will	be	heterogeneous	unless	the	assay	is	carried	out	on	a	single	
cell.	The	circular	DNA	assay	has	limited	sensitivity	because	only	a	single	copy	of	circular	
DNA	is	generated	in	switched	cells.	In	addition,	subsequent	deletions	could	occur	in	
episomal	DNA	that	do	not	reflect	what	might	be	occurring	at	the	chromosomal	DNA	
level.	One	caveat	to	the	above	methods	for	assessing	class-switch	history	is	that	it	is	
often	difficult	to	distinguish	productive	from	non-productive	class-switch	events.	In	
addition,	switch	region	repeats	are	often	deleted	as	a	result	of	PCR	amplification	or	
inherently	during	class	switching,	such	that	a	lack	of	detection	of	sequential	switch	
remnants	may	not	indicate	a	lack	of	sequential	class-switch	history.	Circular	transcript	
and	circular	DNA	analyses	have	been	widely	used	to	assess	direct	or	sequential	class	
switching,	but	they	have	not	yet	been	applied	to	investigate	alternative	sequential		
IgE	class	switching.
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IgE versus IgG1 in Verigem mice10 indicated a greater 
predisposition of IgE cells to differentiate into plasma 
cells than IgG1 cells, which were more likely to persist 
as germinal centre B cells. Similar differences in the 
plasma cell to germinal centre B cell ratio for IgE versus 
IgG1 were also observed in M1 prime GFP knock-in 
mice53. In addition, IgE B cells were found to express 
higher levels of the plasma cell differentiation factor 
B lymphocyte-induced maturation protein 1 (BLIMP1; 
also known as PRDM1)10. Furthermore, deletion of 
BLIMP1 resulted in a preferential increase in IgE ger-
minal centre B cells compared with IgG1 B cells, which 
confirms the predisposition of IgE B cells to differentiate 
into plasma cells10.

A small number of IgE plasma cells have been 
detected in the bone marrow of Verigem mice10, M1 
prime GFP knock-in mice9 and CεGFP mice21. In addi-
tion, other groups have detected IgE plasma cells in the 
bone marrow of wild-type mice and concluded that these 
cells are long-lived as they were resistant to irradiation58 
and cyclophosphamide59, which are both treatments 
that eradicate upstream sources of cells, such as mem-
ory B cells and proliferating plasmablasts, that could 
differentiate into new plasma cells. Thus, although the 
majority of IgE is derived from short-lived plasma cells, 
a small population of long-lived IgE plasma cells that are 
located in the bone marrow can contribute to low levels 
of sustained serum IgE antibodies.

Table 2 | Mice with other modifications in their IgE or IgG1 loci

Mouse name Mouse background Modifications Effect of modifications Comments Refs

Mice with alterations in IgG1 or IgE class switching

Δ5ʹSγ1 mice 129, backcrossed to 
C57BL/6

Deletion of 1.7 kb Iγ1 promoter 
region

•	No transcription of Sγ1 
switch region

•	No class switching to IgG1

Normal class switching 
to IgE

24,25

Sγ1‑knockout 
mice

129, backcrossed to 
C57BL/6

Deletion of entire Sγ1 switch region No class switching to IgG1 •	Modification does not 
affect Iγ1 promoter

•	Normal or increased 
class switching to IgE

26

Sμ knock‑in 
mice

C57BL/6 Replacement of the entire Sε region 
with the 4.9 kb core Sμ switch region

•	Increase in class switching 
to IgE

•	Reduction in class 
switching to IgG1

•	Increased Iε germline 
transcription

•	Increased frequency of 
direct class switching 
to IgE

30

Sμ‑knockout 
mice

129, backcrossed to 
C57BL/6

Deletion of core Sμ switch region 
repeat (~4.9 kb HindIII fragment)

Severe reduction in class 
switching to all isotypes 
other than IgE

Switch junctions in 
the IgM locus are 
predominantly located 
within the Iμ promoter 
region or within 172 bp 
downstream of Iμ

