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Abstract

Allergen-specific immunotherapy (allergen-SIT) is a potentially curative treatment approach in allergic diseases. It

has been used for almost 100 years as a desensitizing therapy. The induction of peripheral T cell tolerance and

promotion of the formation of regulatory T-cells are key mechanisms in allergen-SIT. Both FOXP3+CD4+CD25+

regulatory T (Treg) cells and inducible IL-10- and TGF-b-producing type 1 Treg (Tr1) cells may prevent the

development of allergic diseases and play a role in successful allergen-SIT and healthy immune response via

several mechanisms. The mechanisms of suppression of different pro-inflammatory cells, such as eosinophils, mast

cells and basophils and the development of allergen tolerance also directly or indirectly involves Treg cells.

Furthermore, the formation of non-inflammatory antibodies particularly IgG4 is induced by IL-10. Knowledge of

these molecular basis is crucial in the understanding the regulation of immune responses and their possible

therapeutic targets in allergic diseases.

Background

The immune system is a complex interactive network

with the capacity of protecting the host from a number

of pathogens while keeping a state of tolerance to self

and innocuous non-self antigens. Allergy is one of the

immune tolerance-related diseases that arises as a direct

consequence of a dysregulated immune response. Cur-

rently, allergen-specific immunotherapy (allergen-SIT)

by the administration of increasing doses of allergen

extracts remains the single curative approach to allergic

diseases with the potential to modify its course [1,2].

The aim of this review is to discuss the mechanism of

allergen-SIT and the current clinical and experimental

evidence in the field of immune tolerance induction in

allergic diseases.

Pathogenesis of allergic diseases

Allergic diseases represent complex innate and adaptive

immune responses to environmental antigens leading to

inflammatory reactions with a T-helper-2-type cell and

allergen-specific IgE predominance [3,4]. CD4+ Naïve T

cells differentiate into distinct T cell subsets such as

Th1, Th2, Th9, Th17 and Th22 type memory and effec-

tor cells depending on the cytokines, other molecules

and cells present in the microenvironment [5]. Once a

Th2 shift is established, the mechanism of allergic dis-

eases consists of two main phases. In the early phase

sensitization and the development of memory cells takes

place. The late phase is characterized by inflammation

and tissue injury caused by effector cell action. During

the sensitization phase, the differentiation and clonal

expansion of allergen-specific CD4+ Th2 cells, with the

capability of producing IL-4 and IL-13, are essential in

the induction of class switching to the ε immunoglobu-

lin heavy chain in B cells and the production of aller-

gen-specific IgE antibodies. Allergen-specific IgE binds

to the high affinity receptor FcεRI, on the surface of

mast cells and basophils as well as to antigen presenting

cells (APCs), which in turn allows for an increased

uptake of allergens [6]. The engagement of IgE on effec-

tor cells leads to the sensitization of the patients to a

specific allergen [7]. Upon re-exposure receptor-bound

IgE molecules are crosslinked, which in turn results in

the activation and release of mediators that cause[8] the

development of type I hypersensitivity reactions [9,10].

During the development of allergic diseases, effector

Th2 cells not only produce traditional Th2 cytokines

such as IL-4, IL-5, IL-9 and IL-13 [11,12], but also novel

cytokines with proinflammatory functions, such as IL-

25, IL-31 and IL-33 [13-19]. These cytokines induce

allergen-specific IgE, eosinophilia, mucus production

and the recruitment of inflammatory cells to inflamed

tissues. Predominance of Th2 cells might be caused by

an increased tendency to activation-induced cell death
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of high IFN-g-producing Th1 cells as it is commonly

observed in patients with atopic disorders [20]. Th1

cells also play a role in the effector phase of allergic dis-

eases by inducing apoptosis of epithelial cells and/or

smooth muscle cells in asthma and keratinocytes in ato-

pic dermatitis [21-25]. In vitro, the suppressive capacity

of CD4+CD25+ T-regulatory (Treg) cells from hay fever

patients is decreased during the pollen season [26].

Allergen-specific IL-10 secreting Treg cells were shown

to be decreased in blood obtained from patients with

persistent allergic rhinitis although the number and

function of CD4+CD25+ Treg cells were normal [27].

Different symptomatic treatments like antihistamines,

leukotriene receptor antagonists and glucocorticoids are

used in allergic diseases, however do not provide the

possibility of cure [6]. Glucocorticoids, systemically

applied, increases the frequency of CD25+ memory CD4
+ T cells and FOXP3 messenger RNA [28].

Mechanisms of allergen-specific immunotherapy

T cell regulation

Since allergic diseases are not only Th2 driven, but

much rather form complex immune disorders, the aim

of allergen SIT is to induce the peripheral T cell toler-

ance, modulate the thresholds for mast cell and basophil

activation and decrease IgE-mediated histamine release

[29] (Figure 1 and 2). The induction of peripheral T cell

tolerance represents an essential step in allergen-SIT.

Peripheral T cell tolerance is characterized by the gen-

eration of allergen-specific Treg cells that are able to

produce anti-inflammatory cytokines such as IL-10 and

TGF-b. Multiple mechanisms are involved in the sup-

pression and/or control of allergic inflammation. Treg

cells not only diminish Th2 immune responses, but also

target other cell types such as DCs, mast cells, basophils

and eosinophils. Treg cells regulate allergen-specific-IgE

and are capable of inducing IgG4 and IgA production

[30-33]. Treg cells are able to directly inhibit mast cell

degranulation by OX40-OX40Ligand interaction [30].

