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Summary

Allergen-specific immunotherapy is recognized as a highly effective practice
in the treatment of patients with severe allergic rhinitis and/or asthma and is
recommended by World Health Organization as an integrated part of allergy
management strategy. Several studies have shown that allergen-specific
immunotherapy, based on the administration of increasing doses of allergen,
achieves a hyposensitization and reduces both early and late responses occur-
ring during the natural exposure to the allergen itself. This is the unique
antigen-specific immunomodulatory treatment in current use for human
diseases. Successful immunotherapy is associated with reductions in symp-
toms and medication scores and improved quality of life. After interruption it
usually confers long-term remission of symptoms and prevents the onset of
new sensitizations in children up to a number of years. Subcutaneous immu-
notherapy usually suppresses the allergen-induced late response in target
organs, likely due to the reduction of the infiltration of T cells, eosinophils,
basophils, mast cells and neutrophils. In addition to the reduction of cells of
allergic inflammation, immunotherapy also decreases inflammatory media-
tors at the site of allergen exposure. This review provides an update on the
immunological T cell responses induced by conventional subcutaneous and
sublingual immunotherapy, and gives a unifying view to reconciling the old
dualism between immunoredirecting and immunoregulating mechanisms.
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Introduction

Allergen-specific immunotherapy is recognized as a highly
effective practice in the treatment of patients with severe
allergic rhinitis and/or asthma and is recommended by the
World Health Organization (WHO) as an integrated part of
allergy management strategy [1–3]. Several studies have
shown that subcutaneous immunotherapy (SCIT), based on
the administration of increasing doses of allergen, achieves a
hyposensitization and reduces both early and late responses
occurring during the natural exposure to the allergen itself.
SCIT is the unique antigen-specific immunomodulatory
treatment in current use for human diseases. It is employed
successfully to treat patients with sensitivity to a wide range
of allergens and well-documented immunoglobulin (Ig)E-
mediated diseases, such as seasonal and perennial allergic
rhinitis, allergic asthma and insect venom severe reactions.

Successful SCIT is associated with reductions in symptoms
and medication scores and improved quality of life [4]. After
interruption, SCIT usually confers long-term remission of
symptoms [5] and prevents the onset of new sensitizations in
children up to a number of years [6]. SCIT usually sup-
presses the allergen-induced late response [7,8] in the lung,
nose and skin, due probably to the reduction of the infiltra-
tion of T cells, eosinophils, basophils, mast cells and neutro-
phils [9,10]. In addition to the reduction of cells of allergic
inflammation, SCIT also decreases inflammatory mediators
at the site of allergen exposure [10].

Sublingual immunotherapy (SLIT) was introduced
during the 1980s as an alternative route of immunotherapy
to improve safety. Its efficacy has been shown by some
meta-analyses of randomized controlled trials in adults
with respiratory allergy [11–14]. There is a general consen-
sus that SCIT is more effective than SLIT, while the latter is
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associated with fewer side effects [11–14]. WHO (1998)
and Allergic Rhinitis and its Impact on Asthma (ARIA
2001) documents indicate SLIT as a valid alternative to
SCIT and its use is justified in adults [15–17]. In contrast to
evidence in adults, SLIT efficacy in children is less convinc-
ing, as subgroup analyses for seasonal and perennial aller-
gens provide controversial data [11,18], varying from
moderate to no effect [19]. Promising evidence of efficacy
for SLIT on patients (adults and children) with perennial
allergy has been shown by a very recent meta-analysis [20],
even though more data are needed, possibly obtained from
large-population-based high quality studies and confirmed
by objective outcomes.

This review provides an update on the immunological
T cell responses induced by conventional SCIT and SLIT,
and gives a unifying view to reconciling the old dualism
between immunoredirecting and immunoregulating
mechanisms.

Pathogenesis of allergic response

The role of the T helper type 2 (Th2) cell-mediated immune
response against ‘innocuous’ environmental antigens (aller-
gens) in the immunopathogenesis of allergic atopy is well
established. In allergic individuals priming of allergen-
specific CD4+ Th2 cells by antigen-presenting cells (APC)
results in the production of Th2 cytokines, such as interleu-
kin (IL)-4, IL-5, IL-9 and IL-13, which are responsible for the
initiation, maintenance and amplification of human allergic
inflammation. This experimental evidence includes the
identification of cytokines, chemokines and transcription
factors connected with Th2 responses in target organs of
allergic subjects [21,22].

