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Abstract

‘Biotechnology’ has been intuitively used by humans since thousands of years for

the production of foods, beverages, and drugs based on the experience without

any scientific background. However, the golden era of this discipline emerged

only during the second half of the last century. Incredible progresses have been

achieved on all fields starting from the industrialization of the production of

foods to the discovery of antibiotics, the decipherment of the genetic code, and

rational approaches to understand and define the status we now call ‘healthy’.

The extremely complex interactions between genetic background, life style, and

environmental factors influencing our continuously increasing life span have

become more and more evident and steadily generate new questions which are

only partly answered. Here, we try to summarize the contribution of biotechnol-

ogy to our understanding, control, and cure of IgE-mediated allergic diseases. We

are aware that a review of such a vast topic can never cover all aspects of the

progress achieved in the different fields.

Although considered the pandemics of the 21st century (1)

with an increasing impact on healthcare burdens for therapy

and prevention (2–6) and on politics (7–9), allergy is not a

novel disease (10). The first description of the symptomatic

‘Catarrhus aestivus’ (hay fever or hay asthma) termed by

Blackley (11) occurred almost 140 years ago, and the first

description of allergen-specific immunotherapy (ASIT) by

Noon in the reputed journal ‘Lancet’ (12) is more than

100 years old (Table 1). Allergic diseases can be roughly sub-

divided into four groups according to the organs affected:

allergic rhinitis and rhinosinusitis affecting the upper respira-

tory tract (13), allergic asthma affecting the lower respiratory

tract (14), atopic eczema affecting the skin (15), and food

allergy affecting the gut (16). The common hallmark of these

diseases is their association with the production of aller-

gen-specific IgE which, compared with other immunoglobulin

isotypes, is present only in minute amounts in the serum of

sensitized individuals (17). The pivotal discovery of IgE by

Ishizaka et al. (18) more than 40 years ago opened a new era

in medical science: the allergology (Table 1). For a long time,

allergic diseases have not represented a major health problem

as shown by their prevalence among the general population

(Fig. 1). However, since the second half of the last century,

the prevalence of allergic diseases has, for largely unknown

reasons (19–21), dramatically increased. The continuous

improvement of diagnostic tests made possible by improved

biochemical preparation of standardized extracts (22) and the

biotechnological production of recombinant allergens (23, 24)
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might partly explain the increase in sensitization to allergens

around the world (25). However, in spite of the substantial

improvement achieved, not all problems related to the

in vitro and in vivo diagnosis of allergic diseases have been

solved (26, 27). The spectacular progress in genetic engineer-

ing, biochemistry, molecular and cellular biology, and ‘omics’

technologies including proteomics, genomics, and next-gener-

ation sequencing during the past three decades substantially

contributed to an improved understanding of the mechanisms

involved in the development of IgE-mediated diseases. New

concepts such as component-resolved diagnosis and patient-

tailored treatment of allergic diseases (28), microarray-based

diagnosis (29, 30), anti-IgE treatment (31), and novel applica-

tion routes for immunotherapy emerged (32) and entered

clinical trials (33) (Table 1). The aim of this work was to

summarize the contribution of biotechnology to the exciting

progress achieved in understanding mechanisms, diagnosis,

management, and treatment of IgE-mediated diseases experi-

enced over the past few years.

Allergens, allergenicity, and cross-reactive structures

Molecular allergology lagged behind the progress in genetic

engineering and molecular biology for almost two decades

(Table 1) (34). However, with the molecular cloning of the

first allergen in 1988 (35), a spectacular development of this

young scientific discipline started. To date, the most impor-

tant allergens from mites, animal dander, pollens, insects,

fungi, and foods have been cloned and characterized (www.

allergen.org), the allergen nomenclature has been recently

updated (36), and more than 40 three-dimensional allergen

structures are in the Protein Database (www.uniprot.org).

However, the reason why few proteins are allergenic whereas

the majority are not remains unsolved perhaps because all

efforts to understand allergenicity have been focused on

studies of structural features of allergens and B- and T-cell

epitopes (37), largely ignoring external and patient’s intrinsic

factors influencing the deregulated immune response against

allergens that are normally innocuous environmental sub-

stances for healthy individuals. Environmental factors such

as oxidative stress, for example, might provoke unfolding of

protein-inducing responses promoting inflammation (38) and

therefore favouring a switch toward the production of aller-

gen-specific IgE (39). Although the elucidation of the pri-

mary, secondary, and three-dimensional structures of

allergens has not significantly contributed to understand

allergenicity, the accumulated knowledge strongly contrib-

uted to understand the roles played by cross-reactivity

(1, 33, 40, 41), polysensitization (42), and cross-reactive

carbohydrate determinants (43) in allergic diseases. Recombi-

nant allergens producible as perfectly standardized substances

strongly contributed to improve the sensitivity and specificity

for the detection of soluble allergen-specific serum IgE. In this

context, it is important to understand that allergen-specific

serum IgE, necessary for the development of IgE-mediated

Figure 1 Increase in the prevalence of allergic diseases during the past two centuries (*Data obtained from Dr. Th. K€undig, personal

communication).

Table 1 Milestones in the development of molecular allergology

Year Topics Reference

1873 First description of allergy 11

1911 First immunisation against pollens 12

1967 Discovery of IgE 18

1988 First allergen cloned 35

1992 First skin tests with

a recombinant allergen

213

1996 First description of a recombinant

allergen on ImmunoCaps

214

2002 First description of an allergen-microarray 30

2004 First use of a recombinant

allergen for immunotherapy

215
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hypersensitivity reactions, is an excellent marker to diagnose

the atopic status of allergic individuals (44) which, however, is

not necessarily correlated with symptoms (44, 45). In contrast

to complex allergen extracts that are hard to produce in a

standardized form, recombinant allergens can be produced as

perfectly standardized diagnostic and therapeutic preparations

satisfying the increasing safety profiles required for medical

applications in humans.

Component-resolved diagnosis of allergy and allergen

microarrays

Complex natural allergenic sources such as foods, mites, and

fungi contain many species-specific and cross-reactive

allergens. The composition of the extracts depends on many

factors including raw material used for the preparation,

extraction procedure, batch-to-batch variation, protease con-

tent, and storage conditions. These factors strongly influence

the final composition potency and stability of allergen prepa-

rations and, as a consequence thereof, the outcome of diag-

nostic tests. Most allergen preparations derived from fungi,

molds, foods, and some complex pollens are still not yet

available as standardized products. The diagnostic sensitivity

depends basically on two variables: the concentration of the

single allergens of the test preparation that can be influenced

by standardization and the pattern of sensitization of the

subject to single allergens that can vary from individual to

individual. Therefore, it is of paramount importance, espe-

cially in view of a possible therapeutic intervention, to know

the exact sensitization profile of the individual to allow a

patient-tailored, component-resolved treatment. The avail-

ability of highly pure recombinant allergens allows today to

analyze the sensitization profiles of allergic individuals in

detail (46, 47), to reduce the number of allergens required for

a reliable diagnosis (48), to identify the most appropriate

diagnostic markers (49–51), and to distinguish multiple sensi-

tization from cross-reactivity (52–54). Except their use in

novel therapeutic approaches and their contribution to the

elucidation of basic mechanisms involved in the development

of allergy and asthma discussed later, the availability of

purified natural and recombinant allergens further contrib-

uted to the development of fast and sensitive component-

resolved diagnostic procedures based on microarrays (30, 42,

55–57). Although the allergen microarray technology is not

yet fully automated as it is the case for other microarray-

based systems such as DNA microarrays (58, 59), this novel

diagnostic approach will replace older technologies in the

near future.

T- and B-cell epitopes and basophil activation tests

T-cell epitopes play a crucial role in immune responses for

the induction of cytotoxic T-cell responses and in providing

help to B cells for the development of antibody responses.

They represent short linear fragments of protein antigens

processed through the proteasome and bind to the MHC I or

MHC II on antigen-presenting cells. The peptide/MHCs are

recognized by the T-cell receptor and initiate a cascade of

events leading to T-cell activation and differentiation. T-cell

epitopes are easy to define experimentally (60) and to pro-

duce in large quantities under GMP conditions by classical

chemical synthesis (61). It is therefore not astonishing that

defined T-cell epitopes have been largely used in immunology

for basic research and for the development of vaccines (62,

63).

The characterization of B-cell epitopes is much more

complicated because the majority of them represent three-

dimensional structures (37) difficult to define without co-crys-

tallization of antigens and antigen-specific FAB fragments

(64, 65). The identification of B-cell epitopes, however,

strongly contributed to improve our understanding of struc-

tural aspects of allergens (37) and of the pivotal role they

play in the induction of hypersensitivity reactions against

small molecules (66–68) and allergens (68, 69) through cross-

linking of allergen-specific IgE bound to high-affinity FceRI

receptors on effector cells (70).

The development of the basophil activation test (BAT)

allowed investigating IgE-mediated allergies without in vivo

provocations that are associated with a potential risk of

generating systemic allergic reactions (71).

Development of novel vaccines

The development of vaccines is one of the biggest stories of

success in human and veterinary medicine (72). Since Edward

Jenner’s first introduction of a therapeutic approach using a

smallpox virus derived from cow (Latin vacca) in 1796, the

use of vaccines has mainly contributed to the eradication of

infectious diseases. The cow-derived ‘drug’ was called vac-

cine, and the therapy was termed vaccination, which still has

an important impact on the prevention of infectious diseases.

Here, we want to point out the increasing incidence of aller-

gies and the economical impact of a subtype of vaccination,

ASIT, can have. In contrast to vaccination for the prevention

of infectious diseases, ASIT aims at generating an allergen-

specific peripheral tolerance to allergens in established dereg-

ulated immune responses.

A major caveat in the application and development of

novel vaccines to be used for treating allergic patients is the

fact that the agents used for immunization (or desensibiliza-

tion) can evoke severe side-effects (7, 73).

This is due to the fact that patients undergoing ASIT have

by definition specific IgE against the allergen and thus face

hypersensitivity reactions upon re-exposure to the offending

allergen. Therefore, intensive research has been carried out

with the aim to overcome these problems. Investigations

about successful ASIT start with a careful elucidation of the

underlying mechanisms. This description includes the docu-

mentation of clinically observed phenomena such as the

interference of antibodies (71), adverse side-effects (73), the

role of B and T cells, as well as the involvement of APCs

and effector cells during the progress of the therapy (74–78).
Biotechnology strongly contributed to the improvement of

allergy vaccines by chemical modification of natural allergens

(79, 80) and even more by genetic engineering of recombinant

allergens starting from the natural sequences, the generation
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of hypoallergenic variants including isoforms and folding

variants (81–84), and the de novo engineering of vaccines

combining B- or T-cell epitopes (84, 85). Some of these

experimental vaccines have been successfully tested in clinical

trials (86, 87) and demonstrated to have an increased safety

profile and reduced side-effects compared with allergen

extracts.

