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Abstract Allergen-specific immunotherapy is the only curative treatment of
allergies against insect venom, house dust mites, tree/grass pollens, or cat
dander. Subcutaneous immunotherapy is successful to reorient the immune
system and re-establish long-term tolerance. However, major drawbacks for
using this route include: repeated injections, as well as the risk of anaphylaxis.
In this context, alternative mucosal routes of administration are being consid-
ered together with the combined use of adjuvants/vector systems and recom-
binant allergens or peptide fragments. Herein, we review the current status in
the use of mucosal routes (i.e., sublingual, oral, intranasal) for allergen-specific
immunotherapy, as well as the latest understanding with respect to underlying
mechanisms of action.
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1 Introduction

The first successful studies of allergen-immunotherapy were conducted in patients
with hay fever in 1911, by Noon et al. As of today, many double blind, placebo-
controlled (DBPC) studies have shown that subcutaneous allergen-specific
immunotherapy (SCIT) is effective in decreasing both immediate and late-phase
symptoms as well as the need for medication, when applied to a variety of type I
allergies involving either insect venom, house dust mites, grass and tree pollens, or
animal epithelia (Bousquet et al. 1998; Larche 2000; Gehlhar et al. 1999; Michils
et al. 1998; Pichler and Pichler 2001; Moller et al. 2002; Powell et al. 2007).
In terms of mechanisms, successful SCIT is often associated with a decrease in
seric allergen-specific IgE antibodies together with an increase in IgG4, including
potential blocking antibodies (Wachholz 2003; Pierson-Mullany et al. 2000).
Successful SCIT redirects allergen-specific Th2 CD4+ cells (producing IL4, IL5,
and IL13) (Durham and Till 1998; El Biaze et al. 2003) toward the Th1 type
(secreting IL12/IFNc) (Mavroleon 1998; Hamid et al. 1997; Benjaponpitak et al.
1999; Ebner et al. 1997; Secrist et al. 1993). In addition, SCIT promotes allergen-
specific CD4+ regulatory T cells (i.e., IL10-producing Tr1 or CD4+CD25+ cells)
(Robinson et al. 2004; Meiler et al. 2008). Several drawbacks currently limit the
application of SCIT. First of all, repeated injections make this treatment cum-
bersome, most particularly for children. In addition, systemic reactions to SCIT,
albeit infrequent, may occur, which include anaphylactic shocks (Medicines 1986).
In this context, tolerance induction via non-invasive mucosal routes has raised
considerable interest over the last two decades. Also, various non-mutually
exclusive immune mechanisms have been discovered including (i) the develop-
ment of active suppression via regulatory T cells, (ii) the inhibition of inappro-
priate immune responses through cellular anergy or clonal deletion, (iii) the
generation of blocking antibodies (Faria and Weiner 2005, 2006a, b).

Herein, we review the pertinence of various mucosal routes (i.e., nasal, oral,
and sublingual) of allergen administration as alternatives to SCIT. Out of these
mucosal routes, only the sublingual one has clearly been documented as
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efficacious for establishing antigen-specific tolerance in humans, in the context of
large double blind placebo-controlled (DBPC) clinical studies conducted both in
adults and children. Immune mechanisms associated with successful specific
mucosal immunotherapy are discussed in the context of new strategies based on
vectors/adjuvant molecules in order to better target antigen-presenting cells with
tolerogenic capacity.

2 Tolerance Induction by Mucosal Immunotherapy

2.1 General Comments

Increasing evidence suggests that dendritic cells (DCs) 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 physiology of mucosal APCs, most particularly
their capacity to support the differentiation of regulatory T cells, likely explains
why the default response is usually tolerogenic at mucosal surfaces. The level
of costimulatory molecules as well as the cytokine milieu influence the degree of
antigen-presenting cell (APC) maturation and activation, leading to systemic or
suppressive T cell responses (MacPherson et al. 2004). In most circumstances,
mature DCs (mDCs) trigger specific effector T cells, whereas immature or semi-
mature DCs (iDCs or smDCs) rather induce regulatory T cells, clonal deletion or
hypo responsiveness (Steinman et al. 2003; Hawiger et al. 2001). Most particu-
larly, iDCs continuously capture, transport, and present self-antigens as well as
micro-environmental proteins from mucosal tissues to lymphoid organs to main-
tain tolerance (Pugh et al. 1983; Liu et al. 1998; Huang et al. 2000). Recent studies
suggest that IL10-producing iDCs prime immunological tolerance through Tr1+

regulatory T cells in both mice and humans (Jonuleit et al. 2000; Menges et al.
2002).