The development of allergen-specific Th2 cells in geneti-
cally defined individuals has been revisited recently. Asthma
susceptibility genes have been described to be associated
with allergy per se or with the ability to increase airway
bronchial hyperractivity (AHR) [23]. The products of the
first group of genes are expressed mainly by skin, intestinal
and lung epithelial cells, influencing their way to respond to
inflammatory stimuli. Other susceptibility genes regulate the
response of cells of innate immunity to allergens [23]. More-
over, it has emerged that some of the clinically relevant aller-
gens modify the function of airway epithelial cells or of
innate or adaptive immune cells. Among the allergens listed
in public-domain databases (e.g. Allergome of the Structural
Database of Allergenic Proteins), more than 80 different
allergens exert serine and cysteine protease activities,
increase vascular permeability through the production of
vascular endothelial growth factor (VEGF) or trigger Toll-
like receptors (TLRs) directly in some relevant cells [24–26].
There is a general consensus that sensitization and progres-
sion to respiratory allergy is influenced by a cross-talk
among barrier epithelium, mucosal dendritic cells (DC) and
other cells of innate and adaptive immunity. Allergen-driven

protease-activated receptors (PARs) or TLRs signalling in
epithelial cells induce nuclear factor (NF)-kB activation and
secretion of cytokines essential for Th2 (IL-25, thymic
stromal lymphopoietin, IL-33, etc.) and Th17 [IL-1b,
osteopontin, transforming growth factor (TGF)-b, etc.] cell
differentiation [24,27].

Type 2 cytokines have a direct effect on B cell switch to the
IgE isotype and on the recruitment of a number of inflam-
matory cells (mainly mast cells and eosinophils), whose per-
sistence favours the chronic evolution of inflammatory
response [21,22].

The role of Th17 responses in allergic diseases has been
re-examined recently regarding mainly chronic evolution
and airway remodelling. Several data in the experimental
model provide evidence that IL-17 in the lung (produced by
CD4+ T and NKT cells, alveolar macrophages and epithe-
lium) plays a pathogenetic role in promoting neutrophil
influx, the production of pro-fibrotic cytokines by bronchial
fibroblasts and the release of eosinophil chemoattractants by
the airway muscle cells [28–30]. Furthermore, it has been
reported that IL-17 mRNA and protein increased in the lung,
sputum and bronchial alveolar lavage (BAL) fluids or the
sera of asthmatics, and its levels correlated with the severity
of airway hypersensitivity [31]. We have characterized
recently a new subset of T cells in the peripheral blood
mononuclear cells (PBMC) and lung of respiratory allergic
patients producing both IL-17 and IL-4. These cells, sharing
the features of Th2 and Th17, increase significantly in PBMC
of asthmatic individuals [32]. Due to the heterogeneity of
asthmatic phenotypes with increased IL-17 levels in the
sputum, it is likely that this cytokine contributes in different
ways to the pathogenesis of allergic and not allergic asthma
and of steroid resistance and may be considered a new
marker for classification of both eosinophilic and/or
neutrophilic-dominant diseases [31,33].

Certainties and controversies of T cell response
during SCIT and SLIT

The decreased proliferative response of PB T cells to allergen
observed usually in SCIT-treated patients is consistent with
anergy and/or deletion of allergen-specific T cells [34]. It has
been suggested that a high-dose tolerance explains T cell
unresponsiveness, because doses given in SCIT are consider-
ably higher than those encountered naturally. Moreover, in
vitro studies have shown that proliferation of PB T cells of
allergic patients decreased when high, compared to low, con-
centrations of allergens were used in both SCIT and SLIT
regimens [35,36]. Anergy was shown in studies of SCIT for
bee venoms, where the impaired T cell response to phospho-
lipase A2 allergen was associated with no change in prolif-
eration to recall antigens, and with increased IL-10, which is
able to reduce the proliferative response [37]. Moreover,
high-dose antigen can also trigger apoptosis of Th2 cells in
allergen-stimulated PBMC from treated patients [38].
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Finally, it is accepted generally that high doses of allergens
allow efficacy to be achieved without compromising safety
[35,39].

