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Since the introduction of allergen-specific immunotherapy

(AIT) 100 years ago, several alternative noninvasive allergen

application strategies have been investigated, using the oral

mucosal, intranasal, bronchial or oral route (1). However,

only the administration of allergens via the oral mucosal

route during the so-called sublingual allergen-specific immu-

notherapy (SLIT) gained increasing significance as an alterna-

tive application strategy to classical subcutaneous injections.

Easy painless access to the target organ oral mucosa with

rare occurrence of mild adverse events accounted to this

trend in AIT, so that maintenance therapy of SLIT can be

ideally continued at home by patients themselves. Beyond the

clinical value of SLIT, more and more evidence is gained in

favour of the hypothesis that the oral mucosa represents an

immune-privileged site, where severe acute allergic and

inflammatory reactions occur relatively rarely and where

tolerance to commensal bacterial species and food proteins

prevails, because of the constitutive anti-inflammatory proper-

ties of cells located in this microenvironment (2). Conse-

quently, these protolerogenic properties might explain not only

the clinical effect but also the good safety profile of SLIT.

In SLIT, allergens are administrated to the oral mucosa by

drops, sprays and in recent years also tablets. Controlled

clinical studies have been initiated to evaluate the clinical

effect together with strengths and weaknesses of SLIT. First

results of meta-analysis on SLIT were impaired by the heter-

ogeneity of the studies, such as the type of allergens used, the

inclusion criteria, definitions of primary and secondary

endpoints, the study collectives, duration of the studies and

numerous other co-factors impacting on the outcome.
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Abstract

Within the last 100 years of allergen-specific immunotherapy, many clinical and

scientific efforts have been made to establish alternative noninvasive allergen appli-

cation strategies. Thus, intra-oral allergen delivery to the sublingual mucosa has

been proven to be safe and effective. As a consequence, to date, sublingual immuno-

therapy (SLIT) is widely accepted by most allergists as an alternative to conven-

tional subcutaneous immunotherapy. Although immunological mechanisms remain

to be elucidated in detail, several studies in mice and humans within recent years

provided deeper insights into local as well as systemic immunological features in

response to SLIT. First of all, it was shown that the target organ, the oral mucosa,

harbours a sophisticated immunological network as an important prerequisite for

SLIT, which contains among other cells, local antigen-presenting cells (APC), such

as dendritic cells (DCs), with a constitutive disposition to enforce tolerogenic mech-

anisms. Further on, basic research on local DCs within the oral mucosa gave rise to

possible alternative strategies to deliver the allergens to other mucosal regions than

sublingual tissue, such as the vestibulum oris. Moreover, characterization of oral

DCs led to the identification of target structures for both allergens as well as adju-

vants, which could be applied during SLIT. Altogether, SLIT came a long way since

its very beginning in the last century and some, but not all questions about SLIT

could be answered so far. However, recent research efforts as well as clinical

approaches paved the way for another exciting 100 years of SLIT.
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However, with increasing quality and number of studies on

SLIT during recent years, allover data on efficiency improved

significantly (3, 4). A meta-analysis of 22 randomized clinical

studies including a total of 979 adult patients (4) as well as a

meta-analysis covering 10 studies conducted in a total of 577

children (5) revealed that SLIT represents an effective treat-

ment alternative to the subcutaneous variant in clinical prac-

tice. Aeroallergens such as birch or grass pollen have been

used in most of the studies. In contrast, only few approaches

on other types of allergens used during SLIT exist. Data

obtained with the help of standardized exposition of patients

under SLIT using an allergen challenge chamber revealed

significant treatment effect already after the first month of

therapy (6). Beyond, selected studies conducted for a rela-

tively long time period including follow-up over 1–2 years

provide good evidence for a maintained disease-modifying

effect of SLIT (7).

Nevertheless, without any doubt weak points of SLIT

remain, such as requirement of a good compliance of patients

during the whole treatment period combined with the

reduced chance for the doctor to control both efficacy as well

as putative side-effects of the treatment during a close

meshed period of time. However, much scientific effort within

the last decades was forced on another important question,

namely the key question how SLIT works.

Characteristics of the ‘immunological privilege’ of the

oral mucosa

To understand how SLIT works, detailed knowledge about

the immunological characteristics of the oral mucosa is indis-

pensable. The oral mucosa is from various points of view

regarded an immune-privileged organ: numerous antigens

derived from food proteins as well as from different commen-

sal and pathogenic microbes get in touch with the oral muco-

sal immune system (8). However, acute allergic and

inflammatory reactions occur relatively rarely at this site so

that the immune homeostasis is successfully maintained by

local protolerogenic mechanisms counteracting allergic reac-

tions and inflammation most of the time. This requires a very

sophisticated network of different components, which work

hand in hand together (2).