36

Mice with altered membrane IgE BCR

ΔM1M2 mice BALB/c Deletion of the M1 and M2 exons in 
the IgE locus

No expression of membrane 
IgE BCR

– 47

KVKΔtail mice BALB/c Modification of the M2 exon 
in the IgE locus to replace the 
endogenous cytoplasmic tail of the 
membrane IgE BCR with a truncated 
cytoplasmic tail consisting of the 
three amino acids lysine, valine 
and lysine (KVK); this is the natural 
cytoplasmic tail of both membrane 
IgM and membrane IgD and is 
the shortest cytoplasmic tail of all 
immunoglobulin isotypes

Altered membrane IgE BCR 
signalling and function

– 47

KN1 mice BALB/c Replacement of the M1 and M2 
exons in the IgE locus, as well as 
an additional sequence upstream 
of M1 and downstream of M2 with 
the corresponding region of the 
IgG1 locus, including replacement 
of the polyadenylation sequences 
of membrane IgE with those of 
membrane IgG1, but not altering 
the polyadenylation sequences for 
secreted IgE

•	Membrane IgE 
BCR contains the 
transmembrane and 
cytoplasmic domains of 
IgG1

•	Membrane IgE BCR 
transcripts use IgG1 
polyadenylation sequences

•	Secreted IgE transcripts use 
the endogenous secreted 
IgE polyadenylation 
sequences

– 48

BCR, B cell receptor; bp, base pairs; Iε, intron region in IgE; Iγ1, intron in IgG1 locus; kb, kilobases; M1, transmembrane domain; M2, cytoplasmic domain; Sε, switch 
region of IgE; Sγ1, switch region in IgG1 locus; Sμ, switch region of IgM.
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Studies of IgE and IgG1 plasma cells in wild-type and 
KN1 mice indicate that membrane IgE BCR signalling 
can affect the fate of IgE plasma cells48. In these stud-
ies, wild-type IgE plasma cells responded less efficiently 
to the bone marrow chemoattractant CXC-chemokine 
ligand 12 (CXCL12) than both wild-type IgG1 plasma 
cells and IgE plasma cells from KN1 mice. Furthermore, 
a much larger number of IgE plasma cells were found 
in the bone marrow of KN1 mice compared with wild-
type mice. IgE responses in immunized KN1 mice were 
more robust and more sustained than those in wild-type 
mice, which is consistent with the increased generation 
of long-lived IgE plasma cells. It would be interesting to 
determine whether IgE germinal centre B cells in KN1 
mice have lower levels of BLIMP1 than in wild-type 
mice, as this would strengthen the link between IgE BCR 
signalling and short-lived plasma cell differentiation.

In humans, in vitro B cell stimulation experiments 
also indicate a predisposition of human IgE B cells to 
differentiate into plasma cells60. IgE-secreting cells that 
are likely to be short-lived IgE plasmablasts and plasma 
cells have been detected in human blood and have been 
shown to correlate with serum IgE levels61–63, which 
suggests that, similarly to mice, a considerable propor-
tion of IgE in humans may be produced by short-lived 
plasma cells. Marked seasonal increases and decreases in 
allergen-specific and total IgE levels have been observed 
in allergic individuals64–66. These changes in IgE levels 
over the course of several months are consistent with 
IgE production from short-lived plasma cells and are 
similar to the transient increases in IgE that are observed  
following the immunization of mice4–10.

By contrast, it has been reported that helminth- 
specific IgE is still detectable several years after the treat-
ment and clearance of the original infection in humans, 
which suggests that long-lived IgE plasma cells may 
also be present in humans67. Consistent with this idea, 
there are case reports of the transfer of allergen-specific 
IgE to a non-atopic recipient following bone marrow 
transplantation, which supports the existence of bone 
marrow-resident long-lived IgE plasma cells68,69. Taken 
together, it seems that both short-lived and long-lived 
IgE plasma cells can be generated in humans and that, 
at least in some cases, high levels of IgE can be derived 
from short-lived IgE plasma cells.

IgE memory B cells. Secondary IgE responses in mice 
occur more rapidly than primary IgE responses, which 
indicates that there are memory B cells that contribute to 
memory IgE responses. However, the identity of the mem-
ory B cells that give rise to memory IgE responses has not 
been clear. It is possible that IgE memory B cells and/or  
IgG1 memory B cells, through a secondary switch to  
IgE, can contribute to IgE memory. Early studies indicated 
that both IgG1 and IgE memory B cells may contribute 
to IgE memory responses70,71, but definitive studies could  
not be carried out because of technical limitations.

