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of immune responses. It has been shown that dominant allergens have properties

that could allow them to interact with toll-like and C-type lectin receptors to favour
Th2-biased responses and many bind lipids and glycans that could associate with ligands
to mimic pathogen-associated microbial patterns. In accord with the proposed
allergen-specific innate interactions it has been shown that the immune responses to
different allergens and antigens from the same source are not necessarily coordinately

Introduction

The concepts of the innate immunity provide a frame-
work for understanding how allergens initiate immune
responses and from this the natural events underpin-
ning allergic sensitization and how allergen delivery in
allergen immunotherapy and vaccination might be bet-
ter designed. The cat-and-mouse-game played out by
infectious agents and the innate immune system has
left us with valuable insights into how innate immunity
can be subverted, for example with inactive decoy
receptors, and how innate immunity in turn has coun-
tered with the evolution of diverse families of receptors
and multiple integrated signalling pathways [1-4].
Given the molecular complexity of inhaled particles,
dominant allergens must have attitude to become
important specificities, even if a helping hand is pro-
vided by adjuvant material in the environment or by
the constitution of the host. The interaction of allergens
with the innate immune system and their abundance
are properties that would direct the size and nature of
the responses to individual allergens. Co-exposure with
natural immunological adjuvants such as the Th2-
inducing eicosanoids and nucleosides of pollen [5-8]
might be catalysts for allergic sensitization, but they
are more likely to assist sensitization to all antigens.
Similarly, it has been shown that animals sensitized to
one allergen have an enhanced propensity to become
sensitized to co-presented antigens [9-11], but this

would be expected to proportionally stimulate all
responses. Recent demonstrations that allergens can
interact with the innate immune system in ways that
would be favourable for allergenicity provide a new
platform for investigating allergic sensitization.

The innate immune system evolved to respond to
pathogens by recognizing evolutionarily conserved
microbial structures termed pathogen-associated molec-
ular patterns (PAMPs). Detection of PAMP by antigen
presenting cells occurs by families of pattern recogni-
tion receptors that are very important for dendritic cells
[12]. The most important receptors for exogenous anti-
gens such as allergens are the transmembrane-protein
family of Toll-like receptors (TLRs) and the transmem-
brane-protein family of C-type lectin receptors. There
are two families of cytoplasmic pattern recognition
receptors, the NOD-like receptors and RIG-I-like recep-
tors, and these are very important for viruses and self
antigens. There are nine TLR members that variously
signal via the adaptor proteins MyD88 to activate
nuclear factor kB (NF-kB), and TRIF to activate interferon
regulatory factor (IRF)-responsive genes and induce
type 1 interferons. TLR1, 2, 4, 5, and 6 are primarily
found on the plasma membrane, where they sense sur-
face and secreted molecules of microbes while TLR3, 7,
8, and 9 are found in the endolysosomal compartments,
where they recognize RNA and DNA but TLR4 in partic-
ular to traffics to the endosomes where its signalling
changes to favour type 1 interferon activation via the
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TRIF adaptor [13]. The TLRs here can also be modified
and modulated by the endosomal cysteine proteases
[14]. TLR-4, which binds lipopolysaccharide (LPS) and
TLR-2, which binds lipopeptides, are the most important
for allergen adjuvanticity. The C-type lectin membrane
receptors consist of a diverse group many of which are
preferentially expressed on dendritic cells and macro-
phages where they bind microbial and other glycans as
well as endogenous ligands. The C-type lectins initiate
the endocytosis of antigens as well as activating signal-
ling pathways that modify the responses to TLR.

Dominant allergens

Sensitization to many sources of allergen is preferen-
tially directed to a small number of proteins, the domi-
nant allergens that logically must have preferentially
stimulated the immune system. Over 80% of IgE anti-
body induced by birch and olive pollen is, respectively,
directed to Bet v 1 [15] and Ole e 1 [16] and collec-
tively the group 1 and group 5-like grass pollen aller-
gens bind 80% of the IgE antibody directed to pollen
proteins [17]. A family of proteins that constitute the
Amb a 1 and Amb a 2 proteins bind an average of 500
of anti-ragweed antibodies with values for individuals
varying from 25 to 85% [18]. Recent studies with aller-
gen arrays indicate binding closer to 85% [19]. The
group 1 and 2 allergens of Dermatophagoides spp. typi-
cally account for 50-80% of the IgE binding attributed
to house dust mite [HDM] extracts [20, 21] and Blo t 5,
7 and 21 from Blomia tropicalis, an important mite in
tropical and subtropical regions account for 60% of its
IgE-binding activity [22]. Although to a lesser degree,
the groups 5, 7 and 21 are also important for Dermato-
phagoides spp. [21].