The large variation in size of naturally occurring antigens

ranging from ~10 nm for viruses to more than 100 000 nm

for fungi and protozoa and the long evolutionary optimiza-

tion of the immune system to deal with these dangers open a

plethora of possibilities for design and biotechnological

production of synthetic vaccines with different properties as

amply documented (28, 33, 72).

The steadily increasing understanding of the interactions

between innate and adaptive immunity, the discovery of pat-

tern recognition receptors such as Toll-like receptors (TLRs),

dectins, and C-type lectin receptors promoted a comeback of

research on adjuvants. In turn, new agonistic or antagonistic

immune potentiators such as monophosphoryl lipid A (88),

or CpGs as TLR agonists (89), attenuated or living microbes

(e.g., Lactobacillus, Lactococcus, Bifidobacterium) (21, 90), or

small molecular compounds such as imidazoquinolines or

1,25-dihydroxyvitamin D3 have been identified and are

currently under intensive investigation.

However, also the usage of modified vaccinia virus Ankara

(MVA) has a long history in safe vaccinations for smallpox,

and MVA has been used as an expression vector to produce

vaccines to fight against other infectious diseases and,

recently, also against cancer (72). Regarding allergies, geneti-

cally modified VA was used to prevent the onset of intestinal

allergy to ovalbumin (OVA) in a murine model of food

allergy by vaccination of the mice with MVA expressing

OVA on the surface. This vaccination induced a strong

OVA-specific Th1 immune response mediated by the induc-

tion of IFN-c, and protective OVA-specific IgG2a antibody

responses, highlighting the potential of older vaccination

concepts and the need for further research of these type of

vaccines in allergy (91, 92).

More complex synthetic multicomponent vaccines are, for

example, virus-like particles (VLP) that represent a way to

mimic a virus infection for the immune system. They repre-

sent self-assembling entities, usually made from a major cap-

sid protein of a virus that can be filled or decorated with

cargo molecules such as nucleic acids, adjuvants, polypep-

tides, or proteins, either by active engineering or chemical

coupling or by simply providing of the agents in the medium

where the assembly is performed (93–95). Although VLP vac-

cines have made it to commercially available vaccines for, for

example, HPV (GardasilTM, CervarixTM) (95), the usage of

VLP in allergology and ASIT remains quite limited to date

(96, 97).

In addition to the main stream developments described

above, many other concepts for the development of allergy

vaccines have been proposed (98), but only a few of them

entered clinical studies.

However, not only the biochemical properties of a vaccine

and the adjuvant used drive the immune response but also

the route of application has a decisive influence on the thera-

peutic outcome as summarized in the next section.

Novel routes of application: SCIT, SLIT, ILIT, and

clinical trials with recombinant allergens

Beyond optimizing the immunological properties of allergy

vaccines produced by biotechnological manipulations, the

convenience of the therapeutic treatment for the patient and

for the treating allergologist is still largely an unmet goal

(99). A successful vaccine should induce long-term and spe-

cific tolerance to the allergen, should be modular (100)

allowing fusion of different allergens (101), and should act

on a short time with a few injections (102). In clinical rou-

tine, the most commonly used form of allergy vaccination is

still the subcutaneous route (SCIT) performed by injection

of increasing amounts of allergen. Although the SCIT for

insect venom and pollen allergy is highly effective in curing

the diseases (103, 104), the number of injections needed to

achieve protection is high (105), local reactions at the side

of injection are frequent, and the risk of anaphylactic and

systemic reactions is low, however, not negligible (106). In

SCIT, the allergen preparation is injected subcutaneously,

but the immunological response is generated in the draining

lymph nodes. Because only <1% of the injected protein

reaches the draining lymph nodes, SCIT requires higher

doses of allergen compared with other routes of application

(107).

Adverse effects, together with the wish to deliver the vac-

cine more directly to the target organs or to the lymph

nodes where the immune response is taking place, stimu-

lated the search for novel routes of application. Sublingual

immunotherapy (SLIT), as a model system to target muco-

sal tissues, was first described in 1986 (108). Numerous

studies have been published since then, proving the efficacy

and safety of SLIT (109–113). SLIT is generally considered

to have an improved safety profile over SCIT, as most

reactions are local and transient and are thus seldom lead-

ing to an interruption of the treatment. The good safety

profile and the convenient route of application for the

patients lead to a very good compliance rate of around

97% for SLIT compared with 75% for SCIT (106). Studies

on the distribution of SLIT vaccines in humans and mice

show that SLIT vaccines bind to the epithelial cells within

the time frame of a few minutes, cross the mucosa in 15–
30 min, and are thereafter captured and processed by anti-

gen-presenting cells (114–116). The complete elucidation of

the uptake mechanisms and targeting of APCs in mucosal

tissues could open new ways to optimize SLIT vaccines by

biotechnology.

One approach to increase the amount of vaccine finally

reaching the side of immunological action, the lymph node,

is the direct injection into subcutaneous lymph nodes. This

concept was first introduced in classical vaccinology (116),

but has been adapted for usage in ASIT in 2001/2005 (117–119).
A direct comparison of different routes of immunization,

SCIT, intraperitoneal, or intralymphatic immunotherapy

(ILIT), showed a 1000-fold less amount of vaccine necessary
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to elicit the same specific antibody titers in mouse (118). ILIT

has also been combined with modular antigen-translocating

vaccines which directly target the MHC class II antigen pre-

sentation pathway (120) and showed excellent results in a

phase I/IIa clinical study after only three injections of low

amounts of vaccine (101). There is of course an increasing

number of clinical trial reports involving many kinds of differ-

ent biotechnologically engineered allergen vaccines (86, 87,

121–124) which, in combination with different routes of appli-

cation, indicate a great therapeutic (104) and economic poten-

tial for the future treatment and prevention of allergic and

asthmatic diseases (125).

Immunological mechanisms underlying allergic

diseases

The advances experienced in biotechnology over the last dec-

ades have significantly contributed to improve the knowledge

of the immunological mechanisms underlying allergic diseases

(76, 126–130). Allergy consists of two well-defined steps: the

sensitization and effector phases (131). The sensitization

phase occurs during the first contact with the allergen and is

characterized by the differentiation and clonal expansion of

allergen-specific CD4+ Th2 cells that produce IL-4 and IL-

13 and contribute to the induction of class switch to the e
immunoglobulin heavy chain in B cells (74, 132). Allergen-

specific IgE antibodies (Abs) bind to the high-affinity FceRI

on the surface of mast cells and basophils, and consequently,

the patient becomes sensitized. The effector phase occurs

after a new encounter with the offending allergen, which

induces the cross-linking of the IgE–FceRI complexes on

sensitized effector cells, and triggers the release of anaphylac-

togenic substances that lead to the clinical symptoms

associated with immediate reactions (133, 134). If the contact

with the allergen persists, late-phase reactions leading to

tissue inflammation and injury might occur. Late-phase

reactions initiate through IgE-mediated presentation of

allergens by DCs and consequent activation of allergen-spe-

cific memory Th2 cells which, in turn, produce high levels of

IL-4, IL-5, IL-9, and IL-13. These cytokines together with

the participation of other cell subsets such as the ILC2 con-

tribute to maintain inflammation, high levels of allergen-spe-

cific IgE Abs, mucus production, eosinophilia, and

contraction of smooth muscle cells, thus leading to the most

severe clinical manifestations of allergy such as chronic per-

sistent asthma, allergic rhinitis, atopic dermatitis, or anaphy-

laxis. Other T-cell subsets such as Th1 and Th17, or the

recently discovered Th9 and Th22, can also contribute to the

development of allergic diseases (124, 134). On the other

hand, the generation and maintenance of allergen-specific

regulatory T (Treg) cells is a key event for healthy immune

responses to allergens (76, 134, 135). Treg cells are a heteroge-

neous population of T cells with suppressive capacity that

can be broadly classified into 2 main groups: the thymus-

derived naturally occurring CD4+ CD25+ forkhead box pro-

tein 3 (FOXP3)+ Treg cells, termed natural Treg cells, and the

inducible Treg cells, which are generated in the periphery after

antigenic stimulation.

The role of the innate immune system in allergic

diseases

Recent findings have also shown that the innate immune sys-

tem plays an important role in the context of allergy (136–
139). Dendritic cells (DCs) with the capacity of linking innate

and adaptive immune responses are essential for the initiation

and maintenance of allergic diseases (139–142). Human circu-

lating DCs can be broadly divided into two different func-

tional groups, myeloid DCs (mDCs) and plasmacytoid DCs

(pDCs) (7, 134). mDCs can be further divided into type 1

mDCs expressing BDCA1 and type 2 mDCs expressing

BDCA3 (142). For a long time, it was believed that only

immature or partially mature DCs under noninflammatory

conditions were able to generate functional Treg cells (143)

and that mature DCs induced specific effector Th cells after

encountering different pathogens in specific environments

(144, 145). However, recent findings indicated that fully

mature DCs, even under inflammatory conditions, are also

able to induce functional Treg cells using a large battery of

soluble molecules (TGF-b, IL-10, IDO, or RALDH), as well

as different costimulatory molecules (ICOS-L, PD-L1, ILT-3,

ILT-4, 4-1BB, CD80, CD86, or MHC II) (146, 147). The

normal response to innocuous allergens should be the genera-

tion of functional Treg cells; however, under certain circum-

stances, DCs can promote the generation of allergen-specific

Th2 responses (148–150). Although the detailed mechanisms

are not fully understood yet, several studies demonstrated

that specific biochemical features of allergenic proteins might

well act as Th2-skewed adjuvants. An axis involving epithe-

lial cell-derived thymic stromal lymphopoietin (TSLP) and

OX40-L expression on DCs was linked to the generation of

Th2 immune responses in the absence of IL-12 (150, 151).