There are two main Treg cells subsets with distinct phe-

notypes and mechanisms of action. One is the naturally

occurring, thymic selected FOXP3+CD4+CD25+ Treg

cells. The other subset is referred to as the inducible

Treg cells, generated in the periphery under tolerogenic

conditions. The two subsets of inducible Treg cells,

namely the FOXP3+ and the IL-10-positive Tr1 cells

play a key role in allergen tolerance and they can be

induced by allergen SIT in humans [34,35].

It is well established that FOXP3 acts as the main

transcription factor for Treg cells development and

function [36]. FOXP3 mutations in humans lead to the

X-linked immune dysregulation polyendocrinopathy

enteropathy syndrome [37]. Patients affected by this

defect suffer from allergic and autoimmune diseases due

to non-functional Treg cells. FOXP3 mutations in mice

lead to the spontaneous development of

Figure 1 Immune regulation during the time course of allergen-SIT. Specific immune responses are observed during the course of allergen-

SIT. 1. An early desensitization effect including decrease in mast cell and basophil degranulation soon after the first administration of allergens. 2.

Generation of allergen-specific Treg cells and suppression of effector cells. 3. An early increase and a late decrease in specific IgE levels. 4. A

relatively early increase in specific IgG4. 5. A late decrease in type I skin test reactivity. 6. A decrease in tissue mast cell and eosinophil numbers

and a release of their mediators after a few months.
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lymphoproliferative disease, allergic airway inflamma-

tion, hyper IgE syndrome, eosinophilia and autoimmune

diseases [38]. It has been demonstrated that FOXP3

directly interacts with the Runt-related transcription fac-

tor 1 (RUNX1), which reduces IL-2 and IFN-g expres-

sions and exerts suppressive functions [39]. A recent

study in mice has also shown that the RUNX transcrip-

tion factors are essential for maintaining high FOXP3

expression and confirm Treg lineage identity [40].

Moreover, a novel molecular mechanism defining Runx

transcription factors as a linking molecule in TGF-beta

induced Foxp3 expression in Treg differentiation and

function was shown [41].

Several studies have demonstrated that allergen-speci-

fic Tr1 cells are highly present in healthy individuals to

prevent unwanted immune response to nonpathogenic

environmental antigens [42-45]. The three different

allergen-specific T cell subsets Th1, Th2 and Tr1 that

recognize the same T-cell epitopes co-exist in both

healthy and allergic individuals in different proportions.

Persons with high numbers of Th2-cells are prone to

develop an allergic phenotype, whereas Tr1 predomi-

nance seems rather protective in this perspective [43].

High dose-allergen exposure and the induction of

tolerance have been well investigated for bee venom and

cat allergens [45]. Beekeepers face high levels of bee

venom antigens during the beekeeping season. Repeated

exposure to the venom allergens results in a reduction

in T-cell-related cutaneous late-phase reactions and an

impaired capacity of allergen-specific T cells to prolifer-

ate and produce Th1 and Th2 cytokines. This reaction

persists as long as bee venom exposure continues.

Venom-specific T cell proliferation, which is suppressed

at the time of exposure returns to initial levels within

several months after the end of the beekeeping season.

This phenomenon correlates with a clonal switch of

venom antigen-specific Th1 and Th2 cells toward IL-10-

secreting Tr1 cells. In this model, histamine receptor 2

is up-regulated on specific Th2 cells and plays a dual

role in the suppression of allergen-stimulated T cells

and in the induction of IL-10 production. Allergen-spe-

cific IgG4/IgE ratios are about thousand times higher in

non-allergic beekeepers compared with bee venom aller-

gic individuals [46]. In another high-dose allergen expo-

sure model with cat allergens, an increase of allergen-

specific IgG4 and IL-10-producing Tr1 cells were

demonstrated [47]. IL-10 reveals multiple ways of action

in allergen tolerance. It leads to the downregulation of

Figure 2 Mechanisms of allergen-specific immunotherapy and the role of regulatory T cells in allergic diseases. An allergen is taken up

by regional dendritic cells leading to the induction of regulatory T cells. These cells suppress allergic responses directly and indirectly by the

following mechanisms. 1. Suppression of mast cells, basophils and eosinophils. 2. Suppression of effector T cells. 3. Suppression of inflammatory

cell migration to tissues and tissue inflammation. 4. Suppression of mucus production. 5. Suppression of inflammatory dendritic cells and

induction of tolerogenic dendritic cells. 6. Suppression of allergen-specific IgE and induction of IgG4 from B cells.
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MHC-II molecules on APCs and inhibits a wide range

of proinflammatory cytokines and cytokine receptors

[48]. IL-10 reduces IL-5 production by Th0 and Th2

and downregulates eosinophil activity [49]. Thus,

reduced levels of eosinophilic cationic protein were also

found during SIT [50]. Treg cells derived TGF-b bears a

great potential in allergen tolerance. This cytokine not

only inhibits B-cell proliferation and differentiation, but

also decreases immunoglobulins with the exception of

mucosal IgA [51,52]. TGF-b is able to promote further

CD4+CD25+ T cell conversion from naïve CD4+CD25-

T cells [53]. SIT is able to increase TGF-b production

and is therefore associated with higher amounts of spe-

cific IgA [44]. Furthermore Treg cells are capable of

downregulating costimulatory molecules on DCs and

compete with naïve T cells by creating aggregates

around DCs, thus inhibiting their maturation [54].