Allergen dominance might not be found for some
sources of allergen or might only be found in certain cir-
cumstances. In the one quantitative comparison reported
for IgE binding to cockroach, Bla g 2 and Bla g 5 on
average bound 50% of the antibodies directed to the
German cockroach allergens, but there was considerable
heterogeneity with some large responses to Bla g 4 [23].
Depletion of Fel d 1 from cat extracts has been shown to
reduce the IgE binding by 50% for most of a small num-
ber of individuals examined [24, 25]. From this and a
study of a serum pool [26] Fel d 1 has been regarded as
dominant but this needs to be reinvestigated taking into
account recent information on the heterogeneity of anti-
Fel d 1 antibodies responses and the antibody titres to
newly defined allergens [27-30]. In particular adults
with cat-induced rhinoconjunctivitis have low IgE ant-
Fel d 1 titres and a high probability that more IgE is
directed to other allergens. Low titres and a broad spread
of IgE binding specificities are features of IgE responses
to dogs [31] and, although the specificities responsible
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for the discrepancy are not known, anti-Mus m1 anti-
bodies account for very little of the IgE antibodies of
half the mouse-allergic subjects [32].

Food allergens can have major allergens such as the
related Ara h 2 and 6 allergens that sensitize most pea-
nut-allergic subjects. They are, however, first processed
by the gut acid and hydrolytic enzymes so molecular
properties of resilience to processing are important and
the altered structures and quantities of allergen pre-
sented to the immune system are not known [33].

Abundance of allergens

The dominant pollen allergens are the most abundant
proteins in their respective pollen grains. Bet v 1 con-
stitutes 12-300% of protein of birch pollen [34, 35], with
Phl p 5 being 10-15% for grass [36], Amb a 1 9% for
ragweed [37] and Ole 1 5-20% for olive [38]. Measure-
ments of the allergen content of air in the pollen season
show exposure to 1-3 ng/m’> of allergen for Bet v 1
[39, 40] 10-15 ng/m> for Phl p 5 [36], 6 ng/m’ for Ole
1 [41], and from the data of Gunawan et al. [42] and
Turkeltaub et al. [43] a representative pollen count
of 400 grains of ragweed pollen/m®> would contain
6 ng/m> of Amb a 1. Sensitization and allergic rhinitis
can, however, be prevalent in regions where pollen
counts only reach levels of 10% of these levels [44] and
taking Ole 1 as an example symptoms develop when
the airborne allergen reaches 0.9 ng/m> [41]. The esti-
mation of inhaled pollen allergen, however, is not that
simple. Pollen counts and airborne allergen roughly
correlate at the peak of the pollination, but high levels
of airborne allergen associate with small particles, [45]
which are found before and after this period. Indeed the
incidence of ragweed asthma peaks in autumn, well
after pollination and only exposure to subpollen parti-
cles can induce bronchial constriction [46]. This is not
surprising given that pollens with diameters of 20—
50 m would deposit in the proximal regions of the
nares. Subpollen particles can not only be inhaled, but
also have enzymes that produce reactive oxygen species
[47] and constituents that enhance mucosal persistence
by binding surfactant [48]. The allergen content of the
subpollen particle thus might be more informative. In
addition, the allergen content of pollen grains is tran-
siently high at the peak of pollination, but outside this
period there is 10-fold less allergen [40] and a greater
proportion of other proteins.

The group 1 allergens constitute 1-3% of the protein
of Dermatophagoides spp. extracts [49, 50] and the
group 2 allergens 0.2—1.2%. The extracts are, however,
made from well-fed, pampered mites that produce large
quantities of excrement accounting for 50% of the
major allergen content [51]. This does not accumulate
and declines rapidly when HDM cultures overgrow [51,
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52] with other proteins becoming more abundant [52].
Also mites living in atmospheres with less than 75%
relative humidity, conditions frequently encountered in
homes in temperate regions, eat and defecate sparingly
[53] so the allergen profile in the environment may be
quite different than that determined for the allergists’
extracts.

