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Abbreviations
AHR Airway hyperresponsiveness
AIT Allergen-specific immunotherapy
Alum Aluminum hydroxide
APC Antigen-presenting cell
AR Allergic rhinitis
BALF Bronchoalveolar lavage fluids
BM Bone marrow-derived
BP Birch pollen
BPE Birch pollen extract
CCL20 Chemokine (C-C motif) ligand 20
DAMP Damage-associated molecular patterns
DC Dendritic cells
β-glucan β-(1,3)-glucan
GP Grass pollen
GPE Grass pollen extract
HDM House dust mites
HMW High molecular weight
IFNγ Interferon-γ
Ig Immunoglobulin
IL Interleukin
ILC2 Type 2 innate lymphoid cells
i.n. Intranasal
i.p. Intraperitoneal
LMW Low molecular weight
LPS Lipopolysaccharide
MD-2 Myeloid differentiation factor-2
MLN Mediastinum lymph nodes
OVA Ovalbumin

S. Grosse-Kathoefer · L. Aglas · F. Ferreira · Dr. L. Pointner (�)
Department of Biosciences and Medical Biology, University
of Salzburg, Hellbrunner Str. 34, 5020 Salzburg, Austria
lisanaomi.pointner@plus.ac.at

PALM Pollen-associated lipid mediator
PAMP Pathogen-associated molecular pattern
r Recombinantly produced
RP Ragweed pollen
RPE Ragweed pollen extract
s.c. Subcutaneous
TGF Transforming growth factor
Th T helper cells
Th2 Type 2 T helper cell
TLR Toll-like receptor
TNFα Tumor necrosis factor-α
wt Wild-type
PPE1 PALM phytoprostane E1

Introduction

Inhalant allergens are the most common triggers of al-
lergy-related respiratory symptoms [1] and represent
a global health problem. Approximately 400 million
people globally suffer from allergic rhinitis (AR) and
about 150million are affected by allergic asthma [2, 3].
Per definition, respiratory allergies to aeroallergens re-
sult in allergic symptoms upon inhalation. Sources of
aeroallergens are not rare; they are ubiquitous in the
environment and are transported by the air. Avoiding
their contact is thus hardly possible. The primary in-
door sources of allergens in central Europe are house
dust mites (HDMs), molds, and animal dander from
domestic cats and dogs [4], whereas for outdoor aller-
genic sources, grass pollen (GP) and birch pollen (BP)
account for the highest sensitization rates, followed
by mugwort and ragweed pollen (RP) [5, 6].

It is still unclear why the human immune system
responds aberrantly to a small portion of normally
harmless environmental proteins from an allergenic
source. Such proteins are called allergens and de-
fined by their property to be recognized by specific
immunoglobulin (Ig)E antibodies (Table 1). IgE-me-
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Table 1 Important terms and their definition
Term Definition

Adjuvant Usually, adjuvants are defined by their ability to induce an
adaptive immune response (e.g., pro-inflammatory cytokines
derived from activated innate immune cells). Herein, with
“adjuvant activity” we refer to the activity of a component
promoting the development of a Th2 polarization and aller-
gen-specific IgE antibody production

Auto-adjuvant Intrinsic activity of an allergen to stimulate the immune
system towards a Th2 response and allergen-specific IgE
antibody production (e.g., protease activity)

Inhalant
allergen/
Aeroallergen

Proteins derived from inhalant allergen sources such as HDM
and pollen with the property to be recognized by specific IgE
antibodies

Initiator aller-
gen

Allergens able to trigger and initiate a sensitization cascade
to other allergens of the same or other sources of allergens

Matrix of an
allergen

Context of an allergen source containing additional non-
allergenic compounds, in which the allergen is delivered

Molecular
spreading

Cascade of immunological events leading to the allergic
sensitization to additional allergens derived from the same or
other sources

HDM House dust mite, IgE Immunoglobulin E, Th2 T helper class type 2 cell

diated allergic diseases are divided into two major
phases: (i) the asymptomatic sensitization phase initi-
ated upon the initial contact with the allergen source,
resulting in a type 2 T helper cell (Th2) polarization
and the production of allergen-specific IgEs in predis-
posed individuals, and (ii) the effector phase, in which
subsequent allergen exposures lead to disease expres-
sion [7] via the release of pro-inflammatory mediators
upon IgE-mediated degranulation of mast cells.

It seems apparent that major allergens must have
unique features to become the specific target of IgEs,
nonetheless, no properties were identified so far that
are unique for allergens. What does then an inhalant
protein require to become an allergen in the first
place?