Apart from the two mentioned main subsets of Treg

cells, several other T cells with regulatory function have

been demonstrated. CD8+CD28- T cells showed sup-

pressor capacity in vitro. They are able to prevent upre-

gulation of B7 molecules induced by helper T cells on

professional APCs and play role in oral tolerance

[55,56]. TCRab+CD4-CD8- double-negative Treg cells

have been shown to suppress antigen-specific immune

responses mediated by CD4+ T and CD8+ T cells in

humans and mice [57]. NKreg cells have the capacity to

abort antigen-specific T cell responses [58]. A certain

subset of invariant NKT cells also possesses control

functions. The combination of IL-27 and IFN-g pro-

duced by invariant natural killer T (iNKT) cells sup-

presses the established Th2 functions in mice [59].

Antigen-containing liposomal a-galactosylceramide,

which is a representative ligand for iNKT cells, lowers

antigen-specific IgE via the induction of tolerogenic DCs

and Treg cells [60].

Regulation of allergen-specific antibodies

IgG4 is a non-inflammatory isotype protecting from

allergic reaction. It is thought to capture the allergen

before reaching the effector cell-bound IgE and thus to

prevent the activation of mast cells and basophils [29].

IgG4 is unable to bind complement efficiently and con-

tains two different antigen-binding sites on one mole-

cule. The bi-specificity turns the antibody functionally

monovalent, thus preventing it from forming complexes

[61]. Allergen-specific IgG4 might be directed against

different epitopes of the allergen than IgE, yet an inhibi-

tion of the IgE-allergen binding by certain IgG is

observed resulting in a blocking effect [62]. Successful

SIT is associated with an increase in IgG-blocking activ-

ity that is not solely dependent on the quantity of IgG

antibodies [63,64]. It seems to be relevant rather to

measure the blocking activity & affinity of specific IgG

and its subsets (i.e. IgG4, IgG1), instead of their levels in

sera. The induction of IgG also plays a role both by the

inhibition of IgE-facilitated antigen presentation and the

inhibition of IgE-mediated release of mediators from

mast cells and basophils [64]. Allergen-SIT induces a

transient increase of specific IgE levels in serum, fol-

lowed by a gradual decrease over months or years of

treatment [65]. Serum IgE levels cannot explain the

diminished responsiveness to a specific allergen, because

the decrease of serum IgE levels is relatively late and

does not correlate with clinical improvement after SIT.

The decrease in IgE/IgG4 ratio during allergen SIT

seems to be a feature of skewing from allergen-specific

Th2 to Treg cell predominance. Since the class switch-

ing of IgG4 is caused by the co-stimulation with IL-4

and IL-10, IL-10 decreases IL-4-induced IgE switching

but increases IL-4-induced IgG4 production. Thus, IL-

10 not only generates tolerance in T cells, but also regu-

lates the allergen-specific antibody isotype formation

toward a non-inflammatory direction.

Novel suppressive cell subsets and cytokines

Recently, several novel suppressive cell subsets and cyto-

kines have been demonstrated. They could form targets

for novel allergen-specific therapies and need to be

included in the future research on SIT.

Regulatory B cells

B cells are the only cell type that is capable of producing

antibodies and therefore are the central cellular compo-

nent of the humoral immune responses. In addition, B

cells can modulate CD4+ T cell responses by presenting

antigens, expressing costimulatory molecules or produ-

cing cytokines [66]. Regulatory B (Breg) cells, which are

able to secrete IL-10, regulate the development, prolif-

eration and maintenance of CD4+ T effector and mem-

ory T cells as well as Treg cells [67]. Recent studies

suggest that there are several phenotypically distinct

populations of IL-10-producing Breg cells [68-72]. Tran-

sitional 2-marginal zone precursor B cells which express

CD1dhiCD21hiCD23+IgM+, follicular B cells and B cells

expressing high levels of CD1d can produce IL-10 and

play a role as Breg cells [73-76]. Among several Breg

cell subsets, CD1dhiCD5+CD19hi Breg cells are well stu-

died [77]. The transfer of this subset prevents CD4+ T

cell-dependent contact hypersensitivity in mice. Since

this suppressive function is antigen dependent, Breg

cells from mice primed with an antigen were not able to

suppress the T cell inflammation elicited by another

antigen. Moreover, this function requires their ability to

produce IL-10. The Breg cell subset is also characterized

in human blood as CD24hiCD27+ B cells [78]. They can

negatively regulate monocyte cytokine production via

IL-10-dependent pathways. Taken together, the antigen-

specific Breg cell subset can be a potent candidate for

novel allergen-specific immunotherapies.
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IL-35

IL-35 is a heterodimeric cytokine consisting of EBI3 and

the p35 subunit of IL-12 [79]. In mice, IL-35 is constitu-

tively secreted by FOXP3+ Treg cells [80]. The expres-

sion of EBI3 and p35 in FOXP3+ Treg cells is higher

than in effector T cells and transcription analysis identi-

fies EBI3 as a downstream target of FOXP3 [81].

Although IL-35 does not affect the FOXP3 expression

on Treg cells, it can induce the IL-10 production in

CD4+CD25+ Treg cells. Stimulation of CD4+CD25-

effector T cells by IL-35 and anti-CD3/anti-CD28 anti-

bodies induces proliferation of these, enhances IFN-g

production and up-regulates the transcription factor T-

bet on T cells [82]. CD4+CD25+ T cells expanded in the

presence of IL-35 are able to suppress the proliferation

of CD4+CD25- T cells. IL-35, but not EBI3 alone, inhib-

ited the differentiation of CD4+ T cells into Th17 cells.

