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Summary
The switch of B cells expressing membrane-bound Igs, which serve as antigen receptors, to
antibody-secreting plasmablasts and finally to non-dividing, long-lived plasma cells (PCs) lacking
an antigen receptor, marks the terminal differentiation of a B cell. Antibody-secreting PCs
represent the key cell type for the maintenance of a proactive humoral immunological memory.
Although some populations of long-lived PCs persist in the spleen, most of them return to their
‘place of birth’ and travel to the bone marrow or invade inflamed tissues, where they survive up to
several months in survival niches as resident, immobile cells. Existing data strongly support the
notion that isotype-specific receptor signalling influences the migration behaviour of plasmablasts
to the bone marrow. The recent observation in the murine sytem that the immigration of
plasmablasts and the final differentiation to long-lived PCs in the bone marrow is dependent on
the expressed B-cell isotype and the related expression of chemokine receptors leads to the
conclusion that during a T-helper type 2 (Th2)-mediated immune response in wild type mice, IgE
plasmablasts do not have the same chance to contribute to long-lived PC memory as IgG1
plasmablasts. The overall limited humoral IgE memory additionally restricts the quantity of IgE
Igs in the serum.

Introduction
B lymphocytes derive from haematopoietic stem cells by a complex set of differentiation
events. This process occurs in the foetal liver and, in adult life, in the bone marrow. The key
events for the completion of this differentiation process are the successful rearrangement
and expression of the B-cell antigen receptor (BCR), consisting of Ig molecules specialized
for the expression on the cell surface. The BCR on immature B cells belongs to the IgM
subclass. The B cell completes its maturation process by expressing a second class of Ig,
designated IgD. The IgM–IgD double-positive mature B cell leaves the bone marrow and
circulates through blood and lymph, homing to secondary lymphoid organs, like the spleen
and lymph nodes. B lymphocyte responses are initiated by the binding of antigen to the
BCR, an event that triggers signalling cascades resulting in the transcription of a variety of
genes associated with B-cell activation. In a complex interaction with other white blood
cells, this activation process leads to the formation of a germinal centre (GC) reaction within
secondary lymphoid organs that culminates in the transformation of the mature B cell into a
terminally differentiated plasma cell (PC), whose only immunological function is the
production of neutralizing soluble Igs [1]. In humans, protective antibody titres can last for
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>20 years, and in mice, high titres of specific antibodies are maintained for >1 year, which
means protection for nearly a murine lifetime [2]. Since antibodies have a limited half-life
[3, 4] continuous production of antibodies is required to warrant a protective titre. Recently,
it could be shown that persistent antibody titres can be provided by long-lived PCs [5]. Thus,
whereas membrane-Ig (mIg)-expressing classical memory B cells guarantee an efficient
secondary immune response after contact with antigen, long-lived PCs, secreting Ig
independent of antigen, represent a second tier of immunological memory.

Plasma cells and their role in humoral immunological memory
It is generally accepted that the switch of B cells expressing membrane-bound Igs, which
serve as antigen receptors, to antibody-secreting plasmablasts and finally non-dividing,
long-lived PCs, marks the terminal differentiation of a B cell. Some populations of long-
lived PCs persist in the spleen, but most of them travel to the bone marrow or invade
inflamed tissues, where they survive up to several months as resident, immobile cells in
survival niches [6, 7]. However, the lifespan of PCs is limited by the immigration of newly
formed migratory plasmablasts that compete with old PCs for the survival niches. In their
survival niches, resident long-lived PCs are resistant to therapies targeting the activated and/
or the proliferative state of lymphocytes, for example, radiation [8] and cyclophosphamide
[9] treatment. The permanent and antigen-independent secretion of antibodies specific for
allergens or autoantigens makes these cells key players in allergic and autoimmune diseases
and obviously key targets for possible therapeutic interference.