Non-allergenic components derived from aller-
genic sources that are co-delivered with the allergens
during exposure were demonstrated to be able to
provide an adjuvant activity, thus, shaping the adap-
tive immune response and allergic sensitization [8].
It is therefore imperative to consider the sensitizing
potential of the entire allergen source, when defining
allergens rather than relying only on the concept of
IgE binding.

In this review, we will focus on major inhalant al-
lergens, beginning with (i) the novel insights on al-
lergen recognition, and (ii) the evolution of IgE and
IgG repertoires to inhalant allergens. The discussion
continues with the latest studies assessing (iii) the ca-
pacity of major aeroallergens to stimulate or not the
immune system towards a Th2 response and IgE pro-
duction, termed herein auto-adjuvant activity. Finally,
(iv) in vivo models assessing the auto-adjuvant activ-
ity of the major aeroallergens in respect to their origi-
nal sources, which contain co-delivered non-allergen
compounds, will also be discussed (Fig. 1).

Fig. 1 The initiation of allergic sensitization to inhalant aller-
gens, as characterized by Th2 polarization leading to the pro-
duction of allergen-specific IgEs, relies on the adjuvant activity
of either the allergen (auto-adjuvant activity) and/or bioactive
compounds derived from the allergen source. The clinically
most relevant allergen sources in Europe are dust mites, ani-
mal dander, and pollen. Specific aeroallergens, called “initia-
tor allergens” leading to sensitization during the first decade
of life trigger a sensitization cascade to other allergens of the
same or other sources. This IgE-allergen recognition is es-
sential for expression of allergic symptoms. DC dendritic cell,
Th2 T helper class 2, Ig Immunoglobulin

Novel insights on allergen recognition: allergy
initiation and spreading

The levels of specific serum IgE are sufficient to dis-
tinguish non-atopic individuals, from atopic, asymp-
tomatic and allergic patients [9–11]. In a German
population (n= 104), the evolution of the specificity
of the IgE response was monitored using a multi-
plex microarray covering 35 allergens of 16 clinically
relevant allergen sources in children [12]. During
the first decade of life, aeroallergens represented the
top 10 most prevalent IgE targets, indicating that the
initial IgE responses in this cohort were mostly—if
not exclusively—directed against inhalant allergens.
The IgE prevalence occurred in a sequential order, of
which Phl p 1 and Bet v 1 with 38% were the most
prevalent ones among atopic children, followed by
Fel d 1, Phl p 5 and the HDM allergens Der p 2 and
Der p 1. Since these major allergens were observed
to initiate a sensitization cascade to other allergens of
the same or other sources, by a phenomenon termed
“molecular spreading”, they were termed “initiator
allergens”. The IgE profiles emerged not later than
at the age of 5, remained stable over time and ap-
peared to plateau when reaching 7–10 years [12–14].
By specifically addressing the molecular spreading as
part of the same German Multicenter Allergy Study,
in patients suffering either from GP- or HDM-related
AR, sensitization always started either with Phl p 1
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followed by Phl p 4 and 5, or Der p 1, 2 and 23, re-
spectively, before extending to other Phleum pratense
(Phl p 2> Phl p 6> Phl p 11> Phl p 12> Phl p 7) [14] or
HDM allergens (Der p 5>Der p 7>Der p 4>Der p 21>
Der p 11>Der p 18>Der p 14>Der p 15) [13, 15]. Sen-
sitization to the initiators, e.g., Phl p 1-, Der p 1- or
Der p 23-specific IgE, at age 3–5 years was sufficient
to predict the onset of AR and asthma at school age.

The underlying immunological mechanism of
molecular spreading has not been further elucidated
yet but most likely involves cellular events such as
(i) the collateral Th2 priming, which is the induction
of an antigen-specific Th2 response occurring due
to a preprimed Th2 milieu [16], and (ii) the pump-
priming effect, an IgE-dependent amplification loop
favoring IgE production via secretion of interleukin-
(IL-)4 and IL-13 [17]. Molecular spreading might ex-
plain the high incidences of polysensitization among
allergic patients, estimated to range between 50 and
80% [18, 19]. Of note, the studies mentioned above
describing the phenomenon of molecular spreading,
refer to a birth cohort including only participants born
in Germany in 1990, thus, limiting the translatability
of the results to a global extent [12–14].