The proteome of D. pteronyssinus cultures, deter-
mined without aqueous extraction [54] showed that Der
p 1 and Der p 2 were the 31st and 41st most abundant
proteins with the mid-potency Der p 7 being present in
similar quantity to Der p 2 and the minor allergen Der
p 20 in similar quantities to Der p 1. The non-allergenic
ferritin and occasional allergen Der p 13 [22] were pres-
ent in higher quantity than both along with the minor
tropomyosin allergen. Taking 2 mg protein per gram as
the protein content for house dust [55], estimates show
that Der p 1 would constitute 0.05% of dust protein
[56]. For HDM proteins besides the group 1 and 2 aller-
gens Der p 5 has been reported to be about 0.1 pg per
gram of dust [57] and although not published the
author has found the levels of Der p 13 in dust to be
about the same as those for Der p 1. The major HDM
allergens only become airborne when repositories such
a bedclothes are disturbed and are predominantly found
on non-respirable particles greater than 10 m of
unknown protein content [56, 58]. The aerodynamics of
other HDM proteins is unknown so a greater and more
consistent exposure cannot be excluded.

Comparisons of the dominant allergens of Dermato-
phagoides spp. and B. tropicalis provide a useful com-
parison with allergenicity. In Singapore, where both
species are abundant, Blo t 5, the major allergen of B.
tropicalis, is found at 1 pg per gram of dust [59], which
is 10-fold higher than Der p 5 [57], a less important
allergen of D. pteronyssinus. Measurement from a pool
of dust showed that Blo t 1 was present at 46 ng/mg of
dust protein [60], around 100 ng per gram of dust,
much lower than the microgram quantities found for
Der p 1. Extracts of B. tropicalis had 500 ng of Blo t 5
per mg of protein [60], also 10-50-fold more than Der
p 5. The abundance of the poorly allergenic Blo t 2
would be of interest, but is unreported.

Cat dander and hair extracts contain 300-500 ug/mL
of protein [61] 15-30 pug of which is the major allergen
Fel d 1 and 30-60 pg of which is the less important
albumin, Fel d 2 [62]. Fel d 1 and albumin are found in
similar ratios in saliva [24] with Fel d 1 at 10 pg/mL
constituting about 0.06% of salivary protein [63]. Eight
times more Fel d 1 than albumin can, however, be
washed from the fur [64] indicating that saliva is not
the source of the allergen in the hair. Fel d 1 is famously
abundant in respirable particles in ambient air [56], typ-
ically found in homes with cats at 20 ng/m> [65]. This
exceeds occupational threshold levels reported for pure

allergens: fungal alpha-amylase allergen (8 ng/m®) [66]
and Mus m 1 for mouse 0.14 ng/mL [67]. Data for other
cat allergens are sparse. The von Ebner gland lipocalin
Fel d 7, constitutes 0.21% of the protein of saliva, a
higher quantity than Fel d 1, and 0.023% of the protein
of hair extract [30]. An intriguing concept of allergen
dispersal, however, is indicated by another lipocalin Fel
d 4. It is a kairomone, which is specifically produced to
be inhaled by other animals to convey chemical mes-
sages, in this case, fear of the cat [68].

Mimicry

There is evidence that the group 2 HDM allergens have
enhanced immunogenicity because they mimic their
human homologue, myeloid differentiation factor-2
(MD-2). Both are B-cups where a layer of B-sheet is
folded over like a taco-shell creating a hydrophobic
cavity [69, 70]. The discovery that MD-2 loads LPS onto
TLR-4 to activate inflammatory responses suggested the
possibility of mimicry [71], subsequently demonstrated
by the ability of Der p 2 expressed in MD-2 deficient
human embryonic kidney cells to restore their ability to
produce LPS-induced IL-8 [72] and to enhance the
response in cells replete with MD-2. It was further dem-
onstrated that intranasal administration of recombinant
Der p 2 and LPS sensitized mice for a pulmonary eosin-
ophilic hypersensitivity in a TLR-4-dependent but MD-2
independent manner [72]. Although this demonstrates
the possibility of Der p 2-mediated TLR4 loading,
experiments of others have shown that LPS adminis-
tered with ovalbumin, a serpin with no lipid-binding
function, enhanced sensitization [73]. The circumstances
that would benefit from MD-2 mimicry therefore need
to be better defined and additionally the sensitization
needs to be distinguished from transient sensitization
known to precede tolerance [74].