Studies of mice in which either IgG1 or IgE B cells 
cannot be generated suggest that IgE memory primarily 
arises from IgE memory B cells and that IgG1 B cells 
are not required for IgE memory responses. In Δ5ʹSγ1 

mice and Sγ1-knockout mice, which do not generate 
IgG1 B cells, IgE memory responses are the same or 
increased compared to wild-type mice25,26. By contrast, 
ΔM1M2 mice, which have normal IgG1 B cell responses 
but which lack the IgE BCR, completely lack memory 
IgE responses47. Consistent with a major role for IgE 
memory B cells in IgE memory responses, mice with 
alterations in IgE BCR signalling have altered memory 
IgE responses. KVKΔtail mice have normal IgG1 B cell 
responses but greatly reduced IgE memory responses47. 
Similarly, IgE memory responses are more robust in 
KN1 mice than in wild-type mice, whereas IgG1 B cell 
responses are unaffected48.

Using M1 prime GFP knock-in mice, a very small 
population of IgE memory B cells was recently identified 
after infection with N. brasiliensis or following immu-
nization with TNP–OVA9,20. These IgE memory B cells 
gave rise to memory IgE responses following transfer 
into naive B cell-deficient recipient mice that were sub-
sequently challenged with N. brasiliensis. This was the 
first study to isolate IgE memory B cells and to assess 
their ability to contribute to IgE memory responses. By 
contrast, most IgG1 memory B cells did not give rise to 
memory IgE responses in cell transfer experiments9,20. 
However, studies using M1 prime GFP knock-in mice 
did indicate that some IgG1 memory B cells can undergo 
a secondary switch to IgE and can contribute to IgE 
memory responses20. In these mice, a small population of 
IgG1 memory B cells, which comprises ~10% of all IgG1 
memory B cells and can be distinguished from the other 
IgG1 memory B cells by the expression of green fluo-
rescent protein (GFP) probably arising from membrane 
IgE transcripts that are not productively rearranged to 
the antibody V(D)J region, could produce IgE mem-
ory responses in cell transfer experiments20. Although 
these cells contributed to IgE memory responses, it was  
calculated that the majority of IgE memory arose 
from IgE memory B cells and not from the secondary  
switching of these IgG1 memory B cells.

By contrast, another group has concluded that IgG1 
memory B cells, and not IgE memory B cells, are the 
major sources of IgE memory. Studies using mice that 
have monoclonal B cells and T cells showed that isolated 
IgG1 memory B cells could undergo a secondary switch 
in vivo to give rise to memory IgE responses following 
cell transfer28. In these studies, isolated IgG1-negative 
memory B  cells did not generate an IgE antibody 
response. However, given that IgE memory B cells are 
only present at a very low frequency, it is likely that 
the transferred pool of IgG1-negative memory B cells 
contained extremely few or no IgE memory B cells. 
Therefore, these studies do not rule out a contribution of 
IgE memory B cells to memory IgE responses and do not 
enable a comparison of the relative contributions of IgG1 
versus IgE memory B cells to IgE memory responses.

In an additional study, B  cells from mice with 
monoclonal B cells and T cells that had undergone 
class-switch recombination — which were presumed 
to include both germinal centre and putative memory 
B cells — were isolated and transferred into naive 
irradiated recipient mice, which were subsequently 
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Complementarity-
determining regions
(CDRs). The most variable parts 
of immunoglobulins and T cell 
receptors. These regions form 
loops that make contact with 
specific ligands. There are 
three such regions (CDR1, 
CDR2 and CDR3) in each 
variable domain.

challenged21; in this study, memory cells were not spe-
cifically identified using cell surface markers. No differ-
ences in antigen-specific IgE and IgG1 responses were 
observed following the transfer of a total class-switched 
B cell population versus the transfer of a class-switched 
B cell population that lacked IgE B cells; this indicates 
that IgE B cells did not considerably contribute to IgE 
responses. However, given that memory B cells were 
not distinguished or separated from germinal centre 
B cells, these studies did not specifically assess the 
contribution of memory B cells versus germinal centre 
B cells (which greatly outnumber memory B cells in this 
population) to IgE responses. Taken together, the stud-
ies of IgE memory in mice indicate that both IgE mem-
ory B cells and IgG1 memory B cells can give rise to  
IgE memory responses, but more work is needed to 
determine the relative contribution of each subset to IgE 
memory responses in vivo.

