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Abstract: Allergy is an immunological disorder, which is driven by uncontrolled allergen-activated T cell subsets,

leading to immediate type hypersensitivity against otherwise harmless environmental allergens. These allergens are

tolerated by healthy individuals as well as by patients, who successfully underwent allergen-specific immunotherapy

(SIT). The successful SIT is characterized by the induction of T cell unresponsiveness against the given allergen.

Regulatory T cells (Tregs), which are installed or enhanced by SIT and govern the activity of potentially pro-allergic

effector T cells, mediate this unresponsiveness. The current article reviews the mechanisms underlying the balance of

these cell populations along with suppressive mechanisms of SIT, which may serve as future drug targets.

INTRODUCTION

Allergy is an immunological disorder, which manifests in
upper airways, lung, skin and the gut. A key event in the
pathogenesis of allergy is the activation of T cell subsets [1],
which secrete inflammatory factors including IL-4 and IL-5
and/or IL-13 [2-4]. Both IL-4 and IL-13 are prerequisite for
generation of allergen-specific IgE, mediating immediate
hypersensitivity against allergens, that themselves are
normally non-pathogenic and tolerated by healthy
individuals. Allergen-specific T cells are found in both
allergic and healthy individuals sensitized to the allergen [5].
In healthy individuals, however, their activity appears to be
controlled by regulatory T cells (Treg) [6], which secrete
suppressive cytokines such as IL-10 and/or TGF-  . Thus,
Treg cells represent a dominant T cell population in healthy
subjects, but not in the allergic counterparts [7]. The current
understanding of allergy pathogenesis is that an imbalance
between Th2 and Treg cells exists, which results in
insufficient tolerance to the allergen [8-11].

In allergic disease, an individual's relevant allergen can
usually be determined, which allows to restore specific
tolerance by repetitive injections of high doses of allergen
over a long period of time. This allergen-specific
immunotherapy (SIT) specifically restores normal immunity
against the allergen [8, 10, 12]. Successful SIT is
characterized by the induction of a persistent T cell tolerance
against the allergen [13-15], whereas other immuno-
suppressive treatments including glucocorticoids and other
suppressive drugs only temporarily inhibit T cell activity and
transiently improve allergy symptoms. Although SIT is most
successfully applied in insect venom allergy, it is also
effective in patients suffering from allergic rhinitis [16] and
allergic asthma [12, 17-20]. Therefore, knowledge of cellular
and molecular mechanisms underlying the SIT helps to
identify molecular targets for treatment of allergic disease.
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CELLULAR REGULATION OF ALLERGEN-
SPECIFIC RESPONSES

The pathogenesis of allergy is characterized by excessive
production of allergen-specific IgE antibodies,
discriminating allergy from non-allergic inflammations.
Clinical symptoms are mostly defined by immediate
hypersensitivity reaction, which is initiated by crosslinking
IgE bound to specific receptors on mast cells and basophils
by the allergen. This leads to the release of various
inflammatory mediators such as histamine and multiple
proteases [21] and de novo production of prostaglandins,
leukotrienes, platelet activating factor and proinflammatory
cytokines [22, 23]. To generate allergen-specific IgE, naïve
B cells have to recognize the allergen along with the
coincidental help by IL-4 producing T cells [24]. The crucial
role of T cells is reflected by the fact that the degree of T cell
activation correlates with the number of low-affinity IgE
receptor (CD23) bearing B cells [3], eosinophil cationic
protein (ECP) and other serum factors [4], demonstrating
that allergy is a T cell dependent disease [4]. Only Th2 cells
produce IL-4 necessary to switch the B cells towards IgE
production, suggesting that Th2 cells display a proallergenic
phenotype. In contrast, Th1 cells produce IFN-  and induce
IgE antibodies. Nevertheless, allergen-specific T cells of
healthy donors also express IL-4 and other Th2 cytokines. It
is assumed that the function and pathogenicity of allergen-
specific Th2 cells is controlled by allergen-specific Treg
cells, which suppress their Th2 effector-counterparts by
secretion of suppressive cytokines and contact dependent
mechanism [25]. The term effector T cells (Teff) is used to
oppose Th1 and Th2 cells mediating inflammatory effects by
regulating other immune cells to Treg cells that are defined
by their regulatory function. It appears that Teffs and Tregs
exist in a regulatory balance, which prevents excessive
action of Teff and in turn generates a loss of peripheral
tolerance against environmental antigens. The balance
between Teffs and Tregs is influenced by antigen-presenting
cells and environmental conditions [26]. The origin of the
peripheral Tregs is still unclear, but it is assumed that a
process similar to the differentiation of Th1 and Th2 cells
may also generate a regulatory T cell population [27]. The
process of Th1/Th2 differentiation depends on the uptake of
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antigen by antigen-presenting cells (APC), which provide
them to the T cells in an MHC-dependent fashion. The
antigen-presentation requires the migration of the antigen-
loaded APC to the lymph node, since naïve T cells are
located in the draining LN and are normally not present in
peripheral tissues. In addition to the antigen, T cell
differentiation requires “decisive” signals such as IL-12 for
Th1 or IL-4 for Th2 commitments, which are either provided
by APC or by other lymphoid cells [28-31]. The intracellular
key factor for Th1 differentiation is T-bet [32, 33], whereas
GATA3, induced by IL-4 is indispensable for Th2
differentiation [34]. IL-10 may fulfill a similar role as it is
observed for IL-4 and IL-12 for Th1 or Th2 differentiation
[35], and may promote the expression of the transcription
factor FOXP3, which has been shown to promote Treg
phenotypes [36, 37]. The differentiation of naïve T cells
using immature (CD83

