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Allergic sensitization: host-immune factors
Ronald van Ree1*, Lone Hummelshøj2, Maud Plantinga3, Lars K Poulsen4 and Emily Swindle5
Abstract

Allergic sensitization is the outcome of a complex interplay between the allergen and the host in a given
environmental context. The first barrier encountered by an allergen on its way to sensitization is the mucosal
epithelial layer. Allergic inflammatory diseases are accompanied by increased permeability of the epithelium, which
is more susceptible to environmental triggers. Allergens and co-factors from the environment interact with innate
immune receptors, such as Toll-like and protease-activated receptors on epithelial cells, stimulating them to produce
cytokines that drive T-helper 2-like adaptive immunity in allergy-prone individuals. In this milieu, the next cells
interacting with allergens are the dendritic cells lying just underneath the epithelium: plasmacytoid DCs, two
types of conventional DCs (CD11b + and CD11b-), and monocyte-derived DCs. It is now becoming clear that
CD11b+, cDCs, and moDCs are the inflammatory DCs that instruct naïve T cells to become Th2 cells. The simple
paradigm of non-overlapping stable Th1 and Th2 subsets of T-helper cells is now rapidly being replaced by
that of a more complex spectrum of different Th cells that together drive or control different aspects of allergic
inflammation and display more plasticity in their cytokine profiles. At present, these include Th9, Th17, Th22,
and Treg, in addition to Th1 and Th2. The spectrum of co-stimulatory signals coming from DCs determines
which subset-characteristics will dominate. When IL-4 and/or IL-13 play a dominant role, B cells switch to IgE-
production, a process that is more effective at young age. IgE-producing plasma cells have been shown to be
long-lived, hiding in the bone-marrow or inflammatory tissues where they cannot easily be targeted by therapeutic
intervention. Allergic sensitization is a complex interplay between the allergen in its environmental context and the
tendency of the host’s innate and adaptive immune cells to be skewed towards allergic inflammation. These data and
findings were presented at a 2012 international symposium in Prague organized by the Protein Allergenicity Technical
Committee of the International Life Sciences Institute’s Health and Environmental Sciences Institute.
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Introduction
In April 2012, an international symposium titled “Sensi-
tizing Properties of Proteins” was held in Prague, Czech
Republic, bringing together over 70 scientists from
academia, government, and industry. The purpose of
the symposium, organized by the Protein Allergenicity
Technical Committee (PATC) of the International Life
Sciences Institute’s (ILSI) Health and Environmental
Sciences Institute (HESI), was to present data on the
current state of the science regarding the sensitizing
properties of proteins in relation to food allergy [1,2].
Host-immune factors are the focus of this paper.
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Allergic sensitization induced by exogenous allergenic
molecules is the result of exposure of organs of the hu-
man body to such molecules. In this interplay, intrinsic
properties of the exogenous proteins and environmental
co-factors certainly play a role, but host-immune factors
are of crucial importance to explain why every individual
exposed to such an allergen does not develop an allergy.
Predisposition for developing allergy is the result of a
complex multifactorial interplay of genes and environ-
ment. To understand the immunobiological mechanism
of sensitization to allergens, their interaction with rele-
vant structural and immune cells during mucosal expos-
ure and entry is of the utmost importance. These cells
include cells of the first physical barrier, the epithelial cells;
professional antigen-presenting cells, mainly dendritic
cells (DCs); and T-helper cells and B cells. Together these
cells shape the process of allergic sensitization. An
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overview is given here about their respective roles in the
initiation of allergic inflammation.

The role of the epithelium in sensitization
The epithelium is a membranous tissue which covers
the external surface and lines the internal compartments
of organs within the body. At these sites, the role of the
epithelium is to form barriers which define boundaries
and prevent the unrestricted exchange of materials. De-
pending on the type of epithelium, it will serve special-
ized functions relevant to the organ in which it is found.
For example in the conducting airways, the epithelium
allows the passage of air to the gas exchange regions of
the lung and forms a physical, chemical, and immuno-
logical barrier.

Physical barrier
The physical epithelial barrier is composed of a polarized
epithelium which is selectively permeable to ions and
macromolecules due to the presence of receptors, trans-
porters, and tight junctions (TJ). Receptors and trans-
porters control the airway surface liquid (ASL) volume
which hydrates the mucus layer and provides optimal
conditions for the beating of cilia. Both the mucus layer
and the beating of cilia (together referred to as the
mucociliary escalator) are essential for the efficient re-
moval of particles and proteins. The epithelial TJs regu-
late the permeability of the epithelial barrier to solutes
based on their size and charge and, as a result, also con-
tribute to ASL volume. They are a complex structure of
several proteins including occludins, claudins, and zona
occludins and are expressed on the most apical surface
of individual epithelial cells (ECs) within the epithelial
barrier. They perform fence and gate functions, are dy-
namic complexes, and alterations in both the distribu-
tion and levels of TJ proteins affect the integrity of the
epithelial barrier [3]. The chemical epithelial barrier con-
tains secretions including mucus (primarily mucins),
cytoprotective proteins (anti-oxidants) and host defense
molecules (β-defensins) which trap and inactivate in-
haled particles and pathogens. These are then cleared
from the airways via the mucociliary escalator.

Immunological barrier
The immunological epithelial barrier of the airways per-
forms immune surveillance through the expression of
innate immune receptors, including pathogen recogni-
tion receptors (PRRs). In response to bacteria, viruses,
and fungi, EC activation via PRRs leads to the release of an
array of mediators and damage-associated molecular pat-
terns which exert an effect on underlying resident immune
cells to induce an inflammatory response. In this way, epi-
thelial cells can control the function of many immune cells
in the underlying mesenchyme, including DCs, mast cells
(MCs), eosinophils and T cells involved in both innate and
adaptive immunity (reviewed by Swindle et al. [4]).