APCs from the lamina propria of the small intestine, including CD11b+ CD11c+

DCs and CD11b+ F4/80+ CD11c- macrophages, promote the development of
extrathymic Foxp3+ Treg due to the presence of TGFb and retinoic acid (RA), i.e.,
a vitamin A metabolite highly expressed in gut-associated lymphoid tissue
(GALT) (Sun et al. 2007; Denning et al. 2007). Together, these data demonstrate
that the intestinal immune system has evolved to promote tolerance over inflam-
mation. Although the oral immune system is prone as well to induce specific
tolerance (Iwasaki and Kelsall 1999; Mascarell et al. 2008; Sun et al. 2008), it also
comprises local effector mechanisms in the form of resident mucosal CD4+ T cells
able to promote Th1, Th2 and Th17 patterns of polarization upon polyclonal
activation (Mascarell et al. 2009). In agreement with these observations, recent
data further demonstrate that the oral immune system retains the capacity to
promote protective Th1 effector responses in draining lymph nodes (Cuburu et al.
2007; Song et al. 2008), and that IL17 producing CD4+ T cells are found within the
oral cavity (Conti et al. 2009).
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2.2 Intranasal Immunotherapy

Biodistribution studies in humans of radiolabeled Parietaria judaica allergen
(Par j 1) following intranasal administration suggest that the allergen quickly
disappears from the nasal cavity, is transported to the pharynx, and then absorbed
through the gastrointestinal tract, reaching a plasmatic peak between 1.5 and 3 h
after administration (Bagnasco et al. 1997; Passalacqua et al. 2005). Interestingly,
nasal clearance is superior in allergic patients when compared to healthy volun-
teers, suggesting an IgE-mediated capture mechanism in Par j 1 sensitized patients.

Local nasal immunotherapy (LNIT) has been explored during the last three
decades, with some encouraging results, both in terms of safety and efficacy in
patients with allergic rhinitis (Canonica and Passalacqua 2003) (Table 1). Pioneer
studies using either natural biological or chemically-modified (allergoid) forms
demonstrated a significant reduction in both symptoms and requirement for
symptomatic medication in patients allergic to ragweed and grass pollens (Deuschl
and Johansson 1977; Nickelsen et al. 1981a, b; Georgitis et al. 1983). However, no
cumulative effect of LNIT could be confirmed, since the administration of aller-
goid grass extracts was ineffective in the second year of treatment (Nickelsen
et al. 1983). In addition, macronized powder forms of pollens (e.g., parietaria,
birch, and grass) or mites as well as strips coated with mite extracts have been used
in LNIT and shown to improve clinical efficacy, while reducing local side effects
in patients with rhinitis (Andri et al. 1992, 1993, 1996; D’Amato et al. 1995; Andri
and Senna 1995; Bellussi et al. 2002; Tsai et al. 2009). Some clinical studies
suggested a long lasting protective effect (i.e., up to three or four years after the
end of the treatment), most particularly on nasal symptoms (Passalacqua et al.
1997; Andri and Falagiani 2003). Adverse effects were rarely observed (Georgitis
et al. 1983) and were limited to the upper respiratory tract (Andri et al. 1992).

Regarding immunological changes associated in humans with LNIT, some
studies have shown an increase in serum or nasal IgE, IgG, and IgA antibodies,
(Deuschl and Johansson 1977; Georgitis et al. 1983; Nickelsen et al. 1981a, b)
whereas others failed to detect any differences in antibody responses (D’Amato
et al. 1995). Locally, a reduction of inflammatory cellular infiltrates together with a
decrease in histamine and eosinophil cationic protein (ECP) levels in nasal
secretions have been observed (Passalacqua et al. 1997; Andri and Falagiani
2003).

