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Subcutaneous immunotherapy (SCIT) has been investigated for almost a

century [1,2] and is currently used to treat allergies to insect venom, house dust

mites (HDMs), grass and tree pollens, and animal epithelia [3–8]. Currently,

allergen-specific immunotherapy is considered the only curative treatment for

type I allergies because of its capacity to reorient inappropriate humoral and

cellular immune responses. Although SCIT is considered a reference therapy, it

requires multiple injections and can be associated with severe side effects, in-

cluding anaphylactic shock. Thus, safer and noninvasive mucosal routes, in-

cluding nasal, oral, and sublingual routes of administration, are considered an

alternative to SCIT.

A rationale for administering immunotherapy through the mucosal route is

that the immune system in aerodigestive mucosae is poised to induce immune

tolerance rather than immunostimulation when exposed to antigens and allergens

from the environment [9,10]. Mucosal tolerance is believed to be a consequence

of either anergy (after the depletion of responsive cells) or the induction of

suppressive mechanisms mediated by regulatory T lymphocytes [11]. In light

of a better understanding of immune mechanisms associated with successful

antiallergic treatments, new strategies can be implemented to improve mucosal

allergy vaccines. The latter may rely on modified or unmodified recombinant
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allergens or derived peptides associated with new vectors and adjuvant molecules

to enhance allergen-specific regulatory T-cell responses.
Immune tolerance after subcutaneous allergen-specific immunotherapy

After the pioneer studies by Noon [1] almost a century ago, allergen-specific

SCIT was established based on clinical efficacy as a reference for curative treat-

ment of allergies [3–8]. Venom SCIT is a very effective treatment in patients

allergic to Vespula or honeybees. SCIT is also efficacious in treating rhinocon-

junctivitis and asthma associated with grass and tree pollens, dust mites (eg, Der-

matophagoides pteronyssinus, D farinae, Lepidoglyphus destructor), cat dander,

and Cladosporium or Alternaria [3]. SCIT reduces immediate (ie, linked to the

release of inflammatory mediators such as histamine or prostaglandin D2) and

late phase (ie, linked to the activation of mast cells and eosinophils) allergen-

induced symptoms in target organs (Table 1) [4,12–16].

Successful SCIT is often associated with a decrease in the sera of allergen-

specific IgE antibody production concomitant with an up-regulation of IgGs,

particularly IgG1 and IgG4s, some of which may exhibit a potential blocking

activity (see Table 1) [17]. Such an altered IgE/IgG4 antibody balance contributes

to the reduction of IgE-mediated histamine release by basophils and antigen pre-

sentation to T cells [18–21]. Researchers have suggested that during SCIT, the

affinity of IgE antibodies for allergens is potentially decreased, whereas the

affinity of allergen-specific IgG4 antibodies seems enhanced [22]. A limited num-

ber of studies have also documented an increase in seric IgA antibodies [23,24].

Successful SCIT also inhibits the recruitment and activation of proinflammatory

cells, such as mast cells, basophils, and eosinophils in the skin, nose, eye, and

bronchial mucosae, as shown after provocation or natural exposure to allergens

(see Table 1) [18,19,25–30].

In the current view of the immune system (Fig. 1), CD4+ T lymphocytes play

a critical role in controlling the various immune effector mechanisms contribut-

ing to allergic inflammation [31]. That allergic patients mount allergen-specific

CD4+ T-cell responses of the T helper 2 (Th2) type (ie, associated with the

secretion of interleukin (IL)-4, IL-5, and IL-13 cytokines [13,32]) is well es-

tablished. Successful SCIT redirects those allergen-specific Th2 responses to-

ward the Th1 type [33–37], with an increased production of IL-12 and interferon

(IFN)-g within the blood and target organs, such as the nasal mucosa or the skin

(see Table 1). More recently, research established that SCIT also stimulates

allergen-specific subsets of CD4+ regulatory T cells capable of down-regulating

Th1 and Th2 responses through the production of IL-10 or transforming growth

factor (TGF)-b and cell-to-cell contact (see Table 1) [31].