At the beginning of the 1990s, with the definition of the
Th1–Th2 paradigm, initial results based on several in vitro
and in vivo models concluded that SCIT skewed allergen-
specific responses from Th2 to a more protective Th1 phe-
notype, a mechanism known as immunodeviation [9,40].
Others have been unable to reproduce these findings, and
reported no changes in proliferative responses or cytokine
production [41], due probably to variations of SCIT
regimens and in vitro methodology. Nevertheless, Th1-
redirection induced by SCIT with allergen extracts or pep-
tides continues to be reported in more recent studies
[42–44].

Because alterations in circulating T cells do not reflect
local events in target organs, some studies have evaluated
Th1 redirection induced by SCIT in respiratory mucosa. In
patients treated with SCIT, T cells expressing IFN-g mRNA
were increased in the nasal mucosa after pollen challenge
[41,45]. An inverse correlation between the proportions of
IFN-g+ T cells and the symptoms and medications scores
during the pollen exposure was also shown. In other reports
in nasal biopsies and in nasal fluid of SCIT-treated patients
the increase of IFN-g and the concomitant decrease of IL-5
and IL-9 during the pollen season were shown [46–48]. SCIT
has also been proved to inhibit the seasonal increase of cir-
culating basophils and type 2 cytokines [49].

SCIT generally inhibits allergen-induced late cutaneous
responses and this correlates with increased IL-12 mRNAs
expression in skin macrophages [50]. In this study IL-12
expression correlates directly with IFN-g and, inversely, with
IL-4 [50]. Accordingly, the increase of IL-12-producing
monocytes and IFN-g-producing NK and T cells was also
reported [51,52]. Even though few data are available at
present on the effect of SCIT on the IL-23/IL-17 axis, it is
likely that the local excess of IL-12 induced by the treatment
can skew Th17 to Th1 responses, as we have shown recently
in in vitro models [28]. In conclusion, several reports provide
evidence that immunodeviation may occur at the local and
systemic levels.

After the discovery of regulatory T cells (Treg), the impor-
tance of their increased activity (immunosuppression) as
the main or even unique explanatory mechanism for the
clinical efficacy of SCIT was emphasized. Adaptive Treg cells
are a highly heterogeneous family, initially including
type 3 Th (Th3) cells, T regulatory 1 (Tr1) cells, and
CD4+CD25+forkhead box P3 (FoxP3)+ T cells. However,
some other unsuspected T cell subsets have been shown
recently to display regulatory activity [53,54]. Adaptive Treg

cells originate in peripheral lymph nodes during the priming
of effector T cells, where they acquire the suppressive
machinery upon particular conditions of APC stimulation.
Their suppressor activity is mediated by the regulatory
cytokines such as IL-10, TGF-b and IL-35, but the involve-

ment of mechanisms necessitating cell-to-cell contact has
also been reported [55].

During pollen exposure CD4+CD25+ Treg cells from grass-
sensitive patients have been shown to be impaired in sup-
pressing IL-13 and IL-5 production compared to those from
healthy controls [56]. While allergen-specific Th2 cells
occurred at a higher frequency in allergic subjects, in healthy
individuals Treg cells predominate [57]. However, our group
demonstrated recently that allergen (Der p 1)-specific
CD4+CD25+FoxP3+ Treg cells expanded from the peripheral
blood of healthy donors were similar phenotypically and
functionally to those derived from house dust mite (HDM)-
allergic donors. Concerns have arisen regarding the role of
these cells in suppressing the Th2 response in non-allergic
individuals [58]. Even though the suppression of allergen-
specific responses by Treg cells may represent the normal
response to these molecules [59], some recent reports show
that allergen-specific T cells in newborns can also exert a Th1
profile. The ability to secrete IL-12 (but not IL-10) by cord
blood mononuclear cells is associated with variations in
allergen-specific responses in neonatal and postnatal periods
[60]. By examining more than 900 newborns this study
showed that allergen-specific IgE were related inversely to
IFN-g, but not IL-10, production by stimulated cord blood
mononuclear cells [60]. Moreover, purified Bet v 1-specific
CD4+ T cells from healthy individuals have been shown to
secrete much more IFN-g than IL-10 in response to this
allergen, and interestingly the two cytokines were not
co-expressed by the same cells [61]. The fact that healthy
individuals possess circulating Der p 1-specific T cells exert-
ing a Th1-polarized profile provides further support to the
concept that healthy and allergic subjects show differently
polarized effector T cells recognizing allergens. This hypoth-
esis appears more plausible than the possibility that different
mechanisms of homeostasis are active in the immune system
[62].

