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Abstract Immunoglobulin E (IgE), the key effector ele-
ment in the induction and propagation of allergic diseases,
is the least abundant antibody class. In allergic patients,
class switch recombination to IgE in B cells is induced by
allergen contact in conjunction with T cell interaction and a
Th2 cytokine environment. With regard to future therapeutic
approaches, the sites of IgE production in human subjects
and the nature and characteristics of IgE-producing cells are
of great interest. In this context, it has been shown that
allergen-specific IgE levels can be boosted by contact with
allergens via the respiratory mucosa of the nose. Also, it has
been proposed that allergy effector organs (e.g., the nasal
mucosa and the lung) may be important sites of IgE pro-
duction in allergic patients. IgE-producing cells have also
been found in the blood, but their numbers are extremely
low. Transfer of specific sensitization during bone marrow
transplantation indicates the presence of IgE-producing B
memory cells or plasma cells also in the bone marrow. This
review summarizes data on the induction of IgE production,
IgE memory and the sites of IgE production in human
allergic patients.
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Introduction

The presence of immunoglobulin (Ig) E antibodies in the
blood represents the hallmark of IgE mediated allergy, a
disease that affects more than 20 % of the population in
industrialized countries [1]. Typical manifestations of aller-
gic disease such as allergic rhinitis, conjunctivitis, asthma
and anaphylaxis are caused by mediator release from mast
cells and basophils upon crosslinking of receptor bound IgE
by its cognate antigen. IgE’s primary, evolutionary function
however is the immune defense against parasitic worms and
certain protozoan parasites [2], which play only an ancillary
role in modern westernized societies. In individuals who are
infected with these organisms, total IgE levels are usually
substantially higher than in allergic patients [3].

IgE is the least abundant of all serum immunoglobulins,
representing only 0.0005 % of the total free serum Igs in
non-atopic adults [4]. However, the presence of elevated
levels of allergen-specific serum IgE against otherwise
harmless environmental antigens is strongly associated with
atopic disease and thus represents an important tool in
allergy diagnosis [4]. The half-life of free serum IgE is
rather short in comparison to other immunoglobulin clas-
ses—12 h in mice [5] and 2-3 days in humans [6, 7].
Although the survival of IgE antibodies can be markedly
increased by binding to its high affinity receptor, FceRI, or
its low affinity receptor, CD23 [8], it has to be produced
continuously in order to maintain its serum levels.

The investigation of IgE production and metabolism in
humans is hampered by the small numbers of IgE-producing
cells in blood, nasal mucosa or tonsils, which are relatively
easy to obtain from allergic patients [9ee, 10—12]. Therefore,
our knowledge of the location and precise mechanisms of
IgE production and of the metabolism of IgE-producing
cells is mostly based on extrapolations of data obtained in
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mouse models and in in-vitro systems using peripheral
blood mononuclear cells (PBMCs) or tonsil-derived B cells.
Mouse models are often a well-suited surrogate for studying
mechanisms of human diseases and have been crucial for
the investigation of human immunology [13<, 14]. Howev-
er, with regards to mouse models for allergy, there is a major
problem: Mice do not naturally develop allergies, and thus
several rounds of intraperitoneal systemic sensitization with
high amounts of model antigens such as ovalbumin with
aluminum hydroxide as an adjuvant are required to achieve
allergic responses, as defined by IgE and IgG; induction, in
mice [15]. These models of systemic sensitization do not
correspond well to the mechanism of allergic sensitization in
humans, where allergy is usually initiated by the uptake of
only minute amounts of allergen via mucosal surfaces. In
fact, it has been proposed that it is a critical feature of
allergic sensitization that the absence of strong antigenic
stimulation by allergens due to their small doses or the lack
of danger signals allows IgE-switched B cells to escape
elimination [16]. Methods of sensitization of mice via the
respiratory tract have been described [17], but were not used
in most mechanistic mouse allergy studies. In addition, the
protocols used for sensitization of mice via the respiratory
tract also use very high allergen doses, which are not com-
parable to the amounts of allergens that allergic patients are
normally exposed to [17—19]. Thus, differences between
mice and men need to be borne in mind when extrapolating
mouse data regarding IgE production.