Upon PC differentiation, there is a marked increase in the amounts of Ig mRNA transcripts,
accompanied by an increase of the secretory to mIg ratio of these transcripts, as determined
by differential use of poly(A) sites [10]. Several B-cell-specific markers are down-regulated
upon plasma cell differentiation, including major histocompatibility complex class II, CD19,
CD21, CD22 and CD45 [11]. In contrast, the proteoglycan syndecan-1 (syn-1, also
designated CD138), recognizing extracellular matrix and growth factors, is up-regulated and
serves as an identifying PC surface marker protein. In addition, the chemokine receptors
CXCR5 and CCR7 are decreased on PCs, which impairs their migration to B- and T cell
zones. On the other hand, the chemokine receptor CXCR4, which guides the PCs into
CXCL12-expressing organs, including splenic red pulp, lymph nodes and the bone marrow,
is highly expressed [12]. Further, it was shown that in autoimmune mice PCs not only
migrate to the bone marrow but also to sites of inflammation [13]. It has long been a matter
of debate as to whether the life span of PCs is intrinsically determined or dependent on
several environmental factors. Recent publications now show that the longevity of the PC is
influenced by a broad panel of stimuli, including cytokines like IL-5, IL-6, TNF-α, GM-
CSF and the chemokine CXCL12 (stromal cell-derived factor 1-α) [13, 14]. In addition, the
contact with bone marrow stromal cells provides further adhesion-dependent signals that
support PC longevity [15]. These signals are most probably mediated through VLA-4 and
CD44.

The migration of plasmablasts to the bone marrow is a critical differentiation step to long-
lived PCs. Chemokines and their receptors are crucially involved in the control of
lymphocyte trafficking. Wilson and Butcher [16] showed that the mucosal epithelial
chemokine CCL28 is up-regulated in the mammary gland during lactation and that IgA-
antibody-secreting cells (ASCs) from this tissue express CCR10 and migrate to CCL28.
Hoyer et al. [9] and Hauser et al. [17] showed that migratory plasmablasts lose
responsiveness to many chemokines, with the exception of chemokine ligand (CXCL) 12
and CXCL9. The corresponding receptors interacting with CXCL12 and CXCL9 were
identified as chemokine receptor (CXCR) 4 and CXCR3. It has recently been suggested that
the chemokine receptor CXCR4 is required for normal accumulation of PCs into the bone
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marrow [18], as demonstrated by the increased sensitivity of CXCR4 for its ligand CXCL12.
Most interestingly, Muehlinghaus et al. [19] noticed the importance of the antigen receptor
in modulating the migration behaviour of classical memory B cells. They showed that
CXCR3 is preferentially expressed on a fraction of human memory B cells, which also
expressed mIgG1. These findings led to speculations of an isotype-specific influence of the
antigen receptor on the migration behaviour of plasmablasts.

Serum immunoglobulin E expression is regulated on different levels
Compared with all other Ig classes, which are present in concentrations of micrograms to
milligrams per milliliter serum, the titre of IgE is very low (nano- to micrograms per
milliliter range) in the plasma of normal healthy individuals and of normal laboratory mouse
strains. IgE is most prominent in epithelia and mucosae, where it is bound to specific
receptors on highly potent effector cells like eosinophilic granulocytes and mastcells. In
these days IgE is best known for its strong, unwanted effector functions, in the form of
allergic reactions [20]. These can range from annoying, local symptoms, like hayfever, to
life-threatening, systemic reactions like anaphylactic shock. This underlines the potential
hazard of high systemic IgE titres.

Our knowledge of the regulation of the expression of IgE and its biological function is at
best limited. We do, however, know that the production of IgE is tightly regulated, which is
reflected by the fact that the steady-state serum levels of IgE in mice are three to four orders
of magnitude lower when compared with IgG1. Comparing the serum concentrations of IgE
with IgG4 (the homologous antibody isotype to IgG1 in the murine system) in humans, a
100-fold excess of IgG4 is present. Thus, what are the rate-limiting steps responsible for this
discrepancy (Fig. 1)? First, it is the complex scheme of events leading to the Ig-isotype
switch. In general, class switching to the IgE locus in the mouse is less frequent than to i.e.
IgG1 [21]. Our recent observations and resulting publications [22, 23] prefer the explanation
of a direct IgM to IgE class switch programme, although consecutive switching events via
IgG could be observed in vitro. In humans, the occurrence of consecutive class switching
was reported by Cameron et al. [24]. The authors demonstrated that SεSμ as well as SεSγ
DNA switch circles are produced within nasal tissue from allergic individuals following an
ex vivo allergen challenge. They additionally reported an up-regulation of Cγ4 mRNA,
illustrating that sequential switching to IgE also occurred. ε germline transcription was
inhibited when tissue was cultured with a combination of allergen and neutralizing Abs
against IL-4 and IL-13, indicating that de novo cytokine production mediated the isotype
switch. Similar observations during local IgE synthesis were reported by Takhar et al. [25,
26].