Taken together, SCIT is widely agreed to be effective in curing allergic

rhinoconjunctivitis and preventing progression to asthma. However, repeated in-

jections are needed over several years in the course of SCIT, which makes this

treatment cumbersome, particularly for children. In addition, a major drawback



Fig. 1. Cellular and humoral mechanisms of allergen-specific immunotherapy. After allergen capture

at the administration site, dendritic cells mature and migrate to draining lymph nodes where they

stimulate naRve T cells (Th0). Depending on the cytokine milieu, Th0 cells can differentiate into

various CD4+ T helper cells producing distinct patterns of cytokines. Such CD4+ T helper cells

stimulated after allergen exposure or desensitization with the vaccine are critical in controlling

antibody production and isotype switching, and recruitment and activation of proinflammatory cells

(eg, mast cells, eosinophils, basophils). The purpose of allergen-specific immunotherapy is to restore

immune tolerance by shifting T-cell responses from Th2 to Th1 regulatory T cells.
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is the risk for serious systemic reactions such as anaphylaxis, which is infrequent

but can be lethal [38]. Therefore, alternative vaccination strategies through the

nasal, oral, or sublingual mucosal routes are being investigated.
Tolerance induction by mucosal immunotherapy

Intranasal immunotherapy

Local nasal immunotherapy (LNIT) has been evaluated in clinical trials for

almost 3 decades with some encouraging results in terms of safety and efficacy

(see Table 1) [39]. For example, LNIT with either aqueous extracts or chemically
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modified allergens (allergoids) elicited a marked reduction in symptoms and

medication scores in patients who had allergic rhinitis to ragweed and grass

pollens [40–42]. In general, chemically modified allergens were better-tolerated

than aqueous extracts, although a lower therapeutic benefit was sometimes ob-

served with the former [41,42]. Several studies have shown clinical efficacy of

LNIT in patients who have allergic rhinitis to various pollens (eg, Parietaria,

birch, grass) or mites when using allergens in a macronized powder form

[43–47]. Medication and symptoms scores were improved and a long-lasting

protective effect was observed, most particularly with regard to nasal symptoms

[48]. In contrast, no significant clinical efficacy of LNIT could be shown in the

second year after treatment with an allergoid grass vaccine [49]. Adverse reac-

tions during LNIT are infrequent and generally restricted to the upper respira-

tory tract.

No clear immunologic changes correlating with vaccine efficacy have been

noted in LNIT clinical trials [41–47,50]. Immune mechanisms underlying LNIT-

induced tolerance have been investigated in mice. In such preclinical models,

T-cell anergy, a decrease in Th2 responses, and an induction of TGF-b� and

IL-10–producing regulatory T cells have been proposed to be potential mecha-

nisms for tolerance induction through the nasal route [51,52]. Biodistribution

studies of radiolabeled Parietaria judaica allergen (Par j 1) have been conducted

in humans after intranasal administration. Such studies showed that most of the

allergen is swallowed and absorbed through the gastrointestinal tract in volun-

teers who had allergies and those who did not, leading to a plasmatic peak 1 hour

after administration [53,54]. A fraction of the allergen seems to persist up for to

24 hours in the nasal cavity in healthy volunteers but not in patients who are

allergic. The rapid local clearance of the allergen observed in volunteers who

were allergic likely involves IgE-mediated capture mechanisms.

Altogether, LNIT represents a safe and efficient treatment against grass pollen

rhinitis. However, it requires particular technical skills, and controlling the exact

dose administered is not trivial. Thus, these limitations have hampered its broad

use in allergen-specific immunotherapy.

Oral immunotherapy

Oral immunotherapy (OIT) was investigated in the early 1980s in allergic pa-

tients [55–57]. Several studies were conducted in adults and children us-

ing an orally administrated grass pollen extract, either as an aqueous solution,

a powder, or enterosoluble tablets [55,56]. Although such oral grass pollen vac-

cines were well tolerated, no major impact was observed on symptom and

medication scores or on skin or nasal reactivity (see Table 1). In addition, no

significant alteration of seric allergen-specific IgG or IgE levels was found in

patients undergoing OIT compared with those of patients undergoing therapy

with placebo [55–57]. In parallel studies, immunotherapy using high doses

of allergen formulated as enterosoluble grass pollen capsules also lacked any

therapeutic effect [58,59]. In contrast, oral immunotherapy with high doses of
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encapsulated birch pollen extracts showed some clinical efficacy in adults and

children who were allergic [58,59]. When compared with the placebo group,

patients undergoing birch pollen OIT showed an increase in seric-specific IgG

antibody levels, associated with a reduction in seasonal IgE levels [60–62].