Impact of foreign proteins on barrier function
There are various mechanisms by which proteins can
penetrate the epithelium through alterations in compo-
nents of the physical, chemical and immunological epi-
thelial barrier. Allergens such as house dust mites have
protease activity which can alter the physical barrier by
directly interacting with TJ proteins [5,6]. Pathogens
(viruses, bacteria, and fungi) and environmental stresses
(cigarette smoke) are known to disrupt the physical
barrier [7,8]. Activation of the chemical barrier can also
be induced by environmental factors, as well as host-
derived cytokines, such as IL-13, which increases mucus
production [9]. Furthermore, the direct action of allergens
via protease-activated receptors (PARs) and pathogens via
PRRs cause activation of the immunological barrier
through the release of mediators which induce inflamma-
tion and recruitment of immune cells.
The activation of the epithelial barrier by proteins is

particularly important when thinking about diseases of
the airways such as asthma where these factors are
known to contribute and exacerbate the disease. Asthma
is an inflammatory disease of the conducting airways
with pathological features of inflammation and airway
remodeling. The airways of asthmatics undergo distinct
and functional changes leading to non-specific broncho-
constriction and airway obstruction and respond too
easily and spontaneously to environmental factors. The
epithelial barrier in asthmatics is disrupted and under-
goes cycles of damage and repair which, in the presence
of underlying inflammation, perpetuates the disease [10].
Also, airway epithelial cells from asthmatic subjects are
more sensitive to environmental triggers including
cigarette smoke [11] and viruses [12] in terms of both
barrier disruption and an innate defect in the release of
mediators. Furthermore, when the epithelial barrier is
not disrupted, DCs can sample allergens without dis-
rupting the epithelial barrier through the expression of
TJ proteins [13]. The epithelial immunological barrier
can control the adaptive immune response to allergens.
For example, in a mouse model of asthma, structural
cells were shown to be pivotal for controlling DC func-
tion and the development of asthma [14]. Hence, in
asthmatics, alterations in the epithelial barrier to envir-
onmental triggers would allow increased penetration of
proteins and allergens to the underlying mesenchyme in-
creasing the likelihood of activation of both innate and
adaptive immunity.

In vitro model of the epithelial barrier
There are various in vitro models which can be used to
investigate the potential of proteins to modulate the
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epithelial barrier. These vary in complexity from EC lines
to primary ECs derived from healthy and asthmatic sub-
jects. These cells can be grown on porous membranes
which cause their polarization and differentiation into a
multilayered epithelial barrier containing mucus-producing
goblet cells, ciliated ECs, and polarized TJ protein expres-
sion. More complex models include incorporating under-
lying structural cells (fibroblasts) and immune cells
(DCs, MCs, and macrophages) to study the interaction of
different cell types in asthma (reviewed in Swindle et al.
[15]). Furthermore, the epithelial barrier can be monitored
by transepithelial resistance measurements using chopstick
electrodes to determine ion permeability or incubated api-
cally with fluorescently labeled proteins (FITC-dextran) of
different sizes to determine paracellular permeability into
the basal compartment [11]. A similar fluorescent method
can also be used to determine alterations in ASL volume
[16]. Alterations in TJ proteins in these cultures can be
monitored by determining the distribution of TJ using im-
munofluorescence and analysis by fluorescent microscopy.
In summary, the epithelial barrier is integral to restrict-

ing the free passage of proteins and ions to the underlying
tissue, and comprises a physical, chemical, and immuno-
logical barrier. There are mechanisms by which proteins
and other substances can penetrate this barrier and mount
an immune response, and there are various in vitro
models which can be used to test the potential of proteins
to disrupt the epithelial barrier.

Dendritic cells: subtypes and how they are activated
Role of DCs in T-helper cell polarization
Lung DCs control T-helper cell polarization towards a
Th1, Th2, or Th17 response, or conversely, prevent harm-
ful immune responses to inhaled antigen via the induction
of regulatory T cells.
DCs control immune responses to a variety of inhaled an-

tigens, including allergens and viruses. It has been reported
that DC ablation during the sensitization effector phases of
the allergic response abolished typical features of asthma,
like eosinophilic influx, Th2 cytokine production, or airway
hyper-responsiveness (AHR) [17]. However, in response to
influenza, DC depletion led to increased virus titres and a
reduced number of virus-specific CD8 T cells [18]. These
data indicate that although depleting DCs might be benefi-
cial in the treatment for asthma, such strategy would not
be safe and might impede host-immune responses to
pathogens. Therefore, trying to unravel a specific role
for different DC subsets in specific diseases and trying
to target such subsets might represent a better
alternative.

DC subsets
DCs can be divided into different subsets according to
their expression profile and location [19]. Until now,
four major populations are described in the lung, of
which some are originating from different precursors
(Figure 1). The generation of DCs starts in the bone
marrow, where macrophage and DC precursors (MDPs)
develop into common DC precursors (CDPs). From this
end, plasmacytoid DCs (pDCs) separate in their develop-
mental stage from conventional DCs (cDCs), because
these CDPs are precursors for pDCs (subset 1) as well as
pre-DCs, which develop into cDCs [20]. The cDCs in
the lung can be further discriminated by their CD11b
expression into CD11b+ (subset2) and CD11b− DCs, of
which the latter expresses CD103 and langerin (subset3).
These and other reports suggest that CD8+ splenic and
CD103+ DCs in the dermis, lung, gut, and liver are re-
lated to each other. Interestingly, it is shown that both
CD103+ dermal DCs and CD8+ spleen DCs are special-
ized in antigen cross-presentation, and a similar effect is
shown for the CD103+ subset in the lung [21,22].
In contrast, under inflammatory conditions, cytokines