As sensitization profiles highly depend on geno-
type and allergen exposure and, accordingly, on the
geographical location of exposed individuals, also
the types of allergens and allergen sources involved
in molecular spreading as well as their order differs
greatly. In China, HDM is the most prevalent source
of inhalant allergens in allergic patients during the
first six years of life (approximately 25%), whereas
cockroach sensitization takes over in patients aged 7
to 10 (>40%) and then remains the highest throughout
lifetime [20]. Sensitization to other allergen sources
such as dog dander and molds invariably stagnated
around 5%. A longitudinal study monitoring the IgE
response in Japanese children born just 10–15 years
after the German cohort (in 2003–2005) revealed that
at the age of 5 sensitizations to airborne allergens
were most prevalent, despite having various types of
allergens such as foods and insect venoms included
in the multiplex screening [21]. The IgE responses
were mostly directed against Japanese cedar Cry j 1,
cat Fel d 1, dog Can f 1, as well as group 1 and 2 HDM
allergens. The prevalence of IgE sensitization to these
inhalant allergens further increased among 9-year-old
individuals, although sensitizations to other allergens
occurred at that age as well, for example, to Bet v 1,
grass and weed pollen allergens. Specific molecular
characteristics defining and making initiator allergens
remain to be addressed, of which abundance and sta-
bility certainly play a contributing factor [22, 23]. If
allergen-specific immunotherapy (AIT) against ini-
tiator allergens in children would prevent molecular
spreading has not been addressed yet.

IgE and IgG repertoire to inhalant allergens

IgE responses towards inhalant allergens are often ac-
companied by an IgG response of the same specificity,
although the evolution of IgG repertoire in general dif-
fers from IgE [12]. The IgG repertoire in individuals is
primarily directed towards animal and vegetable food-
borne molecules in the first decade of life, irrespective
of an individual’s atopic status.

Despite allergen-specific IgG antibodies represent-
ing one of the pillars of AIT efficacy by neutraliz-
ing allergen-binding to IgE, high subclinical levels of
specific IgG4 are not considered to provide protec-
tion against allergy development [11]. This insuffi-
ciency in IgE-blocking raises the question how the
IgG repertoire and binding affinity is modulated in
the course of AIT. The majority of IgE and IgG di-
rected against inhalant allergens are recognizing con-
formational epitopes [24, 25] and mapping thereof is
a time- and labor-consuming endeavor and limited to
complex methods such as computationally mapping,
phage display arrays, inhibition studies, X-ray crystal-
lography or nuclear magnetic resonance spectroscopy
[26, 27].

An elegant indirect method was applied to char-
acterize the IgE, IgG1, and IgG4 epitopes on Bet v 1
in 30 BP allergic patients, by grafting allergen surface
patches onto a bacterial PR-10 homolog with high
structural but low sequence similarity [24]. By using
this low sIgE-binding protein as template for creat-
ing 13 chimeras—together covering the whole surface
of Bet v 1—not only heterogenous patient-specific Ig-
binding patterns were identified, but also binding dif-
ferences between IgE and the IgG subclasses. While
the IgGs were preferentially binding to certain sur-
face patches, e.g., the IgG1 of 93% (28/30) of patients
bound to a Bet v 1 patch containing a glycine-rich re-
gion called the p-loop, the IgEs tended to cover the
whole allergen surface due to their polyclonal charac-
ter. By grafting Bet v 1 surface patches onto the low-
IgE binding PR-10 allergen from celery, Api g 1, the au-
thors described that the IgE, IgG1, and IgG4 repertoire
was hardly altered by AIT [28]. Nevertheless, the pref-
erence of IgG4 to recognize various Bet–Api chimeras
appeared to expand over time. While Bet v 1-spe-
cific IgE levels remained rather constant throughout
the study period, IgG1 and IgG4 increased after 1 or
6–18 months of treatment, respectively. The early in-
crease of Bet v 1-specific IgG1 by BP AIT results in
an IgG1-dominated blocking activity at the beginning
of treatment, which is superseded by the blocking ac-
tivity of IgG4 as AIT progresses [29]. Since also the
blocking antibodies are mostly recognizing conforma-
tional epitopes, the question arises whether hypoaller-
genic fold-variants of major allergens, possessing an
altered surface, are promising AIT vaccine candidates
or would rather fail in inducing treatment efficacy to
a similar extent as the wild-type (wt) molecules [30].
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Table 2 In vivo reported auto-adjuvant activity of major inhalant allergens
Source Allergen Protein family Size (kDa) Reference

Der p 1 Papain-like cysteine protease 25 [44]European house dust mite (Dermatophagoides
pteronyssinus) Der p 2a Group 2 mite allergen 15 [45]

Amb a 1 Pectate lyase 38 [49]Short ragweed (Ambrosia artemisiifolia)

Amb a 11b Papain-like cysteine protease 28 [50]

Timothy grass (Phleum pratense) Phl p 5 Group 5 grass pollen allergens 32 [53]

Information about the protein family and size (molecular weight assessed via SDS-PAGE) were extracted from Allergen.com
kDa kilodalton
aAuto-adjuvant activity only in presence of LPS by mimicking the TLR4 co-receptor MD-2
bAuto-adjuvant activity only shown in immunization model with additional adjuvant

The aeroallergen’s intrinsic auto-adjuvant
features

The abundance, solubility, size, posttranslational
modification, stability, and ligand binding are com-
mon intrinsic characteristics of allergens (Table 2)
and suggested to contribute to their allergenicity [22,
23, 31, 32]. However, the necessity of allergens to rely
on individual intrinsic features to initiate Th2 polar-
ization and allergic sensitization seem rather unlikely
and has so far not sufficiently been studied.