The role of IL-21 in the biology of memory B cells and plasmacells is new and intriguing,
and some differences were reported between the role of IL-21 in the human and mouse
immune response (for an extensive review, see [27]). In the absence of IL-21 or its receptor,
mice produce little IgG1, but high levels of IgE [28]. This is not due to a defect in class-
switch recombination to IgG1, and also IgG1-memory cells are reported to be present.
However, in the absence of IL-21-signalling, IgG1-producing plasmacells fail to be induced
[27, 28]. IL-21 can inhibit class-switch recombination to epsilon by the induction of the
transcriptional inhibitor ID2 [29]. The high levels of serum IgE in IL-21- or IL-21R-
deficient mice suggest further that IgE-plasmacell formation is not impaired, stressing the
intrinsic differences in the various isotype-specific plasmacells. In humans, high levels of
IgE are found in the hyper-IgE syndrome, which is caused by mutations in the DNA-binding
domain of the transcription factor Stat3 [30, 31]. Stat3 is the most prominent transcription
factor activated by IL-21 signalling, but is also involved in other signalling pathways, like
IL-6- and IL-10-mediated signalling, and is involved in the activation of many cell types, e.g
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NK(T) cells, T cells and others, which by themselves can influence class-switch
recombination, e.g. via the production of ILs and cytokines [32]. The final outcome of the
process is very much dependent on local conditions, which could easily explain some of the
discrepancies reported in the literature, e.g. the frequency of consecutive switching. Genetic
factors also play a role: IL-21 can induce apoptosis of – activated – B cells depending on the
strain: BALB/c mice are far less sensitive to IL-21-induced apoptosis than C57BL6 mice
[33]. IL-21-induced apoptosis can, however, be inhibited by IL-4, illustrating the intricate
interplay between cytokines and cells in the outcome of the immune response.

A further indirect regulatory mechanism is the very short half-life of serum IgE. IgE is
known to exhibit the highest fractional catabolic rate. Waldmann et al. [34] put forward the
hypothesis that an increased catabolic rate of IgE is dependent on the existence of
intravascular and/or extravascular compartments of specifically clearing the IgE. Human IgE
is reported to be metabolized mainly in the extravascular compartment, and the catabolism
of IgE is related to the interaction of IgE with Fcε receptor-bearing cells. In contrast, it has
also been speculated that the vascular endothelium represents a site of catabolism of IgE
[34]. Serum half-lives of different Ig isotypes comparing mice and humans are summarized
in Table 1.

An important role in this regulatory cascade is also represented by CD23, the low-affinity
receptor for IgE. In CD23 knockout mice [35], the serum levels of IgE are sixfold increased
compared with wild-type mice, which implies a negative feed back regulatory mechanism
on IgE expression.

A step forward in the understanding of the role of the IgE antigen receptor in the magnitude
of the IgE response itself was achieved with our two mouse lines showing mutations in the
membrane exons of the epsilon-heavy chain gene [36]. We showed that membrane IgE
(mIgE) is the prerequisite for the production of serum IgE and that the cytoplasmic tail of
mIgE plays an active role in the control of the quantity and quality of the IgE antibodies
produced. With the exception of the first three amino acids, the cytoplasmic tail of mIgE
shares no significant homology to cytoplasmic tails of other Ig isotypes. So far, cytoplasmic
tails of Igs were not thought to have an active function in the B-cell receptor signalling. The
general opinion was: Ig-tails are too short and, if at all, are able to inhibit the binding of
adaptor proteins, interacting with the Igα/Igβ sheath proteins of the functional BCR.
However, using the phage display technique, we were able to identify proteins, that directly
interact with the cytoplasmic tail [37, 38]. This indicates the existence of an isotype (IgE)-
specific signal transduction pathway, acting in coordination or even independent of the well-
characterized Igα/Igβ committed pathway. So far, it is not clear whether these proteins
positively or negatively influence IgE secretion. In any case, the cytoplasmic tail, or specific
binding proteins or membrane-bound IgE itself, could be a target for therapeutic interference
in the future.