Encouraging clinical efficacy data were also obtained for OIT in patients allergic

to either Dermatophagoides sp, Artemisia, or ragweed pollen [63–65].

OIT has also been extensively evaluated as a potential treatment for non-

allergic inflammatory or autoimmune diseases [9,10]. Because tolerance break-

down of the intestinal immune system is known to cause inflammatory disorders,

such as celiac or Crohn’s disease, OIT is being considered in these patholo-

gies [66]. Also, oral tolerance has shown some efficacy in preclinical models of

autoimmune encephalomyelitis, arthritis, type I diabetes, thyroiditis, uveitis, ath-

erosclerosis, and cerebrovascular stroke [9]. Using peptide vaccines, OIT was

evaluated in patients who had rheumatoid arthritis, diabetes, or multiple sclerosis

[10,11], with only a limited clinical benefit observed [10,11].

Regarding immunologic mechanisms involved during OIT, high doses of

antigen administered orally are believed to promote T-cell depletion or anergy

[11]. Alternatively, low-dose antigen tolerance is likely mediated through active

suppressive mechanisms involving regulatory T cells. In all circumstances, in-

creasing evidence suggests that dendritic cells play a crucial role in the regulation

of mucosal immunity and tolerance as a consequence of their capacity to direct

the fate of T cells. The level of costimulatory molecules and the cytokine milieu

influence the degree of antigen-presenting cell (APC) maturation and activation,

leading to systemic or suppressive T-cell responses [67]. Several studies focusing

on CD4+ regulatory T cells have shown that such cells are critical in the induction

of oral tolerance [11]. Regulatory T cells induced during OIT are highly hetero-

geneous and include Th3 cells (producing TGF-b or IL-10), Tr1 cells (producing

IL-10), and CD4+ CD25+ cells, which mediate their regulatory function through

cytokine secretion or cell contact–dependent mechanisms involving the cytotoxic

T-lymphocyte associated antigen-4 (CTLA-4) or programmed death-1 (PD-1) mole-

cules [11].

Although oral tolerance induction has been successful in several animal

models, its clinical efficacy has not been firmly established in humans. Thus, a

purely oral route of administration is not recommended as a routine approach in

allergic immunotherapy.

Sublingual immunotherapy

More than a decade ago, SLIT was investigated in patients with allergies

[68–75]. During sublingual immunization, the allergen extract is held under the

tongue for at least 1 to 2 minutes to allow capture by oral Langerhans-like

dendritic cells (LLDCs) before being swallowed. Wilson and colleagues [70]

conducted a meta-analysis encompassing 22 randomized clinical studies evaluat-

ing SLIT in 979 patients who had allergic rhinitis to HDMs, pollens (from grass,

Parietaria, olive, ragweed, Cupressus), or cat dander. They concluded that
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SLIT significantly reduces symptoms and medication requirements [70]. For

example, high-dose SLIT has beneficial effects on nasal symptoms during the

peak pollen season in patients who have severe seasonal allergic rhinitis, even

if 2 years of treatment are required [76]. The safety and efficacy profile of SLIT

has been confirmed in children, including those younger than 5 years [77]. In

adults and children who had rhinitis, long-term clinical benefits in the form of

prevention of new sensitizations or asthma were observed after SLIT [70]. A

comparison of SCIT and SLIT regimens performed in a clinical trial in adult

patients allergic to birch pollen showed no statistical difference in terms of effi-

cacy between the two routes when high-dose SLIT regimens were used [78].

Biologic mechanisms underlying SLIT are being clarified [79]. As shown for

the subcutaneous route, the IgE/IgG4 ratio is decreased in several clinically

effective SLIT studies. SLIT most particularly increases allergen-specific IgG4

levels compared with placebo, as shown with house dust mites (HDM) and

Parietaria/grass pollen vaccines [68,69,71]. Allergen-specific IgG (and possibly

IgA) antibodies induced during SLIT are believed to compete with IgEs for

binding to the allergen, thus preventing basophil or mastocyte degranulation (see

Table 1) [24,80,81]. Within target organs (eg, eye or nose), SLIT reduces the

recruitment of inflammatory cells induced by allergen challenge [75,82–85].