To this end, the inherent adjuvant features, which
empower a protein with its full allergenic potential
should be addressed and investigated [33, 34]. This
so-called auto-adjuvant activity of an allergen is de-
fined by its ability to induce a predominant Th2 po-
larization, thus, promoting the initiation of allergic
sensitization with the production of allergen-specific
IgEs independently of additional immune modulating
factors [35, 36].

Among the reported features enabling allergens to
stimulate the immune system, the most described
include the activation of various pattern recognition
receptors, such as protease-activated receptors and
toll-like receptors (TLRs) [37, 38] expressed on innate
immune cells and antigen-presenting cells (APCs).
Via their enzymatic or proteolytic activity, allergens
can damage epithelial tight-junctions, thus, facili-
tating allergen entry and the induction of damage
signals, so-called damage-associated molecular pat-
terns (DAMPs) that shape the consequent immune
response [39–41]. The frequently described ability
of allergens to bind small bioactive molecules, espe-
cially lipids from microbial or of intrinsic origin, is an
important asset for the initiation of allergic immune
responses [32, 42]. Nevertheless, the auto-adjuvant
activity was only demonstrated for a few inhalant al-
lergens resulting in in vivo allergic sensitization with
allergen-specific IgE production.

House dust mite allergens

Just a few studies demonstrated a direct involvement
of major allergens such as Der p 1 and Der p 2, in al-
lergic sensitization, without additional adjuvant. The
role of the proteolytic activity of Der p 1 is well stud-

ied [43]. More recently, in an intraperitoneal (i.p.)
in vivo model the inhibition of Der p 1 in HDM ex-
tracts elicited a reduced eosinophil and neutrophil in-
filtration into bronchoalveolar lavage fluids (BALF) as
well as decreased allergen-specific serum IgE and IgG1
compared to mice sensitized with extract in which
Der p 1 was not inhibited [44]. This demonstrates the
direct role of Der p 1 protease activity in the develop-
ment of allergic airway inflammation. The structural
homology to myeloid differentiation factor-2 (MD-2),
the coreceptor of TLR4, enables the major allergen
Der p 2 to bind lipopolysaccharides (LPS) and, thus,
to induce TLR4 signaling. MD-2-deficient mice devel-
oped allergic asthma when sensitized and challenged
with recombinantly produced (r)Der p 2 in the pres-
ence of LPS [45, 46]. However, since LPS is needed for
these adjuvant activities of Der p 2, the whole con-
text in which the allergens are delivered is necessary
for sensitization to HDM allergens remains unclear.
HDM extracts, prepared from whole mites, mite bod-
ies or feces, are naturally contaminated not only with
LPS but also with a large variety of microbial and fun-
gal immunostimulatory substances [47]. Such con-
taminants in the extract are potential confounders in
studies investigating the direct interactions of major
allergens with the innate immune system [48].

Pollen allergens

Ragweed pollen allergens
The sensitizing potential of the major RP allergen
Amb a 1 was reported in an in vivo sensitization
model in which the purified isoform Amb a 1.01 in-
duced a faster and stronger IgG1, IgG2a, and IgE
response than the isoforms 1.02 and 1.03, also in
the absence of aluminum hydroxide (alum) [49].
Another major RP allergen is the cysteine protease
Amb a 11, accounting for sensitization rates of up
to 69% among RP allergic patients [50]. The aller-
genicity of Amb a 11 was investigated in a murine i.p.
sensitization model. Mice sensitized with rAmb a 11
adsorbed to alum displayed a strong Th2 allergic air-
way inflammation upon challenge with RP extract
(RPE), including increased airway hyperresponsive-
ness (AHR), eosinophil and ILC2 infiltrates in BALF,
as well as elevated Amb a 11-specific serum IgE and
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IgG1. The involvement of the protease activity in the
induction of airway inflammation and production of
specific IgE was assessed by irreversibly inhibiting the
enzyme prior to treatment. Immunization without
additional adjuvant was not performed but would
support the assessment of the auto-adjuvant activity
of Amb a 11.