-
) DCs generates a T cells population,

which has a Treg phenotype characterized by IL-10
production [38, 39]. Since immature DC are characterized by
reduced expression of costimulatory receptors [40],
induction of Treg and anergy may be identical and
characterized by the absence of “decisive” signals. Thus, it
represents a pathway that is neither dominated by Th1 nor by
Th2 driving conditions (Fig. 1). CD25

+
 Tregs are also

released from the thymus [41], but can also develop from
peripheral T cells in a thymus independent fashion [42].

CELLULAR MECHANISMS UNDERLYING
ALLERGEN-SPECIFIC IMMUNOTHERAPY

SIT against insect venom allergy induces T cell
unresponsiveness, which is detected as anergy (viable T cell
unresponsiveness) in vitro and can be reversed by the
addition of IL-2 or IL-15 [13, 15]. The T cell anergy could
be prevented by the addition of IL-10 neutralizing antibodies
to the cell culture. An early and transient increase in
allergen-specific IL-10 mRNA expression in PBMC could be
shown to correlate with a successful therapeutic outcome
after 1 year of SIT [43]. IL-10 production of T cells
increased during the course of SIT, and could be observed
later also on monocytes and B cells [14]. Interestingly,
reduced IL-10 expression was found in children suffering
from asthma or atopic dermatitis, compared to their healthy
counterparts [44], suggesting that SIT restores IL-10 to
normal levels. Also TGF-  plays an important role in
suppressing mucosal T cell responses and maintaining
peripheral tolerance. This was demonstrated in animals,
which developed lethal autoimmune diseases, when the
TGF- RII was genetically eliminated [45]. In experimental
asthma models it was shown that T cells engineered to
produce TGF-  efficiently control allergy-inducing T cells in
an antigen-specific manner [46]. Intranasal application of
allergen induces tolerance by an TGF-  dependent
mechanism [47]. In the absence of TGF- 1, animals die of
cardiac, pulmonary and gastric inflammation [48]. These
TGF-  deficient mice illustrate that TGF-  is of particular
importance in mucosal responses. This holds also true for
SIT, where mucosal allergens, but not insect venoms trigger
TGF-  following therapy. For example, in SIT against house
dust mite allergy, IL-10 and TGF-  are induced, which
results in decreased allergen-specific proliferation and
cytokine secretion [49-51]. Important in mucosal immunity

is the generation of IgA, which is induced by TGF-  [52].
IL-10 promotes IgG4 expression [53]. Both cytokines
directly suppress IgE production (Fig. 1). Accordingly, the
allergen-specific isotype profile shifts during SIT towards
normal IgG4/IgA levels and the ratio of specific IgE to IgG4
or IgA changes about 100 – 1000 fold. The IgG4/IgA
response is a consequence of Treg-function and affects the
immune response by blocking potential IgE epitopes and/or
alliterating Ig-facilitated antigen uptake by antigen
presenting cells. Taken together, current literature shows that
SIT increases the suppression of the allergen-specific Th2
response, while a regulatory and protective response is
installed or enhanced.

It is still unclear how repetitive allergen injections
promote Treg cells. However, the persistent presence of
antigens in the absence of inflammation was also observed to
be immunologically tolerated or ignored in other models of
peripheral tolerance, such as tolerance to transplants, where
the absence of inflammation determines the transplant
longevity [54-56]. The proposed “danger” model beyond
these observations suggests that the immune system does not

Fig. (1). Upon Allergen uptake dendritic cells can stimulate

allergen-specific T cells to differentiate into effector T cells (Th1,

Th2) or regulatory T cells. This process is dependent on T-bet for

the Th1, GATA-3 for the Th2 and most probably FOXP3 for the

Treg pathway. These T cell populations are balanced against each

other and represent a key mechanism of peripheral tolerance.