IL-35 also increases serum levels of IL-10 and IFN-g

whereas it decreases IL-17 [82]. Furthermore, treatment

of naïve T cells with IL-35 induces a novel regulatory T

cell subset, which mediates suppression via IL-35 but

not via other Treg related cytokines such as IL-10 or

TGF-b [83].

Clinical use

Allergen-SIT has been used for more than 100 years in

the therapy of allergic diseases. Desensitization repre-

sents a potentially curative and specific approach to

allergies [29]. Although sublingual immunotherapy

(SLIT) and subcutaneous immunotherapy (SCIT) are

the two main routes of administration, SLIT seems to

be the more safe and favorable route of both. Several

large-scaled, randomized, double-blinded, placebo-con-

trolled trials demonstrated the long lasting and disease-

modifying effects of SLIT [84-88]. Oral SIT possesses a

high potential for the development of novel treatment

modalities. In fact such approaches including oral

immunotherapy for food allergy are under development

[89-93].

SLIT depends on anatomical and functional character-

istics of the oral mucosal tissue, which has a natural tol-

erogenic character. It possesses rapid wound healing

capabilities with little scar formation and defies inflam-

mation in spite of a high bacterial colonization. The lack

of inflammatory cells around mucosal tissue and a high

permeability for allergens enable efficient sublingual

immunotherapy [94]. The initial step in SLIT is the

uptake of an allergen by Langerhans cells within the

mucosa via the high affinity surface IgE receptors

[95,96]. This leads to the production of IL-10 and

induction of T cells with a regulatory phenotype in

vitro [97]. The mechanisms of action in SLIT have been

found to be similar as in injection immunotherapy: Sub-

lingual FOXP3-expressing cells are promoted, allergen-

specific IgG4 and IgA is increased and the inhibitory

activity on IgE was found to be enhanced in a time

dependent manner [98].

Although clinical trials of allergen-SIT demonstrate

treatment efficacy in various allergic diseases such as

allergic asthma, allergic rhinitis, stinging insect hyper-

sensitivity and aero-allergen-induced atopic dermatitis,

there is a risk of serious adverse reactions, which can be

classified in two categories: local reactions appearing as

erythema, pruritus and swelling at the injection site of

SCIT; and systemic reactions appearing as anaphylaxis

from mild to serious life-threatening severity [99-101].

Such side effects are one of the difficulties of SIT to

be overcome. Allergen extract-based SIT includes the

risk of anaphylactic side effects and the potential to

induce novel sensitization to proteins from vaccines

[102]. On the other hand, it might be difficult to stan-

dardize such vaccines leading to inconsistent results in

SIT. Current research focuses on these problems by

creating recombinant vaccines [102] and by altering the

route of administration. Modification of recombinant

vaccines by fusion with so called modular antigen trans-

ducer proteins may enhance specific antibody produc-

tion and is a potential way of reducing the amount of

vaccine needed and therefore limiting side effects [103].

The administration of a vaccine by intralymphatic injec-

tion is also a promising way of reducing the amount of

the allergen dose and therefore improving safety [104].

Systemic side effects are known to occur in the initial

phase of desensitization. Patients need to be monitored

during this period. Different time regimes are used for

the administration of the first vaccinations. Currently

ultra-rush procedures are efficiently used in hymenop-

tera allergy SIT [105]. An increase in Treg cells along

with a Th2 to Th1 switch has been shown to occur

already during the first 24 h [106]. This type of time

regime is now also being investigated in SLIT [107].

Conclusions

Recent developments on molecular mechanisms of

immune regulation in the area of allergy have provided

substantial knowledge on allergen-tolerance. The induc-

tion of peripheral T cell tolerance by Treg cells is a key

point in the suppression of allergic inflammation.

FOXP3+CD4+CD25+ Treg cells and Tr1 cells secrete

suppressive cytokines such as IL-10 and TGF-b, and

lead to the production of non-inflammatory antibody

subtypes such as IgG4 and IgA. Novel suppressive cell

subsets and cytokines such as Breg cells and IL-35 may

form targets for new SIT approaches. The understand-

ing of the molecular processes enables us to better

understand the regulation of the immune response.

Novel vaccines are expected to shorten the duration,

decrease the side effects and increase the efficiency of
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the treatment. Targeting the newly identified molecules

could not only improve current anti-allergic therapies,

but might also help to treat other immune-related disor-

ders such as autoimmunity, organ transplant rejection,

malignant neoplasms and various types of infections.

List of abbreviations used

Breg: regulatory B; Cs: Dendritic cells; FOXP3: Forkhead box protein 3; iNKT:

invariant natural killer T; RUNX: Runt-related transcription factor; SCIT:

Subcutaneous immunotherapy; SIT: Specific immunotherapy; SLIT: Sublingual

immunotherapy; Tr1: T regulatory type 1; Treg: regulatory T

Acknowledgements

The authors thank Dr. Kyoko Fujita for critical review and discussions. The

author’s lab is supported by Swiss National Science Foundation grants, the

European Asthma and Allergy Center Davos (EACD), and Christine Kühne

Center for Allergy Research and Education (CK-CARE). Michael Soyka is

supported by the Müller-Gierok Foundation.

Author details
1Swiss Institute of Allergy and Asthma Research (SIAF), University of Zurich,

Davos, Switzerland. 2Christine Kühne-Center for Allergy Research and

Education (CK-CARE), Davos, Switzerland. 3Department of Environmental

Immuno-Dermatology, Yokohama City University Graduate School of

Medicine, Yokohama, Japan.