Grass pollen allergens
Although Phl p 1 is a major and initiator allergen of
timothy grass (Phleumpratense) pollen, its proteolytic
activity in natural and recombinant form is controver-
sial in the literature. The enzymatic activity and addi-
tional functional characteristics of Phl p 1 was mainly
investigated regarding its capacity to activate air-
way epithelial cells [51]. Phl p 1 purified from GP was
tested for its contributing features to the development
of allergic immune responses. Therefore, a detailed
mRNA and protein analysis of stimulated human air-
way epithelial cells via the microarray approach was
performed to compare the feature of Phl p 1 to the
respective grass pollen extract (GPE) [52]. The find-
ings showed that Phl p 1 can activate airway epithelial
cells by modulating the expression of allergy-asso-
ciated pro-inflammatory cytokines, such as IL-1A,
IL-6, IL-8 and transforming growth factor (TGF)-β on
mRNA and protein levels [51]. It should be noted that
contamination by small immunomodulatory com-
pounds in the natural Phl p 1 preparation used in this
study cannot be ruled out. Thus, it remains unclear
whether this activity is determinant for the capacity of
Phl p 1 to induce Th2 polarization and IgE production
by itself or relies on the contribution of other pollen
matrix-derived factors.

More recently, we assessed the auto-adjuvant func-
tion of the major GP allergen Phl p 5 [53]. rPhl p 5,
without any added adjuvant, induced an allergen-spe-
cific IgE response in a 44-days-long intradermal (i.d.)
sensitization model accompanied by increased IL-4
secretion in restimulated splenocytes from rPhl p 5-
sensitized mice compared to naïve mice. The intrinsic
features and mechanisms underlying the auto-adju-
vant activity of Phl p 5 should be further investigated.

The adjuvant activity of the matrix

Although inherent adjuvant features of allergens can
favor the allergen’s entry and endow it with immunos-
timulatory properties, there is no clear evidence for
a consistent determinant of allergenicity. It therefore
remains questionable to what extent most aeroaller-
gens elicit an aberrant Th2 and IgE immune response
on their own. Growing evidence challenges the al-
lergen-centered view by presenting a novel concept
taking into consideration the adjuvanticity of the al-
lergenic source context.

According to this alternative allergenicity concept,
allergens represent only a small portion of much
more complex biologic sources carried by airborne

particles [54], harboring a myriad of diverse bioactive
molecules delivered alongside the allergens during ex-
posure. Certain non-allergenic bioactive compounds
derived from airborne allergen sources are well-de-
scribed for their adjuvant properties and promoting
Th2 polarization, allergic sensitization, and airway
inflammation [34, 40].

House dust mite matrix

The possible contribution of co-delivered bioactive
compounds in HDM extracts to the onset and pro-
gression of the allergic disease is still largely unknown.
In this regard, the natural polysaccharide chitin, part
of the mite’s exoskeleton and a well-known pathogen-
associated molecular pattern (PAMP), was shown to
stimulate TLR2 on murine peritoneal macrophages in
vitro resulting in the production of IL-17 [55]. In vitro,
chitin enhances IL-4 and IL-13 production in restim-
ulated splenocytes of mice treated intranasally with
ovalbumin (OVA) supplemented with chitin in com-
parison to OVA alone. In vivo, IL-5 and IL-13 levels
in BALF were elevated upon treatment with chitin-
spiked OVA in comparison to OVA only [56], which is
in accordance with another study, where OVA chal-
lenge in mice sensitized with OVA plus chitin caused
an eosinophil-rich pulmonary inflammatory response
and IL-4, IL-5, and IL-13 production in the BALF [57].
Interestingly, IL-33 is required for inducing OVA-in-
duced airway eosinophilia in the presence of chitin,
while IL-25 and TSLP are not, as observed by a signif-
icant decrease in the number of eosinophils in BALFs
and the production of IL-13, but not IL-4, in OVA-
stimulated splenocytes from mice lacking IL-33 [56].
In mice, intranasal (i.n.) sensitization to HDM result-
ing in airway inflammation occurred also in an IL-
33-dependent manner, suggesting a link between the
potential adjuvant effect of chitin and the sensitizing
potential of HDM [58]. Until now, there is no clear ev-
idence that the auto-adjuvant activity of major HDM
allergens such as Der p 1 is dependent of IL-33, even
though Der p 1 was shown to regulate cytokine activ-
ity of IL-33 through cleavage of its sensor domain [59].
Using papain for sensitization with the same protease
activity as Der p 1, papain-specific IgE and IgG1 in
the serum and eosinophil number in the BALF was
dramatically reduced in IL-33-deficient mice in com-
parison to wt mice, but studies investigating Der p 1
in this context are missing [60]. These results indicate
that chitin can act as an adjuvant modulating allergic
immune responses. However, to investigate the role of
chitin in the sensitization process to HDM allergens,
additional studies are needed, in which, for example,
chitin is depleted or neutralized in HDM extracts prior
to sensitization in appropriate mouse models.
β -(1,3)-glucan (β-glucan) is another PAMP, mainly

found in the cell wall of fungi, but also of bacte-
ria, plants, and in fecal pellets of HDM, that has
been associated with allergic respiratory inflamma-