Human MD2 has four well-defined ligand interac-
tions [75]: 1) the binding of TLR4 by an interface of
basic residues; 2) the tethering of LPS; 3) secondary
binding to LPS to perturbate the structure of MD2 to
create a second TLR-4-binding region; and 4) the
dimerization of the complex. Der f 2 binds LPS with
nanomolar affinity with one to one stoichiometry [76]
and as revealed by nuclear magnetic resonance (NMR)
perturbates the structure around the mouth of the
hydrophobic cavity, consistent with the creation of the
second TLR-4 binding region. The functional residues
of Der f 2 as reckoned and illustrated by Ichikawa et al.
are shown in Fig. 1. The three basic residues that medi-
ate the binding of free MD-2 to TLR-4 are conserved in
Der f 2 with K48, K77 and K82 being equivalent to
K82, R106 and K109 of MD-2. The LPS tethering region
of MD-2 F119, S120 and F121 correspond to Y90, T91
and W92 of Der f 2. They not only have conserved
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Df2.0101 48 KTAKIEIKASLDGLEIDVPGIDTNACH-FVKCPLVKGQQYDIK

-NVPKIAP 99

Ld2.0101 47 AKVTIKVLAKVAGTTIQVPGLETDGCK-FIKCPVKKGEALDFIYSG-TIPAITP 98
Ld2.0102 47 AKVTIKVLTKVAGTTIQVPGLETDGCK-FIKCPVKKGEALDFIVSG-TIPAITP 98
Ld2.0201 47 NKVTIKVLAKVAGTTIQVPGLETDGCK-VLKCPIKKGEALDFNYGM-TIPAITP 98
Gd2.0101 47 ASVGLVLTAIIDGDIAIDIPGLETNACKLMKCPIRKGEHQELIYNIGEIPDATP 100
Gd2.0201 47 TKATIKVLAKVAGTPIQVPGLETDGCK-FVKCPIKKGDPIDFKYTT-TVPAILP 98

Bt2.0101 47 EKLEIKISAIMNNIEVPVPGVDKDGCK-HTTCPLKKGQKYELD
B12.0102 47 EKLEIKISAIMNNIEVPVPGVDKDGCK-HTTCPLKKGQKYELDY

/SL-IIPTILP 98
-IIPTILP 98

B12.0103 47 EKLEIKISAIMNNIEVPVPGVDKDGCK-HTTCPLKKGQKYELDYSL-IIPTILP 98

Tp2.0101 47 CKIEVKVTGQLNGLEVPIPGIETDGCK-VLKCPLKKGTKYTMNYS

-NVPSVVP 98

Sm2.0101 47 PTAVIKISAKVNGVELQVPGIETNGCH-HMKCPLVKGQSYQFKYDL-VIPQILP 98
As2.0101 48 AHVKIQLTASMGGIEIPVPGVGTDGCK-YIKCPLVKGEKKTFPYTY-LVPKILP 99
A02.0101 47 EKVEIKIIAKVNGLEIPVPGVESNGCN-HMKCPVTKGQKYTFNYGI-SIPKLLP 98

KKK Basic amino acids that attach to TLR4

LLIP..IAP

Amino acids perturbed by LPS binding to create second TLR4 binding site

F No TLR4 binding when this aromatic amino acid is mutated to alanine

Amino acids that tether LPS

Fig. 1. Comparison MD-2-like amino acids of group 1 allergens. Alignment is shown with reference to the LPS and TLR4 binding amino acids of
Der f 2 proposed from the analysis of Ichikawa ef al. [76]. Sequence from the group 2 allergens (with variant numbers) are shown for Dermato-
phagoides farinae (Df), Lepidoglyphus destructor (Ld), Blomia tropicalis (Bt), Glycyphagus domesticus (Gd), Tyrophagus putrescence (Tp), Acarus
siro (As), Aleuroglyphus ovatus (brown legged grain mite) (Ao) and Suidasia medanensis (Sm).

structural coordinates but are perturbed by LPS-bind-
ing. The hydrophobic residues that are then perturbed
by the LPS-binding are partially conserved with L58,
L61, 163, P66, 197, A98 and P99 being equivalent to
V82, M85, 187, R90, 1124, K125 and F126 of MD2. Der
f 2 lack the basic residues of MD-2 in this region, but
the preservation is still striking considering that the
proteins only have 21% sequence identity.