SLIT with grass pollen or HDM extracts also decreases the release of inflam-

matory mediators such as tryptase or eosinophil cationic protein in sputum or

nasal secretions [82,84]. The expression of the intercellular adhesion molecule 1

(ICAM-1), is also down-regulated on epithelial cells after SLIT [83,85]. Similarly,

rush SLIT to Parietaria reduces the recruitment of neutrophils and eosinophils

to the nasal mucosa, and the expression of the ICAM-1 molecule [86]. The im-

pact of SLIT on allergen-specific T-cell polarization is still poorly documented.

Although several SLIT studies have shown no impact on T-cell responses [87,88],

successful sublingual immunotherapy in patients allergic to HDMs reduces the

production of the Th2 cytokine IL-13 and the proliferation of peripheral blood

mononuclear cells [89,90]. In a recent preliminary report, SLIT was found to

stimulate IL-10–producing T cells in the peripheral blood of patients allergic

HDMs, although no functional test was used to confirm that those cells were bona

fide regulatory T cells [91].

Biodistribution studies in humans showed that no direct plasmatic absorption

of allergens occurs through the sublingual mucosa [53,92]. Radiolabeled Par j 1

administered sublingually was detected in the plasma only after ingestion, with a

peak between 1 and 2 hours after administration, implying absorption through the

gut mucosa. Radiolabeled allergens persisted for up to 20 hours at the mucosal

surface after SLIT, suggesting that allergen capture by Langerhans cells can occur

during this time frame. The sublingual mucosa contains many LLDCs expressing

constitutively high-affinity receptors for IgE (FceRI), which are believed to play

a crucial role in tolerance induction during desensitization [93]. Cross-linking

of IgE receptors on LLDCs induces TGF-b and IL-10 cytokine production and

the synthesis of indoleamine 2,3-dioxygenase (IDO), a tryptophan-catabolizing

enzyme regulating T-cell proliferation [94,95]. After allergen capture in the sub-
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lingual mucosa, LLDCs rapidly migrate to proximal-draining lymph nodes of the

cervical/submaxillary chain [96]. The latter represents a TGF-b–rich environment

that likely favors the activation of B cells expressing ‘‘blocking IgG’’ antibodies

(IgG2b in mice) and the induction of suppressive T cells [97].

Because of its well-established safety profile, with more than 500 million

doses administered to humans, SLIT is currently considered a valid alternative

to SCIT [78].
Novel mucosal vector systems and adjuvants

In SCIT, mineral adjuvant molecules (eg, calcium phosphate, aluminum hy-

droxide) are used as part of allergy vaccines [73]. No such adjuvants are

currently used during mucosal immunotherapy, implying that the dose of al-

lergens should be increased. For example, it is well-documented that up to 50 to

100 fold more allergen is needed in SLIT to reach a level of efficacy similar to

SCIT [73]. Specialized Langerhans cells in mucosae are prone to elicit regulatory

T cells, favoring the development of allergen-specific IgG or IgA antibodies

instead of IgE responses through IL-10 and TGF-b cytokine production. Capi-

talizing on the better understanding of immune mechanisms associated with im-

mune tolerance, more efficacious mucosal vaccines can be rationally designed,

particularly adjuvants/formulations that better target mucosal Langerhans cells,

to improve stimulation of allergen-specific regulatory T cells. Schematically, anti-

gen presentation platforms that can be used to improve mucosal tolerance include

(1) immunopotentiators (ie, synthetic or biologic adjuvant molecules modulating

immune responses by providing cosignals to immune cells) and (2) vector sys-

tems (targeting the antigen/allergen to APCs within the mucosa).
Immunopotentiators

Using appropriate immunopotentiators together with antigens/allergens may

be necessary to redirect T-lymphocyte polarization from Th2 to regulatory T-cell

responses. Several adjuvants are currently available from the vaccine industry

that could lead to more efficient mucosal and systemic immune responses after

administration at mucosal surfaces. Some are explored as novel approaches to

potentiate antigen-specific Th1 or regulatory T-cell responses. For example, the

Th1 adjuvant monophosphoryl lipid A has been used successfully through the

subcutaneous route as part of grass pollen vaccines [98,99] and is currently being