The epithelial barrier not only acts as a simple physical bar-

rier but also responds to environmental insults such as patho-

gens, pollution, cigarette smoke, or allergens with the

production of antimicrobial peptides and inflammatory cyto-

kines or chemokines (139, 152, 153). After allergen encoun-

ter, the epithelium releases Th2-promoting cytokines such as

TSLP, IL-25, or IL-33, which activate different cell types

including DCs and the recently discovered type 2 innate lym-

phoid cells (ILC2) (154–157). Altered barrier function pro-

motes the generation of DCs with the capacity to generate

allergen-specific Th2 cells and/or induce activation of ILC2

that produce large amounts of IL-13 and IL-5, thus contrib-

uting to perpetuation of the allergic reactions. Although the

cross talk among epithelial cells, DCs, and ILC2 in the con-

text of allergic diseases needs to be explored in further detail,

there is compelling evidence showing that the role of Th2

cytokines in the development of allergy might well have

innate and adaptive cellular sources (157).

Mechanisms by which allergens disrupt the barrier

The improvements of molecular biology and protein chemis-

try tools allowed the generation of a large number of purified

natural allergens and their recombinant and mutated forms,

which has significantly contributed to better understand the
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structural nature of the allergenic proteins as well as to iden-

tify allergens able to induce primary sensitization (158–163).
Although what makes a protein an allergen is still an open

question as there is no single structural feature able to

unequivocally predict the allergenicity of a protein, there are

some properties that are common to many allergens. For

example, in general, allergens are relatively small (<70 kDa)

proteins or glycoproteins that belong to <2% of all known

protein families. Allergenic proteins are frequently highly sta-

ble to digestive and thermal treatments, and they usually dis-

play low hydrophobicity, which increases their solubility in

the mucosa. Despite some exceptions, there are two proper-

ties that should be common to all true allergens: (i) their

ability to trigger the production of IgE antibodies and (ii)

their capacity to elicit allergic symptoms via an IgE-mediated

mechanism. Therefore, at certain stage, allergenic proteins

must be recognized by the immune system in an immunologi-

cally active form (164). Mucosal surfaces cover around

400 m2 of the human body and represent the first contact

point of allergens with the immune system. Depending on

the way of entrance to the body, the allergens encounter the

immune system at different places (165). For food allergens,

this occurs in the oral and gastrointestinal mucosa, but for

aeroallergens from pollen, house dust mite, fungi, or animal

dander, the encounter takes place in the nasal and airway

mucosa. Food and aeroallergens can also directly contact

with the tonsils as they constitute a first line of mucosa-asso-

ciated lymphoid tissue at the entrance of the respiratory and

digestive tracts (166). For contact allergens, the first encounter

with the immune system occurs at the skin (167). In any case,

allergenic proteins need to be transported through the epithe-

lial barrier to reach the immune system. This transport can be

para-cellular, for example, due to disruption of the intercellu-

lar junctions [tight junctions (TJ), adherent junctions, or des-

mosomes] as well as trans-cellular through different

mechanisms including diffusion, transcytosis, endocytosis, or

active transport (168). In addition, DCs can directly capture

allergens due to their capacity to insert their dendrites between

epithelial cells to scan the lumen (164).

Allergenic proteins can be classified as type I allergens

(proteases able to promote Th2 responses) or type II aller-

gens (nonproteases able to disrupt the barrier by different

mechanisms and also promote Th2 responses). Type I aller-

genic proteases alter the integrity of the barrier by degrading

TJ proteins and increasing the para-cellular transport, which

favors the exposure of any protein from the environment to

the mucosal immune system. The cysteine protease Der p 1,

the major allergen from house dust mite Dermatophagoides

pteronyssinus, was the first allergen described to show proteo-

lytic activity (169). High-molecular-weight allergenic prote-

ases with serine and/or aminopeptidase activity able to

disrupt the barrier through degradation of TJ proteins such

as occluding, claudin-1, or E-cadherin are also contained in

different pollens including Olea, Dactylis, Cupressus, and Pi-

nus (170). Several studies demonstrated the presence of aller-

genic proteases in Alternaria alternata, other fungi, and foods

(171–173). Allergenic proteases can also alter the capacity of

epithelial cells to mount innate immune responses. Der p 1

Figure 2 Type I allergens with proteolytic activity act on multiple

targets contributing to promote Th2 immune responses. They dis-

rupt epithelial barriers by degrading TJ proteins to cross the epithe-

lium and reach subepithelial areas where they come in contact

with different cells of the immune system. Type I allergen might

also cleave different additional targets such as DC_SIGN or CD40

on DCs, CD25 on T cells, and CD23 on B cells favouring the gener-

ation and maintenance of Th2 immune responses.
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and the serine protease Der p 9 are able to induce cytokine

release from airway epithelium favoring pro-inflammatory

adaptive immune responses in a process mediated by PAR-2

but not PAR-1 (174). Similar effects were reported for cock-

roach allergens and other pollen and fungal proteases (164).

Interestingly, a large number of studies also showed that

allergenic proteases target other relevant immune system cells

promoting the generation of Th2 immune responses. Der p 1

cleaves CD23 on B cells, thus disrupting the negative feed-

back loop for IgE production (Fig. 2) (164). Type II aller-

gens can also disturb the barrier and promote the induction

of Th2 responses by different mechanisms (Fig. 3). Der p 2

posseses a MD-2-related lipid recognition domain that allows

a direct interaction of the allergen with the TLR4 complex

and with LPS, thus directly activating TLR4 signaling even

in the absence of MD-2 (175). Different studies showed alter-

native ways of crossing the barrier including direct uptake of

allergens by epithelial cells (176–178). Bet v 1, the major

birch pollen allergen, binds to conjunctival epithelium, and it

is transported through only in allergic patients (176). Combi-

nation of transcriptomic and proteomic tools demonstrated

that 22 putative receptors are expressed at higher levels in

allergic epithelium and that Bet v 1 is transported through

the epithelium within lipid rafts/caveolae in an antibody-

dependent process. Similarly, the major soybean allergen

P34, which is resistant to proteolysis in vitro, is transported

through intestinal epithelial cells by a caveolae-mediated

mechanism (177). It was also demonstrated that Pru p 3, the

major peach allergen, crosses the epithelial cell barrier with-

out disturbing the integrity of TJs via lipid rafts inducing the

production of the Th2-promoting cytokines TSLP, IL-33,

and IL-25 (178). A recent study using site-directed mutagene-

sis and comparative analysis of Bet v 1 and related food

allergens revealed intrinsic structural features of Bet v 1 that

account for its high intrinsic allergenicity, suggesting that

structural changes might well alter the sensitization capacity

of allergens (179).

Mechanisms of immunotherapy

The understanding of the mechanisms operating in ASIT has

also significantly improved in parallel with the recent

advances in biotechnology (180–182). A very rapid desensiti-

zation of effector cells occurs early during ASIT, which

impairs mast cell and basophil degranulation and conse-

quently systemic anaphylaxis (182–185). The immunological

changes associated with successful ASIT include the genera-

tion of allergen-specific Treg and/or Th1 cells, inhibition of

Th2 responses, decreases in allergen-specific IgE, and

increases in allergen-specific IgG and IgA, as well as a reduc-

tion in infiltrating inflammatory cells (134). Several studies

demonstrated that the generation and maintenance of func-

tional allergen-specific Treg cells able to inhibit ongoing aller-

gic responses represents a critical step for the induction of

permanent T-cell tolerance (183, 186, 187). The use of novel

biotechnological tools including allergen-specific tetramer

molecules, purified natural and recombinant allergens alone

or chemically coupled to specific fluorophores, proteomic and

genomic tools, as well as novel next-generation sequencing

has significantly contributed to the better understanding of

the mechanisms operating during the restoration of healthy

immune responses to allergens during ASIT. The use of

major histocompatibility complex class II tetramer molecules,

coupled to specific peptides of Bet v 1, demonstrated that the

generation of functional Bet v 1-specific CD4+ FOXP3+ Treg

cells in human tonsils occurs by mechanisms partially

depending on pDCs (187). It was also shown that in human

tonsils and peripheral blood, allergen-specific T-cell tolerance

is broken by triggering of TLR4 or TLR8 and proinflamma-

tory cytokines (188). Interestingly, a recent study confirmed

tonsils as organs where immunoregulation takes place (189).

In this study, quantification of mRNA expression levels of

different genes by qPCR demonstrated that tonsillar cytokine

expression is closely related to viral infections and age. Also,

the analysis of epigenetic modifications at DNA level has

gained increasing interest in the field of allergy (190–192).
A recent study demonstrated that successful peanut SLIT

resulted in an increased induction of allergen-specific Treg cell

linked to the hypomethylation of the FOXP3 promoter (192).

These data suggest that epigenetic modifications in allergen-

specific Treg cells might be predictive of a state of clinical

A B

Figure 3 Type II allergens, without proteolytic activity, can induce

Th2 responses by different mechanisms of action. For example,

Der p 2 mimics components of the TLR4 signaling complex even in

the absence of LPS (A). Pollen (e.g., Bet v 1) or food allergens

(e.g., P34 from soybean of Pur p 3) can interact with lipid rafts to

become transported across the epithelium in a trans-cellular man-

ner where they induce the production of Th2-promoting cytokines

such as TSLP, IL-33, or IL-25 (B).
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tolerance during oral immunotherapy. In humans, tolerogenic

IL-10+ PLA-specific regulatory B cells were also recently

identified as new key players in the restoration of tolerance

in allergic patients receiving ASIT (193). Supporting these

data, recent findings in mice also demonstrate that tolerogen-

ic CX3CR1+ B cells suppress food allergy-induced intestinal

inflammation (194).

In conclusion, the use of novel biotechnological tools has

significantly contributed to delineate the most important

mechanisms involved in the pathogenesis of allergy and

ASIT, as well as to the identification of new cell subsets and

molecules implicated in these processes. This progress will

contribute not only to improve diagnosis and management,

but also to the development of more efficient and safer

immunotherapeutic treatments for allergic and asthmatic

diseases.

Future perspectives and conclusions

Biotechnology will also in future strongly contribute to the

progress in the field of allergic and asthmatic diseases provid-

ing tools and biomarkers allowing a better understanding of

the mechanisms leading to these diseases. Although many

aspects of the progress achieved have not been discussed in

detail due to space constrains such as, for example, the field

of proteomics and biomarkers (129, 195–197), miRNA (128,

198, 199), the many effects of cytokine antibodies and other

small molecules (184, 200, 201), or the potential of IgE-based

therapeutic approaches to cure cancer (202), we hope we

have covered the major aspects. Biotechnology has and will

further serve as an innovation motor in all fields of life sci-

ence including allergy. However, innovation alone without

practical implementation never had an impact on our society.