K What inhalant allergens can do and not do?—The cooperation of allergens and their source in Th2. . .



review

tory responses. Although β-glucan can interact with
dectin-1, a C-type lectin receptor resulting in differ-
ent immunostimulatory properties, its contribution
in the development of allergic diseases remains un-
clear [61]. In vitro, the induction of chemokine (C-C
motif) ligand 20 (CCL20), crucial for the recruitment
of immature dendritic cells (DCs) to the lung in aller-
gic airway inflammation, is dependent on dectin-1,
since dectin-1 inhibition in epithelial cells and degra-
dation of β-glucan via β-glucanase in HDM extracts
resulted in a decreased level of CCL20 in culture su-
pernatants of human epithelial cells. Interestingly,
this effect was HDM-specific, since neither expo-
sure to RPE, cockroach extract nor OVA to epithelial
cells resulted in increased CCL20 levels [61]. In vivo,
HDM-induced airway inflammation was reduced in
dectin-1-deficient mice in comparison to wt mice
[62]. Dectin-1 expressed on CD11b+ DCs was impor-
tant for their migration into the mediastinum lymph
nodes (MLNs), as the expression of chemokine re-
ceptors, including CCR7, was decreased in dectin-
1-deficient DCs resulting in an increase in CD11b+
DCs in MLNs compared to wt mice. This was shown
by DC migration assays with cells isolated from the
lung and MLNs from mice treated with labeled HDM
extracts. The adjuvant activity exhibited by highly
purified β-glucan from Saccharomyces cereviseae was
shown in vivo, as eosinophilic and Th2 responses
(higher levels of IL-4, IL-5, IL-13, and IL-17) were

Table 3 Bioactive compounds derived from the allergen sources reported to display immunostimulatory and/or adjuvant
activities in the context of allergic sensitization
Source Extrinsic compound/co-deliv-

ered bioactive molecule
Classification Reported activity (interactions with the immune system or

adjuvant function)
Reference

Adjuvant effect in several mouse models using OVA for
immunization

Chitin Polysaccharide

Increased Th2-dominated inflammation

[48, 56, 57]European house dust
mite (Dermatophagoides
pteronyssinus)

β-(1,3)-glucan Polysaccharide DC migration during allergic responses [61–63]

TLR4 agonist Lipid DC activation [66]Birch pollen (Betula
pendula) IL-4Rα agonist HMW protein of aqueous

pollen extract
Binding to human IL-4Rα [67]

Mugwort pollen
(Artemisia vulgaris)

LPS Gram-negative bacteria-
derived endotoxin

Presence of LPS essential for allergic sensitization and
lung inflammation in mice

[80]

Attraction and activation of human eosinophils and neu-
trophils in vitro

Downregulation of Th1-associated cytokines (IL-12)

IL-6 release, murine mast cell chemotaxis and enhanced
IgE-dependent degranulation

PALM (e.g., E1 phytoprostane) Lipids

Enhanced IgE production

[22, 74, 77]

Inhibition of IL-12p70 production by DCs

Adenosine-mediated priming of Tregs by DCs derived from
non-atopic donors treated with BPE

Human neutrophil and eosinophil migration towards RPE-
stimulated supernatants of bronchial epithelial cells

Adenosine Metabolite

Adenosine aggravated allergic lung inflammation in vivo

[68, 70]

Induction of expression of Th2-associated notch ligands on
immature monocyte-derived DCs

Birch pollen, short rag-
weed pollen (Ambrosia
artemisiifolia), Timothy
grass pollen (Phleum
pratense)

LMW (below 3kDa) fraction of
aqueous pollen extract

n. d.