and chemokines, which attract monocytes, are produced
[23]. These monocytes can develop into CD11b+ inflam-
matory DCs (subset 4). The inflammatory DCs have
been shown to express ly6C, a marker remnant from
their monocytic descent, but, after differentiation, they
start to lose Ly6C expression, and as a consequence can-
not be discriminated from the CD11b+ cDCs. Therefore,
an additional marker is needed to discriminate the dif-
ferent subsets after recruitment by, for example, house
dust mite (HDM). Recently, investigators have reported
that, in the lung, these recruited CD11b+ cells also ex-
press FcεR1 [24]. This suggests that expression of the
high affinity IgE receptor might be useful to identify
monocyte-derived inflammatory DCs (moDCs) in the
lungs.

Mouse model to study the role of DC subsets
The exact role of these different DC populations remains
unclear. Investigators have previously shown that HDM
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induces Th2 immunity and allergic asthma through Toll-
like receptor (TLR)-4 triggering on epithelial cells. In
turn, activated epithelial cells produce several mediators
that instruct DCs in the lung to induce Th2 responses
[25]. To be able to study lung DC activation in more de-
tail, a transgenic mouse line was developed, which ex-
presses the beta chain of a TCR specific for a peptide of
Der p 1 on CD4 T cells. This tool allows the dissection
of the specific contribution of each lung DC population
to HDM-induced allergic airway sensitization. To test
the role of the cDCs and moDCs in Th2 sensitization,
these cells were sorted from the mediastinal lymph node
(MLN) of HDM-sensitized mice. These cells were adop-
tively transferred intratracheally into recipients, which
were challenged with HDM allergens a week later. Strik-
ingly, the adoptive transfer of only a few CD11b+ cDCs or
moDCs was able to induce Th2 sensitization to HDM, as
assessed by an eosinophilic influx to the lung, and the Th2
cytokine profile in the supernatant of re-stimulated MLN
cells. Surprisingly, the transfer of CD103+ cDCs failed to
induce any features of allergic airway inflammation [26].
These results suggest that CD11b+ DCs (cDC or moDC)
can induce HDM-induced Th2-associated allergic airway
inflammation. Why CD103+ cDCs fail to induce Th2 re-
sponses in the lung is unclear, but these cells might have
more immunoregulatory properties. Altogether, the data
suggest that trying to interfere with the functions of
CD11b+ DCs might lead to new treatments for allergic
asthma.

T-cell subtypes and plasticity: which are relevant
in the allergic phenotype?
T-helper cell subsets: cytokine profiles
A seminal work from 1986 [27] suggested that the phe-
notypes of the Th cells could be separated into two
forms: the Th1-cell secreting the cytokines IFN-γ and
IL-12, whereas the Th2-cell secretes IL-4, IL-5 and IL-
13. It soon became clear that primary cells from humans
expressed a less clear dichotomy than the one observed
for murine T-cell clones [28]. Nevertheless, the Th1-Th2
paradigm proved to be very productive for segregating
the many observations on immunopathology. Most dis-
eases of autoimmune origin were demonstrated to have
a Th1 profile, while IgE-related diseases such as allergy
and parasitic infestations were the prime example of a
Th2-disease. In later years, several observations have
emerged which rock the paradigm, the most prominent
being various forms of regulatory T cells (Treg, Th3,
Tr1) secreting mainly TGF-β and/or IL-10 [29], and the
more recently described T cells secreting IL-17A and F,
named Th17-cells [30]. The number of T-cell subsets
defined on the basis of cytokine production has contin-
ued to grow with Th9 (IL-9-producing) and Th22 cells
(IL-22-producing) as the latest newcomers. Also mixed
forms, such as Th1/17 or Th2/22, have now been de-
scribed, casting some doubt on the integrity of the indi-
vidual Th-cell subtypes [31]. To a certain extent, the
different cytokine production profiles of CD4+ cells
seem to be mirrored by cytotoxic CD-8+ cells and re-
cently even by the innate lymphoid cells [32].

Relevant Th-subsets in allergy
The allergic immune response has been characterized by
IgE, eosinophilia, and a T-cell response including the cy-
tokines IL-4, IL-5, and Il-13. More recently, cytokines
such as IL-9, IL-22, and IL-17 have also been implicated
in the allergic inflammation. It is not yet clear, however,
whether the allergic phenotype should include the CD4+
T-cell subsets being defined by these very cytokines:
Th9, Th22, and Th17. Not all subtypes represent unique
differential paths. Instead "cassettes" of stimulus–re-
sponse-cytokine expression may co-exist in the same
CD4+ T cell. One such "cassette" is seen with the IL-1
family of cytokines (IL-1beta, IL-18, and IL-33) which
may modulate the expression of the cytokines such as
IL-9 and IL-10 by other T-cell subsets [33,34]. Other
such modulatory cytokines are TSLP and IL-25 [35,36],
as well as some of the factors leading to the formation
of the follicular T-helper cells that are believed to be im-
portant for the B-cell differentiation [37].