To further decipher immune mechanisms associated with intranasal immuno-
therapy, murine models of established asthma have been developed using pro-
phylactic or therapeutic intranasal treatment with either allergen extracts (from
pollen or mite), purified/recombinant major allergens (Bet v 1, Der p 1) or poly-
peptide fragments (Bet v 1, Phl p 1, and Phl p 5) alone or together with an adjuvant
(CpG-ODN, Flagelin, fungal immunomodulatory protein) or a vector system such
as probiotics (e.g., Lactobacillus plantarum). In those pre-clinical models, LNIT
reduced both airway hyperresponsiveness (AHR), cellular infiltration in lungs,
specific seric IgE, the IgG1/IgG2a antibody ratio, and IL5 production in T cells.
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It also increased allergen-specific IgA in saliva and elicited IFNc and IL10 pro-
duction by circulating CD4+ T cells (Liu and Tsai 2005; Daniel et al. 2006;
Hisbergues et al. 2007; Mousavi et al. 2008; Lee et al. 2008; Hufnagl et al. 2008).
In a murine model of birch pollen allergy, immunological tolerance to Bet v 1
correlated with an increased expression of both transforming growth factor-beta
(TGFb), and IL10, as well as the induction of Foxp3+ CD4+ T cells, thus high-
lighting an active regulatory mechanism (Winkler et al. 2006).

Altogether, LNIT appears safe and efficient in treating allergic rhinitis linked
with pollen and mite. As of today, however, LNIT efficacy has not yet been
documented in the context of large clinical studies versus placebo. Also, nasal
application of allergen extracts makes it difficult to control the exact dose
administered to patients, thus currently limiting its broad use in allergen-specific
immunotherapy.

2.3 Oral Immunotherapy

In the 1980s, oral immunotherapy (OIT) has been studied in both adults and
children with pollen-induced allergic rhinitis (Rebien et al. 1982; Taudorf and
Weeke 1983; Mosbech et al. 1987; Urbanek et al. 1990; Taudorf et al. 1987, 1989;
Moller et al. 1986; Leng et al. 1990; Litwin et al. 1997) (Table 1). A number of
these studies were performed with grass pollen allergens presented either as an
aqueous solution, or as powder or enterosoluble forms (Rebien et al. 1982; Taudorf
and Weeke 1983; Mosbech et al. 1987; Urbanek et al. 1990). Although OIT with
grass pollen was well-tolerated, it has been shown to be clinically ineffective. In
addition, no significant changes in seric allergen-specific IgG or IgE levels were
detected in comparison to placebo (Rebien et al. 1982; Taudorf and Weeke 1983).
Conversely, OIT with high doses of selected allergen aqueous extracts (e.g.,
Dermatophagoides pteronyssinus or Artemisia) (Leng et al. 1990; Giovane et al.
1994) or using encapsulated allergens (e.g., birch or ragweed pollens) (Taudorf
et al. 1987, 1989; Moller et al. 1986; Litwin et al. 1997) showed evidence of safety
and efficacy associated with a significant decrease in serum-specific IgE anti-
bodies, and an upregulation of serum-specific IgG1/IgG4 antibody levels in
allergic patients (adults and children).

OIT is currently being evaluated to re-establish the tolerance to dietary proteins
in children who have developed food allergies, such as cow’s milk and egg
allergies (Burks et al. 2008). Several clinical studies have been conducted in
children failing to outgrown those allergies with food allergens (Meglio et al.
2004, 2008; Buchanan et al. 2007; Staden et al. 2007; Longo et al. 2008). Due to
the risk of severe reactions, desensitization protocols rely upon the administration
of small incremental doses of the food allergen in order to reach amounts normally
tolerated (from micrograms to milligrams to grams) followed by a food challenge
at the end of the study protocol to evaluate efficacy. In a standardized OIT protocol
applied to cow’s milk allergy, desensitization was totally or partially successful in

Induction of Allergen-Specific Tolerance via Mucosal Routes 93



85% of cases with an acceptable safety profile (Meglio et al. 2004). In addition, a
long lasting efficacy was observed for up to 4–5 years after the end of treatment
(Meglio et al. 2008). Also, encouraging results were obtained in egg OIT
(Buchanan et al. 2007). One limitation of those studies is that they rely upon small
cohorts of patients, they often lack a control group and do not measure sponta-
neous outgrowth. For example, a randomized, placebo-controlled study of OIT for
cow’s milk and egg allergies comparing a control group (with allergen eviction)
with the tolerance induction group, concluded that both groups exhibited tolerance
to allergens, thus, pointing out that OIT for food allergy should take into con-
sideration the spontaneous rate of recovery of patients (Staden et al. 2007).
Nonetheless, a recent study of children with a severe allergy to cow’s milk showed
a significant 90% increase in tolerated milk intake, only in the group receiving the
therapy, whereas the eviction control group failed the food challenge after 1 year
(Longo et al. 2008). These studies raise questions regarding criteria for patient
selection, dose incrementation, and treatment duration.