There are very little data about IgE memory B cells 
in humans. Although some studies have described 
IgE-positive memory B cells in the blood of healthy 
and allergic individuals72–74, the contribution of various 
memory B cell populations to memory IgE responses 
in humans is not well understood. Overall, very little is 
known about the memory B cell populations that con-
tribute to IgE memory in either mice or humans. Further 
studies are needed to determine the contributions of 
IgG1, IgE and potentially other memory B cells, such as 
IgM memory B cells, to IgE memory responses.

IgE repertoire and affinity
Studies of antibody repertoire and affinity matura-
tion can lead to insights into B cell isotype switching 
and the antigen selection history for germinal cen-
tre B cells, memory B cells and plasma cells. Studies 
in mice are consistent with extrafollicular and ger-
minal centre pathways for IgE production, as well as 
with the transient generation of IgE germinal centre 
B cells. Sequencing of the IgE repertoire from plasma 
cells and B cells that were isolated from immunized 
mice revealed high levels of somatic mutations and 
oligoclonal expansion with clonotype restriction, 
which is consistent with antigen-driven selection of 
the IgE response and a germinal centre origin of IgE 
plasma cells75. IgE plasma cells showed higher levels of  
antigen-driven selection than IgE B cells, which suggests 
that the IgE plasma cell pool is selected on the basis of  
affinity for the antigen.

A role for the IgE BCR in the selection of high-affinity 
IgE antibodies was deduced from studies of mice with 
altered IgE BCRs (KVKΔtail mice), which generated 
lower affinity IgE antibodies than wild-type mice dur-
ing a primary immune response6. This study also com-
pared IgE and IgG1 antibody repertoires and found that 
in wild-type mice the IgE antibody repertoire was less 
diverse and of lower affinity than the IgG1 antibody 
repertoire and consisted of sequences that were dis-
tinct from those in the IgG1 antibody repertoire. These 
results were interpreted as showing that sequential class 
switching from IgG1 to IgE does not have a major role in 
wild-type mice. However, when a memory response was 

assessed in KVKΔtail mice6, the IgE memory antibody 
repertoire was related to the IgG1 memory antibody rep-
ertoire, which is consistent with a secondary switching of 
IgG1 memory B cells to generate IgE; this may have been 
detected in the KVKΔtail mice but not in the wild-type 
mice because of impaired IgE memory B cell responses 
in the KVKΔtail mice that result from impaired IgE  
BCR signalling.

In mice with monoclonal B cells and T cells that were 
repeatedly immunized, both IgG1 and IgE antibodies 
showed evidence of somatic hypermutation and affin-
ity maturation28. However, at the same time point, IgG1 
antibodies had more high-affinity mutations than IgE 
antibodies, with IgE antibodies attaining a comparable 
frequency of high-affinity mutations as IgG1 antibodies 
only after additional rounds of immunization. A similar 
observation was made by another group using wild-type 
mice, in which IgG1 plasma cells had more high-affinity 
mutations than IgE plasma cells late in the primary 
immune response10. In addition, in both wild-type mice 
and mice with monoclonal B cells and T cells, IgE plasma 
cells had fewer high-affinity mutations than either IgE 
or IgG1 germinal centre B cells10,28. Taken together, 
these data are consistent with an early exit of most IgE 
plasma cells from germinal centres before considerable 
affinity maturation occurs, which is in contrast to IgE 
germinal centre B cells, IgG1 germinal centre B cells 
and IgG1 plasma cells, which may persist for a longer 
period in germinal centres and may accumulate more 
affinity-enhancing mutations.