The group 2 allergens of Dermatophagoides spp. and
the glycyphagoide (storage-type) mites only have 30%
amino acid sequence identity and the glycyphagiodes
only show 50% identity between species. It would be of
interest to know if the functional residues are conserved
and how this compares to allergenicity. The MD-2-like
residues of the glycyphagoide mites mostly align very
well with those of Der f 2 (Fig. 1). One of hydrophobic
residues that are perturbed by LPS-binding (residue 63)
is not hydrophobic for L. destructor and G. domesticus,
but is for the others species and in any case this inter-
face is not that well conserved between MD-2 and the
allergens. The standout observation, however, is that all
the variants of Blo t 2 lack the key basic TLR-4-binding
residue K77. In addition, an aromatic residue at position
75, shown to be important for TLR-4 binding (Tyr102
of MD-2) [77] was histidine for all Blo t 2 sequences
and valine for Tyr p 2. It is therefore speculated that
low TLR4 binding by Blo t 2 accounts for its low aller-
genicity [22, 78] and for the lack of non-cross-reactive
anti-Tyr p 2 antibodies [79, 80]. The ability of Blo t 2
and Tyr p 2 to interact with TLR-4 therefore might be
very informative along with determining their abun-
dance in the environment. The group 2 allergens of L.
destructor [81] and G. domesticus are known to induce
antibodies so inter-species comparisons can be made.

Infiltrating cysteine protease regulation

Contrary to popular representation protease activity
is not a common property of allergens. Only
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Dermatophagoides spp. have a dominant cysteine prote-
ase allergen and serine proteases even from this source
induce little IgE antibody [21, 22]. Fungal and insect
extracts are rich in proteases [82], but reports of aller-
genicity are equivocal. A vacuolar serine protease
reported to bind IgE from over 50% of Cladosporium
spp.-sensitized subjects in Taiwan [83] only bound IgE
in 15% of sensitized subjects in Europe [84] and simi-
larly although a cockroach serine protease has been
reported [85] as an important allergen in India, the
allergens described in other regions can account for the
known IgE-binding [23, 86].

Recent experiments conducted with papain, a homo-
logue of Der p 1 and a potent occupational allergen,
have nevertheless demonstrated the Th2 adjuvant activ-
ity of a cysteine protease [87-91] and its ability to
stimulate Th2 responses to bystander antigens, indepen-
dently from the immune response to itself [91]. Experi-
ments in which Der p 1 and Der f 1 were injected with
the Th2-inducing alum adjuvant similarly found lower
IgE responses if the proteolytic activity was irreversibly
inactivated [92, 93] although contrarily respiratory
challenge of sensitized mice with activated Der p 1 aug-
mented the Thl-type macrophage over the Th2-type
lung eosinophilia [94]. Many possible adjuvant mecha-
nisms have been proposed based on cysteine proteases’
ability to breach epithelial barriers and to cleave impor-
tant immunological extracellular receptors [95]. Recent
experiments where activated papain was injected into
the tissue have pointed to a not necessarily unrelated
role for basophils [89, 90]. Although these mechanisms
might operate in some circumstances, cysteine proteases
from HDM extracts are inactive [96-98] as would be
expected from their sensitivity to oxidation and the
extracellular fluid into which they are deposited follow-
ing inhalation is patently oxidizing [99]. Chromato-
graphic fractions containing Der p 1 are demonstrably
devoid of proteolytic activity without first adding a
reducing agent [96], as is Der p 1 purified from extracts
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[97], and there is no activity in unfractionated extracts
as shown the inability to cleave Boc-FSR-MCA or the
Boc-LLVY-MCA substrates [98], both of which are
excellent substrates for activated Der p 1 and Der f 1
[100].

Endosomes and lysosomes would be the logical site
for the action of cysteine proteases. Cystine is taken up
by cells, reduced in the cytoplasm by glutathione and
the resulting cysteine is translocated to lysosomes via a
transport mechanism unique to these organelles [99].
Here it activates up to eight resident cysteine proteases
that have critical functions for immune responses [14,
101] that might be mimicked or corrupted by endocyto-
sed cysteine protease antigens. The functions include
the degradation of the invariant chain of the MHC class
II molecules to initiate peptide loading and the modifi-
cation of lysosomal TLR as shown for cathepsin K,
which interestingly cleaves TLR9 to increase MyD88
signalling. The lysosomal cysteine proteases can also
enter the cytosol and help drive the cysteine-protease
caspases of the inflammasomes [102]. Indeed it has
recently been demonstrated that Der p 1 in mite
extracts activated caspase 1 in NLP3-type inflamma-
somes of keratinocytes resulting in the release of IL-1f
and IL-18 [103]. The experiments did not activate the
Der p 1 by reduction so it would be informative to
determine if it acted extracellularly or was internalized
by the endocytic activity of the keratinocytes [104]. The
IL-1B has been shown to preferentially stimulate Th2
and Th17 responses compared to Th1 [105] and IL-18 is
a potent inducer of IL-13 production from both Thl
and Th2 cells [106].