tested in humans through the sublingual route. In preclinical models, living or

heat-killed bacteria (eg, Lactobacillus plantarum, Lactococcus lactis, Mycobac-

terium vaccae) showed some benefits as adjuvants in murine models of asthma

(Table 2) [100–105]. Other potential mucosal adjuvants include bacterial toxins,

such as cholera toxin and the closely related Escherichia coli heat-labile en-

terotoxin or their nontoxic derivatives (genetically detoxified or B subunits).
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These bacterial toxins can be coadministered as a mix, conjugated, or fused with

soluble antigens (see Table 2) [106]. A combination of cytokines mimicking

signals induced by bacterial toxins can be used instead [107,108]. Triggering

Toll-like receptors by lipid A or synthetic muramyl dipeptide analogs is also

effective in inducing systemic and mucosal responses (see Table 2). Immuno-

suppressive drugs (eg, glucocorticoids with vitamin D3) also represent potential

regulatory T-cell adjuvants for allergy immunotherapy because they are powerful

inducers of IL-10 through immune cells (see Table 2).

Mucosal vector systems

Selected formulations can be used to present allergens in a particulate form,

thereby targeting antigen-presenting cells (eg, Langerhans cells) with phagocytic

activity. They may be used in association with immunopotentiators to further

increase immune responses (see Table 2). These formulations include liposomes,

virosomes, or immunostimulating complexes [109]. Ideal mucosal vectors should

protect the allergens in the vaccine (mostly proteins or glycoproteins) from deg-

radation by local proteases while targeting mucosal inductive sites or antigen-

presenting cells.

Several vector systems to express antigen/allergen at mucosal surfaces have

been tested. Using naked plasmid DNA or DNA absorbed on microparticles,

markedly enhanced systemic and mucosal immune responses have been obtained

[110,111]. Nonreplicating virus-like particles (VLPs) generated by the sponta-

neous assembly of viral capsid proteins also represent an attractive alternative for

expressing either the whole antigen/allergen, or selected T- or B-cell epitopes

within a particulate vector system [112,113]. As an advantage for mucosal ap-

plication, VLPs are often derived from viruses for which mucosae represent a

natural route of transmission (see Table 2). Genetically detoxified or nontoxic

bacterial products, such as the adenylate cyclase from Bordetella pertussis, the

outer membrane protein A (OmpA) from Klebsiella pneumoniae, or the Shiga

toxin B subunit, can be conjugated to antigens/allergens to target antigen-

presenting cells (see Table 2) [114–116]. Delivering epitopes of interest through

these vectors generates specific protective cytotoxic T lymphocytes and sys-

temic antibody responses [114–116]. Nasal administration of OmpA induces

mucosal immune responses [117]. Collectively, several vector systems are avail-

able to target antigens/allergens to mucosal Langerhans cells. Although such vec-

tors were initially designed and tested to elicit effector immune responses of

the Th1 and Th2 types, none of these potential mucosal vectors has been estab-

lished as a means to enhance antigen-specific regulatory T cells.
Summary

Building on the success of SCIT in curing allergic disease, improved allergy

vaccines that rely on mucosal routes of administration are needed. To varying
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degrees, desensitization through the oral, nasal, and sublingual routes has shown

some efficacy. The development of allergy vaccines has almost exclusively been

based on natural or modified allergen extracts. A second generation will consist

of vaccines based on recombinant proteins. In this regard, a major interest exists

in developing hypoallergenic forms of recombinant allergens capable of inducing

IgGs and stimulating T cells while exhibiting reduced IgE-binding capacity.

Although this approach is definitively promising for vaccines administered par-

enterally, a more appropriate strategy for mucosal immunization, particularly for

sublingual immunotherapy, is perhaps to rely on recombinant allergens presented

in the most native form to allow IgE-mediated targeting and capture of aller-

gens by mucosal Langerhans cells [93]. A better understanding of immune

mechanisms involved in the induction and maintenance of antigen-specific im-

mune tolerance provides opportunities for the design and development of im-

proved mucosal vaccines. An emergent working hypothesis is that allergy

vaccines should induce allergen-specific regulatory T lymphocytes capable of

producing suppressive cytokines (eg, IL-10, TGF-b). Developing a new gen-

eration of safer and more efficient allergy vaccines administered through non-

parenteral routes implies the need for adjuvants or vector systems specifically

selected to enhance tolerance at mucosal surfaces. Identifying allergen pre-

sentation systems suitable for mucosal application will help develop more effi-

cient allergy vaccines while simplifying immunization schemes.
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