The physical barrier as one of the first parts of this

network is represented by the squamous epithelium, which

lines the mucosa (9). Furthermore, some oral mucosal regions

such as the sublingual compartment, vestibulum oris or buc-

cal region are covered by lining mucosa, while others like the

palatum durum and gingiva is formed by masticatory

mucosa. Several immunological elements are integrated into

this barrier and allow the uptake of required antigens on the

one hand, but prevent entry of harmful pathogens on the

other hand. This selectivity is indispensable in regard to

the relatively high vascularization and permeability of this

organ. Soluble factors such as a-amylase or lingual lipase

represent a soluble barrier, which proteins have to pass in the

oral mucosa. Moreover, although the oral mucosa represents

the entry to the gastrointestinal tract (GIT), it differs from

other GIT mucosal surfaces especially by lacking mucosa-

associated lymphoid tissue (MALT) (2). MALT together with

regional draining lymph node represents inductive sites, while

the lamina propria mucosae, exocrine glands and surface epi-

thelia – which are also present within the oral mucosa – are

considered as effector sides. Thus, inductive sites have not

been clearly defined in this organ. Some authors suppose that

dendritic cells (DCs), which have taken up antigens in the

epithelium of the oral mucosa mature only partially and

migrate to the basal lamina, to present the processed antigens

in the so-called oral lymphoid foci located directly within the

oral mucosa to T cells to induce an effective immune

response (10). However, whether oral lymphoid foci are also

detectable and of relevance for the induction of allergen-

specific tolerance after allergen uptake via the oral mucosal

route during SLIT needs to be further elucidated.

Oral mucosal DCs are concomitantly stimulated by micro-

bial antigens present under physiological conditions in high

numbers in the oral mucosa via pattern recognition receptors

such as toll-like receptor (TLR)2 or TLR4, which are highly

expressed by oral mucosal DCs in contrast to epidermal DCs

(11). Stimulation of oral DCs with TLR ligands in vitro

induces protolerogenic mechanisms, such as upregulation of

their co-inhibitory molecule expression (B7H1 and B7H3) or

release of IL-10 and enhanced priming of forkhead box tran-

scription factor protein 3 (Foxp3)-expressing T cells and

IL-10 and transforming growth factor-b (TGF-b)-producing
T cells (12), which in vivo might contribute to the mainte-

nance of the immune homeostasis despite frequent stimula-

tion DCs by microbial antigens (12).

Comparing the microenvironment and presence of pro-

tolerogenic cytokines in the oral mucosa to the skin, mRNA

expression of IL-10 and TGF-b is higher in all oral mucosal

regions, and percentage of IL-10 and TGF-b-producing
T cells is enhanced (11). In addition, the mRNA as well as

protein expression of the Th1 cytokine interferon-c (IFN-c)
is much higher in the oral mucosa when compared to the

skin, implying that soluble mediators known to be able to

suppress immune responses are constitutively expressed in the

oral mucosa.

Target cells and structures for allergens applied during

SLIT

Because of their close neighbourhood to the surface and their

capacity to take up and present antigens to T cells as well as

to prime T cell responses, DCs within the oral mucosa are

considered as primary target cells of SLIT. This hypothesis is

further supported by a study tracing sublingually applied

antigen within the oral mucosal tissue in mice. In this con-

text, sublingual challenge of ovalbumin (OVA) in BALB/c

mice resulted in an accumulation of OVA within mucosal/

submucosal interface, which disappeared later on and was

most likely captured by CD11c+/CD11b+ and CD11c)/

CD11b+ DCs, which are located within this zone (13). More-

over, oral mucosal DCs (oDCs) in humans constitutively

express the high-affinity receptor for IgE (FceRI), which

might enable oDCs to take up allergens in a specific way via

IgE bound to FceRI on the cell surface. FceRI is detectable
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on the surface of oDCs of allergic as well as nonallergic indi-

viduals, and its expression as well as its occupation with IgE

correlates with their serum IgE levels (14, 15). In humans,

noninflamed, healthy oral mucosa comprises mainly myeloid

DCs, which are by the expression of Langerin classified as

oral mucosal Langerhans cells (oLCs) (14). Inflammatory DC

subtypes as well as plasmacytoid DCs are not detectable

within healthy oral mucosa (15). Number of myeloid DCs

varies depending on the oral mucosal region. When com-

pared to their counterparts in the noninflamed epidermis of

the skin, oLCs express FccR (i.e. CD16, CD32 and CD64) in

higher amounts as well as the low-affinity receptor for IgE

(CD23). Although CD83 expression mirroring the maturation

stage of oLCs is comparable to the level of expression on

LCs in the epidermis, expression of major histocompatibility

class I and II molecules, costimulatory molecules CD80 and

CD86 and CD40 is higher in oLCs than in LCs in the skin

(Table 1) (14).