Characteristic cytokines represent IFN-  for Th1 cells, TGF- , IL-

10 for Tregs and IL-4 for Th2 cells. The phenotype of dominating T

cells is reflected by the B cell response (IgG1 for Th1, IgA and

IgG4 for Tregs and IgE for Th2 cells).
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only distinguishes self from non-self, but it also recognizes
the context in which antigens/allergens are presented [57,58].
In the setting of inflammation or tissue injury, "danger"
signals induce the expression of critical costimulatory
molecules on APC, thus permitting T cells to fully respond
to antigens presented in this context. Conversely, it is
proposed that under homeostatic conditions, in the absence
of inflammation, antigen presentation occurs without
costimulation, leading to specific T cell anergy and
ultimately to tolerance. Potential danger for the organism has
evolved pathogen-associated molecular patterns (PAMPs)
that are recognized by various receptors on APCs and is
assumed to be mediated by pattern recognition receptors
[59]. Accordingly, SIT lacks signals, which may promote the
activation of these pathways and allow the generation of
regulatory responses. Interestingly, exposure of CD4

+
 T cells

with high doses of specific peptides in the absence of APC
also induces T cell anergy and CD25 expression [60]. In this
experimental system, T cells themselves may act as APC,
lacking costimulatory signals, allowing sufficient stimulation
of effector responses, as suggested by the two-signal
paradigm of Jenkins and Schwartz [61]. Further research is
necessary to understand the role played by APC in SIT.
However, the level of costimulation provided by APC,
namely DC, differs in different tissues. Interestingly,
sublingual application of allergens in SIT was successfully
applied and it underlines that oral mucosa DCs facilitate the
induction of Treg cells [62]. This capability was attributed to
DCs expressing Fc RI, whose oral environment favors the
expression of IL-10. This capability was not observed for
DCs of the skin (Langerhans cells), which in established
disease promote inflammation by driving T cells into a Th1
phenotype [63]. Thus, besides the PAMPs, tissue privileges
play an important role in the regulation of DCs. A key
question remains, how these tissue-specific signals are
mediated to regulate the specific immune system. In this
context, an interesting concept is the regulation of DC by
CD8

+
 T cells. In contrast to the CD4

+
 T cells, which require

the MHC-II antigen-presentation by professional APC, CD8
+

T cells recognize antigens in context of the MHC-I, which is
present on any cell in the tissue. Among the CD8

+
 T cells

exists a regulatory population similar to CD25
+
CD4

+
 cells,

which is characterized by the absence of CD28 [64].
Recently, it could be shown that these CD8

+
CD28

-
 Tregs

cells upregulate immunoglobulin-like transcript 3 (ILT-3)
and ILT-4 on DC. These receptors belong to a family of
inhibitory receptors expressed by human monocytes and
DCs. Induction of ILT-3 and ILT-4 on monocytes and DCs,
renders the APCs into an tolerogenic phenotype, which is
characterized by reduced expression of costimulatory
molecules, and in turn induces antigen-specific
unresponsiveness in CD4

+
 T helper cells [65]. This suggests

that CD8
+
 T cells provide a link to antigens being present in

tissues and presented by these under “danger” or homeostatic
conditions. This model requires that tissue cells are able to
modulate MHC-I mediated antigen presentation in response
to “danger” signals. Although this concept is not yet fully
confirmed, it provides a comprehensive model of how
privileges could modulate the specific immune system in an
antigen-specific manner. Of note, allergen-specific CD8

+
 T

cells can regularly be detected in the periphery of healthy
donors (C.B. Schmidt-Weber, unpublished) and the number

of CD8
+
 T cell infiltrates correlates with the number of mast

cells and are increased in superficial submucosa of rhinitis
patients [66]. In this model, a crosstalk of DC, CD8

+
 and

CD4
+
 cells, altogether provides a comprehensive model of

peripheral tolerance against antigens.

MOLECULAR MECHANISMS OF ALLERGEN-
SPECIFIC IMMUNOTHERAPY

A key event in allergen-specific peripheral tolerance
represents the induction of T cell unresponsiveness (anergy)
mediated by Treg. However, the mechanism of suppression
is still unclear. However, successful SIT goes along with the
generation of IL-10/TGF-  producing Treg population,
which is contained in the CD25

+
 T cell subset [51]. Other

studies describe the CD25
+
 subset of T cells and show

suppressive capacity in vitro and in vivo [67-71]. However, it
is currently not fully established, whether CD25

+
 T cells are

identical to IL-10 and/or TGF-  producing Tregs [70], since
the suppression appears to be contact dependent [69].
However, suppressive cytokines may be secreted into
immunological synapse [72] or can act in a surface bound
form on the target cell [73]. Both IL-10 and TGF-  are
currently the best described effector molecules for the
induction of T cell unresponsiveness.