Enhancement of IgE production

[73, 74]

TLR4 Toll-like receptor 4, IL-4Rα interleukin 4 receptor, HMW High molecular weight, kDa kilodalton, LPS Lipopolysaccharide, PALM pollen-associated lipid
mediator, LMW low molecular weight, n.d. not determined

exacerbated in BALFs collected from C57 BL/6 mice
intratracheally sensitized with HDM extract as well
as β-glucan in comparison to mice sensitized with
HDM alone [63]. Similar results were obtained when
sensitizing the mice to HDM solely through the air-
ways or inhibiting dectin-1 with a dectin-1-blocking
antibody in combination with HDM extract, which
was associated with a decreased IL-33 production
by epithelial cells and a reduction in IL-13+ ILC2
cells in BALFs after HDM exposure [64]. Remarkably,
instead of β-glucan as the ligand of dectin-1, they
identified Der p 10, a mite tropomyosin as a ligand
via affinity purification followed by mass spectrom-
etry analysis using HDM extracts and a recombi-
nant extracellular domain human fusion dectin-1-
Fc. Coimmunoprecipitation of dectin-1-Fc with other
allergenic sources such as alder, peanut and shrimp
showed that dectin-1 specifically binds to invertebrate
tropomyosin from shrimp and mites, but not to plant-
derived tropomyosin. Moreover, they found a single-
nucleotide polymorphism associated with decreased
dectin-1 expression in patients suffering from asthma
or chronic rhinosinusitis.

Pollen matrix

Several immunostimulatory properties of specific
pollen-derived compounds, such as lipids and other
small molecules and their contribution to innate im-
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mune activation, Th2 polarization, and allergic airway
inflammation have been described (Table 3; [32, 34]).

Birch pollen matrix
A typical example in which specific pollen-derived
compounds were shown to be essential for Th2 po-
larization and allergic airway inflammation is BP and
its major allergen, Bet v 1. Although it accounts for
approximately 95% of the sensitization rate in BP-
sensitized individuals, in vivo findings performed in
IL-4 reporter mice showed the inability of rBet v 1
to induce Th2 polarization after i.d. immunization
without adjuvant [65]. In contrast, an aqueous birch
pollen extract (BPE) efficiently increased the percent-
age of IL-4+CD4+ cells in the inguinal skin-draining
lymph nodes even when Bet v 1 was depleted from
the extract. These data clearly supported the notion
that compounds within the pollen matrix can em-
power Bet v 1 with its full Th2-polarizing capacity.
In vitro, activation of murine bone marrow-derived
(BM)DCs and human monocyte-derived DCs by BPE
was demonstrated to be TLR4-dependent. The iden-
tification of potential BP-derived ligands was recently
investigated, suggesting the involvement of TLR4 ag-
onist(s) other than the well-known endotoxin LPS, as
lipid- (but not protein-) depleted BPE fraction par-
tially lost the ability to activate BMDC in vitro, eval-
uated by the upregulation of co-stimulatory mark-
ers and cytokine secretion [66]. Our research group
also identified an IL-4Rα ligand of protein nature con-
tained in the high molecular weight (HMW) fraction of
BPE but not of RPE and GPE. The HMW BPE fractions
had an enriched capacity to bind to the recombinant
human IL-4Rα via ELISA compared to the total BPE
and induced IL-4 expression in CD4+ T cells in IL-4
reporter mice to the same extent as BPE. The charac-
terization of the putative IL-4mimic is currently under
investigation [67].

Ragweed pollen matrix
In contrast to the previously mentioned auto-adju-
vant activity of the major short RP allergen Amb a 1
[49], another study showed that Amb a 1 is not able
to reproduce the full sensitization potential of RPE
[68]. In this in vivo allergic airway inflammation
model via i.n. instillation, Amb a 1 was screened
regarding its pro-inflammatory and sensitizing po-
tential, without additional adjuvant, and compared
to a whole RPE. Eleven instillations of RPE elicited
neutrophil, eosinophil, and lymphocyte infiltration
in the BALF, Amb a 1-specific serum IgG1, increased
AHR and Th2-associated cytokine secretion in res-
timulated splenocytes compared to non-sensitized
mice. Mice immunized with Amb a 1 alone or in
combination with a low molecular weight (LMW)
fraction, containing components below 3kDa, previ-
ously suggested to display adjuvant properties [69],
showed significantly less eosinophil and lymphocyte
lung infiltration, and no Amb a 1-specific IgG1 serum.

Locally, mRNA expression levels of IL-4, IL-5, IL-13,
and IL-10, but not of interferon-γ (IFNγ) and tumor
necrosis factor-α (TNFα), were detected in digested
lung tissues of RPE-treated mice, whereas Amb a 1
and Amb a 1 plus LMW fraction did not modulate
these parameters. This study highlights the contri-
bution of yet unknown RP-derived factors beside the
major allergen to induce a full allergic airway inflam-
mation. However, convincing data supporting a pro-
sensitizing function for the RP matrix is still lack-
ing since measurements of allergen-specific IgE were
not performed. The divergent results between the
studies can likely be explained by the immunization
routes, i.n. instillation [68], and subcutaneous (s.c.)
injections [49], which influence the immunogenicity
of Amb a 1, determined by its capacity to induce
specific IgG1 and IgG2a.

