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Allergens are integral constituents of plants or animals and
their normal functions and localization are being characterized.
To trigger responses in humans, allergens must become
bioavailable and the role of air pollutants — for example diesel-
exhaust particles — in this process is causing concern. Finally,
the fact that some pollen releases eicosanoid-like
proinflammatory mediators may have wide implications.
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Introduction
Allergic diseases represent a major health problem of most
modern societies [1−3]. According to the European Allergy
White Paper [1], the overall prevalence of seasonal allergic
rhinitis in Europe is approximately 15%. Current asthma
prevalence rates vary from 2.5%–10.0% and the prevalence
of allergic atopic dermatitis ranges from 9%–24%. Atopic
diseases are still increasing, especially in regions with low
prevalence rates to date — for example in the former East
Germany [4]. The reason, however, remains still to be 
elucidated although a variety of explanations are under 
scientific discussion.

Allergies are among those few diseases in which environ-
mental factors of both natural and anthropogenic origin
have been identified as a cause of disease development, as
well as of elicitation and aggravation of symptoms.
Naturally occurring allergens from indoor and outdoor
environments — that is, house-dust-mite, animal dander
and pollen allergens — are in the very first line of sub-
stances inducing sensitization among young children from
atopic parents [5]. Urban air pollution, especially pollu-
tants due to traffic emissions, exhibits adjuvant activities in
allergen-specific IgE production [6] and has been shown to
increase prevalence rates of both sensitization [7,8•] and
symptoms of allergic rhinitis in atopic children [8•].

It is commonly believed that allergic sensitization starts
when an allergen gets into contact with antigen-presenting
cells at sites of mucosal or skin epithelium. For elicitation
of allergic symptoms and maintenance of the disease, the
repeated contact of an allergen with the individual is the
absolute prerequisite. This contact occurs via the air

through inhalation, via the gastrointestinal tract through
ingestion and also through direct contact on the skin 
surface or percutaneously via injections. Most IgE-inducing
allergens are environmental substances of animal or plant
origin and are proteins or glycoproteins with a molecular
weight >10 kDa [9,10]. These allergens are taken up by
dendritic cells, processed and presented on their surface to
T lymphocytes, which then — via the development of a
Th2-cytokine secretion pattern — induce B cells to secret
IgE antibodies. This process — during which no symptoms
of allergic disease are manifest — is called ‘sensitization’.
Repeated allergen exposure of sensitized individuals leads
then to the elicitation of allergic symptoms of disease such
as wheal-and-flare reactions or eczema in the skin,
rhinoconjunctivitis, sneezing or airway bronchoconstriction.

Some allergens are more potent in inducing IgE formation
than others; the difference in this allergenic potency is, how-
ever, not well understood at a molecular level. Some allergens
have enzyme activity, others do not [9–11,12•]. Allergens from
birch or grass pollen have a rather high allergenic potency,
whereas allergies against pine pollen are extremely rare in
Central Europe, although there is a tremendous amount of
pine pollen in the outdoor air during spring and early summer.

Exposure to inhalant allergens occurs through the air.
Allergens are, however, not freely available but are an 
integral constituent of plants or animals — the allergen
carriers — and have to be bioavailable in order to provoke
an allergy. In the outdoor and indoor environment, allergen
carriers are mainly represented by pollen, mold spores,
dust mites and animal epithelia. The most important 
allergen carriers in the outdoor air is pollen — with a 
diameter between 15 µm and 60 µm — from anemophilic
plants such as trees, grasses and weeds. Pollen counts and
pollen-count forecasts are available in most countries and
document the amount and nature of different pollen
species over the year in the respective areas [13].

During the past ten years knowledge about the molecular
biology of allergens and its implications on the patho-
mechanism of allergic inflammation, as well as on the
development of new therapeutic strategies, has been
greatly advanced. This review covers the increasingly
interdisciplinary information available to date on allergen
localization and release from its carriers and on factors
influencing allergen bioavailability in the development of
IgE-mediated allergic diseases.