It is therefore of utmost importance that the progress

achieved in basic and clinical science becomes translated in

political actions and in practical applications. The outstand-

ing progress obtained during the few past years and the lim-

ited financial resources ask for a large discussion and

definition of the future needs in appropriate forums (7, 203).

A tremendous work has been carried out by the EAACI dur-

ing the past years to define needs and guidelines for preven-

tion (204–206), management (3, 4, 204, 207, 208), and

treatment of allergic disease (209–212). In conclusion, we are

convinced that the scientific and political efforts with engage-

ment of all stakeholders, including basic science and applied

biotechnology, will allow to further speed up the progress

aiming at preventing, controlling, and reducing the social

and economic burdens caused by IgE-mediated diseases.

Acknowledgments

Work supported by the Swiss National Science Foundation

Grant Nos. 320030_149978, 310030_138251/1, and

32NM30_136032/1 (EuroNanoMed), by the European Com-

munity’s Seventh Framework Program [FP7-2007-2013]

under grant agreement no. HEALTH-F2-2010-260338 ‘ALL-

FUN’, and by Spanish Ministerio de Econom�ıa y Competi-

tividad MINECO (IPT-2012-0639-090000). Oscar Palomares

is a Ram�on y Cajal Scholar funded by MINECO and the

European Social Fund.

Conflicts of interest

The authors declare that they have no conflicts of interest.

References

1. Crameri R, Garbani M, Rhyner C, Huite-

ma C. Fungi: the neglected allergenic

sources. Allergy 2014;69:176–185.

2. Simoens S. The cost-effectiveness of immu-

notherapy for respiratory allergy: a review.

Allergy 2012;67:1087–1105.

3. Zuberbier T, L€otvall J, Simoens S, Subra-

manian SV, Church MK. Economic burden

of inadequate management of allergic dis-

eases in the European Union: a GA(2)LEN

review. Allergy 2014;69:1275–1279.

4. Jutel M, Angier L, Palkonen S, Ryan D,

Sheikh A, Smith H et al. Improving allergy

management in the primary care network –

a holistic approach. Allergy 2013;68:1362–

1369.

5. Ismaila AS, Sayani AP, Marin M, Su Z.

Clinical, economic, and humanistic burden

of asthma in Canada: a systematic review.

BMC Pulm Med 2013;13:70.

6. Boyle RJ, Dickson R, Hockenhull J,

Cherry MG, Elremeli M. Immunotherapy

for Hymenoptera venom allergy: too expen-

sive for European health care? Allergy

2013;68:1341–1342.

7. Ring J, Akdis C, Behrendt H, Lauener RP,

Sch€appi G, Akdis M et al. Davos Declara-

tion: allergy as a global problem. Allergy

2012;67:141–143.

8. Samoli�nski B, Fronczak A, Kuna P, Akdis

CA, Anto JM, Bialoszewski AZ et al. Pre-

vention and control of childhood asthma

and allergy in the EU from the public

health point of view: polish Presidency of

the European Union. Allergy 2012;67:726–

731.

9. Bousquet J, Tanasescu CC, Camuzat T,

Anto JM, Blasi F, Neou A et al. Impact of

early diagnosis and control of chronic

respiratory diseases on active and healthy

ageing: a debate at the European Union

Parliament. Allergy 2013;68:555–561.

10. Igea JM. The history of the idea of allergy.

Allergy 2013;68:966–973.

11. Blackley CH. Experimental researches on

the causes and nature of catarrhus aestivum

(Hay-fever or hay-asthma). London, UK:

Baillere Tindall & Cox; 1873.

12. Noon L. Prophylactic inoculation against

hay fever. Lancet 1911;1:1572–1573.

13. Hellings PW, Fokkens WJ, Akdis C, Bac-

hert C, Cingi C, Dietz de Loos D. Uncon-

trolled allergic rhinitis and chronic

rhinosinusitis: where do we stand today?

Allergy 2013;68:1–7.

14. Bice JB, Leechawengwongs E, Montanaro

A. Biologic targeted therapy in allergic

asthma. Ann Allergy Asthma Immunol

2014;112:108–115.

15. Eyerich K, Novak N. Immunology of ato-

pic eczema: overcoming the Th1/Th2 para-

digm. Allergy 2013;68:974–982.

16. Sicherer SH, Sampson HA. Food allergy:

epidemiology, pathogenesis, diagnosis, and

treatment. J Allergy Clin Immunol

2014;133:291–307.

17. Eckl-Dorna J, Niederberger V. What is

the source of serum allergen-specific IgE?

Curr Allergy Asthma Rep 2012;13:281–

287.

18. Ishizaka K, Ishizaka T, Hornbrook MM.

Physicochemical properties of reaginic anti-

body. V. Correlation of reaginic activity

with gamma-E-globulin antibody. J Immu-

nol 1966;97:840–853.

Allergy 69 (2014) 1588–1601 © 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 1595

Palomares et al. Biotechnology and allergy



19. Varner AE. The increase in allergic respira-

tory diseases: survival of the fittest? Chest

2002;121:1308–1316.

20. Liu AH, Murphy JR. Hygiene hypothesis:

fact or fiction? J Allergy Clin Immunol

2003;111:471–478.

21. Frei R, Lauener RP, Crameri R, O’Mah-

ony L. Microbiota and dietary interactions:

an update to the hygiene hypothesis?

Allergy 2012;67:451–461.

22. Larenas-Linnemann D, Cox LS. European

allergen extract units and potency: review

of available information. Ann Allergy

Asthma Immuol 2008;100:137–145.

23. Chapman MD, Pom�es A, Breiteneder H,

Ferreira F. Nomenclature and structural

biology of allergens. J Allergy Clin Immunol

2007;119:414–420.

24. Thomas WR. The advent of recombinant

allergens and allergen cloning. J Allergy

Clin Immunol 2011;127:855–859.

25. Sicherer SH, Leung DY. Advances in aller-

gic skin disease, anaphylaxis, and hypersen-

sitivity reactions to foods, drugs, and

insects in 2013. J Allergy Clin Immunol

2014;133:324–334.

26. Aalberse JA, Meijer Y, Derksen N, van der

Palen-Merkus T, Knol E, Aalberse RC.

Moving from peanut extract to peanut

components: towards validation of compo-

nent-resolved IgE tests. Allergy

2013;68:748–756.

27. Crameri R. The crux with a reliable in vitro

and in vivo diagnosis of allergy. Allergy

2013;68:693–694.

28. Valenta R, Lidholm J, Niederberger V,

Hayek B, Kraft D, Gr€onlund H. The

recombinant allergen-based concept of

component-resolved diagnostics and immu-

notherapy (CRD and CRIT). Clin Exp

Allergy 1999;29:896–904.

29. Eller E, Bindslev-Jensen C. Clinical value of

component-resolved diagnostics in peanut-

allergic patients. Allergy 2013;68:190–194.

30. Hiller R, Laffer S, Harwanegg C, Huber

M, Schmidt WM, Twardosz A et al. Micro-

arrayed allergen molecules: diagnostic gate-

keepers for allergy treatment. FASEB J

2002;16:414–416.

31. Lavaud F, Bonniaud P, Dalphin JC, Lero-

yer C, Muller D, Tannous R et al. Useful-

ness of omalizumab in ten patients with

severe occupational asthma. Allergy

2013;68:813–815.

32. Klimek L, Pfaar O. A comparison of

immunotherapy delivery methods for aller-

gen immunotherapy. Expert Rev Clin

Immunol 2013;9:465–474.

33. Valenta R, Linhart B, Swoboda I, Nieder-

berger V. Recombinant allergens for aller-

gen-specific immunotherapy: 10 years

anniversary of immunotherapy with recom-

binant allergens. Allergy 2011;66:775–783.

34. First steps to genetic engineering? Nat New

Biol 1971;231:257–2588.

35. Chua KY, Stewart GA, Thomas WR,

Simpson RJ, Dilworth RJ, Plozza TM

et al. Sequence analysis of cDNA coding

for a major house dust mite allergen, Der p

1. Homology with cysteine proteases. J Exp

Med 1988;167:175–182.

36. Radauer C, Nandy A, Ferreira F, Good-

man RE, Larsen JN, Lidholm J et al.

Update of the WHO/IUIS Allergen

Nomenclature Database based on analysis

of allergen sequences. Allergy 2014;69:413–

419.

37. Aalberse RC, Crameri R. IgE-binding epi-

topes: a reappraisal. Allergy 2011;66:1261–

1274.

38. Jeanson L, Kelly M, Coste A, Guerrera IC,

Fritsch J, Nguyen-Khoa T et al. Oxidative

stress induces unfolding protein response

and inflammation in nasal polyposis.

Allergy 2012;67:403–412.

39. van Ree R, Hummelshøj L, Plantinga M,

Poulsen LK, Swindle E. Allergic sensitiza-

tion: host-immune factors. Clin Transl

Allergy 2014;4:12.

40. Nilsson OB, Binnmyr J, Zoltowska A, Sa-

arne T, van Hage M, Gr€onlund H. Charac-

terization of the dog lipocalin allergen Can

f 6: the role in cross-reactivity with cat and

horse. Allergy 2012;67:751–757.

41. Subbarayal B, Schiller D, M€obs C, de Jong

NW, Ebner C, Reider N et al. Kinetics,

cross-reactivity, and specificity of Bet v 1-

specific IgG4 antibodies induced by immu-

notherapy with birch pollen. Allergy

2013;68:1377–1386.

42. Passalacqua G, Melioli G, Bonifazi F, Bo-

nini S, Maggi E, Senna G et al. The addi-

tional values of microarray allergen assay

in the management of polysensitized

patients with respiratory allergy. Allergy

2013;68:1029–1033.

43. Holzweber F, Svehla E, Fellner W, Dalik

T, Stubler S, Hemmer W et al. Inhibition

of IgE binding to cross-reactive carbohy-

drate determinants enhances diagnostic

selectivity. Allergy 2013;68:1269–1277.

44. Bousquet J, Anto JM, Bachert C, Bousquet

PJ, Colombo P, Crameri R et al. Factors

responsible for differences between asymp-

tomatic subjects and patients presenting an

IgE sensitization to allergens. A GA2LEN

project. Allergy 2006;61:671–680.

45. Hong X, Caruso D, Kumar R, Liu R, Liu

X, Wang G et al. IgE, but not IgG4, anti-

bodies to Ara h 2 distinguish peanut allergy

from asymptomatic peanut sensitization.