In terms of serological changes, OIT for cow’s milk leads to a significant
decrease in food-specific IgE levels (Longo et al. 2008; Patriarca et al. 2003)
concomitantly with an increase in specific IgG4 levels (Longo et al. 2008;
Patriarca et al. 2003; Skripak et al. 2008). In the case of spontaneous re-estab-
lishment of oral tolerance to cow’s milk or egg allergens in children, allergen-
specific IgE levels also decrease significantly (Staden et al. 2007). Accordingly,
children whose allergy resolves spontaneously exhibit a reorientation of preex-
isting Th2 responses toward Th1 and regulatory T cells (Burks et al. 2008).

Oral tolerance has been further tested in human autoimmune diseases such as
type I diabetes, multiple sclerosis, rheumatoid arthritis, uveitis and thyroiditis,
using antigenic peptides as well as purified or recombinant proteins (Faria and
Weiner 2006a). Although the induction of regulatory mechanisms such as TGFb-
producing Th3 cells was observed in patients treated for diabetes or multiple
sclerosis, phase II/III trials showed no significant effect over the placebo group
(Faria and Weiner 2006b). In contrast, specific oral tolerance regimens have
demonstrated promising results in experimental animal models of autoimmune
diseases. In those experiments, high doses of antigen administered orally promote
T cell depletion or anergy (Faria and Weiner 2005), whereas low doses rather
induce suppressive mechanisms involving regulatory T cells. Such regulatory T
cells are highly heterogeneous and include Th3 cells (producing TGFb and/or
IL10), Tr1 cells (producing IL10), and CD4+ CD25+ T cells mediating their
suppressive function through cytokine secretion, or cell contact-dependent
mechanisms involving the CTLA-4 or PD-1 molecules (Faria and Weiner 2006a).
In addition, new subsets (CD4+ CD25- or CD4+ CD25+) of regulatory T cells have
been described which express latency-associated peptide (LAP), secrete TGFb and
corresponding surface receptors at the cell surface, thus mediating regulatory
functions through both soluble factors and cell contact (Nakamura et al. 2001;
Oida et al. 2003; Chen et al. 2008).

Altogether, although oral tolerance induction has been successful in a number of
animal models, the clinical efficacy of OIT remains to be firmly established in humans.
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The inability of the protein to bypass the gastrointestinal barrier remains problematic
in the oral administration of protein drugs. In order to overcome problems of low
allergen/protein bioavailability and absorption after OIT, current investigations are
focusing on novel and enhanced delivery systems for a safe oral administration of the
antigen.