Interestingly, mIgE expression itself is regulated by an alternative polyadenylation
mechanism. While the poly(A)-signal of mRNA for serum IgE matches the consensus
sequence AATAAA, three cryptic poly(A) sites with a low polyadenylation efficiency
(AGTAAA, AAGAAA and ATTAAA) could be found in the 3′-UTR region of mouse
mIgE [10]. This is different from the 3′-UTR regions of the other isotypes, which follow the
standard consensus sequence. Comparison of the polyadenylation signal hexamers of human
heavy-chain genes showed that both polyadenylation signals of the human μ and γ genes
match the consensus sequence AATAAA. Those in the human ε gene are very similar to the
signals in the murine ε gene: the internal polyadenylation signal matches the consensus
sequence, and the three potential external polyadenylation signals (AAGAAA, AAGTAA
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and AAGAAA) in the 3 UTR of the human ε gene are, like in the mouse, deviant from the
consensus sequence.

Based on these findings, data of our laboratory unambiguously show that the fundamental
difference between IgE and other Igs lies in a poor expression of the mRNA for the
membrane form of IgE. This distinct mechanism appears to set a high transcriptional
threshold for mIgE expression. Because expression of the membrane form of IgE is
necessary for the recruitment and survival of IgE-secreting cells, low expression of the
mRNA for mIgE most likely limits the number of IgE-secreting cells and thereby limits the
magnitude of an IgE-mediated immune response. Once recruited, the synthesis of IgE by
PCs is comparable to that of other isotypes.

The impacts of class switching, CD23 and the IgE antigen receptor itself on the serum IgE
level were reviewed in detail before [20, 39-41]. In the present review, we wish to focus on
the influence of the long-lived plasma cell pool on the IgE serum level in detail.

Immunoglobulin E plasmablasts less efficiently immigrate the bone marrow
Recently, we constructed the ‘knock-in’ mouse strain KN1 [22], where we completely
exchanged the membrane ε-genomic region downstream of the secretory poly(A) site for the
membrane γ1-region. IgE serum titres of KN1 mice continually increased during life. In 8-
week-old mice, the difference in the IgE titres between wild type (WT) and KN1 mice was
not significant, but 6 months later, a four to sixfold increase of serum IgE also manifested
phenotypic changes in KN1 mice. ELISpot analyses showed a correlated increase in the
number of antibody-secreting cells (ASC). Therefore, the enhanced IgE level in KN1 mice
was an indication of higher numbers of IgE-secreting cells. While IgE-ASCs detected in the
spleen mainly belong to plasmablasts, the IgE-secreting population observed in the bone
marrow most likely represented non-dividing, resident, long-lived PCs (reviewed in [42]).
Our interpretation of this observation is that during plasma cell development, γ1-like
signalling enhances the formation of Ig-secreting plasmablasts and long-lived PCs, reflected
in KN1 mice by an overall enhanced IgE response. This implied that under normal
conditions, IgG1 responses mature faster and are therefore much more efficient than IgE
responses. However, once differentiated to PCs, there does not seem to be a difference
between IgG1- and IgE-secreting cells (Fig. 2).

A substantive point was observed analysing in vitro activated cultures of B cells. More
CD138low, mIgE+ cells, which we consider to be similar to precursors to memory cells and
early plasmablasts, arose in the KN1-derived cultures when compared with those derived
from WT mice. This can be explained by a more efficient recruitment of activated B cells in
this particular cell population, or by an extended lifespan of these cells. Furthermore,
CD138low, mIgE+ cells of KN1 mice expressed a higher number of IgE-BCRs per cell. Of
course, the increased density of BCRs bore the potential of an altered, stronger signal raised
by receptor ligation. Indeed, the signal generated by the chimeric, KN1-derived IgE-BCR
resembled an IgG1-driven response in that it showed an increased, late mobilization of Ca2+