Allergens as integral constituents of pollen
The most frequent aeroallergens derive from pollen. Among
them, grass pollen represents the biggest allergen source.
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Since grass pollen is able to evoke IgE-mediated allergic
reactions within seconds after contact with the mucosa,
pollen allergens must be extremely water soluble and readily
available. Allergens are non-self proteins with antigenic
properties and molecular weights of >10 kDa. They are not
only able to elicit an IgE response but also trigger mediator
release from mast cells or basophilic cells through bridging
two cytotropic IgE molecules via FcεRI receptors. This
means that an allergen must possess at least two IgE-reactive
epitopes. In practice, allergens are identified on the basis of
IgE reactivity, which is sufficient for most purposes [14].

Allergen nomenclature follows the rules of the IUIS
(International Union of Immunological Societies) Allergen
Nomenclature Subcommittee ([15]; http://www.allergen.org./
List.htm). Designations are made on the basis of the 
taxonomic names of the genus and species from which the
allergens are derived: the designations comprise the first
three letters of the genus, a space, then the first letter of the
species, another space, then an Arabic numeral according to
priority of discovery and description, unless the allergen is
structurally homologous and immunologically cross-reactive
with previously described allergens from different species, 
in which case an existing numeral is assigned; for example, in
grass pollen, predominantly grass group 1 and group 5 
allergens exist.

The individual allergens in a representative diagnostic
extract of the allergenic source are often classified as being
of major (>50% frequency), intermediate or minor (<10%
frequency) importance on the basis of the frequency with
which they are recognized by patients allergic to the
respective allergenic source material [16].

The specificity of the allergic reaction is strongly correlated
with the chemical structure of the allergens. The easiest way
to elucidate the primary protein structure of allergens is via
recombinant proteins derived using the DNA sequences of
cloned allergens. Table 1 depicts the actual status of identi-
fied and structurally characterized grass pollen allergens.

The development of specificities to allergens depends 
primarily on the individually conditioned immune system of
each patient. The immune system is not able to recognize
the whole structure of macromolecules such as proteins or
glycoproteins but recognizes smaller sections — called
determinants or epitopes — of the molecules. It cannot be
excluded, however, that there is an interdependence of the
three-dimensional presentation of the epitope with the
whole structure of the molecule. A given epitope may
therefore display a different immunological behaviour
depending upon the whole structure of the molecule. In
principle, the immune system reacts with two different
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Table 1

Molecular characterization of the most relevant grass pollen allergens.

Allergen Species Type of grass Protein function Molecular weight Sequence/ Is the recombinant Accession
name of grass (if known) (kDa) structure* protein available? number†

Dac g 1 Dactylis glomerata Orchard grass 32 p No –
Dac g 2 Dactylis glomerata Orchard grass 11 c Yes S45354
Dac g 3 Dactylis glomerata Orchard grass 14 c Yes A60359
Dac g 5 Dactylis glomerata Orchard grass 31 p No –
Hol l 1 Holcus lanatus Velvet grass 34 c Yes Z27084
Hol l 5 Holcus lanatus Velvet grass RNase I 30 c Yes Z97874
Lol p 1 Lolium perenne Rye grass 27 c Yes M57476,

M57474
Lop p 2 Lolium perenne Rye grass 11 c Yes A34291
Lop p 3 Lolium perenne Rye grass 11 c Yes A33422
Lop p 4 Lolium perenne Rye grass ? Yes A60737
Lop p 5a Lolium perenne Rye grass ? ? No –
Lop p 5b Lolium perenne Rye grass 31,35 c Yes S38289,