Authors’ contributions

HF wrote the manuscript. MS revised and wrote the manuscript. MA revised

the manuscript. CA wrote and revised the manuscript. All authors read and

approved the final manuscript.

Authors’ information

HF is a research fellow at the Swiss Institute of Allergy and Asthma Research

(SIAF) and an assistant professor of department of Environmental Immuno-

Dermatology, Yokohama City University Graduate School of Medicine. MS is

a research fellow at the SIAF. MA is the head of immunodermatology group

of SIAF. CA is a director of SIAF, one of the directors of Christine Kühne -

Center for Allergy Research and Education (CK-CARE) and president of the

European Academy of Allergy Clinical Immunology (EAACI).

Competing interests

The authors declare that they have no competing interests.

Received: 17 October 2011 Accepted: 5 January 2012

Published: 5 January 2012

References

1. Larche M, Akdis CA, Valenta R: Immunological mechanisms of allergen-

specific immunotherapy. Nat Rev Immunol 2006, 6(10):761-71.

2. Akdis M, Akdis CA: Therapeutic manipulation of immune tolerance in

allergic disease. Nat Rev Drug Discov 2009, 8(8):645-60.

3. Akdis CA: Allergy and hypersensitivity: mechanisms of allergic disease.

Curr Opin Immunol 2006, 18(6):718-26.

4. Akdis M, Akdis CA: Mechanisms of allergen-specific immunotherapy. J

Allergy Clin Immunol 2007, 119(4):780-91.

5. Akdis M, et al: Interleukins, from 1 to 37, and interferon-gamma:

Receptors, functions, and roles in diseases. J Allergy Clin Immunol 2011,

127(3):701-721, e70.

6. Soyer OU, Akdis M, Akdis CA: Mechanisms of subcutaneous allergen

immunotherapy. Immunol Allergy Clin North Am 2011, 31(2):175-90.

7. Wang M, et al: Peanut-induced intestinal allergy is mediated through a

mast cell-IgE-FcepsilonRI-IL-13 pathway. J Allergy Clin Immunol 2010,

126(2):306-16, 316 e1-12.

8. Knol EF: Requirements for effective IgE cross-linking on mast cells and

basophils. Mol Nutr Food Res 2006, 50(7):620-4.

9. Simons FE: Anaphylaxis. J Allergy Clin Immunol 2010, 125(2 Suppl 2):

S161-81.

10. Kalesnikoff J, Galli SJ: New developments in mast cell biology. Nat

Immunol 2008, 9(11):1215-23.

11. Akkoc T, Akdis M, Akdis CA: Update in the mechanisms of allergen-

specific immunotheraphy. Allergy Asthma Immunol Res 2011, 3(1):11-20.

12. Akdis M: Healthy immune response to allergens: T regulatory cells and

more. Curr Opin Immunol 2006, 18(6):738-44.

13. Iwakura Y, et al: Functional specialization of interleukin-17 family

members. Immunity 2011, 34(2):149-62.

14. Wang YH, et al: IL-25 augments type 2 immune responses by enhancing

the expansion and functions of TSLP-DC-activated Th2 memory cells. J

Exp Med 2007, 204(8):1837-47.

15. Goswami S, et al: Divergent functions for airway epithelial matrix

metalloproteinase 7 and retinoic acid in experimental asthma. Nat

Immunol 2009, 10(5):496-503.

16. Bilsborough J, et al: IL-31 is associated with cutaneous lymphocyte

antigen-positive skin homing T cells in patients with atopic dermatitis. J

Allergy Clin Immunol 2006, 117(2):418-25.

17. Dillon SR, et al: Interleukin 31, a cytokine produced by activated T cells,

induces dermatitis in mice. Nat Immunol 2004, 5(7):752-60.

18. Kakkar R, Lee RT: The IL-33/ST2 pathway: therapeutic target and novel

biomarker. Nat Rev Drug Discov 2008, 7(10):827-40.

19. Liew FY, Pitman NI, McInnes IB: Disease-associated functions of IL-33: the

new kid in the IL-1 family. Nat Rev Immunol 2010, 10(2):103-10.

20. Akkoc T, et al: Increased activation-induced cell death of high IFN-

gamma-producing T(H)1 cells as a mechanism of T(H)2 predominance in

atopic diseases. J Allergy Clin Immunol 2008, 121(3):652-658, e1.

21. Meyer N, et al: IL-32 is expressed by human primary keratinocytes and

modulates keratinocyte apoptosis in atopic dermatitis. J Allergy Clin

Immunol 2010, 125(4):858-865, e10.

22. Solarewicz-Madejek K, et al: T cells and eosinophils in bronchial smooth

muscle cell death in asthma. Clin Exp Allergy 2009, 39(6):845-55.

23. Trautmann A, et al: T cell-mediated Fas-induced keratinocyte apoptosis

plays a key pathogenetic role in eczematous dermatitis. J Clin Invest

2000, 106(1):25-35.

24. Trautmann A, et al: T cells and eosinophils cooperate in the induction of

bronchial epithelial cell apoptosis in asthma. J Allergy Clin Immunol 2002,

109(2):329-37.

25. Zimmermann M, et al: TNF-like weak inducer of apoptosis (TWEAK) and

TNF-alpha cooperate in the induction of keratinocyte apoptosis. J Allergy

Clin Immunol 2011, 127(1):200-7, 207 e1-10.

26. Anderson AE, et al: Seasonal changes in suppressive capacity of CD4+

CD25+ T cells from patients with hayfever are allergen-specific and may

result in part from expansion of effector T cells among the CD25+

population. Clin Exp Allergy 2009, 39(11):1693-9.