This review will reconsider the current knowledge on
how IgE is produced and will discuss potential locations
of IgE production (listed in Table 1), mainly focusing on
those studies that have investigated IgE production in hu-
man subjects.

Steps towards Allergen-Specific IgE Production
After leaving the bone marrow, mature IgM- and IgD-
bearing B cells with specificity for allergens become acti-

vated upon recognition of their cognate antigen. Subse-
quently, they interact with T cells, which have previously

Table 1 Identification of IgE-producing cells in human tissues

Reference
Blood [9ee, 10, 35, 38—42]
Nasal mucosa [11, 26, 27, 53, 57-59]
Adenoids [60-62]
Tonsil [12, 63, 64]
Lung [65-68]
Spleen [74]
Bone marrow [76-81]
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been activated by allergen presentation through professional
antigen-presenting cells. The cytokines interleukin (IL)-4 and
IL-13 produced by activated T helper 2 (Th2) cells promote
the class switch to IgE [20]. Whether the switch to IgE occurs
directly or via other switch stations is a matter of debate [13e,
21, 22]. In mice, both direct class switch via IgM as well as
sequential class switch via IgG; intermediates has been de-
scribed [23]. It has been proposed that affinity maturation is
abetted in clones that undergo sequential class switching [23,
24]. In humans, switching to IgE can occur apparently either
directly or via IgG of all four classes [25-27]. Switching via
Sy was demonstrated in a human cell line [28] as well as in
nasal mucosal samples from allergic patients [27]. In a group
of children from a birth cohort who acquired allergy during
their first 7 years of life, indices of both direct and sequential
class switching were observed [29].

The IgE Memory Response in Human Allergic Patients

In sensitized patients, allergen-specific IgE memory can be
strongly boosted by contact with small amounts of allergen via
the respiratory tract [30, 31]. Nasal provocation on 2 subse-
quent days using an allergen dose that corresponds to the
natural exposure to allergen during 1-2 days at the height of
the pollen season [19, 31] is sufficient to induce an increase of
IgE of 30 % [30] or 40 % [31] as compared to baseline levels.
It has been shown that the sensitization profile, which is
often established during early childhood [29, 32], does not
change substantially over many years [33¢]. A study that
investigated the IgE variable regions of patients with birch
pollen allergy over a period of 4 years revealed that the
repertoire of IgE variable regions used by B cells was
limited in this patient population and did not change over
four periods of repeated exposure to the relevant allergen
[34¢]. Whether IgE memory in human allergic patients is
due to the existence IgE memory cells or is sustained by
long-lived IgE plasma cells and a pool of IgG memory B
cells with specificity for allergens that switch to IgE pro-
duction upon allergen contact is currently under debate
[13ee, 16, 21, 22, 35, 36]. While this question has been
diligently investigated in mouse models, it is difficult for
technical reasons to directly address in human patients. So
far, only a few sites in the human body have been thorough-
ly investigated directly for the presence of cells involved in
allergen-specific IgE memory. The following paragraphs
will give an overview of studies investigating this topic.

Are There IgE-Producing Cells in the Human Blood?