Allergy 2012;67:1538–1546.

46. Incorvaia C, Mauro M. Can component-

resolved diagnosis overturn the current

knowledge on vespid allergy? Allergy

2012;67:966–967.

47. Ballmer-Weber BK, Skamstrup Hanser K,

Sastre J, Andersson K, B€atscher I, Ostling

J et al. Component-resolved in vitro diag-

nosis of carrot allergy in three different

regions of Europe. Allergy 2012;67:758–

766.

48. Bokanovic D, Aberer W, Hemmer W, He-

inemann A, Komericki P, Scheffel J et al.

Determination of sIgE to rPhl p 1 is suffi-

cient to diagnose grass pollen allergy.

Allergy 2013;68:1403–1409.

49. Klemans RJ, Knol EF, Michelsen-Huisman

A, Pasmas SG, de Kruijf-Broekman W,

Bruijnzeel-Kooman CA et al. Components

in soy allergy diagnostics: Gly m 2S albu-

min has the best diagnostic value in adults.

Allergy 2013;68:1396–1402.

50. Nordlund B, Konradsen JR, Kull I, Borres

MP, €Onell A, Hedlin G et al. IgE antibod-

ies to animal-derived lipocalin, kallikrein

and secretoglobin are markers of bronchial

inflammation in severe childhood asthma.

Allergy 2012;67:661–669.

51. M€uller U, Schmid-Grendelmeier P, Haus-

mann O, Helbling A. IgE to recombinant

allergens Api m 1, Ves v 1, and Ves v 5 dis-

tinguish double sensitization from crossre-

action in venom allergy. Allergy

2012;67:1069–1073.

52. Monsalve RI, Vega A, Marqu�es L, Mir-

anda A, Pernandez J, Soriano V et al.

Component-resolved diagnosis of vespid

venom-allergic individuals: phospholipases

and antigen 5s are necessary to identify

Vespula or Polistes sensitization. Allergy

2012;67:528–536.

53. van Rhijn BD, van Ree R, Versteeg SA,

Vlieg-Boerstra BJ, Sprikkelman AB, Terree-

horst I et al. Birch pollen sensitization with

cross-reactivity to food allergens predomi-

nates in adults with eosinophilic esophagi-

tis. Allergy 2013;68:1475–1481.

54. Bonini M, Marcomini L, Gramiccioni C,

Tranquilli C, Melioli G, Canonica GW

et al. Microarray evaluation of specific IgE

to allergen components in elite athletes.

Allergy 2012;67:1557–1564.

55. Simon D, Straumann A, Dahinden C,

Simon HU. Frequent sensitization to Can-

dida albicans and profilins in adult eosino-

philic esophagitis. Allergy 2013;68:945–948.

56. Hofmann SC, Fischer J, Eriksson C, Ben-

gtsson Gref O, Biedermann T, Jakob T.

IgE detection to a/b/c-gliadin and its

clinical relevance in wheat-dependent exer-

cise-induced anaphylaxis. Allergy

2012;67:1457–1460.

57. Gondro C, Lee SH, Lee HK, Porto-Neto

LR. Quality control for genome-wide asso-

ciation studies. Methods Mol Biol

2013;1019:129–147.

58. Bruhn S, Barren€as F, Mobini R, Andersson

BA, Chavali S, Egan BS et al. Increased

Allergy 69 (2014) 1588–1601 © 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd1596

Biotechnology and allergy Palomares et al.



expression of IRF4 and ETS1 in CD4+

cells from patients with intermittent allergic

rhinitis. Allergy 2012;67:33–40.

59. Li Pira G, Ivaldi F, Moretti P, Manca F.

High throughput T epitope mapping and

vaccine development. J Biomed Biotechnol

2010;2010:325720.

60. Vaughan K, Peters B, Larche M, Pomes A,

Broide D, Sette A. Strategies to query and

display allergy-derived epitope data from

the immune epitope database. Int Arch

Allergy Immunol 2013;160:334–345.

61. M€ade V, Els-Heindl S, Beck-Sickinger AG.

Automated solid-phase peptide synthesis to

obtain therapeutic peptides. Beilstein J Org

Chem 2014;10:1197–1212.

62. Moldaver D, Larch�e M. Immunotherapy

with peptides. Allergy 2011;66:784–791.

63. Rupa P, Mine Y. Oral immunotherapy

with immunodominant T-cell epitope pep-

tides alleviates allergic reactions in a Balb/c

mouse model of egg allergy. Allergy

2012;67:74–82.

64. Spangfort MD, Mirza O, Ipsen H, Van

Neerven RJ, Gajhede M, Larsen JN. Domi-

nating IgE-binding epitope of Bet v 1, the

major allergen of birch pollen, character-

ized by X-ray crystallography and site-

directed mutagenesis. J Immunol

2003;171:3084–3090.

65. Hecker J, Diethers A, Schulz D, Sabri A,

Plum M, Michel Y et al. An IgE epitope of

Bet v 1 and fagales PR10 proteins as

defined by a human monoclonal IgE.

Allergy 2012;67:1530–1537.

66. Chirumbolo S. Basophil activation test

(BAT) in the diagnosis of immediate hyper-

sensitivity reactions to radiocontrast media.

Allergy 2013;68:1627–1628.

67. Yun J, Adam J, Yerly D, Pichler WJ.

Human leukocyte antigens (HLA) associ-

ated drug hypersensitivity: consequences of

drug binding to HLA. Allergy

2012;67:1338–1346.

68. Wakahara K, Van VQ, Baba N, B�egin P,

Rubio M, Delespesse G et al. Basophils are

recruited to inflamed lungs and exacerbate

memory Th2 responses in mice and

humans. Allergy 2013;68:180–189.

69. Er�zen R, Ko�snik M, Silar M, Koro�sec P.

Basophil response and the induction of a

tolerance in venom immunotherapy: a long-

term sting challenge study. Allergy

2012;67:822–830.

70. Bieber T, Cork M, Reitamo S. Atopic der-

matitis: a candidate for disease-modifying

strategy. Allergy 2012;67:969–975.

71. Selb R, Eckl-Dorna J, Vrtala S, Valenta R,

Niederberger V. An assay that may pre-

dict the development of IgG enhancing

allergen-specific IgE binding during birch

immunotherapy. Allergy 2013;68:1199–

1202.

72. Nabel GJ. Designing tomorrow’s vaccines.

N Engl J Med 2013;368:551–560.

73. Calderon MA, Rodriguez Del Rio P, Vidal

C, Just J, Pfaar O, Linneberg A et al. An

EAACI “European Survey on Adverse Sys-

temic Reactions in Allergen Immunother-

apy (EASSI)”: the methodology. Clin

Transl Allergy 2014;4:22.

74. Braza F, Chesne J, Castagnet S, Magnan

A, Brouard S. Regulatory functions of B

cells in allergic diseases. Allergy

2014;69:1454–1463.

75. Faith A, Singh N, Farooque S, Dimeloe S,

Richards DF, Lu H et al. T cells producing

the anti-inflammatory cytokine IL-10 regu-

late allergen-specific Th2 responses in

human airways. Allergy 2012;67:1007–1013.

76. Soyer OU, Akdis M, Ring J, Behrendt H,

Crameri R, Lauener R et al. Mechanisms

of peripheral tolerance to allergens. Allergy

2013;68:161–170.

77. Melo RC, Liu L, Xenakis JJ, Spencer

LA. Eosinophil-derived cytokines in health

and disease: unraveling novel mechanisms

of selective secretion. Allergy 2013;68:

274–284.

78. Corrigan CJ, Kettner J, Doemer C, Crom-

well O, Narkus A. Efficacy and safety of

preseasonal-specific immunotherapy with

an aluminium-adsorbed six-grass pollen

allergoid. Allergy 2005;60:801–807.

79. Passalacqua G, Pasquali M, Ariano R,

Lombardi C, Giardini A, Baiardini I et al.

Randomized double-blind controlled study

with sublingual carbamylated allergoid

immunotherapy in mild rhinitis due to

mites. Allergy 2006;61:849–854.

80. Schmid-Grendelmeier P, Crameri R.

Recombinant allergens for skin testing. Int

Arch Allergy Immunol 2001;125:96–111.

81. Bonura A, Corinti S, Schavi E, Giacomaz-

za D, Gianguzza F, Di Felice G et al. The

major allergen of the Parietaria pollen con-

tains an LPS-binding region with immuno-

modulatory activity. Allergy 2013;68:297–

303.

82. Kitzm€uller C, Wallner M, Deifl S, Mutsch-

lechner S, Walterskirschen C, Zlabinger GJ

et al. A hypoallergenic variant of the major

birch pollen allergen shows distinct charac-

teristics in antigen processing and T-cell

activation. Allergy 2012;67:1375–1382.

83. Roulias A, Pichler U, Hauser M, Himly M,

Hofer H, Lackner P et al. Differences in

the intrinsic immunogenicity and allergen-

icity of Bet v 1 and related food allergens

revealed by site-directed mutagenesis.

Allergy 2014;69:208–215.

84. Baar A, Pahr S, Constantin C, Giavi S, Pa-

padopoulos NG, Pelkonen AS et al. The

high molecular weight glutenin subunit Bx7

allergen from wheat contains repetitive IgE

epitopes. Allergy 2014;69:1316–1323.

85. Meyer W, Narkus A, Salapatek AM,

H€afner D. Double-blind, placebo-con-

trolled, dose-ranging study of new recombi-

nant hypoallergenic Bet v 1 in an

environmental exposure chamber. Allergy

2013;68:724–731.

86. Wood RA, Sicherer SH, Burks AW, Gri-

shin A, Henning AK, Lindblad R et al. A

phase 1 study of heat/phenol-killed, E. coli-

encapsulated, recombinant modified peanut

proteins Ara h 1, Ara h 2, and Ara h 3

(EMP-123) for the treatment of peanut

allergy. Allergy 2013;68:803–808.

87. Pfaar O, Jung K, Wolf H, Decot E, Kleine-

Tebbe J, Klimek L et al. Immunological

effects and tolerability of a new fast up-

dosed immunologically enhanced subcuta-

neous immunotherapy formulation with

optimized allergen/adjuvant ratio. Allergy

2012;67:630–637.

88. Drachenberg KJ, Wheeler AW, Stuebner P,

Horak F. A well-tolerated grass pollen-spe-

cific allergy vaccine containing a novel

adjuvant, monophosphoryl lipid A, reduces

allergic symptoms after only four presea-

sonal injections. Allergy 2001;56:498–505.