27. Han D, et al: Allergen-specific IL-10-secreting type I T regulatory cells,

but not CD4(+)CD25(+)Foxp3(+) T cells, are decreased in peripheral

blood of patients with persistent allergic rhinitis. Clin Immunol 2010,

136(2):292-301.

28. Karagiannidis C, et al: Glucocorticoids upregulate FOXP3 expression and

regulatory T cells in asthma. J Allergy Clin Immunol 2004, 114(6):1425-33.

29. Akdis CA, Akdis M: Mechanisms of allergen-specific immunotherapy. J

Allergy Clin Immunol 2011, 127(1):18-27, quiz 28-9.

30. Gri G, et al: CD4+CD25+ regulatory T cells suppress mast cell

degranulation and allergic responses through OX40-OX40L interaction.

Immunity 2008, 29(5):771-81.

31. Kearley J, et al: Resolution of airway inflammation and hyperreactivity

after in vivo transfer of CD4+CD25+ regulatory T cells is interleukin 10

dependent. J Exp Med 2005, 202(11):1539-47.

32. Kearley J, Robinson DS, Lloyd CM: CD4+CD25+ regulatory T cells reverse

established allergic airway inflammation and prevent airway remodeling.

J Allergy Clin Immunol 2008, 122(3):617-24 e6.

33. Meiler F, et al: Distinct regulation of IgE, IgG4 and IgA by T regulatory

cells and toll-like receptors. Allergy 2008, 63(11):1455-63.

34. Akdis M, Blaser K, Akdis CA: T regulatory cells in allergy: novel concepts in

the pathogenesis, prevention, and treatment of allergic diseases. J

Allergy Clin Immunol 2005, 116(5):961-8, quiz 969.

35. Palomares O, et al: Role of Treg in immune regulation of allergic

diseases. Eur J Immunol 2010, 40(5):1232-40.

36. Fontenot JD, Gavin MA, Rudensky AY: Foxp3 programs the development

and function of CD4+CD25+ regulatory T cells. Nat Immunol 2003,

4(4):330-6.

Fujita et al. Clinical and Translational Allergy 2012, 2:2

http://www.ctajournal.com/content/2/1/2

Page 6 of 8



37. Chatila TA, et al: JM2, encoding a fork head-related protein, is mutated in

X-linked autoimmunity-allergic disregulation syndrome. J Clin Invest 2000,

106(12):R75-81.

38. Chatila TA: Role of regulatory T cells in human diseases. J Allergy Clin

Immunol 2005, 116(5):949-59, quiz 960.

39. Ono M, et al: Foxp3 controls regulatory T-cell function by interacting

with AML1/Runx1. Nature 2007, 446(7136):685-9.

40. Rudra D, et al: Runx-CBFbeta complexes control expression of the

transcription factor Foxp3 in regulatory T cells. Nat Immunol 2009,

10(11):1170-7.

41. Klunker S, et al: Transcription factors RUNX1 and RUNX3 in the induction

and suppressive function of Foxp3+ inducible regulatory T cells. J Exp

Med 2009, 206(12):2701-15.

42. Akdis CA, et al: Role of interleukin 10 in specific immunotherapy. J Clin

Invest 1998, 102(1):98-106.

43. Akdis M, et al: Immune responses in healthy and allergic individuals are

characterized by a fine balance between allergen-specific T regulatory 1

and T helper 2 cells. J Exp Med 2004, 199(11):1567-75.

44. Jutel M, et al: IL-10 and TGF-beta cooperate in the regulatory T cell

response to mucosal allergens in normal immunity and specific

immunotherapy. Eur J Immunol 2003, 33(5):1205-14.

45. Meiler F, et al: In vivo switch to IL-10-secreting T regulatory cells in high

dose allergen exposure. J Exp Med 2008, 205(12):2887-98.

46. Carballido JM, et al: T cell epitope specificity in human allergic and

nonallergic subjects to bee venom phospholipase A2. J Immunol 1993,

150(8 Pt 1):3582-91.

47. Platts-Mills T, et al: Sensitisation, asthma, and a modified Th2 response in

children exposed to cat allergen: a population-based cross-sectional

study. Lancet 2001, 357(9258):752-6.

48. Akdis CA, Akdis M: Mechanisms and treatment of allergic disease in the

big picture of regulatory T cells. J Allergy Clin Immunol 2009,

123(4):735-46, quiz 747-8.

49. Schandene L, et al: B7/CD28-dependent IL-5 production by human

resting T cells is inhibited by IL-10. J Immunol 1994, 152(9):4368-74.

50. Rak S, Hakanson L, Venge P: Immunotherapy abrogates the generation of

eosinophil and neutrophil chemotactic activity during pollen season. J

Allergy Clin Immunol 1990, 86(5):706-13.

51. Lebman DA, Edmiston JS: The role of TGF-beta in growth, differentiation,

and maturation of B lymphocytes. Microbes Infect 1999, 1(15):1297-304.

52. Borsutzky S, et al: TGF-beta receptor signaling is critical for mucosal IgA

responses. J Immunol 2004, 173(5):3305-9.

53. Chen W, et al: Conversion of peripheral CD4+CD25- naive T cells to CD4

+CD25+ regulatory T cells by TGF-beta induction of transcription factor

Foxp3. J Exp Med 2003, 198(12):1875-86.

54. Onishi Y, et al: Foxp3+ natural regulatory T cells preferentially form

aggregates on dendritic cells in vitro and actively inhibit their

maturation. Proc Natl Acad Sci USA 2008, 105(29):10113-8.