S38290
Lop p 10 Lolium perenne Rye grass Cytochrome C ? ? No –
Lop p 11 Lolium perenne Rye grass Glycoprotein 18 c No –
Phl p 1 Phleum pratense Timothy grass Protease 35 c Yes X78813
Phl p 2 Phleum pratense Timothy grass 11 c Yes X75925
Phl p 3 Phleum pratense Timothy grass 11 c No –
Phl p 4 Phleum pratense Timothy grass 50 p No –
Phl p 5a Phleum pratense Timothy grass 38 c No X70942
Phl p 5b Phleum pratense Timothy grass RNase 32 c Yes Z27083
Phl p 6 Phleum pratense Timothy grass 14 c Yes Z27082
Phl p 7 Phleum pratense Timothy grass Ca2+-binding allergen 8,6 c Yes O82040
Phl p 12 Phleum pratense Timothy grass Profilin 14 c Yes P35079
Phl p13 Phleum pratense Timothy grass Polygalacturonase 55–60 c Yes AJ238848
Poa p 1 Poa pratensis Kentucky 33 c Yes A60372

blue grass

*For most grass pollen allergens, complete (c) or partial (p) protein sequences/structures are known. †Accession numbers are for sequence
databases such as that of the European Bioinformatics Instititute (EBI; http://www.ebi.ac.uk).



kinds of epitopes: conformational epitopes that are made
up of the (three-dimensional) surface area of a molecule
formed by discontinuous sections of the primary protein
structure; or linear ones that are formed directly by the 
primary protein structure.

Three compartments of the immune system deal with 
epitopes: B cells and their secreted antibodies; T cells via
the TCR; and cells presenting epitopes on molecules of
the MHC. Whereas B cells react to both conformational
and linear epitopes, T cell epitopes are exclusively of a 
linear nature. MHC class I molecules react with 9-mer
peptides via anchor points in position 2 and 9; MHC class
II molecules react with peptides, which are more hetero-
geneous in length, via anchor points in the relative
positions 1, 4, 6 and sometimes 9 [17].

Normally allergens, especially aeroallergens, possess 
conformational epitopes that are rather susceptible to
denaturing influences in that they lose their IgE-reactivity.

The localization and visualization of grass
pollen allergens
Pollen grains are considered as the multicellular male
gametophyte in both angiosperms and gymnosperms.
Upon contact with the receptive surface, the stigma, pollen
germinates by tube development [18]. Of allergological
relevance are the anemophilous pollen from gymnosperms
that is wind-dispersed and transported over wide areas.
Grass pollen, for example, can be transported over about
175 km at an average wind-speed of 10 m/second. They
sediment in motionless air about 3.1 cm/second [18]. One-
tenth of the >250 000 pollen-producing species known 
in the world are wind-dispersed and of allergological 
relevance [13].

Pollen grains are sealed in a double-layered wall. Its outer
layer, the exine, not only displays unique, species-specific
morphological features but also is composed out of a
lipophilic sporopollenin, which is extremely resistant to
exogenous influences. This unique property of the pollen
wall is the basis for the fact that pollen can survive for 
centuries. The softer inner layer, the intine, encloses the
pollen cytoplasm containing all subcellular organelles,
including a vegetative and a generative nucleus as well as
starch granules and polysaccharide (p)-particles (Figure 1).
Pollen exine is interrupted by pores or apertures through
which tube formation is initiated. In addition, small canali-
culi connect the outer pollen surface with its intine.

Since pollen allergens are highly water-soluble proteins
that can be released into a humid milieu within seconds,
their localization in situ requires special fixation and 
dehydration procedures [19•] prior to visualization by 
fluorescence-labeled or immunogold-labeled antibodies in
light and/or electron microscopy. Knox and coworkers were
the first to identify sites that bind anti-allergen monoclonal
antibodies recognizing group 1 and group 5 allergens in

pollen of the rye grass, Lolium perenne [20–25]. Later, Grote
et al. demonstrated, in a series of papers (for references, see
[19•]), antibody-binding sites for various major allergens
from birch and grass pollen (i.e. group 1 allergens, group 5
allergens, Phl p 4, Phl p 6) after anhydrous fixation 
techniques and electron microscopy. Behrendt et al. [26,27]
were able to identify antibody-binding sites in semithin
sections of Phleum pratense pollen for the first time by the
use of strictly anhydrous preparation protocols and the
immunogold-labeling technique as well as by the use of
cryosectioned samples visualized by fluorescence-labeled
monoclonal antibodies against two major allergens, Phl p 1
and Phl p 5 [27].