2.4 Sublingual Immunotherapy

Allergen-specific sublingual immunotherapy (SLIT) has been investigated in
allergic patients since 1984 (Bousquet et al. 1999; La Rosa et al. 1999; Wilson
et al. 2003; Clavel et al. 1998; Vourdas et al. 1998; Bousquet et al. 2001; Pajno
et al. 2000; Marogna et al. 2005) (Table 1). During SLIT, the allergen extract is
applied as a solution or as a tablet and kept under the tongue for at least 1–2 min,
thus facilitating allergen capture by oral Langerhans cells (oLCs). As of today,
more than one billion doses have been administered to humans with an excellent
safety profile, demonstrating that SLIT is a valid alternative to SCIT (Khinchi
et al. 2004). SLIT is efficient in treating type I allergies to either house dust mites,
pollens (from grass, parietaria, olive, ragweed, cupressus) or cat dander in adults
and children, with a reduction of both symptoms and medication requirements. As
such, SLIT can be used in patients with rhinitis with or without mild-asthma
(Wilson et al. 2003, 2005; Olaguibel and Alvarez Puebla 2005; Calamita et al.
2006; Penagos et al. 2006; Larenas-Linnemann 2009; Passalacqua et al. 2004;
Pajno et al. 2003; Mascarell et al. 2006). Comparative clinical trials in birch
pollen-allergic adults or mite-allergic children revealed no statistical difference in
terms of efficacy between SCIT and SLIT when high-dose SLIT regimens were
used (Khinchi et al. 2004; Antunez et al. 2008). Also, long-term clinical benefits
are observed following SLIT in adults and children with rhinitis (Wilson et al.
2003). The safety and efficacy profile of high-dose immunotherapy has been
confirmed in children younger than 5 years (Baena-Cagnani et al. 2005; Fiocchi
et al. 2005). As of today, the pertinence of SLIT for tolerance induction in humans
has been definitively established by multiple DBPC phase III studies conducted in
large cohorts of patients allergic to grass pollen (Didier et al. 2006, 2009; Dahl
et al. 2006, 2008; Ibanez et al. 2007; Wahn et al. 2009; Horak et al. 2009; Malling
et al. 2009). In addition, house dust mite sublingual tablets tested in 509 adults
patients in a pivotal phase IIb/III clinical trial induced a significant decrease in
rhinitis symptoms while demonstrating a good safety profile after only 1 year of
treatment (our unpublished data).

Similarly to SCIT, SLIT reduces allergen-specific inflammatory responses
at various levels. For example, it decreases ECP and tryptase nasal secretion
(Marcucci et al. 2001, 2003; Passalacqua et al. 1998). It also enhances specific seric
IgG4 while decreasing IgE antibodies (Mascarell et al. 2006; Bahceciler et al. 2005),
thus inhibiting basophil or mast cell (MC) degranulation. SLIT elicits both Th1 and
regulatory T cells (i.e., IL10-producing Tr1 or Foxp3+ CD4+ CD25+ T cells)
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in peripheral blood or in the nasal mucosa (Meiler et al. 2008; Jutel et al. 2003;
Gardner et al. 2004; Taylor et al. 2004; Ciprandi et al. 2005; Bohle et al. 2007;
Radulovic et al. 2008; Cosmi et al. 2006).

APCs identified thus far in the lingual oral mucosa of both mice and humans,
consist of oLCs, myeloid CD11b+ CD11c-, CD11b+ CD11c+ as well as plasma-
cytoid DCs (Mascarell et al. 2008; Allam et al. 2003) with a semi-mature phe-
notype (CD40- CD80- CD86+), consistent with a tolerogenic function (Steinman
et al. 2003; Hawiger et al. 2001). Those oral APCs located at the mucosal/sub-
mucosal junction are likely involved in antigen capture during SLIT (Mascarell
et al. 2008) and represent a privileged target for tolerance induction, since they
induce IFNc and/or IL10 producing CD4+ T cells mediating suppressive functions
(Mascarell et al. 2008; Allam et al. 2008a). Also, cross-linking of high affinity
receptors for IgE (FceRI) on human oLCs induces regulatory molecules such as
TGFb, IL10, or indoleamine 2,3-dioxygenase (IDO) (Allam et al. 2003; Novak
et al. 2001). In contrast, pro-inflammatory cells, i.e., MCs and eosinophils, are
located in submucosal tissues in humans and mice (Marcucci et al. 2007; Allam
et al. 2008a), suggesting that allergen contact with such cells might be limited
during SLIT. Differences in distribution of oLCs and MCs have been observed
within the oral cavity, with the vestibular region identified as the most favorable
site for allergen application during sublingual immunotherapy, given its high oLCs
and low MCs density (Allam et al. 2008b). In mice, resident mucosal CD4+ T cells
co-localize with CD11b+ tolerogenic APCs in the lamina propria, suggesting that
the lingual immune system is organized in a similar manner to the small intestine,
another critical site for tolerance induction (Denning et al. 2007; Mascarell et al.
2008). Resident mucosal CD4+ T cells express the mucosal homing receptor aEb7
integrin CD103, also described as a regulatory marker (Suffia et al. 2005;
Allakhverdi et al. 2006).