55. Ke Y, Kapp JA: Oral antigen inhibits priming of CD8+ CTL, CD4+ T cells,

and antibody responses while activating CD8+ suppressor T cells. J

Immunol 1996, 156(3):916-21.

56. Zhou J, et al: CD8+ gammadelta T regulatory cells mediate kidney

allograft prolongation after oral exposure to alloantigen. Transpl Int 2008,

21(7):679-87.

57. Chen W, et al: Donor lymphocyte infusion induces long-term donor-

specific cardiac xenograft survival through activation of recipient

double-negative regulatory T cells. J Immunol 2005, 175(5):3409-16.

58. Deniz G, et al: Regulatory NK cells suppress antigen-specific T cell

responses. J Immunol 2008, 180(2):850-7.

59. Fujita H, et al: Production of both IL-27 and IFN-gamma after the

treatment with a ligand for invariant NK T cells is responsible for the

suppression of Th2 response and allergic inflammation in a mouse

experimental asthma model. J Immunol 2009, 183(1):254-60.

60. Ishii Y, et al: Alpha-galactosylceramide-driven immunotherapy for allergy.

Front Biosci 2008, 13:6214-28.

61. Schroeder HW Jr, Cavacini L: Structure and function of immunoglobulins.

J Allergy Clin Immunol 2010, 125(2 Suppl 2):S41-52.

62. Denepoux S, et al: Molecular characterization of human IgG monoclonal

antibodies specific for the major birch pollen allergen Bet v 1. Anti-

allergen IgG can enhance the anaphylactic reaction. FEBS Lett 2000,

465(1):39-46.

63. Till SJ, et al: Mechanisms of immunotherapy. J Allergy Clin Immunol 2004,

113(6):1025-34, quiz 1035.

64. Wachholz PA, Durham SR: Mechanisms of immunotherapy: IgG revisited.

Curr Opin Allergy Clin Immunol 2004, 4(4):313-8.

65. Gleich GJ, et al: Effect of immunotherapy on immunoglobulin E and

immunoglobulin G antibodies to ragweed antigens: a six-year

prospective study. J Allergy Clin Immunol 1982, 70(4):261-71.

66. Lund FE, Randall TD: Effector and regulatory B cells: modulators of CD4

(+) T cell immunity. Nat Rev Immunol 2010, 10(4):236-47.

67. Fujimoto M: Regulatory B cells in skin and connective tissue diseases. J

Dermatol Sci 2010, 60(1):1-7.

68. Bouaziz JD, Yanaba K, Tedder TF: Regulatory B cells as inhibitors of

immune responses and inflammation. Immunol Rev 2008, 224:201-14.

69. Fillatreau S, Gray D, Anderton SM: Not always the bad guys: B cells as

regulators of autoimmune pathology. Nat Rev Immunol 2008, 8(5):391-7.

70. Mauri C, Ehrenstein MR: The ‘short’ history of regulatory B cells. Trends

Immunol 2008, 29(1):34-40.

71. Yanaba K, et al: The development and function of regulatory B cells

expressing IL-10 (B10 cells) requires antigen receptor diversity and TLR

signals. J Immunol 2009, 182(12):7459-72.

72. Matsushita T, et al: Regulatory B cells inhibit EAE initiation in mice while

other B cells promote disease progression. J Clin Invest 2008,

118(10):3420-30.

73. Blair PA, et al: Selective targeting of B cells with agonistic anti-CD40 is an

efficacious strategy for the generation of induced regulatory T2-like B

cells and for the suppression of lupus in MRL/lpr mice. J Immunol 2009,

182(6):3492-502.

74. Evans JG, et al: Novel suppressive function of transitional 2 B cells in

experimental arthritis. J Immunol 2007, 178(12):7868-78.

75. Mizoguchi A, et al: Chronic intestinal inflammatory condition generates

IL-10-producing regulatory B cell subset characterized by CD1d

upregulation. Immunity 2002, 16(2):219-30.

76. Wei B, et al: Mesenteric B cells centrally inhibit CD4+ T cell colitis

through interaction with regulatory T cell subsets. Proc Natl Acad Sci USA

2005, 102(6):2010-5.

77. Yanaba K, et al: A regulatory B cell subset with a unique CD1dhiCD5+

phenotype controls T cell-dependent inflammatory responses. Immunity

2008, 28(5):639-50.

78. Iwata Y, et al: Characterization of a rare IL-10-competent B-cell subset in

humans that parallels mouse regulatory B10 cells. Blood 2011,

117(2):530-41.

79. Devergne O, Birkenbach M, Kieff E: Epstein-Barr virus-induced gene 3 and

the p35 subunit of interleukin 12 form a novel heterodimeric

hematopoietin. Proc Natl Acad Sci USA 1997, 94(22):12041-6.

80. Gavin MA, et al: Foxp3-dependent programme of regulatory T-cell

differentiation. Nature 2007, 445(7129):771-5.

81. Collison LW, et al: The inhibitory cytokine IL-35 contributes to regulatory

T-cell function. Nature 2007, 450(7169):566-9.

82. Niedbala W, et al: IL-35 is a novel cytokine with therapeutic effects

against collagen-induced arthritis through the expansion of regulatory T

cells and suppression of Th17 cells. Eur J Immunol 2007, 37(11):3021-9.

83. Collison LW, et al: IL-35-mediated induction of a potent regulatory T cell

population. Nat Immunol 2010, 11(12):1093-101.