Increased proportions of allergen non-specific Treg cells
have been described under SCIT [63], thus supporting
some role in vivo for these cells and their secreted cytokines
in the mechanism of successful therapy. IL-10 inhibits
major histocompatibility complex (MHC) class II expres-
sion on DC, as well as tyrosine phosphorylation of CD28 in
T cells, preventing further downstream signalling events
[37]. Furthermore, IL-10 down-regulates both type 1 and
type 2 cytokines (and also IL-17-related molecules) in vitro
and induces anergy of effector T cells [64,65]. The
up-regulation of regulatory cytokines during SCIT has been
described mainly in patients treated for hymenoptera
venom [37,57]. IL-10-producing T cells have also been
detected in the skin biopsy after intradermal challenge in
patients treated for hymenoptera venom [66], as well in
nasal mucosa under SCIT for respiratory allergy [67].
Increased local Tr1 cells have been associated with elevated
serum IgG4 and blocking activity for IgE-facilitated allergen
presentation [68]. Treg cells have also been related to the
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production of TGF-b, a molecule regulating antigen presen-
tation, expression of co-stimulatory molecules and T cell
proliferation [37,57]. TGF-b is also involved in the IgA
switch in humans, and increased levels of allergen-specific
IgA in the sera have been associated with increased Treg cells
and successful SCIT [69].

With the introduction of SLIT, studies have been focused
upon the immunological alterations induced by this treat-
ment. Sublingual allergen is captured within the oral
mucosa by Langerhan’s-like DC which are prone to toler-
ance as they express FceRI, produce IL-10 and TGF-b and
up-regulate suppressive indeolamine 2–3 acetate dioxyge-
nase (IDO) [70,71]. Moreover, oral mucosa contains
limited numbers of mast cells, thus explaining the well-
established safety profile of SLIT [71]. A trial performed in
HDM-sensitive children indicated that, despite similar
clinical improvement, the SCIT and SLIT regimens exerted
different immunological responses [36]. Some reports did
not show alterations in T cell response after SLIT, while
others described alterations of T cell proliferation, cytokine
production and serum IgG1/IgG4 [72,73]. Even though cel-
lular and humoral changes were more pronounced in SCIT,
the immunological alterations of SLIT and its efficacy were
dependent upon the doses and duration of treatment [36].
Cytokines produced by allergen-specific T cells varied
according to the different phases of treatment. In two
recent trials SLIT increased IL-10 or TGF-b in the first
months of therapy, while it up-regulated IFN-g or, respec-
tively, IFN-g/IL-10 production after 24 months of treat-
ment [74,75]. A parallel increase of Treg cells and of IL-10
and TGF-b mRNA expression was found in a 2-year trial of
SLIT for pollens in children [76]. Notably, in this study the
increased IL-17 synthesis by allergen-stimulated PBMC
correlated with poor effects of SLIT, while in another
report the reduced IL-17 production was associated with
successful therapy [77].

There is general agreement that these data, including the
increased IgG4 seen with high-dose protocols and prolonged
treatment, provide evidence that at least qualitatively SLIT
induces similar immunoredirecting and immunoregulating
alterations of SCIT [69,77,78].

Are the immunoredirection and immunoregulation
induced by SCIT and SLIT two sides of the
same coin?

In the last decade the mechanisms of immunodeviation and
immunoregulation induced by SCIT or SLIT have usually
been presented as alternative, mutually exclusive events, and
often the discussion of these two paradigms has deteriorated
into a sort of iconoclastic war. However, more recent data
indicate that such immunological changes include the
involvement of both allergen-specific Th1 and Tr1 cells and
that, possibly, the supposed dualism may be considered as
two sides of the same coin.

The ability of an immunodominant region of an antigen
to induce IL-10 and IFN-g was described previously for the
hepatitis C virus core protein as a general homeostatic
mechanism favouring the persistence of infection [79].