Studies on ex vivo isolated human oral mucosal tissue

using dye labelled grass allergen phleum pratense (Phl p)5

revealed that the capacity of oLCs to take up allergens

reaches a threshold after a defined time of allergen contact

and at a specific allergen concentration applied (16). Up to

this threshold, a further increase in the applied dose does not

enhance the amount of allergen uptake by oLCs any further.

This is in line with dose-dependent efficacy seen in clinical

studies perfomed with grass pollen tablets (17, 18). Moreover,

the capacity of oLCs of allergic and nonallergic donors to

take up allergens does not differ very much in vitro. These

observations imply that besides FceRI, other receptors, such

as maybe lectins or other pathways might play a role for

allergen uptake by oLC during SLIT (Fig. 1A) (19).

Interestingly, only part of the oLCs take up the allergen in

this ex vivo model, and oLCs that have taken up the allergen

do not express the maturation marker CD83 to the same

degree as oLCs migrating out of the tissue, which have not

taken up allergens. Moreover, oLCs that have taken up aller-

gens do not express chemokine receptor CCR7 in the same

intensity as oLCs migrating without any allergens. Those

findings imply that allergen uptake of oLCs attenuates their

maturation and expression of chemokine receptor (CCR)7,

which is essential for the recruitment of DCs to the periph-

eral lymphoid organs. Lower maturation stage of DCs was

described for a long time as a characteristic in particular of

DCs with tolerogenic properties. Interestingly, LCs isolated

of the skin, which have taken up allergens mature in the

same manner as LCs migrating out of the skin without

allergen uptake so that the lower maturation stage of

allergen-loaded oLCs might provide a link to their constitu-

tive protolerogenic properties (16). Moreover, lower CCR7

expression and the resulting migration of oLCs to the regio-

nal lymphoid tissue might further support the hypothesis of

antigen presentation of oLCs to T cells outside the local

draining lymphoid tissue for example within oral lymphoid

foci, i.e. locally in the mucosa (Fig. 1B). This is underlined

by the fact that oLCs are in close sterical contact to T cells

in the oral mucosa (20).

Local and systemic immunological effects of SLIT

The reason why it has been decided that AIT via the oral

mucosa should be conducted by applying allergens to the

sublingual region of the mouth and has to be consequently

called sublingual immunotherapy is that a lot of medications

in particular from internal medicine have been applied to the

submucosal membranes for a long time. Based on the fact

that the epithelium of the sublingual region is thinner than

that of other oral mucosal sites, resorption of drugs is higher

at this site. However, in view of the anatomy and heterogene-

ity of the oral cavity, other aspects, might be important for

the efficacy of SLIT (Table 2). Quantitative distribution and

relation of oLCs, which are regarded as good guys of SLIT

capable to take up the allergens as opposed to mast cells,

which are rather considered to be bad guys during SLIT,

since they are in part responsible for the side-effects is quite

different. Lowest number of oLCs and highest number of

mast cells were detectable in the sublingual region, while the

ratio of oLCs to mast cells was much higher at other oral

mucosal sites including the vestibulum (20). As a conse-

quence, application of the allergens to the vestibular region

instead of the sublingual region might be helpful in patients

with sublingual swelling and itching in the clinical practice to

circumvent or minimize mast cell-related side-effects of SLIT.

There are only few data on the local changes within the

mucosa evaluated using biopsies from patients under SLIT.

Lower number of subepithelial mast cells but higher number

of T cells was detected in patients under SLIT (21). In paral-

lel, the amount of T cells expressing the marker of activated

and regulatory T-cell forkhead box protein (Foxp)3 was sig-

nificantly higher in the oral epithelium of SLIT-treated

patients when compared to the placebo group (Fig. 1C) (22).