84. Amar SM, et al: Response to sublingual immunotherapy with grass pollen

extract: monotherapy versus combination in a multiallergen extract. J

Allergy Clin Immunol 2009, 124(1):150-156, e1-5.

85. Bufe A, et al: Safety and efficacy in children of an SQ-standardized grass

allergen tablet for sublingual immunotherapy. J Allergy Clin Immunol

2009, 123(1):167-173, e7.

86. Durham SR, et al: Long-term clinical efficacy in grass pollen-induced

rhinoconjunctivitis after treatment with SQ-standardized grass allergy

immunotherapy tablet. J Allergy Clin Immunol 2010, 125(1):131-8, e1-7.

87. Horak F, et al: Early onset of action of a 5-grass-pollen 300-IR sublingual

immunotherapy tablet evaluated in an allergen challenge chamber. J

Allergy Clin Immunol 2009, 124(3):471-7, 477 e1.

88. Skoner D, et al: Sublingual immunotherapy in patients with allergic

rhinoconjunctivitis caused by ragweed pollen. J Allergy Clin Immunol

2010, 125(3):660-6, 666 e1-666 e4.

89. Blumchen K, et al: Oral peanut immunotherapy in children with peanut

anaphylaxis. J Allergy Clin Immunol 2010, 126(1):83-91 e1.

Fujita et al. Clinical and Translational Allergy 2012, 2:2

http://www.ctajournal.com/content/2/1/2

Page 7 of 8



90. Crameri R, Kundig TM, Akdis CA: Modular antigen-translocation as a novel

vaccine strategy for allergen-specific immunotherapy. Curr Opin Allergy

Clin Immunol 2009, 9(6):568-73.

91. Jones SM, et al: Clinical efficacy and immune regulation with peanut oral

immunotherapy. J Allergy Clin Immunol 2009, 124(2):292-300, 300 e1-97.

92. Senti G, et al: Epicutaneous allergen administration as a novel method of

allergen-specific immunotherapy. J Allergy Clin Immunol 2009,

124(5):997-1002.

93. Thalhamer T, et al: Designing hypoallergenic derivatives for allergy

treatment by means of in silico mutation and screening. J Allergy Clin

Immunol 2010, 125(4):926-934, e10.

94. Marcucci F, et al: Lack of inflammatory cells in the oral mucosa of

subjects undergoing sublingual immunotherapy. Int J Immunopathol

Pharmacol 2008, 21(3):609-13.

95. Allam JP, et al: Characterization of dendritic cells from human oral

mucosa: a new Langerhans’ cell type with high constitutive FcepsilonRI

expression. J Allergy Clin Immunol 2003, 112(1):141-8.

96. Allam JP, et al: Distribution of Langerhans cells and mast cells within the

human oral mucosa: new application sites of allergens in sublingual

immunotherapy? Allergy 2008, 63(6):720-7.

97. Allam JP, et al: Toll-like receptor 4 ligation enforces tolerogenic

properties of oral mucosal Langerhans cells. J Allergy Clin Immunol 2008,

121(2):368-374, e1.

98. Scadding GW, et al: Sublingual grass pollen immunotherapy is associated

with increases in sublingual Foxp3-expressing cells and elevated

allergen-specific immunoglobulin G4, immunoglobulin A and serum

inhibitory activity for immunoglobulin E-facilitated allergen binding to B

cells. Clin Exp Allergy 2010, 40(4):598-606.

99. Cox L, et al: Speaking the same language: The World Allergy

Organization Subcutaneous Immunotherapy Systemic Reaction Grading

System. J Allergy Clin Immunol 2010, 125(3):569-74, 574 e1-574 e7.

100. Jacobsen L, et al: Specific immunotherapy has long-term preventive

effect of seasonal and perennial asthma: 10-year follow-up on the PAT

study. Allergy 2007, 62(8):943-8.

101. Werfel T, et al: Usefulness of specific immunotherapy in patients with

atopic dermatitis and allergic sensitization to house dust mites: a multi-

centre, randomized, dose-response study. Allergy 2006, 61(2):202-5.

102. Asturias JA, et al: Engineering of major house dust mite allergens Der p 1

and Der p 2 for allergen-specific immunotherapy. Clin Exp Allergy 2009,

39(7):1088-98.

103. Martinez-Gomez JM, et al: Targeting the MHC class II pathway of antigen

presentation enhances immunogenicity and safety of allergen

immunotherapy. Allergy 2009, 64(1):172-8.

104. Martinez-Gomez JM, et al: Intralymphatic injections as a new

administration route for allergen-specific immunotherapy. Int Arch Allergy

Immunol 2009, 150(1):59-65.

105. Roll A, et al: Safety of specific immunotherapy using a four-hour ultra-

rush induction scheme in bee and wasp allergy. J Investig Allergol Clin

Immunol 2006, 16(2):79-85.

106. Mamessier E, et al: Ultra-rush venom immunotherapy induces differential

T cell activation and regulatory patterns according to the severity of

allergy. Clin Exp Allergy 2006, 36(6):704-13.

107. Roger A, et al: Observational study of the safety of an ultra-rush

sublingual immunotherapy regimen to treat rhinitis due to house dust

mites. Int Arch Allergy Immunol 2011, 154(1):69-75.

doi:10.1186/2045-7022-2-2
Cite this article as: Fujita et al.: Mechanisms of allergen-specific
immunotherapy. Clinical and Translational Allergy 2012 2:2. Submit your next manuscript to BioMed Central

and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Fujita et al. Clinical and Translational Allergy 2012, 2:2

http://www.ctajournal.com/content/2/1/2

Page 8 of 8