By using tolerogenic Fel d 1 peptides as vaccine in sensi-
tized patients, Reefer and colleagues showed that two major
epitopes of this allergen were able to induce IL-10 or IFN-g
selectively and fulfil a tolerogenic role in SCIT-treated
patients or healthy subjects [80]. In a related open study
using a low-dose regimen of Fel d 1 the magnitude of the
cutaneous late-phase reaction paralleled the accumulation of
Tr1 and Th1 cells in allergen-challenged skin sites [51]. The
concept that an allergen contains epitopes with different
immunoreactive potential has also been observed by our
group on Par j 1 [81].

The connection between IFN-g and IL-10 production was
described initially in experimental models in which CXCL10
(and IFN-g-producing chemokine) modulated mature DC
into a tolerogenic form able to expand Treg cells in vitro [82].
Other reports indicate that chronic stimulation of DC by
IFN-g induced the production of IDO, whose metabolites
decrease T cell proliferation and expand Tr1 cells [83].

In rush immunotherapy for bee venom a rapid Th2 to Th1
shift has been described, associated with a parallel increase of
cells that have characteristics of both naturally or adaptive,
IL-10-producing or non-producing, Treg cells. This study
suggests that rush immunotherapy exerts various patterns of
immune responses, the Th1 and Tr1 cells being prevalent in
patients with grades I–II reactions [84].

More recently, SLIT has been shown to induce Tr1 cells in
the early (1 month) phase of treatment, followed by a Th1
skewing after 1 year of therapy [74]. Some authors speculate
that the predominance of different mechanisms of tolerance
induction is time- and dose-dependent. Similarly, high
cumulative doses of SCIT promoted the expansion of IFN-g
producing T cells, the apoptosis of Th2 cells and T cell
anergy in vitro [85]. Also, in the reports stressing the increase
of FoxP3+CD25+IL-10+ T cells in the nasal mucosa of SCIT-
treated grass-sensitive patients or in the blood of peanut oral
immunotherapy, a parallel increase of IFN-g-producing T
cells was underestimated [67,85]. Finally, the previously
described trial with HDM-sensitive patients provided
evidence that clinically effective SLIT was associated with
suppression of allergen-specific T cell response, early
(12 months) increase of TGF-b and late (24 months)
up-regulation of IFN-g and IL-10. Notably, IL-10 was found
to be produced exclusively by T cells [75].

In a study evaluating the effect of SLIT on immunological
response to allergen in HDM-sensitive allergic patients, we
showed that upon allergen stimulation PBMC from patients
treated for 6 months produced higher amounts of IL-10 and
IFN-g in vitro compared to those observed at the beginning
of therapy. The co-expression of both cytokines by allergen-
specific CD4+ T cells has been described in patients under-
going immunotherapy, but not before treatment [86]. The
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contemporary presence of IL-10 and IFN-g in PBMC from
SCIT-treated patients as well as in diseases with chronic
antigen stimulation have been reported [63,87–89].
However, this was the first report in which the co-expression
of IL-10 and IFN-g by allergen-specific CD4+ T cells was
described during SLIT [86].

These data suggest clearly that both immunodeviation
and regulation are both elicited upon immunotherapy. IL-10
and IFN-g are able to impair in vitro allergen-specific Th2
responses as well as down-regulate IgE-producing cells
(IFN-g) directly or switch to IgG4 subclass (IL-10), thus
giving a biological rationale to the clinical efficacy of SLIT
[20]. Regulatory IFN-g/IL-10 double-positive T cells (called
Th1-like Tr1 cells) have been described in mice undergoing
chronic stimulation with antigens [88], and are involved in
humans in the protection against certain pathogens such as
leishmania, borrelia and mycobacteria [88]. Subsequent
results indicated that the principal source of IL-10 in chronic
human infections was CD4+CD25-FoxP3- Th1 cells [90,91].
Indeed, even though the IL-10 promoter and some putative
elements are silenced in Th1 cells, the IL-10 locus is in a
reversible histone deacetylase-responsive state in these cells,
which can lead to its reactivation when a prolonged antigenic
stimulus, a high activation state and elevated IL-12 levels are
present [92]. The contemporary production of IFN-g and
IL-10 by effector T cells probably limits the collateral damage
caused by exaggerated inflammation, but may reduce the
efficacy of the immune response resulting in a failure to
eliminate pathogens [93,94]. Notch1 triggering through dif-
ferent Notch ligands is the major signal to induce IL-10
production in newly developing and already established
Th1 cells via a signal transduction and activator of
transcription-4 (STAT4)-dependent pathway. This process
also requires the presence of the cytokines IL-12 and IL-27,
which favours Th1 cells to synthesize IL-10 without interfer-
ing with IFN-g production [95]. Notably, IL-27 has been
shown to induce IL-10 not only by Th1 but also Th2 and
Th17 effector cells [96].