Enhancement of FoxP3+CD4+CD25+ T regulatory cells

(Treg) and IL-10 in the peripheral blood as well as IL-18 and

the signalling lymphocytic activation molecule (SLAM) in

PBMCs was observed under SLIT (23, 24) (Fig. 1D). Those

data imply a downregulation of Th2 immune responses

as well as induction of tolerogenic pathways during SLIT

(25, 26). Moreover, the level of antigen-specific regulatory

T cells correlated negatively with clinical symptoms in

patients under SLIT in one study (27). In addition, percent-

age of programmed cell death ligand (PDL)-1-expressing

Table 1 Comparison of epidermal LCs and LCs in the oral mucosa

(noninflamed tissue) according to the data of (8, 10)

LCs epidermal skin LCs oral mucosa

CD1a +++ ++

MHC II ++ +++

FceRI ()/+) +++

Langerin/CD207 +++ ++

CD83 No difference No difference

TLR2 ()/+) ++

TLR4 ()/+) ++

CD14 ()/+) ++

LCs, Langerhans cells; TLR, toll-like receptor; FceRI, high-affinity

receptor for IgE; MHC, major histocompatibility class.
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monocytes and B cells increased during the pollen season in

patients under SLIT (28). Moreover, percentage of IL-4-pro-

ducing monocytes, B cells and T cells decreased in season,

while percentage of IL-10-producing monocytes, B cells and

T cells increased in season in SLIT-treated patients (28). The

same was true for IgG4 serum levels, which increased also

during season under SLIT when compared to individuals

without SLIT.

Data obtained with the help of murine model systems

revealed that the amount of allergen-specific IgE in the nasal

mucosa decreases during SLIT (29). Mice sensitized against

the timothy grass allergen phleum pratense challenged intra-

nasally after SLIT, displayed reduced sneezing and eosinophil

recruitment to the nasal mucosa as well as allergen-specific

IgE in the nasopharyngeal lavage fluid (30). Increase in

serum IgG4 and peak seasonal IgA1/IgA2 reduced the num-

ber of inflammatory cells infiltrating target organs, as well as

reduction in eosinophilic cationic protein went along with

SLIT (31–33). However, data on serum IgA levels under

SLIT are still conflicting, there are also sincere reports about

enhanced levels of IgA in serum, bronchoalveolar and nasal

lavage fluid after SLIT (34).
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Figure 1 Proposed local and systemic mechanisms of sublingual

allergen-specific immunotherapy (SLIT). (A) Allergens are taken up

by FceRI and/or other structures expressed by oral mucosal DCs.

Oral mucosal DCs are concomitantly stimulated by microbial anti-

gens present under physiological conditions in the oral mucosa,

which induce protolerogenic mechanisms in oral mucosal DCs,

such as upregulation of co-inhibitory molecule expression (B7H1

and B7H3) or release of IL-10. These tolerogenic properties could

be targeted by substitution of allergens with adjuvants, which

employ the same structures on oral DCs to enhance the effect of

SLIT. (B) Attenuated maturation and slower upregulation of CD83

and CCR7 of oral DCs after allergen uptake during migration to the

lymphoid tissue might provide evidence for local contact of oral

mucosal DCs with T cells, despite classical contact with T cells in

the lymphoid tissue. Oral mucosal DCs are capable to prime regula-

tory T cell subtypes, including forkhead box protein 3 (Foxp3)-

expressing T cells, which increase in the oral mucosa during SLIT.

(D) IL-10, IL-18 and signalling lymphocytic activation molecule

(SLAM) expression of PBMC as well as IgG4 serum levels and

amount of Foxp3-expressing T cells increases in the blood during

SLIT. Moreover, expression of programmed cell death ligand

(PD-L1) is upregualted on B cells and monocytes in the peripheral

blood of SLIT-treated patients in particular during the allergen sea-

son, while IL-4 production decreases. Altogether, the mechanisms

depicted might go along with induction of allergen-specific toler-

ance and clinical effect of SLIT.
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The putative role of adjuvants in SLIT

Using the routes of bacterial recognition by the innate

immune system with the help of ligands to pattern recogni-

tion receptors, which are widely expressed by oLCs, repre-

sents an attractive strategy to increase the clinical effect. The

main idea behind targeting those structures in the oral

mucosa is to enhance priming of Th1 immune responses,

which counteract Th2 immune responses and to take advan-

tage of the fact that the oral mucosal immune network

contains very sophisticated ways to maintain the immunoho-

meostasis by actively upregulating protolerogenic immune

responses in case of incoming danger signals. As TLR such

as TLR2 and TLR4 are highly expressed by oLCs in contrast

to epidermal LCs, and ligands to TLR4 have been used as

adjuvants in subcutaneous allergen-specific immunotherapy

before, effect of TLR4 stimulation of ex vivo isolated oLCs

has been evaluated intensively. TLR4 expression on oLCs

correlates with the expression of the LPS receptor CD14,

both of which are only expressed in very low amounts by epi-

dermal LCs isolated from nonlesional skin (12). Stimulation

of oLCs via TLR4 increases their expression of co-inhibitory

surface molecules as well as production of IL-10 and TGF-b
(12). Moreover, oLCs preactivated via TLR4 and co-cultured