ions from the extracellular space [22]. At first glance, this result might contradict the
receptor ligation studies of Sato et al. [43]. The group demonstrated that ligation of IgE-
BCR and IgG-BCR but not IgA-BCR generated comparable augmented Ca2+ mobilization
in the B-cell line WEHI-231 as a result of a CD22-mediated signal inhibition. However,
Sato and colleagues described γ2a- and ε-expressing transfectants in a cell line that is
considered as representative for an immature B cell. Further, because IgG2a, in contrast to
IgG1 expression, depends on Th1 cytokines, a direct comparison with our results is not
warranted.
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Functionally, the increased expression of the chimeric IgE-BCR on CD138low, mIgE+ cells
of KN1 mice was accompanied by an increased expression of the chemokine receptor
CXCR4 [22]. In view of this, it is not surprising that IgE-ASCs of KN1 mice show an
increased mobility towards the ligand of CXCR4, the chemokine CXCL12. It was reported
before that CXCR4 expression alone does not necessarily predict a more efficient migration
behaviour [44] of ASCs. Currently, we therefore cannot exclude that factors activated in an
isotype-specific fashion and different from CXCR4 further explain our observations.
Because similar results were obtained when comparing the mobility towards a CXCL12
gradient of IgG1-ASCs and IgE-ASCs, we conclude that γ1-like signalling prepares early
plasmablasts better for reactivity towards the chemokine CXCL12 than does ε-like
signalling, conferring plasmablasts with a γ1-like signalling history a competitive edge over
those with an ε-like signalling history in their quest for niches in the bone marrow.

The notion that plasmablasts matured faster to PCs under the influence of γ1-like signalling,
but not ε-like signalling was additionally supported by experiments with the cytostatic drug
cyclophosphamide (CycloP). In WT mice, total IgE-ASCs were more sensitive to CycloP
treatment, indicating that very few IgE-ASCs had reached a fully mature, non-dividing
plasma cell stage. In contrast, in KN1 mice, IgE-ASCs were more resistant to CycloP, which
classifies this cell population as terminally differentiated IgE-secreting, non-dividing PCs.
During an immunization experiment, we could show very clearly that a defined CycloP-
resistant population of OVA-specific IgE-ASCs of KN1 mice could already be found earlier
and more prominently in the bone marrow, while WT cells were rare at that time-point. We
conclude that the enhanced migration behaviour of ‘γ1-signalled’ plasmablasts reflects a
more efficient way to progress from the plasmablast towards the plasma cell stage.

Impact of immunoglobulin E plasmablasts on the immunoglobulin E serum
level

Recently, it was suggested that IgE PCs are generated in a two-step fashion: First, in a pre-
IgE phase (i.e. mIgG1-positive phase) where somatic hypermutation and affinity maturation
takes place, followed by a second, IL-4-dependent phase, characterized by a switch to IgE
and a swift differentiation to IgE-producing PCs [45]. At first glance, these data are
compatible with our results: Erazo et al. [45] observed a fast transition of – future – IgE PCs
from the GC environment to extra-GC compartments, which they claim is due to ‘the
mIgG1-positive history’ of the IgE PC. Indeed we also observed a similar migration
behaviour of plasmablasts that express the chimeric ε/γ1 receptor, accompanied by a rapid
transition of these cells to a CycloP-resistant differentiation stage. However, we see a very
different fate for the ‘true’, wild-type receptor expressing future IgE PCs: they are CycloP
sensitive and show a more sluggish migratory behaviour. Further, in Erazo et al.’s [45]
model, affinity maturation is solely dependent on the ‘mIgG1-positive history’ of the IgE
plasma cell. From our experiments with mice with a truncated ε-cytoplasmic tail [36] and
from a careful analysis of somatic mutation and affinity maturation in the IgE compartment
[23], we drew very different conclusions: IgE PCs do have a mIgE-positive history and
under normal conditions the recruitment of IgE PCs from mIgG1-positive memory cells is
negligible. Finally, Erazo et al.’s model is a very artificial model, in which immune
responses are driven by monoclonal, antigen-specific T and B cells. It must be assumed that
a very artificial ‘mix’ of cytokines and ILs is produced, which most likely skews the results
significantly.

Summarizing, our data strongly support the concept that BCR-mediated signalling continues
in the plasmablast stage and has an isotype-specific component: γ1-like signalling, in
contrast to ε-like signalling, facilitates migration of plasmablasts towards the chemokine
CXCL12, allowing them to settle in plasma cell niches, like the bone marrow, and (thus)
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more efficiently induces progression towards the fully matured plasma cell stage. Our
observations also lead to the conclusion that during a T-helper type 2 (Th2)-mediated
immune response, in normal, WT mice, IgE plasmablasts have an intrinsic, lower chance to
contribute to the long-lived plasma cell pool and thus to humoral immunologic memory than
IgG1 plasmablasts.