It was found that in dry, unhumidified pollen, all allergens
investigated so far showed little activity within the cytoplas-
mic matrix, but strong activity within organelles such as
mitochondria, p-particles and starch granules. Group 5 
allergens are predominantly mapped to the amyloblasts
(starch granules) but not to the pollen wall [25,28]. A group 1 
allergen in L. perenne pollen was detected in the cytoplasmic
matrix and in mitochondria, in P. pratense pollen only in the
matrix. Using slightly different but strictly anhydrous fixa-
tion protocols and different monoclonal antibodies, a group-5
allergen in P. pratense pollen, Phl p 5, was shown to be pre-
sent in the cytoplasmic matrix and in the exine, but not in
starch granules [26,27]. Furthermore, Phl p 1 allergen has
been shown by the same authors to mainly occur within the
cytoplasm and in the intine [27] but not on the exine. These
findings are consistent with the identification of Phl p 1 as a
novel expandin-like molecule with cysteine-protease activity
[29], which is physiologically activated during early events of
tube formation. Other grass pollen allergens such as Phl p 4
and Phl p 6 were found to occur at matrix sites and in 
starch granules, and within the p-particles of the cytoplasm, 
respectively [30,31].

Allergen liberation from pollen grains and the
bioavailability of aeroallergens
Allergen liberation from sites within the pollen is a pre-
requisite for its function in sensitized individuals. In a dry
atmosphere, pollen is very stable and can contain their
allergens over centuries [18]. There are at least three
inducers of allergen liberation: first, a high relative air
humidity; second, thunderstorms and heavy rain; and
third, air pollutants. Under humid conditions, allergens are
released from pollen grains in the process that occurs
under the physiological conditions of pollination [26].

This liberation of allergens is pH- and temperature-depen-
dent, with maximal values at 37°C and pH 9.0 for total
protein release from birch, grass and pine pollen and pH 7.4
for liberation of the major allergens Bet v 1 and Phl p 5 [27].
About one-third of the total protein mass released from birch
pollen is Bet v 1, as determined by ELISA. In contrast, only
10% of the total proteins released from grass pollen display
the major allergen Phl p 5 [27]. In an early study [32] the
mechanism of protein release from grass pollen Dactylis 
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glomerata after a two-hour incubation period of pollen with
ammonium carbonate buffer — a method to obtain extracts
of high allergen content — was investigated by conventional
transmission and scanning electron microscopy. In this study,
transmission electron microscope analysis revealed a reduc-
tion of electron density and lamellation of the intine, fusion
of cytoplasmic p-particles and exposure of granular matrices
to the intine (see also Figure 1). In addition, granular 
material appeared outside the exine, just on top of
microchannels — indicating liberation of probably allergenic
material. This was also shown ten years later — by means of
immunogold field emission scanning and transmission elec-
tron microscopy — for hydrated rye-grass pollen [33•].
Additionally, expulsion of cytoplasmic material through the
germination pore gives rise to numerous starch granules and
small roundish bodies in the vicinity, indicating the morpho-
logical in vitro equivalent of thunderstorm situations with
heavy rainfall [33•].

In rare situations — for example during a thunderstorm —
pollen may break by osmotic shock, releasing allergen-
containing starch particles. This finding might explain the
higher frequency of asthma attacks during thunderstorms as
reported in Australia (for references, see [34,35]). Results
from a case/control study performed in six towns in South-
Eastern Australia support the hypothesis that epidemics of
asthma exacerbations are caused by high concentrations of
allergenic particles [36•]. These particles are postulated to be
produced “by an outflow of colder air, associated with the
downdraught from a thunderstorm, sweeping up pollen
grains and particles and then concentrating them in a shallow
band of air at ground level” [36•]. These positive associations
between the frequency of asthma attacks, thunderstorms and
high allergen concentrations seem to be restricted to the

Australian continent. In England, acute asthma epidemics
are not associated with thunderstorms or unusual weather
conditions [37] although thunderstorms have been proposed
to be a risk factor for asthma attacks [38].