DC-T cell interaction: the three-signal paradigm
As described above for the lungs (Figure 1), different
dendritic cell populations have the capability to act as
MHC-bearing antigen-presenting cells for CD4+ T cells.
Besides this primary signal (SIGNAL 1) that is recog-
nized by the T-cell receptor, a number of other (antigen
un-specific) signals are exchanged between the T cell,
the dendritic cells, and perhaps other cells in the lymph
node, leading to the differentiation of the T cell into
different phenotypes. These signals comprise both cell-
to-cell contacts (i.e., mediated by pairs of cell surface-
bound, co-stimulatory molecules) and soluble (cytokine:
cytokine-receptor) interactions (Figure 2). The former
comprises members of the immunoglobulin, the TNF-,
and the TNF-receptor superfamilies [38], all of which in-
clude many soluble and cell-bound ligand-receptor pairs
that are found throughout the immune system of both
humans and rodents. As for many other cytokines and
chemokines and their receptors, they appear to be of a
certain promiscuity in the ligand-receptor preferences in
the TNF-/TNFR superfamilies [39]. Signals delivered by
surface-bound receptors, e.g., CD80/CD86 to CD28,
have been described as SIGNAL 2 and the soluble cyto-
kines as SIGNAL 3, but the relative importance of the dif-
ferent costimulatory signals are still not clear (see Chen
and Flies, 2013 [40] for a thorough discussion of co-
stimulatory and co-inhibitory signals). What is important,



Figure 2 The stimulation of the undifferentiated CD4+ T-helper cell by signals delivered to the T-cell receptor (Signal 1), by cell-to-cell-
contact (Signal 2), and by soluble signals (Signal 3) from the dendritic cells or other adjacent cell types. The signalling molecule pairs
(with the relevant receptor on the T-cell mentioned first) are but a few examples of those described in the literature.
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however, is that the combination of co-stimulatory signals
from the DC and perhaps from other cells is able to in-
struct the CD4 T-cell to differentiate. The main instruc-
tory signal for the formation of a Th2 cell is IL-4 [36], but
the strength of the SIGNAL 1 seems to also influence
whether a Th2 cell is formed. It is now clear that this dif-
ferentiation is not just a choice between Th1 and Th2, but
more subsets such as Th17, Treg, and Tfollicular helper
(TFH) cells exist. Other subtypes, such as Th9 and Th22
may also exist, but it seems evident that there is a large de-
gree of plasticity in forming the cytokine profile of a T cell.
Thus, it is likely that the instruction of a T cell may be
modular, in the sense that presence/absence of certain
stimuli will instruct the T cell to produce different classes
of cytokines.

First induction of a Th2 response
A theme that has caused considerable discussion among
immunologists is where the first IL-4 comes from. While
the Th2 cell may produce sufficient IL-4 to develop and
maintain the allergic inflammation and the IgE-synthesis,
the finding that IL-4 is itself a differentiation factor of
Th2-cells has suggested other cell types to be incriminated
in the early events of Th2 development. A series of papers
[41-43] indicated that basophils - that are known to se-
crete large amounts of IL-4 - could function as antigen
presenting cells, but several later findings questioned
such a capability due to the lack of close interaction
with T-cells [44] and no or low expression of MHCII
[45,46]. Also, suggestions of alternative explanations of
the initial findings [24] weakened the case for basophils
as a primary inducer of Th2 responses, even though the
IL-4 contribution from this cell may still be important
in creating the necessary cytokine environment for a
Th2-shift. Other cell types such as innate lymphoid
cells (ILCs) have also been suggested as being very im-
portant for the induction of a Th2 response. While the
first reports on these cell types came before the year
2000, only recently has this area expanded tremendously
(reviewed in [47]) with the discovery of several subtypes
(based on cytokine expression) such as ILC1, ILC2 [48],
etc., in parallel with the findings from the cognate im-
mune response, where both CD4+ and CD8+ T-cells are
classified the same way. ILCs do not express T-cell recep-
tors, but can be activated by a large number of other stim-
uli. For the ILC2, it is interesting that they seem to be
stimulated by IL-25, IL-33 and TSLP, all cytokines that
have been connected with the early phases of Th2 induc-
tion. While these cells have been incriminated in both
asthmatic and airway hyper-reactivity responses and in
mounting inflammation in helminth infections, there is
still no consensus as to whether they may actually drive
the cognate Th2-response.

T-cell subsets: migratory profiles and organ specificity
T cells may also be subdivided based on their migrating
capabilities. Many subsets such as central memory
(TCM), follicular memory (TFM), and TFH have been de-
scribed based on their migration in the lymphoid system.
Also, organ specific subsets from the gut (expressing the
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chemokine receptor CCR9 and the α4β7-integrin adhe-
sion molecule) or the skin (expressing CLA, CCR10, and
CCR4) have been described.
Depending on the manifestation of clinical symptoms

in different organs such as the gut, the skin, or the air-
ways, T cells may often be found in each of these inflam-
matory foci with different characteristics. Whether these
cells are the primary drivers of the disease or secondary
to the primary sensitization is not known, but the gener-
alized IgE-immune response most often seen in food al-
lergies could suggest that the initiation of the food
allergic immune reaction is not always related to the
organ in which elicitation takes place. In this respect, it
is interesting that recent studies of food allergy applying
the tetramer technique for enumerating allergen specific
T cells have found relatively few gut-specific (α4β7+)
T cells compared to a higher frequency of skin-specific
(CLA+) T cells [49], although varying results have been
found by others [50]. Future studies will have to further
address the role of the allergen-specific CD4+ T cells and
their localization. It is likely that such studies will help to
increase understanding of the sensitization process, which
may ultimately lead to better primary prevention of food
allergy.

B-cell isotype switch and differentiation into
IgE-producing plasma cells
Long-lived plasma cells
A key event in the pathogenesis of allergy is the produc-
tion of IgE antibodies. Antibodies are secreted by plasma
cells and their precursors, the plasma blasts. For many
years, plasma cells have been considered as short-lived
end-stage products of B-cell differentiation; however,
current studies argue for the presence of long-lived resi-
dent plasma cells that are located in survival niches pri-
marily found in the bone marrow and inflamed tissue [51].
Once settled, long-lived plasma cells are difficult to target
therapeutically because they are resistant to immunosup-
pression and irradiation [52,53]. More knowledge on
Figure 3 In vitro B-cell model.
preventable causes of IgE plasma cell development is there-
fore required.