3 Interest in Adjuvants and Vector Systems for Mucosal
Immunization

Given the dual capacity of mucosal immune systems, appropriate signalling to APCs
e.g., with immunopotentiators (i.e., synthetic or biological adjuvant molecules) or
enhanced targeting via vector systems are needed to promote tolerance over
inflammation. For example, selected strains of Lactobacilli have been shown to
enhance SLIT efficacy in a therapeutic murine model of asthma (Van Overtvelt et al.
2008). Triggering Toll like receptors (TLR) by lipid A derivatives or lipopeptides
(Pam3CSK4 and OM-294-BA-MP, respectively) as well as immunosuppressive
drugs (e.g., glucocorticoids with vitamin D3) are also effective in improving
SLIT efficacy (Van Overtvelt et al. 2008; Mascarell et al. 2007; Lombardi et al.
2008). In allergen-specific immunotherapy, the use of Th1 adjuvants to potentiate
tolerance induction is also currently under investigation. Cytosine-guanine
oligonucleotides (CpG) (Simons et al. 2004) and monophosphoryl lipid A (MPL)
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(Drachenberg et al. 2001, 2003) have been shown to be effective in ragweed and grass
pollen subcutaneous immunotherapy, respectively. The latter is also presently being
tested in sublingual immunotherapy regimens in humans.

Selected formulations can be used to present allergens in a particulate form,
thereby targeting APCs with a phagocytic property. For example, targeting oral
APCs following sublingual administration of OVA formulated within mucoadhe-
sive particles (e.g., polysaccharidic core nanoparticles or chitosan) induces the
proliferation of antigen specific suppressive T cells producing IFNc/IL10 in
draining cervical lymph nodes. Sublingual administration of OVA formulated with
such particules enhances tolerance induction in mice with established asthma, with a
dramatic reduction of both AHR, lung inflammation, eosinophils numbers in
bronchoalveolar lavages, as well as antigen-specific Th2 responses (Razafindratsita
et al. 2007; Saint-Lu et al. 2009). Other delivery systems targeting DCs are currently
being considered (Bohle et al. 2004; El Azami El Idrissi et al. 2002; Jeannin et al.
2000; Goetsch et al. 2001; Haicheur et al. 2003; Bonifaz et al. 2004; Santeliz et al.
2002; Tighe et al. 2000). For instance, the adenylate cyclase (CyaA) from Bordetella
pertussis (El Azami El Idrissi et al. 2002), the B subunit of shiga toxin (STxB)
(Haicheur et al. 2003), the outer membrane protein A from Klebsiella pneumoniae
(kpOmpA) (Jeannin et al. 2000; Goetsch et al. 2001) or the bacterial cell surface
protein of Geobacillus stearothermophilus (S-layer) (Bohle et al. 2004) target DCs
and prime efficient Th1 cellular responses. Also, anti-DEC-205 antibodies coupled
with antigen target DCs, and induce strong T cell responses in mice when admin-
istered together with anti-CD40 antibodies (Bonifaz et al. 2004). Whether or not
such delivery systems are relevant to induce allergen-specific tolerance by mucosal
routes remain to be addressed.

4 Conclusions

The development of second generation mucosal based-vaccines will benefit from a
better understanding of mucosal immune systems. The latter comprise various
subsets of tolerogenic APCs organized in a compartmentalized manner and pro-
grammed to induce Th1/Treg responses. Based on placebo-controlled clinical
studies conducted in large cohort of patients, the sublingual route is as of today the
only firmly proven mucosal route to establish tolerance in humans. Targeting the
allergen to tolerogenic mucosal DCs using vector systems, mucoadhesive particu-
late formulations or adjuvant molecules represent a promising strategy to enhance
tolerance induction. Until now, the development of allergy vaccines has been
exclusively based on natural or modified allergen extracts, but, there is a growing
interest in using recombinant allergens including native or hypoallergenic
forms, mixture of allergens or allergen-derived peptides (Niederberger et al. 2004;
Gafvelin et al. 2005; Purohit et al. 2008; Jutel et al. 2005; Muller et al. 1998; Himly
et al. 2009; Pauli et al. 2008; Verhoef et al. 2005; Larche and Wraith 2005;
Edlmayr et al. 2009). Thus, the development of relevant recombinant major
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allergens together with appropriate presentation systems suitable for mucosal
application will help to develop more efficient and safe allergy vaccines in the
future.
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