Although IgE antibodies and their role in allergic disease
were first described in 1967 [37], the source that
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continuously replenishes serum IgE levels is still far from
clear. Early efforts to identify and characterize IgE-
producing cells in humans focused on blood- or tonsil-
derived B cells, as these cells were easily accessibly. These
studies gave first insights into which cellular and soluble
factors regulate IgE synthesis. Initial observations from in
vitro cultures of unfractionated PBMCs showed that the
cells from allergic patients spontaneously secreted
allergen-specific IgE [38—41]. It was shown that this repre-
sented at least partly newly synthesized IgE as addition of
protein synthesis inhibitors reduced the level of IgE present
in the supernatant of the cultures [39, 41]. IL-4, mostly
secreted by T cells, was found to be a crucial cytokine for
the induction and amplification of IgE synthesis [42—44].
However, IL-4 was only a potent inducer of IgE synthesis if
applied in the presence of T-cell help [42, 43, 45] or upon
addition of CD40 ligand or anti-CD40 antibodies as a sur-
rogate of T cell help [42, 45-48]. Interestingly, although
total IgE production was increased up to 20 times by the
addition of IL-4 and anti-CD40 to in vitro cultures of aller-
gic patients, no rise in allergen-specific IgE production was
observed in culture supernatants [35]. The finding that IL-4
does not promote previously established specific IgE pro-
duction is corroborated by results from a mouse model that
showed that while anti-IL-4 treatment substantially inter-
fered with de-novo allergic sensation, it did not interfere
with IgE production in already established allergy [36].
Although in vitro cultures of PBMCs gave the first in-
sights into the mechanism of IgE production, attempts to
isolate and characterize IgE-producing cells from peripheral
blood have one major constraint: Allergen-specific lympho-
cytes are extremely rare in the blood and are thus hard to
identify with commonly used techniques such as flow cy-
tometry. Using tetramer staining for a major birch pollen
allergen—Bet v 1—epitope, the frequency of Bet v 1-
specific CD4 T cells was estimated between 1 in 10* to
10° among circulating CD4 T cells outside the pollen season
and between 2—5 in 10° CD4+ T cells during the season
[49]. However, the frequency of IgE + plasma cells was
observed to be even much lower: 1 in 10* PBMCs is thought
to be a plasma cell as defined by positive staining for the
common plasma cell marker CD138+ in the flow cytometer
[10]. Only a mean of 0.32 % of this small plasma cell
fraction was found to be IgE + plasma cells in atopic
patients [10]. In non-atopic donors, the frequency of IgE +
plasma cells was only 0.06 % among total plasma cells [10].
It appears unlikely that such a small number of cells
could constantly produce as much allergen-specific IgE as
is needed to arm mast cells and basophils for their effector
function. In this context, our group showed that only ap-
proximately 0.2 % of the serum IgE is newly produced by
blood-derived plasma cells [9+¢]. All these findings indicate
that there are few IgE-producing cells in the blood, but that

the majority of IgE-producing cells in human allergic pa-
tients reside elsewhere.

IgE Production at Target Organs for Allergy

In previously sensitized allergic patients, respiratory contact
with relevant allergens is followed by a substantial systemic
rise of specific IgE antibodies [31, 50-52]. It has been
proposed that this allergen-contact induced rise of IgE anti-
bodies may arise locally in the nasal mucosa. The presence
of allergen-specific IgE in nasal secretions of allergic pa-
tients was already described in 1979 [53]. In the same study
it was shown that the proportion of IgE antibodies specific
for respiratory allergens as compared to total IgE was higher
in nasal secretions than in the blood, thus suggesting local
IgE production [53]. Since then, other studies have shown
the presence of allergen-specific IgE antibodies in nasal
polyps of patients that did not have the same IgE specific-
ities in the blood [54]. The clinical relevance of local IgE
antibodies is shown by recent clinical studies that revealed
that a substantial number of rhinitis patients without
allergen-specific serum IgE and with negative skin prick
test reactions mounted a positive response to specific aller-
gens in nasal provocation tests and also have specific IgE
antibodies in nasal secretions [55, 56]. Nasal mucosal biop-
sies from symptomatic allergic rhinitis patients but not from
non-allergic controls contained increased numbers of IgE-
positive B cells and plasma cells and allergen-specific plas-
ma cells [57]. To investigate whether these IgE-producing
cells derived from more distant lymphatic tissue or whether
they were resident to the nasal mucosa and performed class
switch to IgE locally, biopsies of nasal mucosa from allergic
patients were challenged ex vivo with allergen [11, 26, 27,
58, 59]. Interestingly, not only local synthesis of ¢ germline
transcripts [58, 59] but also ¢ circle transcripts as signs of
mature IgE synthesis [26, 27] could be detected in the
biopsies upon allergen challenge.