Isotype switching
To become an IgE-producing plasma cell, the B cell
needs to isotype switch to IgE. This process is induced
by two signals provided by a Th2 cell. The first signal is
delivered by the cytokines IL-4 or IL-13, which target
the Cε gene for initiating switch recombination. The sec-
ond signal is delivered by interaction of the cell surface
antigen CD40 with its ligand (CD40L) expressed on acti-
vated T cells. Once the IgE-positive B cells are formed,
they are able to differentiate into non-dividing, IgE-
producing plasma cells. Although some populations of
long-lived plasma cells persist in the spleen, most of them
return to the bone marrow or invade inflamed tissues,
where they survive up to several months or even a lifetime
in survival niches as resident, immobile cells [54].

In vitro B-cell model
To study mechanisms controlling the B cell, it is advan-
tageous to have a well-defined in vitro model. A B-cell
assay has been developed, which supports the survival
and differentiation of naïve B cells to IgE-producing
plasma cells [55]. The kinetic expression of a broad
panel of B-cell markers, immunoglobulins, and activa-
tion factors has been determined over 12 days of stimu-
lation with IL-4 and anti-CD40.
The B-cell model (Figure 3) was used for investigating

the difference in isotype switch and plasma cell differen-
tiation in B cells isolated from adult blood compared to
cord blood. IgD-positive B cells were purified from buf-
fycoat or cord blood-isolated peripheral blood mono-
nuclear cells (PBMCs) using mouse anti-human IgD
coupled to magnetic beads. B cells were stimulated with
IL-4 + anti-CD40. FcγRII/CD32 transfected mouse fibro-
blasts were used to stabilise the anti-CD40 presentation.
After 4 days of stimulation, the early class switch recom-
bination markers activation-induced deaminase (AID)
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and germline transcripts (GLTs) were measured by real-
time PCR and traditional PCR, respectively. After 12 days
of stimulation, the plasma cell marker XBP-1 was mea-
sured by real-time PCR, and immunoglobulins were
measured in supernatants by ELISA. Surface markers
were determined at various times by flow cytometry.
IgD-positive B cells from healthy nonallergic donors did
not spontaneously secrete IgE in the culture superna-
tants. It was shown that several germline immunoglobu-
lin genes are constitutively transcribed in adult naïve
human B-cell populations, and that IL-4 and anti-CD40
antibody enhance the transcription of not only ε and γ4
GLT but also γ2 and γ3 with a maximal expression at
day 6. This subsequently leads to Ig-production which
can be determined on the cell surface from day 6 and in
the cultures as IgE, IgG4, and total IgG clearly increas-
ing from day 8 and onwards. AID was used as a marker
to identify preswitching B cells, and was found to be
highly up-regulated after three days of stimulation. Fi-
nally, it was shown that after eight days of stimulation,
the B cells develop into plasma cells phenotypically de-
fined as CD138+intracellular IgE+ cells. Cord blood B
cells were able to isotype switch to IgE at a comparable
level to adult B cells. However, contrary to the adult B
cells, cord blood B cells were able to differentiate into
CD138+intracellular IgE+ plasma cells to a much higher
level. The levels of secreted IgE and IgG4 were found to
be comparable to adult B cells [56].
A well-defined B-cell model has been developed,

which is capable of producing high levels of IgE allowing
investigation of regulators affecting the induction of IgE-
producing plasma cells. It has not been tested if the
model could produce specific IgE, and this limitation
should be kept in mind. The stimulation via CD40 and
the IL-4 receptor initiates a programmed sequence of
events transforming B cells to IgE and IgG4-producing
plasma cells in both cord blood and adult peripheral
blood. However, the younger nature of cord blood B
cells seems to be more potent in differentiating into IgE-
producing plasma cells compared to adult B cells.

Discussion
Allergic sensitization is the outcome of a complex
interplay between allergen and host in a given environ-
mental context. Certainly, not every molecule will have
the properties to induce sensitization, either lacking the
required intrinsic pro-allergenic properties or being
presented in the wrong context (e.g., quantity, time of ex-
posure, co-exposures). Here, the authors have highlighted
that the process of sensitization is orchestrated by a com-
bination of communicating structural cells and innate and
adaptive immune cells. Understanding the immunological
and biochemical mechanisms underlying the process of
sensitization is of the utmost importance to explain why a
certain exposure leads to allergic sensitization. The genetic
background and epigenetic make-up of the host shape the
way it will respond to contact to a potential allergen, i.e.,
whether the host will become tolerant, sensitized, and/or
allergic. At all subsequent encounters of a potential aller-
gen with different cell subsets during its passage over the
mucosal barrier, the (epi)genetic background of the host,
in combination with the full spectrum of environmental
co-exposures (e.g., infections, pollution) and the timing of
exposure, will determine the outcome. Sensitizing proper-
ties of proteins can therefore never be seen in isolation.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
RvR, LH, MP, LKP, and ES were speakers at the April 2012 Symposium on
Sensitizing Properties of Proteins and contributed written summaries of their
presentations to this manuscript. All authors read and approved the final
manuscript.

Acknowledgements
The authors gratefully acknowledge the contributions of all speakers and
participants for their useful presentations and discussions at the April 2012
Symposium on Sensitizing Properties of Proteins. (Presentations can be
viewed at http://www.hesiglobal.org/i4a/pages/index.cfm?pageid=3595.)
Appreciation is extended to the HESI Protein Allergenicity Technical
Committee (http://www.hesiglobal.org/i4a/pages/index.cfm?pageid=3317)
for providing financial resources for the symposium. Publication charges for
this article were funded by ILSI Health and Environmental Sciences Institute.