Multiple studies of IgE antibody repertoires in indi-
viduals with allergic diseases show clear evidence of 
somatic hypermutation76–81, but there have been few 
comparisons of IgG4 (which is the corresponding 
human isotype to mouse IgG1) and IgE repertoires. 
Comparative studies of IgG4 and IgE repertoires in non-
allergic and allergic individuals79, as well as in individu-
als with parasite infections81, showed significantly fewer 
mutations that are indicative of affinity maturation in 
IgE antibody complementarity-determining regions (CDRs) 
than in IgG4 antibody CDRs. These results are similar 
to the observations in mice that the IgE repertoire has 
a lower frequency of high-affinity mutations than the 
IgG1 repertoire. The lower affinity of the IgE repertoire 
may help to prevent undesirable anaphylactic reactions 
by competing with high-affinity IgE for binding to mast 
cells and/or by being inherently less cross-reactive to 
innocuous antigens34,82, although some studies indicate 
that low-affinity IgE antibodies can facilitate mast cell 
activation83.

Factors regulating IgE clearance and homeostasis
Recent studies have provided new insights into IgE 
homeostasis, uncovering new roles for FcεRI and FcεRII 
in the capture, the clearance and the regulation of serum 
IgE levels in vivo.

It has been suggested that IgE receptors may con-
tribute to the regulation of serum IgE levels84–86, but 
no differences in the rate of clearance of IgE from the 
blood have been observed in FcεRI-deficient or FcεRII-
deficient mice87–89. However, a role for human FcεRI 
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on dendritic cells, monocytes and macrophages in IgE 
clearance was recently described90. It was found that 
FcεRI on human dendritic cells and monocytes, but not 
on basophils, is constitutively internalized and that the 
bound IgE is endocytosed and delivered to lysosomes 
where it is subsequently degraded. These observations 
were confirmed with the use of transgenic mice that 
express the IgE-binding α-subunit of human FcεRI in 
their FcεRI receptor complexes90. This newly described 
role for human FcεRI in IgE clearance was not previ-
ously observed because it requires the constitutive 
expression of FcεRI on macrophages and dendritic cells, 
which occurs in human cells but not in mouse cells. Of 
note, studies of the low-affinity receptor IV for IgG 
(FcγRIV), which is a newly identified mouse Fc recep-
tor, indicate that it may be the functional orthologue 
of human FcεRI in mouse macrophages91,92 and thus 
it would be interesting to determine whether FcγRIV  
contributes to the clearance of IgE in mice.

Another study assessed the role of FcεRII in regulat-
ing IgE levels in vivo by using B cell-deficient mice and 
an antibody that blocks IgE interactions with FcεRII. 
These studies found that, although FcεRII does not 
mediate the clearance of IgE from the blood, it reduces 

the levels of free IgE in the blood by functioning as a 
sink on cells to bind a substantial portion of the total 
IgE antibody pool87. Thus, in addition to the previously 
described functions of FcεRII in regulating IgE produc-
tion following IgE-mediated activation11, FcεRII has a 
role in regulating IgE levels in vivo by passively binding 
to IgE to reduce free IgE levels in the blood.

IgE also binds to FcεRI on tissue mast cells, which 
use this IgE to survey antigens and to trigger mast cell 
activation. It has been assumed that tissue mast cells 
passively acquire IgE from the blood following the 
diffusion of IgE across the vascular wall, but this had 
not been carefully assessed in experimental studies. A 
recent study revealed that perivascular mast cells in the 
skin extend cell processes across the blood vessel wall 
to actively acquire IgE from the blood93. These stud-
ies suggest that the positioning and the access of tissue 
mast cells to the vasculature may influence the effi-
ciency of blood IgE sampling and that IgE-binding cells 
in the tissues, such as mast cells, may have developed 
ways to actively sample the blood to ensure that the 
antigen specificities of transient IgE antibody responses 
are appropriately captured and displayed on their cell 
surfaces over extended periods of time.