89. Vasilakos JP, Tomai MA. The use of Toll-

like receptor 7/8 agonists as vaccine

adjuvants. Expert Rev Vaccines

2013;12:809–819.

90. Moussu H, Van Overtvelt L, Horiot S,

Tourdot S, Airouche S, Zuercher A et al.

Bifidobacterium bifidum NCC 453 pro-

motes tolerance induction in murine models

of sublingual immunotherapy. Int Arch

Allergy Immunol 2012;158:35–42.

91. Melamed S, Wyatt LS, Kastenmayer RJ,

Moss B. Attenuation and immunogenicity

of host-range extended modified vaccinia

virus Ankara recombinants. Vaccine

2013;31:4569–4577.

92. Bohnen C, Wangorsch A, Schulke S, Nak-

ajima-Adachi H, Hachimura S, Burggraf M

et al. Vaccination with recombinant modi-

fied vaccinia virus Ankara prevents the

onset of intestinal allergy in mice. Allergy

2013;68:1021–1028.

93. Klimek L, Bachmann MF, Senti G, Kundig

TM. Immunotherapy of type-1 allergies

with virus-like particles and CpG-motifs.

Expert Rev Clin Immunol 2014;10:1059–

1067.

94. Kushnir N, Streatfield SJ, Yusibov V.

Virus-like particles as a highly efficient vac-

cine platform: diversity of targets and pro-

duction systems and advances in clinical

development. Vaccine 2012;31:58–83.

95. Bachmann MF, Jennings GT. Vaccine

delivery: a matter of size, geometry, kinetics

and molecular patterns. Nat Rev Immunol

2010;10:787–796.

96. Senti G, Johansen P, Haug S, Bull C, Got-

tschaller C, Muller P et al. Use of A-type

Allergy 69 (2014) 1588–1601 © 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 1597

Palomares et al. Biotechnology and allergy



CpG oligodeoxynucleotides as an adjuvant

in allergen-specific immunotherapy in

humans: a phase I/IIa clinical trial. Clin

Exp Allergy 2009;39:562–570.

97. Van Hage M, Pauli G. New vaccines for

Mammalian allergy using molecular

approaches. Front Immunol 2014;5:81.

98. Crameri R. Allergy vaccines: dreams and

reality. Expert Rev Vaccines 2007;6:991–999.

99. Crameri R, K€undig TM, Akdis CA. Modu-

lar antigen-translocation as a novel vaccine

strategy for allergen-specific immunother-

apy. Curr Opin Allergy Clin Immunol

2009;9:568–573.

100. Kussebi F, Karamloo F, Rhyner C, Sch-

mid-Grendelmeier P, Salagianni M, Mann-

hart C et al. A major allergen gene-fusion

protein for potential usage in allergen-spe-

cific immunotherapy. J Allergy Clin Immu-

nol 2005;115:323–329.

101. Senti G, Crameri R, Kuster D, Johansen P,

Martinez-Gomez JM, Graf N et al. Intra-

lymphatic immunotherapy for cat allergy

induces tolerance after only 3 injections.

J Allergy Clin Immunol 2012;129:1290–

1296.

102. Ru€eff F, Bil�o MB, Cichocka-Jarosz E,

M€uller U, Oude Elberink H, Sturm G.

Immunotherapy for hymenoptera venom

allergy: too expensive for European health

care? Allergy 2013;68:407–408.

103. Aasbjerg K, Torp-Pedersen C, Backer V.

Specific immunotherapy can greatly reduce

the need for systemic steroids in allergic

rhinitis. Allergy 2012;67:1423–1429.

104. Durham SR, Nelson HS, Nolte H, Bern-

stein DI, Creticos PS, Li Z et al. Magni-

tude of efficacy measurements in grass

allergy immunotherapy trials is highly

dependent on pollen exposure. Allergy

2014;69:617–623.

105. Savi E, Peveri S, Senna G, Passalacqua G.

Causes of SLIT discontinuation and strate-

gies to improve the adherence: a pragmatic

approach. Allergy 2013;68:1193–1195.

106. Calderon MA, Simons FE, Malling HJ,

Lockey RF, Moingeon P, Demoly P. Sub-

lingual allergen immunotherapy: mode of

action and its relationship with the safety

profile. Allergy 2012;67:302–311.

107. Senti G, Johansen P, Kundig TM. Intra-

lymphatic immunotherapy. Curr Opin

Allergy Clin Immunol 2009;9:537–543.

108. Scadding GK, Brostoff J. Low dose sublin-

gual therapy in patients with allergic rhini-

tis due to house dust mite. Clin Allergy

1986;16:483–491.

109. Allam JP, Novak N. Immunological mech-

anisms of sublingual immunotherapy. Curr

Opin Allergy Clin Immunol 2014;14:564–

569.

110. Stelmach I, Kaluzi�nska-Parzyszek I, Jer-

zynska J, Stelmach P, Stelmach W, Majak

P. Comparative effect of pre-coseasonal and

continuous grass sublingual immunotherapy

in children. Allergy 2012;67:312–320.

111. Klimek L, Uhlig J, M€osges R, Rettig K,

Pfaar O. A highly polymerized grass pollen

extract is efficacious and safe in a random-

ized DBPC study using a novel up-dosing

protocol. Allergy 2014;69:1629–1638.

112. Pfaar O, Demoly P, Gerth van Wijk R, Bo-

nini S, Bousquet J, Canonica GW et al.

Recommendations for the standardization

of clinical outcomes used in allergen immu-

notherapy trials for allergic rhinoconjuncti-

vitis: an EAACI Position Paper. Allergy

2014;69:854–867.

113. Sieber J, De Geest S, Shah-Hosseini K,

Mosges R. Medication persistence with

long-term, specific grass pollen

immunotherapy measured by prescription

renewal rates. Curr Med Res Opin

2011;27:855–861.

114. Mascarell L, Lombardi V, Louise A, Saint-

Lu N, Chabre H, Moussu H et al. Oral

dendritic cells mediate antigen-specific tol-

erance by stimulating TH1 and regulatory

CD4+ T cells. J Allergy Clin Immunol

2008;122:603–609.

115. Bagnasco M, Passalacqua G, Villa G, Au-

geri C, Flamigni G, Borini E et al. Pharma-

cokinetics of an allergen and a monomeric

allergoid for oromucosal immunotherapy in

allergic volunteers. Clin Exp Allergy

2001;31:54–60.

116. Mangan CE, Jeglum KA, Sedlacek TV,

Wheeler JE, Mikuta JJ. Intralymphatic

injection of BCG into rhesus monkeys.

J Natl Cancer Inst 1975;55:699–704.

117. Maloy KJ, Erdmann I, Basch V, Sierro S,

Kramps TA, Zinkernagel RM et al. Intra-

lymphatic immunization enhances DNA

vaccination. Proc Natl Acad Sci USA

2001;98:3299–3303.

118. Johansen P, Haffner AC, Koch F, Zepter

K, Erdmann I, Maloy K et al. Direct intra-

lymphatic injection of peptide vaccines

enhances immunogenicity. Eur J Immunol

2005;35:568–764.

119. Bonifaz LC, Bonnyay DP, Charalambous

A, Darguste DI, Fujii S, Soares H et al. In

vivo targeting of antigens to maturing den-

dritic cells via the DEC-205 receptor

improves T cell vaccination. J Exp Med

2004;199:815–824.

120. Crameri R, Fluckiger S, Daigle I, Kundig

T, Rhyner C. Design, engineering and in

vitro evaluation of MHC class-II targeting

allergy vaccines. Allergy 2007;62:197–206.

121. Wollenberg A, Feichtner K. Atopic derma-

titis and skin allergies – update and out-

look. Allergy 2013;68:1509–1519.

122. Pfaar O, Biedermann T, Klimek L, Sager

A, Robinson DS. Depigmented-polymer-

ized mixed grass/birch pollen extract immu-

notherapy is effective in polysensitized

patients. Allergy 2013;68:1306–1312.

123. Howarth P, Malling HJ, Molimard M,

Devillier P. Analysis of allergen immuno-

therapy studies shows increased clinical effi-

cacy in highly symptomatic patients.

Allergy 2012;67:321–327.

124. von Gunten S, Cortinas-Elizondo F, Kol-

larik M, Beisswenger C, Lepper PM. Mech-

anisms and potential therapeutic targets in

allergic inflammation: recent insights.

Allergy 2013;68:1487–1498.

125. Salvilla SA, Dubois AE, Flokstra-de Block

BM, Panesar SS, Worth A, Patel S et al.

Disease-specific health-related quality of life

instruments for IgE-mediated food allergy.

Allergy 2014;69:834–844.

126. Ried JS, Baurecht H, Stuckler F, Krumsiek

J, Gieger C, Heinrich J et al. Integrative

genetic and metabolite profiling analysis

suggests altered phosphatidylcholine

metabolism in asthma. Allergy 2013;68:629–

636.

127. Van den Berge M, ten Hacken NH, van

der Weil E, Postma DS. Treatment of the

bronchial tree from beginning to end: tar-

geting small airway inflammation in

Asthma. Allergy 2013;68:16–26.

128. Rebane A, Zimmermann M, Aab A, Ruck-

ert B, Baurecht H, Weidinger S et al. From

miRNA and mRNA expression profiling to

function of keratinocytes in atopic dermati-

tis. Allergy 2012;67:57.

129. Leonardi A, Palmigiano A, Mazzola EA,

Messina A, Milazzo EMS, Bortolotti M

et al. Identification of human tear fluid bio-

markers in vernal keratoconjunctivitis using

iTRAQ quantitative proteomics. Allergy

2014;69:254–260.

130. W€olbing F, Biedermann T. Anaphylaxis:

opportunities of stratified medicine for

diagnosis and risk assessment. Allergy

2013;68:1499–1508.

131. Gevaert P, Nouri-Aria KT, Wu H, Harper

CE, Takhar P, Fear DJ et al. Local recep-

tor revision and class switching to IgE in

chronic rhinosinusitis with nasal polyps.

Allergy 2013;68:55–63.

132. Sackesen C, van de Veen W, Akdis M, So-

yer O, Zumkehr J, Ruckert B et al. Sup-

pression of B-cell activation and IgE, IgA,

IgG1 and IgG4 production by mammalian

telomeric oligonucleotides. Allergy

2013;68:593–603.

133. Barnes PJ, Casale TB, Dahl R, Pavord ID,

Wechsler ME. The Asthma Control Ques-

tionnaire as a clinical trial endpoint: past

experience and recommendations for future

use. Allergy 2014;69:1119–1140.