Allergen liberation from pollen grains can occur in two 
different compartments: first, on the mucosal surface of the
upper respiratory tract after exposure to pollen; and second,
outside the individual organism in the ambient air itself.
Allergenic activity has indeed been detected by several
groups in air samples and fractions below 1 µm in diameter
[39–44]. The biological relevance of this second allergen-
containing compartment in the outdoor air has been
extensively reviewed by Monn and Koren [45•]. The 
existence of two different allergen-containing compart-
ments in the ambient air — pollen grains themselves as
well as allergenic aerosols — may explain why, unlike in the
indoor environment with house dust mite allergens, the risk
of sensitization against outdoor allergens is not yet 
adequately estimated by simple pollen counts. Methods for
the quantitative evaluation of allergen content in the 
outdoor air are required [7,27,45•].

The influence of air pollutants on allergen
bioavailability and on other allergy-relevant
factors from pollen
By the use of fluidized bed reactors, the influence of both
gaseous and particulate air pollutants upon allergen release
from pollen can be studied in a dose-, time- and humidity-
dependent fashion [26,46]. Exposure of P. pratense pollen
to high concentrations of SO2 induces a significant reduc-
tion of liberation of a major allergen, Phl p 5 [26], thus
leading to the assumption that the bioavailabilty of major
grass pollen allergens might be grossly reduced in regions
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Figure 1

Proposed mechanism of allergen-containing
aerosol production through pollen−particle
interaction. On the left is a schematic of a
pollen grain with a particle attached to it; the
various steps in the generation of allergenic
aerosols are shown on the right.
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polluted with SO2 as compared with non-polluted areas.
This observation might help to explain the well-known
paradoxic finding of low asthma and hay-fever rates in 5–6-
year-old children from areas heavily polluted with SO2 in
the former East Germany in 1991 compared with children
from West Germany [47,48]. When, under the same 
conditions, pollen grains were exposed to NO2 — a major
indoor and outdoor contaminant — no change in allergen
bioavailability was seen [26].

Pollen that had been collected at road-sides that were 
heavily polluted with traffic-related emissions, however,
also showed significantly reduced allergen release in com-
parison with pollen collected in rural meadows [27]. Since
traffic-heavy areas are associated with high prevalence rates
of allergic diseases of the upper airways, the findings might
indicate the continuous release of allergen from pollen and
the binding of free allergen to airborne particles — that is,
diesel-exhaust particles. Binding of highly purified samples
from the natural major grass pollen allergen, Lol p 1, to
diesel-exhaust particles under experimental conditions has
indeed been observed by Knox et al. [49•]. Furthermore, 
airborne particles agglomerate onto pollen surfaces in traffic-
heavy areas but not in park regions that are devoid of high
concentrations of air pollution [50]. Particle agglomeration
onto pollen surfaces is a common feature of pollen that has
been collected in polluted areas (Figure 2).

Today, particulate ambient-air pollutants, especially
diesel-exhaust particles, are of major concern. Airborne
particulate matter in the Western industrialized world is
composed of more than 700 organic substances adsorbed
onto particles whereas the particle core itself consists of
either minerals such as silica, iron, aluminium, magnesium,
sulfur, manganese and lead, or of carbonaceous organic
material. Particle-adsorbed organic substances mainly
belong to the group of polycyclic aromatic hydrocarbons,
phenols or aza-heterocyclic compounds [7]. These sub-
stances have been shown to mediate pollen−particle
interaction [32]. When grass pollen from D. glomerata was
incubated with aqueous extracts of airborne particulate
matter, morphological alterations with characteristics seen

during the activation of pollen under humid conditions are
seen. At the same time these pollen grains release sub-
stantial amounts of proteins in a dose- and time-dependent
manner [26]. Pollen treated with organic extracts of 
atmospheric fine dust, however, displays signs of local
pollen pre-activation [32] but no release.