Cysteine proteases produced by Leishmania spp. and
helminthes deviate the host immune responses from
Th1 to non-protective Th2 responses. For example
Leishmania mexicana genetically engineered for
impaired cysteine protease production induce Thl
instead of Th2 responses and less virulent infections
[107]. In what might be informative for allergy, the
cysteine protease from the helminth Fasciola hepatica
acts within the macrophage endosome to cleave TLR-3
leaving TLR-4 intact [108]. This stopped the production
of proinflammatory mediators, especially IL-12, induced
through the TRIF-signalling pathway not only by
removing TLR3 but also by an unknown mechanism,
via TLR4. It is probable that the diminution of type 1
interferons induced by TRIF-signalling is of critical
importance since their signalling functions block Th2
responses via GATA-3 [109] and mediate synergistic
signalling from TLR4 and TLR3 to induce IL-12 [110].
In contrast to the endosomal action the induction of
TSLP from epithelial cells by activated by papain is
TRIF-dependent indicating a different mechanism for
this experimental model [90]. Experiments with revers-
ible oxidatively inactive cysteine protease are indicated.

C-type lectin receptor binding

Microbial carbohydrates, especially from parasites, can
trigger Th2 instead of Thil-type immunity by targeting
C-type lectin receptors of antigen presenting cells such
the mannose receptor, DC-sign and dectin [111, 112]. A
recent study with a HDM extract showed that the
engagement of dectin-2 with unknown ligands induced
Th2-inducing cysteinyl leukotrienes [113], however,
studies of allergen-specific effects have focussed on
DC-sign and the mannose receptors. When these recep-
tors are engaged with glycans, TLR-induced signals are
modified to induce Th2-and reduce Th1 cytokines [111,
112]. This is followed by positive reinforcement where
IL-4 and IL-13 direct the alternate activation pathway
of macrophages, which further increases the expression
of these receptors [114-116]. As well as being induced
by parasite and some other infections, alternatively
activated macrophages are induced during wound heal-
ing [117], by interactions with stem cells [118] and by
IL-33 [119], which is released by tissue damage. Both
macrophages and dendritic cells can undergo this dif-
ferentiation [120]. Many aeroallergens are glycosylated
so engagement of lectin receptors should be expected
to be part of their interaction with the innate immune
system. Very efficient uptake of Der p 1 by the man-
nose receptor [121] has been described and, more
recently, down-regulation of the mannose receptor by
gene silencing technology was shown to inhibit the
uptake of Der p 1, Der p 2, Ara h 1, Bla g 2 and Can f
1 by human cells [122, 123]. Moreover, mannose-recep-
tor-depleted dendritic cells produced more of the
immune regulator indoleamine 2,3-dioxygenase (IDO)
after incubation with LPS and Der p 1, and when used
to stimulate T cells they induced less IL-4 and inter-
feron-y by an IDO-dependent mechanism [122]. These
experiments, plus the demonstration that mannose-
receptor knockout mice injected with Fel d 1 in alum
could not make IgE antibody [123] are intriguing.
Previous investigations, however, have convincingly
shown that blockade of the mannose receptor did not
affect T-cell cytokine responses [124] to the glycosylat-
ed allergens in Japanese cedar pollen extract [125]
and pure non-glycosylated proteins Bet v 1 [35] and
B-lactoglobulin [126] readily induce IgE in mice [127,
128].

Mannose receptors have a broad specificity for carbo-
hydrate ligands [129] so they would have the ability to
affect responses to the important glycosylated aeroaller-
gens Der f 1 [130](and by analogy Der p 1), Fel d 1
[131], Phl p 1[132], Ole 1 [133] and Bla g 2 [134]. In
addition, Bla g 4 is probably glycosylated [85]. Impor-
tant aerollergens that are not glycosylated are Der p 2
[135], Bet v 1 [35], group 5 grass allergens [17, 136]
and Amb a 1 [137]. Natural Der p 2 by mass spectros-
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copy has precisely the molecular weight expected from
its polypeptide chain and this agrees with the lack of
an N-glycosylation and O-glycosylation motifs [135].
The mannose receptor results of Royer et al. for Der p 2
[122] therefore should be questioned, but as discussed
below could be due to associated carbohydrate.