with naı̈ve T cells prime more T cells releasing IL-10 and

TGF-b and increase the fraction of Foxp3-expressing T cells

(12). In a small phase I/IIa clinical study, the same TLR4

ligand has been used as adjuvant together with grass pollen

extract during SLIT when compared to SLIT with grass

pollen extract alone or placebo. Highest proportion of nega-

tive nasal challenge tests and earlier increase in IgG together

with smaller IgE increase was observed in the group treated

with the adjuvant–allergen combination (35), indicating that

adjuvants might improve the efficacy of SLIT, too.

Bacterial toxins are useful adjuvants to deliver antigens to

major histocompatibility pathways (36). In a mouse model,

conjugation of an antigen to cholera toxin B as adjuvant

showed higher efficacy than antigen administered to the sub-

lingual mucosa alone. Suppression of T-cell proliferation was

much more effective, and TGF-b serum levels and percentage

of antigen-specific Foxp3-expressing regulatory T cells were

higher (37). However, detoxified or nontoxic variants have

been generated within the last years to circumvent the

problem of toxicity of most of such substances (36). A very

physiological alternative is represented by nonpathogenic

food-grade bacteria such as lactic acid bacteria (36). Co-

application of allergens with lactic acid bacteria to the

mucosa in a murine model induced increased levels of aller-

gen-specific IgG2 in the sera as well as higher IFN-c produc-

tion by Th1 cells. Furthermore, IL-12p70 and IL-10

production of DCs increased, while airway hyper-responsive-

ness, bronchial inflammation and proliferation of T cells in

the lymph nodes decreased (38). Sublingual application of

1,25-dihydroxyvitamin D3, dexamethason or lactobacillus

plantarum as other potential adjuvants applicable during

SLIT induced IL-10 production by DCs (39). Further on,

approaches using virus-like particles and plasmid DNA (36)

represent other strategies, which follow the physiological

ways of pathogen transmission. PlasmidDNA–lipid com-

plexes applied intranasally have been shown to induce effec-

tive immunity against pathogens transferred via mucosal

surfaces and hold promise to be applied even to the oral

mucosa in the future (40).

Considering the high dilution effect of saliva in the oral

mucosal, recent approaches were aimed to optimize mucosal

adhesion of antigens with the help of OVA formulated with

maltodextrin. Increasing mucosal adhesion reduced airway

hyper-responsiveness, IL-5 and IgE production in a mouse

asthma model (41). Further on, longer contact times might

be achieved by the use of mucoadhesive additives. This is of

practical importance in view of the low amount of allergen,

which remains locally in the tissue after sublingual adminis-

tration (42).

The next 100 years of SLIT

In view of a multitude of research activities as well as clinical

studies, together with continuous progress in the extraction

and preparation of allergens as well as availability of recom-

binant allergens, it is very likely that SLIT will continue its

career as one of the few rationale-based treatments we hold

in our hands in the clinical practice to treat allergies. Addi-

tion of different adjuvants to the allergen preparations or

targeting different regions within the oral mucosa such as the

vestibulum might improve efficacy and reduce local or

systemic side-effects of this treatment. Together with our

growing experience while using SLIT, the type of allergens

available with proven efficacy in clinical studies will be

expanded. Moreover, besides asthma and allergic diseases,

other allergen-triggered diseases might be included, and

aspects of preventive treatment at early time points of life

might be in particular of importance in the context of this

Table 2 Comparison of different parameters in the sublingual vs

the vestibular region according to the data of (8, 16)

Sublingual region Vestibulum

Thickness of lining mucosa + ++

Number of oral LCs ++ +++

Number of mast cells +++ ++

Number of CD3+ T cells ++ +++

Distribution of FceRI on oLCs ++ ++

TLR2* ++ ++

TLR4* ++ +++

TGF-b* + ++

IL-10* ++ ++

IFN-c* ++ ++

IL-17A* + +++

IL-17F* + +++

IL-26* + +++

IL-6* ++ ++

Foxp3* ++ ++

IFN-c, interferon-c; Foxp3, forkhead box transcription factor protein

3; oLCs, oral Langerhans cells; TGF-b, transforming growth factor-b.

*Relative mRNA expression in the whole tissue.
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noninvasive, patient-friendly way to treat. Anyway, tools to

control the compliance of the patients as well as efficacy of

SLIT are still on our wish list to be discovered during the

next 100 years of SLIT.
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