Author details
1Departments of Experimental Immunology and Otorhinolaryngology,
Academic Medical Center, University of Amsterdam, Meibergdreef 9, Room
K0-130, 1105 AZ, Amsterdam, The Netherlands. 2Laboratorium for Medicinsk
Allergologi, Copenhagen University Hospital at Gentofte, Niels Andersens Vej
65, DK-2900 Hellerup, Denmark. 3Laboratory of Translational Immunology,
University Medical Center Utrecht, Heidelberglaan 100, 3584 CX, Utrecht,
Netherlands. 4Allergy Clinic, Copenhagen University Hospital at Gentofte,
Niels Andersens Vej 65, DK-2900 Hellerup, Denmark. 5Academic Unit of
Clinical and Experimental Sciences, Faculty of Medicine, University of
Southampton, Tremona Road, Southampton SO16 6YD, United Kingdom.

Received: 24 December 2013 Accepted: 9 March 2014
Published: 15 April 2014

References
1. Poulsen LK, Ladics GS, McClain S, Doerrer NG, van Ree R: Sensitizing

properties of proteins: executive summary. Clin Transl Allergy 2014, 4:10.
2. Ladics GS, Fry J, Goodman R, Herouet-Guicheney C, Hoffmann-Sommergruber

K, Madsen CB, Penninks A, Pomés A, Roggen EL, Smit J, Wal J-M: Allergic
sensitization: screening methods. Clin Transl Allergy 2014. 4:13.

3. Steed E, Balda MS, Matter K: Dynamics and functions of tight junctions.
Trends Cell Biol 2010, 20:142–149.

4. Swindle EJ, Collins JE, Davies DE: Breakdown in epithelial barrier function
in patients with asthma: identification of novel therapeutic approaches.
J Allergy Clin Immunol 2009, 124:23–34.

5. Wan H, Winton HL, Soeller C, Tovey ER, Gruenert DC, Thompson PJ, Stewart GA,
Taylor GW, Garrod DR, Cannell MB, Robinson C: Der p 1 facilitates transepithelial
allergen delivery by disruption of tight junctions. J Clin Invest 1999,
104:123–133.

6. Post S, Nawijn MC, Hackett TL, Baranowska M, Gras R, van Oosterhout AJ,
Heijink IH: The composition of house dust mite is critical for
mucosal barrier dysfunction and allergic sensitisation. Thorax 2012,
67:488–495.

7. Sajjan U, Wang Q, Zhao Y, Gruenert DC, Hershenson MB: Rhinovirus
disrupts the barrier function of polarized airway epithelial cells. Am J
Respir Crit Care Med 2008, 178:1271–1281.

http://www.hesiglobal.org/i4a/pages/index.cfm?pageid=3595
http://www.hesiglobal.org/i4a/pages/index.cfm?pageid=3317


van Ree et al. Clinical and Translational Allergy 2014, 4:12 Page 8 of 9
http://www.ctajournal.com/content/4/1/12
8. Glader P, Möller S, Lilja J, Wieslander E, Löfdahl CG, von Wachenfeldt K:
Cigarette smoke extract modulates respiratory defence mechanisms
through effects on T-cells and airway epithelial cells. Respir Med 2006,
100:818–827.

9. Atherton HC, Jones G, Danahay H: IL-13-induced changes in the goblet
cell density of human bronchial epithelial cell cultures: MAP kinase and
Phosphatidylinositol 3-kinase regulation. Am J Physiol Lung Cell Mol Physiol
2003, 285:L730–L739.

10. Holgate ST: Epithelium dysfunction in asthma. J Allergy Clin Immunol 2007,
120:1233–1244.

11. Xiao C, Puddicombe SM, Field S, Haywood J, Broughton-Head V, Puxeddu I,
Haitchi HM, Vernon-Wilson E, Sammut D, Bedke N, Cremin C, Sones J,
Djukanović R, Howarth PH, Collins JE, Holgate ST, Monk P, Davies DE: Defective
epithelial barrier function in asthma. J Allergy Clin Immunol 2011, 128:549–556.

12. Wark PA, Johnston SL, Bucchieri F, Powell R, Puddicombe S, Laza-Stanca V,
Holgate ST, Davies DE: Asthmatic bronchial epithelial cells have a
deficient innate immune response to infection with rhinovirus. J Exp Med
2005, 201:937–947.

13. Takano K, Kojima T, Go M, Murata M, Ichimiya S, Himi T, Sawada N: HLA-DR-
and CD11c-positive dendritic cells penetrate beyond well-developed
epithelial tight junctions in human nasal mucosa of allergic rhinitis.
J Histochem Cytochem 2005, 53:611–619.

14. Hammad H, Chieppa M, Perros F, Willart MA, Germain RN, Lambrecht BN:
House dust mite allergen induces asthma via Toll-like receptor 4 triggering
of airway structural cells. Nat Med 2009, 15:410–416.

15. Swindle EJ, Davies DE: Artificial airways for the study of respiratory
disease. Expert Rev Respir Med 2011, 5:757–765.

16. Tarran R, Button B, Picher M, Paradiso AM, Ribeiro CM, Lazarowski ER, Zhang L,
Collins PL, Pickles RJ, Fredberg JJ, Boucher RC: Normal and cystic fibrosis airway
surface liquid homeostasis: the effects of phasic shear stress and viral
infections. J Biol Chem 2005, 280:35751–35759.