PAMP ligands

Dominant allergens are frequently lipid-binding mole-
cules. The first structures of allergens revealed that
Bet v 1 [138] and Der p 2 and Der f 2 [69, 70] had
hydrophobic cavities. Fel d 1 proved to be a typical
uteroglobin that would be expected to bind lipid
mediators [139] and most of the other important
mammalian allergens are lipid-binding lipocalins
[140]. Bla g 4 from the cockroach binds the lipid
juvenile growth hormone [141]. The group 5 HDM
allergens [142] and by inference the homologous
group 21 form a multimeric cage with a hydrophobic
cavity indicating a lipid-ligand function and the next
most important HDM allergens the group 7 are struc-
turally members of the LPS [143] and odorant bind-
ing protein families [144] that can bind the lipid
polymyxin [143]. Thus, these allergens would be
expected to be complexed with lipid and glycolipid
ligand and be able to engage TLR2 and TLR4 and
through the binding of glycolipids the C-type lectins.
There are also structures for direct carbohydrate
binding. The group 1 grass allergen maize Zea m 1,
consistent with its expansin function, has a family-III
carbohydrate-binding module with the archetypal aro-
matic carbohydrate-binding residues on a concave
surface of a beta sandwich [145]. Such a module
been proposed for Der p 2 [146], however, it does not
have surface exposed aromatic residues and has an
internal hydrophobic pocket [69, 70]. The major rag-
weed, cedar and cypress allergens are from their
structures pectate lyases that bind to complex carbo-
hydrates [147] and interestingly the cedar pectate
lyase [148] has been shown only to have minimal
enzymatic activity indicating a noncatalytic binding
function.

Interactions with pattern receptor signalling

As described, interactions with C-type lectin receptors
and the modification of TLRs by cysteine proteases
could both initiate immune responses and bias them to
the Th2 pathway. The TLR4 activation induced by MD-
2 mimicry would not necessarily lead to a Th2 bias,
however, the activation of TLR4 on non haemopoietic
cells of the lung does lead to Th2 responses [149] and
chronic stimulation of TLR4 can down-regulate Th1 in
favour of Th2 responses [150]. The diverse ligand bind-
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ing activity indicated by the structures of allergens
indicates that a plethora of mimics of pattern associated
molecular patterns might exist showing a need to ascer-
tain the ligands associating with natural allergens.
Allergens can stimulate by more than one pattern rec-
ognition pathway so the interactions need to be under-
stood. The modification of the TLR signalling by C-type
lectin signalling is well known, as introduced above,
and evidence has been presented for the engagement of
both pathways by Der p 2. As shown by the modifica-
tion of TLR4 signalling that followed the cleavage of
TLR3 by parasite cysteine protease [108] there are un-
characterized interactions of signalling from different
TLR. Further still, at least for TLR4, there can be inter-
action between the different signalling from the same
receptor in different compartments, namely the endoso-
mal and cell membranes [13]. The C-type lectin signal-
ling pathways also vary and although they often have
anti-inflammatory properties, their functions, as exem-
plified by DC-sign, are dependent on signalling from
other pattern recognition receptors and on the stimulat-
ing glycan ligand [151], even to the point of enhancing
Th1-type inflammatory responses [151]. The abundant
mannose receptor has a major function in antigen
transport and presentation to T-cell receptors [152],
which can greatly influence responses by this mecha-
nism, for example, by efficient release and feedback
from cytokines from T-cell interacting with antigen pre-
senting cells. Recent experiments with human cell cul-
ture have shown that in contrast to the effect of
mannose receptor, knockdown of DC-sign expression
enhanced Th2 responses to the Der p 1 and Fel d 1
allergens indicating opposite functions [153] at least
under the culture conditions used.

Relevance

The extent to which the proposed innate interactions
(Table 1) occur in the allergic sensitization remains to
be determined, but there is convincing evidence that
the regulation of immune responses to an allergen is
determined by the allergen itself. Information on non-
allergic inhaled proteins that are not antigens of infect-
ing microbes is alarmingly sparse but immune
responses to the non-allergenic HDM ferritin have been
investigated and the results are highly informative.
HDM ferritin induced large T-cell proliferative
responses that were strongly correlated with the size of
the response to Der p 2 [154]. Both Th1 and Th2 cyto-
kines were released, but with a more balanced mix than
that found for responses from allergic subjects to Der p
2 and the responses were similar for HDM allergic and
non-allergic subjects. Importantly, the Th2 cytokine
release induced by Der p 2 was higher than that
induced by ferritin for allergic subjects, but lower than
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Table 1. Proposed innate interactions