These findings led to the hypothesis that allergen-
containing aerosols are generated through pollen−particle
interaction in a moist atmosphere (Figure 1). This view is
further supported by scanning electron microscopy: pollen
exposed to extracts of airborne particles is characterized by
the appearance of small polygonal particles on the pollen
surface that are similar to allergen-containing particles
extruded from hydrated pollen [33•]. These particles, much
smaller than 1 µm, belong to the submicronic fraction and
resemble those seen on the surface [32]of pollen collected
in regions highly polluted with combustion products
([7,32,50]; Figure 2). The interaction of pollutants with
pollen in the ambient air induces not only quantitative but
also qualitative changes with regard to pollen morphology,
protein and allergen release, and the generation of 
particulate allergen-containing aerosols [26,27,32,45•].

Pollen grains do not only release protein and allergen
under humid conditions. Recently we reported the 
surprising finding that pollen grains are able to secrete 
significant amounts of eicosanoid-like substances (i.e.
crossreacting with leukotriene-B4 and prostaglandin-E2 in
enzyme immunoassays) in a pH-, time- and temperature-
dependent fashion [51•]. The highest values were found in
birch, grass and mugwort pollen, whereas pine pollen
showed only marginal leukotriene-B4-like secretion. The
release of these proinflammatory substances was signifi-
cantly higher from pollen that had been collected near
roads with heavy traffic, indicating a stronger proinflam-
matory activity of these pollen grains [51•].

These findings, which have to be further studied in detail,
may have wide implications. They open a new dimension
in the understanding of the early events in both allergic
sensitization (‘initiation of sensitization’) and exacerbation
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Figure 2

Scanning electron micrographs of birch pollen
from a rural (left) and an urban (right)
collection site. The latter is reproduced, with
permission, from [7].



of the disease prior to allergen-induced mechanisms. The
allergen carrier — the pollen grain — can contribute by
itself to the activation of the mucosal epithelium of the 
respiratory tract by secreting proinflammatory mediators. It
is especially remarkable that pollen grains from plants with
high allergenicity (e.g. birch, grass and mugwort) produce
significantly higher amounts of these proinflammatory 
substances than pine pollen, which exhibits much less pro-
nounced allergenicity. Thus, the term ‘allergenic potency’
should not only be considered at the molecular level of
allergen structure but also include the characteristics of the
allergen carrier and its ability to enhance sensitization by
directly activating inflammatory cells of the animal. This
process of initiation of sensitization precedes the contact
between allergen and antigen-presenting cell and may be
the very first step in atopic sensitization, which later com-
prises T-cell activation, antibody production, development
of immunological memory and recruitment of cells that
amplify the immune response.

Conclusions
Pollen allergens are integral pollen constituents. They are
primarily localized within the pollen grain in specific 
patterns of distribution and have to be released during a
process of activation in order to become bioavailable.
Allergen liberation does not depend on cell death but is a
temperature-, time- and pH-dependent active mechanism.

Environmental factors — such as humidity, thunderstorms
and air pollutants — have been shown to influence 
allergen liberation in a complex manner. Among gaseous
pollutants, SO2 has a clear-cut inhibitory effect on allergen
release, a phenomenon that may contribute to the well-
known fact of decreased allergy prevalence in regions
highly polluted with SO2. Other gaseous pollutants (e.g.
NO2) have almost no effect.

In highly polluted regions, windborne pollen grains not only
carry allergens, but also interact with pollutants. Both organic
and aqueous extracts from particulate air pollutants have been
shown to activate pollen and induce protein and allergen
release as well as morphological changes on the pollen surface.
This interaction between particles and pollen in the atmos-
phere may lead to pollen pre-activation and agglomeration,
and to modulation of allergen release, generation of allergenic
aerosols and adsorption of pollen proteins to airborne particles.

The finding that, under humid conditions, pollen grains
themselves secrete proinflammatory eicosanoid-like sub-
stances that are able to attract and activate inflammatory
cells opens a new dimension to our understanding of the
early events in allergic sensitization. It may help to 
redefine the term ‘allergenic potency’ of various allergens.

The aspect of allergen bioavailability should be considered
more thoroughly in the future since it seems to be an
important factor in establishing a dose/response relation-
ship for outdoor allergen exposure and disease outcome.
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