17. van Rijt LS, Jung S, Kleinjan A, Vos N, Willart M, Duez C, Hoogsteden HC,
Lambrecht BN: In vivo depletion of lung CD11c + dendritic cells during
allergen challenge abrogates the characteristic features of asthma. J Exp
Med 2005, 201:981–991.

18. GeurtsvanKessel CH, Willart MA, van Rijt LS, Muskens F, Kool M, Baas C,
Thielemans K, Bennett C, Clausen BE, Hoogsteden HC, Osterhaus AD,
Rimmelzwaan GF, Lambrecht BN: Clearance of influenza virus from the
lung depends on migratory langerin + CD11b- but not plasmacytoid
dendritic cells. J Exp Med 2008, 205:1621–1634.

19. Lambrecht BN, Hammad H: Lung dendritic cells in respiratory viral
infection and asthma: from protection to immunopathology. Annu Rev
Immunol 2012, 30:243–270.

20. Liu K, Victora GD, Schwickert TA, Guermonprez P, Meredith MM, Yao K,
Chu FF, Randolph GJ, Rudensky AY, Nussenzweig M: In vivo analysis of
dendritic cell development and homeostasis. Science 2009, 324:392–397.

21. Bachem A, Hartung E, Güttler S, Mora A, Zhou X, Hegemann A, Plantinga M,
Mazzini E, Stoitzner P, Gurka S, Henn V, Mages HW, Kroczek RA: Expression
of XCR1 characterizes the Batf3-dependent lineage of dendritic cells
capable of antigen cross-presentation. Front Immunol 2012, 18:214.

22. Haniffa M, Shin A, Bigley V, McGovern N, Teo P, See P, Wasan PS, Wang XN,
Malinarich F, Malleret B, Larbi A, Tan P, Zhao H, Poidinger M, Pagan S,
Cookson S, Dickinson R, Dimmick I, Jarrett RF, Renia L, Tam J, Song C,
Connolly J, Chan JK, Gehring A, Bertoletti A, Collin M, Ginhoux F: Human
tissues contain CD141hi cross-presenting dendritic cells with functional
homology to mouse CD103+ nonlymphoid dendritic cells. Immunity
2012, 37:60–73.

23. Leon B, Lopez-Bravo M, Ardavin C: Monocyte-derived dendritic cells
formed at the infection site control the induction of protective T helper
1 responses against Leishmania. Immunity 2007, 26:519–531.

24. Hammad H, Plantinga M, Deswarte K, Pouliot P, Willart MA, Kool M,
Muskens F, Lambrecht BN: Inflammatory dendritic cells–not basophils–are
necessary and sufficient for induction of Th2 immunity to inhaled house
dust mite allergen. J Exp Med 2010, 207:2097–2111.

25. Willart MA, Deswarte K, Pouliot P, Braun H, Beyaert R, Lambrecht BN,
Hammad H: Interleukin-1α controls allergic sensitization to inhaled house
dust mite via the epithelial release of GM-CSF and IL-33. J Exp Med 2012,
209:1505–1517.

26. Plantinga M, Guilliams M, Vanheerswynghels M, Deswarte K, Branco-Madeira F,
Toussaint W, Vanhoutte L, Neyt K, Killeen N, Malissen B, Hammad H,
Lambrecht BN: Conventional and monocyte-derived CD11b(+) dendritic
cells initiate and maintain T helper 2 cell-mediated immunity to house dust
mite allergen. Immunity 2013, 38:322–335.

27. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL: Two types of
murine helper T cell clones. I. Definition according to profiles of lymphokine
activities and secreted proteins. J Immunol 1986, 136:2348–2357.

28. Kelso A: Th1 and Th2 subsets: paradigms lost? Immunol Today 1995,
16:374–379.

29. Asseman C, Mauze S, Leach MW, Coffman RL, Powrie F: An essential role
for interleukin 10 in the function of regulatory T cells that inhibit
intestinal inflammation. J Exp Med 1999, 190:995–1004.

30. Steinman L: A brief history of T(H)17, the first major revision in the
T(H)1/T(H)2 hypothesis of T cell-mediated tissue damage. Nat Med 2007,
13:139–145.

31. Murphy KM, Stockinger B: Effector T cell plasticity: flexibility in the face of
changing circumstances. Nat Immunol 2010, 11:674–680.

32. Mjosberg J, Spits H: Type 2 innate lymphoid cells-new members of the
"type 2 franchise" that mediate allergic airway inflammation. Eur J
Immunol 2012, 42:1093–1096.

33. Blom L, Poulsen BC, Jensen BM, Hansen A, Poulsen LK: IL-33 induces IL-9
production in human CD4+ T cells and basophils. PLoS One 2011, 6:e21695.

34. Blom L, Poulsen LK: IL-1 family members IL-18 and IL-33 upregulate the
inflammatory potential of differentiated human Th1 and Th2 cultures.
J Immunol 2012, 189:4331–4337.

35. Allakhverdi Z, Comeau MR, Jessup HK, Yoon BR, Brewer A, Chartier S,
Paquette N, Ziegler SF, Sarfati M, Delespesse G: Thymic stromal
lymphopoietin is released by human epithelial cells in response to
microbes, trauma, or inflammation and potently activates mast cells.
J Exp Med 2007, 204:253–258.

36. Paul WE, Zhu J: How are TH2-type immune responses initiated and
amplified? Nat Rev Immunol 2010, 10:225–235.

37. Tangye SG, Ma CS, Brink R, Deenick EK: The good, the bad and the ugly - TFH
cells in human health and disease. Nat Rev Immunol 2013, 13:412–426.