Conclusions

Recent reports provide evidence that allergen-specific Th2
(and Th17) responses are under the double-negative control
of Th1-polarizing (IFNs, IL-12) and immunosuppressive
cytokines (IL-10, TGF-b), both of which are produced in
response to chronic and repeated stimulation of the immune
system. It seems very likely that successful SCIT or SLIT
performed with high doses of allergens can be the result of
up-regulation of both mechanisms.

Even though we cannot exclude the fact that Th1 and Tr1
cells are elicited separately by different timing by immuno-
therapy, regulatory Th1 cells producing IL-10 could be the
best candidate to explain the complex immunological
changes such as the increase of blocking IgG antibodies, the
inhibition of T cell response to allergens and the late

decrease of IgE antibodies. Many allergens have been shown
to trigger TLRs directly or indirectly on DC, creating
microenvironmental conditions to elicit Th1-like Tr1 cells
(Fig. 1). The prolonged administration of allergen can
favour the contemporary expression of the Notch1-ligand
Delta 4 on APC and the production of IL-12 and IL-27,
which are essential to induce allergen-specific Th1-like Tr1
cells. They are recruited into inflamed tissues where they
can prime an amplification loop involving the IFN-g-driven
activation of DC and macrophages. This, in turn, promotes
the recruitment and expansion of new Th1-like Tr1 cells
and increase of microenvironmentral IL-12, IL-10 and
TGF-b. IL-12 skews allergen-specific Th2 and Th17 into
Th1 cells and promotes the proliferation of NK and NKT
cells. The high levels of IFN-g produced by these cells
strengthen APC activation to further production of IL-10
TGF-b and IL-12. On the other hand, IL-10 suppresses
allergen-specific Th2 and Th17 responses, limits Th1, NKT
and NK cells and their cytolytic activity, induces IgG4 pro-
duction by tissue and lymph nodal B cells and inhibits mast
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APC activation. The consequent excess of IL-10, transforming growth

factor-b, IFN-g and IL-12 can explain most of the immunological

alterations shown during allergen immunotherapy.
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cells, basophils and eosinophil recruitment and activation.
Similarly, TGF-b decreases mast cells and eosinophil activa-
tion, blocks Th2 (and the excess of Th1) response and con-
tributes to IgA switch. IFN-g are also responsible for the
direct inhibition of IgE-producing cells and the IgG1
switch. Allergen-specific IgG1, IgG4 and IgA can act as
‘blocking antibodies’ by inhibiting IgE-mediated mast cell
and basophil release of mediators and IgE-facilitated aller-
gen presentation (Fig. 1).

This unifying view offers insights into new strategies to
ameliorate SCIT by the use of molecules as synthetic TLR
ligands able to stimulate both endogeneous IL-12, IL-27 and
IL-10. Some ligands of TLR7, such as imidazoquinolines or
modified adenines, are able to redirect in vitro Th2 response
but, when used in vivo in murine models, also display regu-
latory activity via the production of IL-10 [97]. Accordingly,
when linked to allergens synthetic ligands of TLR-4 have
been shown to induce both IL-12 and IL-10 in mouse
systems [98], while in clinical trials TLR-9 ligands bound to
ragweed pollen up-regulated T cells producing IFN-g and
IL-10 [99]. How and when immunotherapy forces mDC
to modify microenviromental conditions leading to the
upgrowth of allergen-specific Th1-like Tr1 cells is, at present,
an intriguing point dependent upon different conditions,
such as type of allergens, routes of administration, contem-
poraneous T cell responses to other antigens, etc. Finally, and
more importantly, it remains to be established whether and
how these cells can influence the efficacy of treatment.
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