Upon inhalation of airborne allergens, not only the nasal
mucosa but also other lymphatic tissue of the airways, such
as the adenoids and the tonsils as part of the Waldeyer’s
lymphatic ring, are potential sites of allergen encounter. In
this context, tissue homogenates of adenoids of atopic chil-
dren showed higher levels of total and allergen-specific IgE
compared to non-atopic children [60]. Using immunohisto-
chemical staining, IgE + cells were identified mainly in the
extrafollicular area of the adenoids of atopic subjects,
whereas adenoids of healthy controls contained only very
few IgE + cells [61]. Those IgE + cells were identified
mainly as plasma cells and macrophages using double
staining for IgE and the plasma cell marker CD138 or the
macrophage marker CD68, respectively [62]. Furthermore,
tonsil-derived PBMCs also produced IgE when cultured in
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vitro and stimulated with pokeweed mitogen [63, 64]. The
presence of allergen-specific IgE in the sputum of house
dust mite-sensitized asthmatic patients indicates that local
IgE production may also occur in the lung of patients
suffering from allergic asthma [65]. Analysis of IgE tran-
scripts of a bronchial biopsy of a polysensitized asthmatic
patient indicated that IgE-synthesizing B cells can also occur
in the lung of humans [66]. However, class switch recombi-
nation to IgE has been observed in bronchial biopsies of both
atopic and non-atopic asthmatic patients but not in atopic
control subjects not suffering from asthma [67, 68]. Thus,
local IgE synthesis in the lung seems to be one characteristic
of asthma regardless of the atopic status of the patient.

Spleen and Bone Marrow — Reservoirs of Long-Lived
Plasma and Memory Cells?

In humans, memory B cells and plasma cells have been
shown to reside in the white pulp of the spleen [69—71].
The longevity of these cells is for example demonstrated by
a study that showed that vaccinia virus-specific memory B-
cells could be found in the spleen of patients decades after
smallpox had been eradicated [72]. IgE-producing cells
were detected in the spleen of aerosol-challenged mice that
had previously been made allergic systemically with oval-
bumin [73]. Whether this also applies for human allergic
patients is so far not clear, as data on the presence of IgE-
producing cells in human spleen are rare. One report ana-
lyzing the spleen of an atopic patient sensitized to house
dust mite, who died from an asthmatic attack, showed that
IgE was also produced in the spleen of allergic patients [74].
However, the nature of the IgE-producing cells and the
specificity of the IgE antibodies produced were not reported.

In mice, the transfer of bone marrow from immunized
mice bearing memory for a certain allergen into irradiated
mice is a widely used technique to prove the presence of
memory or long-lived plasma cells [75]. In humans, similar
data are available from patients with leukemia or aplastic
anemia who underwent bone marrow transplantation. Some
case reports and small studies investigated the effect of
transferring bone marrow from an atopic donor into a non-
atopic recipient [76—81]. The results are ambiguous. In
some case reports, non-atopic recipients receiving bone
marrow from atopic donors developed sensitization profiles
similar to those of their donors [76—79]. However, it has also
been shown that not all recipients acquire the allergy of their
donors [80] and that some of the patients also acquire de
novo allergic sensitizations in addition to those transferred
from the donor [81]. Thus, IgE memory seems to be trans-
ferable; however, to which extent and which cells — long-
lived plasma cells or memory B cells — are responsible
remain to be addressed.
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Conclusions and Future Prospects

One problem in the search for IgE-producing cells is that
even basic knowledge on human lymphoid organs with
regard to their architecture and especially cellular composi-
tion is lacking. However, recently the group of Donna L.
Farber presented a paper in which the distribution of human
T cell subsets in various lymphatic human tissues was dili-
gently assessed, thus making an important contribution to-
ward a better understanding of the compartmentalization of
lymphoid organs within the human body [82e¢]. Similar
studies comparing the lymphatic tissue in allergic and non-
allergic human patients remain to be performed.

While mice studies have the limitation that allergy does not
occur naturally in this species, this restriction does not apply to
other animals, for example, dogs or horses, in which allergy is
a frequent veterinarian problem [15]. Investigating such “an-
imal patients” would allow studying IgE production in ani-
mals that become sensitized to allergens via the respiratory
tract in a manner similar to human allergic patients.

The quest for IgE-producing cells is still worthwhile to
develop future therapeutic approaches aiming to cure the
disease where it is caused, i.e., at the sites where IgE is
produced, rather than merely treating its symptoms.
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