Nature Reviews | Immunology
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responses arise from germinal centre reactions, in which activated B cells that receive help from T follicular helper (T

FH
) 

cells (dotted arrows) undergo direct or sequential (via IgG1) class‑switch recombination (CSR) to IgE. IgE germinal 
centre B cells accumulate somatic mutations, undergo affinity maturation and primarily differentiate into short‑lived 
IgE plasma cells that produce high‑affinity IgE (thick arrow). Some IgE germinal centre B cells differentiate into 
long‑lived IgE plasma cells that migrate to the bone marrow, whereas others differentiate into IgE memory B cells. 
Together with a subset of IgG1 memory B cells that undergo secondary CSR to IgE following re‑encounter with an 
antigen (antigen recall), the IgE and IgG1 memory B cells contribute to IgE memory. IgE in the blood is sampled by 
perivascular mast cells that extend processes across the blood vessel wall. Blood IgE is partially cleared by endocytosis, 
which is mediated by the high‑affinity Fc receptor for IgE (FcεRI) on dendritic cells, monocytes and macrophages 
(not shown). BCR, B cell receptor.
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Conclusions and perspectives
There has been considerable progress in recent years 
in understanding the production and the regulation of 
IgE in vivo, which has primarily been driven by the 
use of genetically modified mice and mice expressing 
reporter proteins. Taken together, these studies lead 
to the following model for in vivo IgE production and 
regulation (FIG. 3).

IgE is produced through both extrafollicular and ger-
minal centre pathways. Early IgE responses are of low 
affinity and arise from extrafollicular sources, whereas 
late IgE responses are of high affinity and arise from ger-
minal centres. Direct and sequential class switching to 
IgE in germinal centres results in the generation of IgE 
germinal centre B cells and plasma cells, but the majority 
of these cells are short-lived, which creates an inability 
to sustain most IgE responses. However, a small number 
of long-lived IgE plasma cells are produced and migrate 
to the bone marrow, where they contribute to sustained 
IgE antibody production.

The fact that IgE responses are predominantly short-
lived may limit the generation of potentially pathogenic 
IgE during a normal IgE antibody response; for exam-
ple, more sustained IgE germinal centre reactions could 
lead to the generation of higher affinity IgE antibodies 
that might cross-react with normally innocuous anti-
gens, as well as to the production of more long-lived 
IgE plasma cells that would contribute to higher sus-
tained levels of IgE in the body, which would ultimately 
lead to a greater likelihood of triggering inappropriate 
anaphylactic reactions. The transient nature of the IgE 
response is further reinforced by the fast clearance of 
free IgE from the blood, which is partly driven by FcεRI-
mediated endocytosis in macrophages and dendritic 
cells in humans. In addition, low levels of free serum 
IgE are partly maintained by an FcεRII sink on B cells in 
mice. Perhaps to ensure that mast cells effectively sam-
ple ongoing IgE production given the transient nature 

of IgE responses, perivascular mast cells in the skin 
actively extend processes across the blood vessel wall 
to survey and to acquire IgE.

Several features of IgE responses are still poorly 
understood. First, the fate of IgE germinal centre B cells 
is not clear. Various groups have suggested that these 
cells differentiate into IgE plasma cells and/or IgE 
memory B cells, or that they are non-productive cells 
that undergo apoptosis, although these fates might not 
be mutually exclusive. Second, the sources of IgE B cell 
memory are controversial, as different studies have led 
to opposite conclusions regarding the contributions of 
IgG1 and IgE memory B cells to IgE memory. Third, 
the role of direct and sequential class switching in IgE 
responses remains unclear, as some studies suggest that 
sequential class switching is the primary route for the 
generation of IgE plasma cells and IgE memory, whereas 
other studies indicate that IgE responses can still persist 
in the absence of switching to IgG1, although the qual-
ity may be altered. More detailed single-cell analyses 
of IgE cell repertoires and class-switch history, as well 
as potentially generating dual reporter mice that mark 
both IgG1 and IgE class switching, may help to clarify 
these issues. Additional studies are also needed to fur-
ther examine the contribution of the newly described 
alternative sequential class-switching pathway to IgE 
production in wild-type mice.

Finally, there are very limited data on the produc-
tion and the regulation of IgE in humans. Although the 
available data are mainly consistent with the studies of 
IgE biology in mice, additional studies are needed to 
assess the contribution of short-lived and long-lived 
plasma cells to human IgE responses, as well as to assess 
the sources of human IgE memory. A better understand-
ing of IgE biology may lead to new approaches to treat 
allergic diseases, including potentially inducing long-
lasting changes to allergic sensitivities by modulating IgE  
production and memory.
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