Conclusion
Secreted antibodies provide specific humoral immunity. The biology of PCs (reviewed by
[42]), which secrete these antibodies, remains enigmatic and is a matter of intense focus of
research. What seems to be clear is the fact that a special class of PCs, the long-lived PC,
immigrates to the bone marrow, forming a pool of memory PCs that is different from the
pool of classical memory B cells (reviewed by [46]).

Analysing mIgE B cells is no bed of roses. The very restricted number of mIgE-expressing
cells (on the average 0.04% of mouse splenic B cells) even justifies the question: are mIgE
B cells necessary at all? On the one hand, there are human data to suggest that classical
memory IgE B cells are almost absent because they are bypassed by a consecutive class-
switch through mIgG4 [47]. On the other hand, others and we published mouse knock-out
data, describing the isotype-specific immune response against the background of a missing
IgE- or IgG1-antigen receptor [36, 48]. Both groups clearly demonstrated that the mIg-
expressing B cell is the prerequisite for the production of serum Igs. IgE [36] and IgG1 [48]
serum Ig levels were decreased by >90% in these mice. Interestingly, mIgG1 knock-out
mice showed a normal IgE response and this in vivo observation thus supports the
interpretation that a consecutive switch via IgG1 is not the major route of class switching in
mice.

IgE-secreting long-lived PCs represent the second tier of IgE-memory and can also be
detected in the bone marrow in minimal numbers (on average, 0.001% of mouse bone
marrow cells) [22]. IgE PCs migrate to the bone marrow in response to CXCL12. We could
show that this response is impaired for IgE-antibody-secreting cells and conclude that during
a Th2-mediated immune response, in normal, WT mice, IgE plasmablasts have an intrinsic,
lower chance to contribute to the long-lived PC pool and thus to humoral immunologic
memory than IgG1 plasmablasts.

Apparently, an IgE immune response is, in all stages of the response, less efficiently
regulated, leading to a poor response. The IgE antibodies may have strong effector
functions, but the IgE response is slow and limited in developing memory responses.
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Fig. 1.
Schematic overview of B cell-specific control mechanisms, tightly regulating IgE expression
in vivo. (1) Class switch recombination: although class switching to IgE and IgG1 is induced
by the same cytokine milieu followed by similar signal transduction pathways, a sixfold
reduced switching frequency to IgE is observed. (2) Serum half-life: IgE was reported to be
degraded in 5–12 h, thus displaying the shortest half-life of all Ig isotypes. (3) Negative feed
back regulation by CD23: CD23-deficient mice show a sixfold increase in serum IgE level.
(4) The IgE antigen receptor: Regulation of quantity and quality of the IgE response directly
correlates with the surface expression of mIgE. (5) Alternative polyadenylation: in contrast
to all other isotypes, the membrane IgE (mIgE)-RNA gets polyadenylated by three cryptic,
inefficient poly(A) sites. (6) Plasmablast migration: IgE plasmablasts have an intrinsic lower
chance to contribute to humoral memory than IgG1 plasmablasts.
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Fig. 2.
In this review, a further IgE-limiting molecular mechanism is presented. IgE-antibody-
secreting cells migrate less efficiently towards the chemokine CXCL12 gradient guiding
plasmablasts to plasma cell (PC) niches, than IgG1-antibody-secreting cells. Thus, IgE
plasmablasts have an intrinsic, lower chance to contribute to the long-lived PC pool and thus
to humoral immunologic memory than IgG1 plasmablasts.
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Table 1

Serum half-lives of different immunoglobulin isotypes

Serum half-life (t 1/2)

Immunoglobulin isotypes Mouse[4] Human[28]

IgM 2 d h–10 d

IgG1 6–8 d 21–24 d

IgG2 21–24 d

IgG2a 6–9 d

IgG2b 4–6 d

IgG3 6–8 d 7–8 d

IgG4 21–24

IgA 17–22 h

IgA1 5.9 d

IgA2 4.5 d

IgE 12 h[4], 5–8 h[3] 1–5 d
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