134. Palomares O, Yaman G, Azkur AK, Ak-

koc T, Akdis M, Akdis CA. Role of Treg

in immune regulation of allergic diseases.

Eur J Immunol 2010;40:1232–1240.

Allergy 69 (2014) 1588–1601 © 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd1598

Biotechnology and allergy Palomares et al.



135. Meiler F, Zumkehr J, Klunker S, Ruckert

B, Akdis CA, Akdis M. In vivo switch to

IL-10-secreting T regulatory cells in high

dose allergen exposure. J Exp Med

2008;205:2887–2898.

136. Niebuhr M, Baumert K, Heratizadeh A,

Satzger I, Werfel T. Impaired NLRP3

inflammasome expression and function in

atopic dermatitis due to Th2 milieu. Allergy

2014;69:1058–1067.

137. Gilles S, Steiert S, Zissler U, Chaker A,

Bier H, Hochrein H et al. Inhibition of the

airway epithelial antiviral response by pol-

len-derived non-allergenic substances.

Allergy 2013;68:55.

138. Dittlein D, Gilles S, Hiller J, Schmidt-

Weber C, Durner J, Behrendt H et al.

Exposure to pollen substances activates the

inflammasome machinery in human kerati-

nocytes. Allergy 2013;68:47–48.

139. Hammad H, Lambrecht BN. Dendritic cells

and airway epithelial cells at the interface

between innate and adaptive immune

responses. Allergy 2011;66:579–587.

140. Farrell E, O’Connor TM, Duong M, Wat-

son RM, Strinich T, Gauvreau GM et al.

Circulating myeloid and plasmacytoid den-

dritic cells after allergen inhalation in asth-

matic subjects. Allergy 2007;62:1139–1145.

141. Faith A, Singh N, Chevretton E, Roberts D,

Lee T, Corrigan C et al. Counter regulation

of the high affinity IgE receptor, Fc epsilon

RI, on human airway dendritic cells by IL-4

and IL-10. Allergy 2009;64:1602–1607.

142. Dua B, Smith S, Kinoshita T, Imaoka H,

Gauvreau G, O’Byrne P. Myeloid dendritic

cells type 2 in allergic asthma. Allergy

2013;68:1322–1326.

143. Jonuleit H, Schmitt E, Schuler G, Knop J,

Enk AH. Induction of interleukin 10-pro-

ducing, nonproliferating CD4(+) T cells

with regulatory properties by repetitive

stimulation with allogeneic immature

human dendritic cells. J Exp Med

2000;192:1213–1222.

144. Rissoan M-C, Soumelis V, Kadowaki N,

Grouard G, Briere F, De Waal Malefyt R

et al. Reciprocal control of T helper cell

and dendritic cell differentiation. Science

1999;283:1183–1186.

145. Zheng J, Jiang H, Li J, Tang H, Zhang X,

Wang X et al. MicroRNA-23b promotes

tolerogenic properties of dendritic cells in

vitro through inhibiting Notch1/NF-kappa

B1 signalling pathways. Allergy

2012;67:362–370.

146. Abbas AK, Benoist C, Bluestone JA,

Campbell DJ, Ghosh S, Hori S et al. Regu-

latory T cells: recommendations to simplify

the nomenclature. Nat Immunol

2013;14:307–308.

147. Huang H, Dawicki W, Lu M, Nayyar A,

Zhang X, Dordon JR. Regulatory dendritic

cell expression of MHCII and IL-10 are

jointly requisite for induction of tolerance

in a murine model of OVA-asthma. Allergy

2013;68:1126–1135.

148. Pilette C, Jacobson MR, Ratajczak C, Det-

ry B, Banfield G, VanSnick J et al. Aber-

rant dendritic cell function conditions Th2-

cell polarization in allergic rhinitis. Allergy

2013;68:312–321.

149. Berin MC, Mayer L. Can we produce true

tolerance in patients with food allergy?

J Allergy Clin Immunol 2013;131:14–22.

150. Liu YJ. Thymic stromal lymphopoietin and

OX40 ligand pathway in the initiation of

dendritic cell-mediated allergic inflamma-

tion. J Allergy Clin Immunol 2007;120:238–

244.

151. Froidure A, Shen C, Gras D, Van Snick J,

Chanez P, Pilette C. Myeloid dendritic cells

are primed in allergic asthma for thymic

stromal lymphopoietin-mediated induction

of Th2 and Th9 responses. Allergy

2014;69:1068–1076.

152. Post S, Nawijn MC, Jonker MR, Kliphuis

N, van den Berge M, van Oosterhout AJM

et al. House dust mite-induced calcium sig-

naling instigates epithelial barrier dysfunc-

tion and CCL20 production. Allergy

2013;68:1117–1125.

153. Pace E, Scafidi V, Di Bona D, Siena L,

Chiappara G, Ferraro M et al. Increased

expression of IL-19 in the epithelium of

patients with chronic rhinosinusitis and

nasal polyps. Allergy 2012;67:878–886.

154. Mjosberg JM, Trifari S, Crellin NK, Peters

CP, van Drunen CM, Piet B et al. Human

IL-25-and IL-33-responsive type 2 innate

lymphoid cells are defined by expression of

CRTH2 and CD161. Nat Immunol

2011;12:1055–1062.

155. Froidure A, Shen C, Pilette C. Up-regula-

tion of thymic stromal lymphopoietin

receptor on myeloid dendritic cells from

atopic asthmatics. Allergy 2013;68:77.

156. Ohno T, Morita H, Arae K, Matsumoto

K, Nakae S. Interleukin-33 in allergy.

Allergy 2012;67:1203–1214.

157. Martinez FD, Vercelli D. Asthma. Lancet

2013;382:1360–1372.

158. Valenta R, Twaroch T, Swoboda I. Com-

ponent-resolved diagnosis to optimize aller-

gen-specific immunotherapy in the

Mediterranean area. J Investig Allergol Clin

Immunol 2007;17(Suppl 1):36–40.

159. Rodriguez R, Villalba M, Batanero E, Pal-

omares O, Quiralte J, Salamanca G et al.

Olive pollen recombinant allergens: value in

diagnosis and immunotherapy. J Investig

Allergol Clin Immunol 2007;17(Suppl 1):4–

10.

160. Palomares O, Alcantara M, Quiralte J, Vill-

alba M, Garzon F, Rodriguez R. Airway

disease and thaumatin-like protein in an

olive-oil mill worker. N Engl J Med

2008;358:1306–1308.

161. Palomares O, Cuesta-Herranz J, Rodriguez

R, Villalba M. A recombinant precursor of

the mustard allergen Sin a 1 retains the

biochemical and immunological features of

the heterodimeric native protein. Int Arch

Allergy Immunol 2005;137:18–26.

162. Sirvent S, Canto B, Cuesta-Herranz J, Go-

mez F, Blanca N, Canto G et al. Act d 12

and Act d 13: two novel, masked, relevant

allergens in kiwifruit seeds. J Allergy Clin

Immunol 2014;133:1765–1767.

163. Sirvent S, Canto B, Gomez F, Blanca N,

Cuesta-Herranz J, Canto G et al. Detailed

characterization of Act d 12 and Act d 13

from kiwi seeds: implication in IgE cross-

reactivity with peanut and tree nuts. Allergy

201469:1481–1488.

164. Golebski K, Roschmann KIL, Toppila-

Salmi S, Hammad H, Lambrecht BN, Ren-

konen R et al. The multi-faceted role of

allergen exposure to the local airway

mucosa. Allergy 2013;68:152–160.

165. Peterson LW, Artis D. Intestinal epithelial

cells: regulators of barrier function and

immune homeostasis. Nat Rev Immunol

2014;14:141–153.

166. Perry M, Whyte A. Immunology of the

tonsils. Immunol Today 1998;19:414–421.

167. Nestle FO, Di Meglio P, Qin JZ, Nickol-

off BJ. Skin immune sentinels in health

and disease. Nat Rev Immunol 2009;9:679–

691.

168. Price D, Ackland L, Suphioglu C. Nuts ‘n’

guts: transport of food allergens across the

intestinal epithelium. Asia Pac Allergy

2013;3:257–265.

169. Wan H, Winton HL, Soeller C, Gruenert

DC, Thompson PJ, Cannell MB et al.

Quantitative structural and biochemical

analyses of tight junction dynamics follow-

ing exposure of epithelial cells to house

dust mite allergen Der p 1. Clinl Exp

Allergy 2000;30:685–698.

170. Vinhas R, Cortes L, Cardoso I, Mendes

VM, Manadas B, Todo-Bom A et al. Pol-

len proteases compromise the airway epi-

thelial barrier through degradation of

transmembrane adhesion proteins and lung

bioactive peptides. Allergy 2011;66:1088–

1098.

171. Cavic M, Grozdanovic M, Bajic A, Srdic-

Rajic T, Andjus PR, Gavrovic-Jankulovic

M. Actinidin, a protease from kiwifruit,

induces changes in morphology and adhe-

sion of T84 intestinal epithelial cells. Phyto-

chemistry 2012;77:46–52.

172. Zhao Y, Qin GX, Han R, Wang J, Zhang

XD, Liu DD. beta-Conglycinin Reduces

the Tight Junction Occludin and ZO-1

Expression in IPEC-J2. Int J Mol Sci

2014;15:1915–1926.

Allergy 69 (2014) 1588–1601 © 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 1599

Palomares et al. Biotechnology and allergy



173. Leino MS, Loxham M, Blume C, Swindle

EJ, Jayasekera NP, Dennison PW et al. Bar-

rier disrupting effects of alternaria alternata

extract on bronchial epithelium from asth-

matic donors. PLoS One 2013;8:e71278.

174. Jeon SK, Kim HJ, Youm JK, Ahn SK,

Choi EH, Sohn MH et al. Mite and cock-

roach allergens activate protease-activated

receptor 2 and delay epidermal permeability

barrier recovery. J Invest Dermatol

2008;128:1930–1939.

175. Trompette A, Divanovic S, Visintin A,

Blanchard C, Hegde RS, Madan R et al.

Allergenicity resulting from functional

mimicry of a Toll-like receptor complex

protein. Nature 2009;457:585–588.

176. Renkonen J, Mattila P, Lehti S, Makinen

J, Sormunen R, Tervo T et al. Birch pollen

allergen Bet v 1 binds to and is transported

through conjunctival epithelium in allergic

patients. Allergy 2009;64:868–875.