38. Cosman D: A family of ligands for the TNF receptor superfamily. Stem
Cells Dayt 1994, 12:440–455.

39. Bossen C, Ingold K, Tardivel A, Bodmer JL, Gaide O, Hertig S, Ambrose C,
Tschopp J, Schneider P: Interactions of tumor necrosis factor (TNF) and
TNF receptor family members in the mouse and human. J Biol Chem
2006, 281:13964–13971.

40. Chen L, Flies DB: Molecular mechanisms of T cell co-stimulation and
co-inhibition. Nat Rev Immunol 2013, 13:227–242.

41. Sokol CL, Chu NQ, Yu S, Nish SA, Laufer TM, Medzhitov R: Basophils
function as antigen-presenting cells for an allergen-induced T helper
type 2 response. Nat Immunol 2009, 10:713–720.

42. Yoshimoto T, Yasuda K, Tanaka H, Nakahira M, Imai Y, Fujimori Y, Nakanishi K:
Basophils contribute to T(H)2-IgE responses in vivo via IL-4 production and
presentation of peptide-MHC class II complexes to CD4+ T cells. Nat Immunol
2009, 10:706–712.

43. Perrigoue JG, Saenz SA, Siracusa MC, Allenspach EJ, Taylor BC, Giacomin PR,
Nair MG, Du Y, Zaph C, van Rooijen N, Comeau MR, Pearce EJ, Laufer TM,
Artis D: MHC class II-dependent basophil-CD4+ T cell interactions promote
T(H)2 cytokine-dependent immunity. Nat Immunol 2009, 10:697–705.

44. Sullivan BM, Liang HE, Bando JK, Wu D, Cheng LE, McKerrow JK, Allen CD,
Locksley RM: Genetic analysis of basophil function in vivo. Nat Immunol
2011, 12:527–535.

45. Poulsen BC, Poulsen LK, Jensen BM: Detection of MHC class II expression
on human basophils is dependent on antibody specificity but
independent of atopic disposition. J Immunol Methods 2012, 381:66–69.

46. Voskamp AL, Prickett SR, Mackay F, Rolland JM, O'Hehir RE: MHC Class II
Expression in Human Basophils: Induction and Lack of Functional
Significance. PLoS One 2013, 8:e81777.

47. Bernink J, Mjosberg J, Spits H: Th1- and Th2-like subsets of innate
lymphoid cells. Immunol Rev 2013, 252:133–138.

48. Walker JA, McKenzie AN: Development and function of group 2 innate
lymphoid cells. Curr Opin Immunol 2013, 25:148–155.

49. Chan SM, Turcanu V, Stephens AC, Fox AT, Grieve AP, Lack G: Cutaneous
lymphocyte antigen and alpha4beta7 T-lymphocyte responses are
associated with peanut allergy and tolerance in children. Allergy 2012,
67:336–342.

50. DeLong JH, Simpson KH, Wambre E, James EA, Robinson D, Kwok WW:
Ara h 1-reactive T cells in individuals with peanut allergy. J Allergy Clin
Immunol 2011, 127:1211–1218.



van Ree et al. Clinical and Translational Allergy 2014, 4:12 Page 9 of 9
http://www.ctajournal.com/content/4/1/12
51. Medina F, Segundo C, Campos-Caro A, González-García I, Brieva JA:
The heterogeneity shown by human plasma cells from tonsil, blood, and
bone marrow reveals graded stages of increasing maturity, but local
profiles of adhesion molecule expression. Blood 2002, 99:2154–2161.

52. Hoyer BF, Mumtaz IM, Yoshida T, Hiepe F, Radbruch A: How to cope with
pathogenic long-lived plasma cells in autoimmune diseases. Ann Rheum
Dis 2008, 67:iii87–iii89.

53. Luger EO, Fokuhl V, Wegmann M, Abram M, Tillack K, Achatz G, Manz RA,
Worm M, Radbruch A, Renz H: Induction of long-lived allergen-specific
plasma cells by mucosal allergen challenge. J Allergy Clin Immunol 2009,
124:819–826. e814.

54. Mohr E, Serre K, Manz RA, Cunningham AF, Khan M, Hardie DL, Bird R,
MacLennan IC: Dendritic cells and monocyte/macrophages that create
the IL-6/APRIL-rich lymph node microenvironments where plasmablasts
mature. J Immunol 2009, 182:2113–2123.

55. Hummelshoj L, Ryder LP, Poulsen LK: The role of the interleukin-10 subfamily
members in immunoglobulin production by human B cells. Scand J Immunol
2006, 64:40–47.

56. Hummelshoj LH, Ryder LP, Poulsen LK: Plasma Cell Differentiation and
Immunoglobulin Secretion Are Induced by Interleukin-4 and AntiCD40
and Differ in Cord Blood and Adult Naïve B-Cells. Allergy Clin Immunol Int
2007, Supplement 2:216–219.

doi:10.1186/2045-7022-4-12
Cite this article as: van Ree et al.: Allergic sensitization: host-immune
factors. Clinical and Translational Allergy 2014 4:12.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	The role of the epithelium in sensitization
	Physical barrier
	Immunological barrier
	Impact of foreign proteins on barrier function
	In vitro model of the epithelial barrier

	Dendritic cells: subtypes and how they are activated
	Role of DCs in T-helper cell polarization
	DC subsets
	Mouse model to study the role of DC subsets

	T-cell subtypes and plasticity: which are relevant in the allergic phenotype?
	T-helper cell subsets: cytokine profiles
	Relevant Th-subsets in allergy
	DC-T cell interaction: the three-signal paradigm
	First induction of a Th2 response
	T-cell subsets: migratory profiles and organ specificity

	B-cell isotype switch and differentiation into IgE-producing plasma cells
	Long-lived plasma cells
	Isotype switching
	In vitro B-cell model

	Discussion
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