Innate interaction

Allergens with
known activity or

structural

characteristics

Mechanism

MD-2 mimicry

Infiltration of
endosomal
cysteine
protease
regulation

Binding C-type
Lectin Receptors

Der p 2 and Der f 2

Der p 1 and Der f 1,
Activity shown by
parasite (Fasciola
hepatica) cysteine
protease

Fel d 1, Der p 1, Der
p 2* Bla g 2, Can
f 1(*Der p 2 must
bind glycan)

Allergens bind TLR4
and LPS to activate
MyD88 and TRIF
inflammatory
pathways

Cleavage of innate
receptors e.g. TLR3
in reducing
(permissive)

environment

Signalling induced by
mannose binding
receptor and dectin
initiated Th2

responses and
promote alternatively
activated antigen
presenting cell

Many allergens show

Allergen ligands Group 5,7,21 HDM

mimicking allergens, Betv 1, Fel structures that bind
pathogen- d 1 andlipocalins Fel lipid and glycans
associated d4,7and8,Canf1, that could mimic
molecular Musm1, Group 1 PAMPS

patterns grass.

that induced by ferritin in non-allergic subjects. Their
responses were therefore not coordinated and the type
of response induced by HDM ferritin, an abundant pro-
tein, was regulated differently to the responses to Der p
2. Similarly, when comparing different allergens, the
chitinase and chitinase-binding Der p 15 and 18 induce
IgE with titres that do not correlate with those to the
major allergens [155, 156] or to the titres to the second
tier allergens Der p 5 and 7 [156], all of which show
excellent correlations with each other. The titres to Der
p 15 and 18, allergens that are not cross-reactive and
only have 29% sequence identity, however, show excel-
lent correlation with each other. They are therefore,
despite only being found in subjects with IgE antibodies
to the major HDM allergens, regulated by a separate
common mechanism, perhaps to due an association
with chitin. The observation made with ferritin and the
chitinase and chitinase-binding proteins therefore show
qualitatively differences that are unlikely to be deter-
mined by source-specific adjuvants such as accompany-
ing microbial products, chitin, inflammatory lipids
[157] or even help from proteases. The paucity of aller-
gic responses to the abundant group 13 allergens also
shows that the milieu during antigen presentation is of

limited importance. Similar results were found from a
comparison of the types of immune responses induced
by different grass pollen allergens [158]. Here the group
1 and 11 allergens induced pure Th2 responses while
the responses to other allergens, which included the
groups 4 and 5, induced a broad mix of Th1, Th2 and
Th17 cytokines. The design of this investigation, which
was a blanket analysis of responses to allergen peptides,
precluded the influence of the properties of the aller-
gens having an effect on in vitro cultures and the pres-
ence of biological impurities.

Investigating why B. tropicalis-exposed people have
low responses to Blo t 2 would be a productive line of
investigation since its ability to mimic MD-2 could be
examined along with its abundance in the environ-
ment. The general lack of responses reported to storage
mite cysteine proteases would also be a very useful
area of investigation especially if their substrate speci-
ficities vary. In addition, if T-cell sensitization to aller-
gens is elicited following interactions with different
innate immune receptors then different allergens would
be expected to have different gene expression profiles.
Such experiments would seem straight forward, for
example using the HDM and pollen allergens described
above. Animal experiments with defined antigens or
exposure to allergen sources that resemble the natural
process might be useful, but the delivery may be diffi-
cult given the inherent difference in the airways and
breathing patterns of rodents [159]. The size of respira-
ble particles and particles that lodge in the nose are,
however, not that different for rats and humans so
some experiments could be done. The aerodynamics of
the airborne Fel d 1-containing particles of the cat is
for example well defined and they are readily available
from their natural source. Models for HDM and pollen
allergy should not unreasonably be expected to show
that they recapitulate the allergen hierarchy and the
qualitative differences in regulation of responses to
different allergens and antigens demonstrated for
humans.

Understanding the interaction of allergens with
innate immunity is fundamental to understanding the
sensitizing process and also the process by which
non-allergic subjects develop resistance. It would be
important to determine if the innate immune system
interactions are control points for the development of
allergy, if environmental and genetic factors impinge
on the interactions and how they differ for different
allergens. For example processes that generate alterna-
tively activated macrophages such as wound healing
would increase Th2 responses to allergens that engage
with C-type lectins and probably not to others. Thus,
the interactions between allergens and innate immunity,
shown in principle to operate, could be game changers
in how people respond to allergens, a contention

© 2012 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 43 : 152-163
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already supported by differences in immune responses
to different allergens and accompanying antigens. The
question of whether or not allergens interact with
innate immunity should more productively be changed

to how they interact.
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