177. Sewekow E, Bimczok D, Kahne T, Faber-

Zuschratter H, Kessler LC, Seidel-Morgen-

stern A et al. The major soyabean allergen

P34 resists proteolysis in vitro and is trans-

ported through intestinal epithelial cells by

a caveolae-mediated mechanism. Br J Nutr

2012;108:1603–1611.

178. Tordesillas L, Gomez-Casado C, Garrido-

Arandia M, Murua-Garcia A, Palacin A,

Varela J et al. Transport of Pru p 3 across

gastrointestinal epithelium - an essential

step towards the induction of food allergy?

Clin Exp Allergy 2013;43:1374–1383.

179. Devanaboyina SC, Cornelius C, Lupinek

C, Fauland K, Dell’Antonia F, Nandy A

et al. High resolution crystal structure and

IgE recognition of the major grass pollen

allergen Phlp 3. Allergy 2014;69:1617–1628.

180. Corazza N, Kaufmann T. Novel insights

into mechanisms of food allergy and aller-

gic airway inflammation using experimental

mouse models. Allergy 2012;67:1483–1490.

181. Calderon M, Cardona V, Demoly P, Expe

EYI. One hundred years of allergen immu-

notherapy European Academy of Allergy

and Clinical Immunology celebration:

review of unanswered questions. Allergy

2012;67:462–476.

182. Akdis M, Akdis CA. Mechanisms of aller-

gen-specific immunotherapy: multiple sup-

pressor factors at work in immune

tolerance to allergens. J Allergy Clin Immu-

nol 2014;133:621–631.

183. Celesnik N, Vesel T, Rijavec M, Silar M,

Erzen R, Kosnik M et al. Short-term

venom immunotherapy induces desensitiza-

tion of Fc epsilon RI-mediated basophil

response. Allergy 2012;67:1594–1600.

184. Uem€osi C, Zabel F, Manolova V, Bauer

M, Beerli RR, Senti G et al. IgG-mediated

down-regulation of IgE bound to mast

cells: a potential novel mechanism of

allergen-specific desensitization. Allergy

2014;69:338–347.

185. Bohle B, Kinaciyan T, Gerstmayr M, Ra-

dakovics A, Jahn-Schmid B, Ebner C.

Sublingual immunotherapy induces IL-10-

producing T regulatory cells, allergen-spe-

cific T-cell tolerance, and immune

deviation. J Allergy Clin Immunol

2007;120:707–713.

186. Nouri-Aria KT, Wachholz PA, Francis JN,

Jacobson MR, Walker SM, Wilcock LK

et al. Grass pollen immunotherapy induces

mucosal and peripheral IL-10 responses

and blocking IgG activity. J Immunol

2004;172:3252–3259.

187. Palomares O, Ruckert B, Jartti T, Kucukse-

zer UC, Puhakka T, Gomez E et al. Induc-

tion and maintenance of allergen-specific

FOXP3+ Treg cells in human tonsils as

potential first-line organs of oral tolerance.

J Allergy Clin Immunol 2012;129:510–520.

188. Kucuksezer UC, Palomares O, Ruckert B,

Jartti T, Puhakka T, Nandy A et al. Trig-

gering of specific Toll-like receptors and

proinflammatory cytokines breaks allergen-

specific T-cell tolerance in human tonsils

and peripheral blood. J Allergy Clin Immu-

nol 2013;131:875–885.

189. Jartti T, Palomares O, Waris M, Tastan O,

Nieminen R, Puhakka T et al. Distinct reg-

ulation of tonsillar immune response in

virus infection. Allergy 2014;69:658–667.

190. Kuo CH, Hsieh CC, Kuo HF, Huang MY,

Yang SN, Chen LC et al. Phthalates sup-

press type I interferon in human plasmacy-

toid dendritic cells vial epigenetic

regulation. Allergy 2013;68:870–879.

191. Michel S, Busato F, Genuneit J, Pekkanen

J, Dalphin JC, Riedler J et al. Farm expo-

sure and time trends in early childhood

may influence DNA methylation in genes

related to asthma and allergy. Allergy

2013;68:355–364.

192. Syed A, Garcia MA, Lyu SC, Bucayu R,

Kohli A, Ishida S et al. Peanut oral immu-

notherapy results in increased antigen-

induced regulatory T-cell function and hy-

pomethylation of forkhead box protein 3

(FOXP3). J Allergy Clin Immunol

2014;133:500–510.

193. van de Veen W, Stanic B, Yaman G, Wa-

wrzyniak M, Sollner S, Akdis DG et al.

IgG4 production is confined to human IL-

10-producing regulatory B cells that sup-

press antigen-specific immune responses. J

Allergy Clin Immunol 2013;131:1204–1212.

194. Liu ZQ, Wu Y, Song JP, Liu X, Liu Z,

Zheng PY et al. Tolerogenic CX3CR1(+) B

cells suppress food allergy-induced intesti-

nal inflammation in mice. Allergy

2013;68:1241–1248.

195. Kupszyk M, Dahl�en B, Sterk PJ, Niza-

nkowska-Mogilnicka E, Papi A, Bel EH

et al. Stability phenotypes defined by physi-

ological variables and biomarkers in adults

with asthma. Allergy 2014;69:1198–1204.

196. Sharma V, Michel S, Gaetner V, Franke A,

Vogelberg C, van Berg A et al. A role of

FCER1A and FCER2 polymorphisms in

IgE regulation. Allergy 2014;69:231–236.

197. Holm T, Rutishauser D, Kai-Larsen Y,

Lyutvinsky Y, Stenius F, Zubrav RA et al.

Protein biomarkers in vernix with potential

to predict the development of atopic eczema

in early childhood. Allergy 2014;69:104–112.

198. Biethahn K, Orinska Z, Vigorito E, Goyen-

eche-Patino DM, Mighomizadeh F, F€oger

N et al. miRNA-155 controls mast cell acti-

vation by regulating the PI3Ky pathway

and anaphylaxis in a mouse model. Allergy

2014;69:752–762.

199. Zheng J, Jiang HY, Li J, Tang HC, Zhang

XM, Wang XR et al. MicroRNA-23b pro-

motes tolerogenic properties of dendritic

cells in vitro through inhibiting Notch1/NF-

kB signalling pathways. Allergy

2012;67:362–370.

200. Hawro T, Saluja R, Weller K, Altrichter S,

Metz M, Maurer M. Interleukin-31 does

not induce immediate itch in atopic derma-

titis patients and in healthy controls after

skin challenge. Allergy 2014;69:113–117.

201. Smolinska S, Jutel M, Crameri R, O’Mah-

ony L. Histamine and gut mucosal immune

regulation. Allergy 2014;69:273–281.

202. Singer J, Jensen-Jarmolin E. IgE-based

immunotherapy of cancer: challenges and

chances. Allergy 2014;69:137–149.

203. Ring J, Akdis C, Lauener R, Sch€appi G,

Traidl-Hoffmann C, Akdis M et al. Global

Allergy Forum and Second Davos Declara-

tion 2013 Allergy: barriers to cure – chal-

lenges and actions to be taken. Allergy

2014;69:978–982.

204. Agache I, Ryan D, Rodriguez MR, Yusuf

O, Angier E, Jutel M. Allergy management

in primary care across European countries

– actual status. Allergy 2013;68:836–843.

205. De Silva D, Geromi M, Halken S, Host A,

Panesar SS, Muraro A et al. Primary preven-

tion of food allergy in children and adults:

systemic review. Allergy 2014;69:581–589.

206. Muraro A, Halken S, Arshad SH, Beyer K,

Dubois AE, Du Toit G et al. EAACI food

allergy and anaphylaxis guidelines. Primary

prevention of food allergy. Allergy

2014;69:590–601.

207. Muraro A, Roberts G, Worm M, Bil�o MB,

Brockow K, Fern�andez Rivas M et al.

Anaphylaxis: guidelines from the European

Academy of Allergy and Clinical Immunol-

ogy. Allergy 2014;69:1026–1045.

208. Zuberbier T, Aberer W, Asero R, Bindslev-

Jansen C, Brzoza Z, Canonica GW et al.

Methods report on the development of the

2013 revision and update of the EAACI/

Allergy 69 (2014) 1588–1601 © 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd1600

Biotechnology and allergy Palomares et al.



GA2LEN/EDF/WAO guideline for the def-

inition, classification, diagnosis and man-

agement of urticaria. Allergy 2014;69:e1–

e29.

209. Papadopoulos NG, Arakawa H, Carlsen

KH, Custovic A, Gem J, Lemanske R et al.

International consensus on (ICON) pediat-

ric asthma. Allergy 2012;67:976–997.

210. Scherer K, Brockow K, Aberer W, Gooi

JH, Demoly P, Romano A et al. Desensiti-

zation in delayed drug hypersensitivity reac-

tions – an EAACI position paper of the

Drug Allergy Interest Group. Allergy

2013;68:844–852.

211. Calder�on MA, Casale T, Cok L, Akdis

CA, Burks AW, Nelson HS et al. Allergen

immunotherapy: a new semantic framework

from the European Academy of Allergy

and Clinical Immunology/American Acad-

emy of Allergy, Asthma and Immunology/

PRACTALL consensus report. Allergy

2013;68:825–828.

212. Roberts G, Xatzipsalti M, Borrego LM,

Custovic A, Halken S, Hellings PW et al.

Paediatric rhinitis: position paper of the

European Academy of Allergy and Clinical

Immunology. Allergy 2013;68:1102–1116.

213. Moser M, Crameri R, Menz G, Schneider

T, Dudler T, Virchow C et al. Cloning and

expression of recombinant Aspergillus fu-

migatus allergen I/a (rAsp f I/a) with IgE

binding and type I skin test activity.

J Immunol 1992;149:454–460.

214. Crameri R, Lidholm J, Gr€onlund H, St€uber

D, Blaser K, Menz G. Automated specific

IgE assay with recombinant allergens:

evaluation of the recombinant Aspergillus

fumigatus allergen I in the Pharmacia

Cap system. Clin Exp Allergy 1996;26:

1411–1419.

215. Niederberger V, Horak F, Vrtala S, Spit-

zauer S, Krauth MT, Valent P et al. Vacci-

nation with genetically engineered allergens

prevents progression of allergic diseases.

Proc Natl Acad Sci USA 2004;101:14677–

14682.

Allergy 69 (2014) 1588–1601 © 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 1601

Palomares et al. Biotechnology and allergy