Adenosine, a metabolite and immunomodulator
contained in pollen, was shown to have opposing
functions depending on the stage of the allergic dis-
ease development in an i.n. mouse model using
adenosine depleted RPE. Lack of adenosine led to an
enhanced secretion of Th2-associaed cytokines com-
pared to the whole RPE after i.n. instillation of naïve
mice, suggesting a protective effect of the metabolite,
while adenosine rather displayed a pro-inflammatory
effect in the effector phase [70].

Grass pollen matrix
By comparing the effect of a complete timothy GPE to
that of Phl p 1 on airway epithelial cells [51], the al-
lergen induced a lower regulation of cadherin-1 gene,
an important adhesion molecule for epithelial cells,
compared to that induced by the whole extract. This
implies that also for GP additional non-allergenic fac-
tors of the matrix, here proteases, are involved in the
destruction of epithelial barriers, thus facilitating al-
lergen entry.

In the same study demonstrating the auto-adjuvant
capacity of rPhl p 5 in a s.c. in vivo model [53], the
allergen was unable to induce IL-4+CD4+ cells in a 5-
day adjuvant-free i.d. reporter mouse model, whereas
GPE induced strong IL-4 expression in CD4+ lympho-
cytes. These data further highlight the crucial role of
the accompanying components within the allergenic
source in the orchestration of allergic sensitization via
their interaction with immune cells and initiation of
a Th2-biased response.

Eicosanoid-like molecules found in the low molec-
ular weight fractions of aqueous pollen extracts in-
cluding timothy grass, birch, and ragweed pollen,
called pollen-associated lipid mediators (PALMs),
were reported to act as adjuvants by favoring the
polarization of Th2 responses in different ways [71].
PALMs can influence the function of DCs by dictating
the Th1/Th2 balance in vitro via inhibition of LPS-
induced IL-12p70 secretion [72], or by up-regulating
the expression of Th2-associated notch ligands on
the cell surface [73]. The LMW fraction of RPE aug-
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mented the production of IgE antibodies by murine
B cells stimulated in vitro with anti-CD40 and IL-4
to the same extent as total RPE, as well as the PALM
phytoprostane E1 (PPE1) detected in the LMW frac-
tion [74]. Increased IgE production induced by RPE
was therefore suggested to rely on non-allergenic
LMW compounds; however, in the study no ragweed-
specific IgE could be detected. Moreover, PALMs
can attract and activate innate immune cells such
as eosinophils and neutrophils in vitro implying the
involvement of these non-allergenic factors in the
development of the allergic disease [75–77]. Nonethe-
less, studies investigating the role of specific PALMs
in the establishment of allergen-specific Th2 and IgE
responses will be essential to confirm their relevance
in allergen-induced sensitization.

Pollen microbiome

Allergenic sources, including pollen, are naturally
contaminated with microbes. The pollen microbiome
represents an important part of the extrinsic com-
position of allergenic sources and was frequently
considered as an important adjuvant for the initiation
of allergic airway inflammation and sensitization [34].
In this sense, the role of TLR4 signaling and LPS in al-
lergic diseases [78] and the concept of the hygiene hy-
pothesis [79] are largely discussed. In vivo, the capac-
ity of mugwort pollen (Artemisia vulgaris) to induce
allergic sensitization in an i.n. model without added
adjuvant was suggested to rely on the presence of en-
dotoxin in the aqueous extract [80]. The extract with
higher LPS level triggered stronger eosinophil, neu-
trophil, and lymphocytes BALF infiltration, increased
lung hyperresponsiveness upon methacholine chal-
lenge, and increased mugwort pollen-specific IgG1
antibodies compared to mice immunized with PBS or
with low LPS-containing extract.

Concluding remarks

Major inhalant allergens have been the focus of al-
lergy research for decades, which is justified as they
represent the IgE targets resulting in allergic symp-
toms, and important initiators of allergic sensitiza-
tion. This prompted us to dissect whether these aller-
gens possess their own (auto-)adjuvant activity or rely
on the adjuvant role of certain non-allergenic com-
pounds co-delivered with the allergen source. So far,
only a few inhalant allergens (Der p 1, Amb a 1, and
Phl p 5) were described in the context of an auto-
adjuvant activity in vivo. Especially the cooperative
assessment of the Th2-polarzing adjuvant function of
major allergens and their sources is essential. In this
regard, physiologically relevant in vivo models are in-
dispensable to assess the complex molecular and cel-
lular pathways leading to adaptive immune responses.
More research is needed to better understand the syn-
ergy between allergens, their sources, and the im-

mune network that determine the development of al-
lergic diseases: a framework that will certainly help to
further answer the question: “What an inhalant aller-
gen can do and not do?”
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