INTERLEUKIN-10

IL-10 suppresses the association of phosphatidyl-

inositol–3-phosphatase (PI3K) with CD28 [74, 75] as well as

other costimulatory molecules, which possess a -FYVE-
phosphorylation site for KI3K, by directly preventing

costimulatory signals in T cells. The PI3K phosphorylates

phosphatidyl inositols 2-phosphates (PIP2) into phosphatidyl
3-phosphates (PIP3). Interestingly, the immune inhibitory

receptor of B cells or NK cells as also address PIP3-lipids by

activating PIP-phosphatases (e.g. SHIP; [76]), suggesting
that prevention of PIP3-  signaling-1 (SOCS) and SOCS-3

[79], which are known to inhibit the activity of the janus-

kinase-1 (JAK1). JAK1 is necessary for cytokine mediated
signaling and also inhibits IL-10 signal transduction, thus

representing a negative feed-back loop. However, SOCS-3

maybe in balance with other transcription factors [80] and
may even promote pro-allergic responses when artificially

overexpressed [81].

Furthermore, IL-10 is known to reduce the expression of
costimulatory molecules of antigen-presenting cells [82, 83],
which, like the induction of SOCS-genes, operate via
transcriptional regulation. In contrast to the interference with
the PI3K pathway, the effect of this action is delayed.

TRANSFORMING GROWTH FACTOR-

TGF-  mobilizes the SMAD2/3-4 complex which
interacts with other transcription factors to bind DNA
elements that will down regulate expression of the particular
gene [84, 85]. Alternative ways of TGF-  suppression
include the Transforming growth factor activated kinase-1
(TAK1) or the activation of phosphatases [86], which could
immediately block or reduce signal transduction of TCR
mediated signals [87]. TGF-  is a potent inhibitor of T cell



18    Inflammation & Allergy - Drug Targets, 2006, Vol. 5, No. 1 Schmidt-Weber and Blaser

proliferation and cytokine production. Interestingly, the
inhibition of proliferation versus IL-2 production is mediated
by distinct, TGF-  induced signals. Disruption of Smad3
does not affect TGF- -mediated inhibition of IL-2-induced
proliferation, demonstrating that TGF-  signals through both
Smad3-dependent and -independent pathways [88]. The
inability of TGF-  to inhibit TCR-induced proliferation of
Smad3(-/-) T cells suggests that SMAD independent
mechanisms do also play an important role for TGF-
mediated suppression. Like IL-10, TGF-  has the ability to
modulate the humoral immune response. Whereas IL-10
supports IgG4 production [53], TGF-  plays a key role in
generation of IgA [52]. It represents both a switch factor for
IgA and promotes IgA antibody production. On the other
hand, like IL-10, TGF-  suppresses Ig production [89]. A
major difference between TGF-  and IL-10 is the source of
expression. Whereas IL-10 expression is restricted to cells of
the immune system, TGF-  is expressed more diversely and
can be detected in most tissues. Furthermore, TGF-  plays
an important role in cellular repair functions by inducing
extra cellular matrix production. In fact, platelets contain
TGF- , which is released upon activation [90] and supports
tissue recovery after injury. However, if the expression
pattern of TGF-  is compared with the pattern of the
activated form of the downstream signaling target
(phosphorylated SMAD2/3), it becomes obvious, that many
cells have lost their TGF- -responsiveness, that is increased
in inflammation [91]. Differential TGF-  responsiveness was
also observed in T cells and may be as important for
successful suppression as the TGF-  production itself.
Recent studies show that IFN-  [92], TNF-  and IL-1 [93]
can reduce the TGF-  sensitivity by upregulation of SMAD7
expression. SMAD7 is an inhibitory SMAD and blocks
phosphorylation of SMAD2/3 [94]. It may allow binding of
SMURF-1 and to subject the complex to ubiquitin mediated
degradation [95]. The Smad anchor for receptor activation
(SARA) and hepatic growth factor-regulated tyrosine kinase
substrate (Hgs) are involved in TGF- 1 signaling and inhibit
TGF-  mediated signal transduction by attenuating
SMAD2/3 [96]. However, in contrast to SMAD7, SARA and
Hgs are induced as late as 12h by TGF-  (SARA) or T cell
activation (Hgs), whereas SMAD7 is induced within a few
hours [96]. Thus, T cells, which are involved in
inflammatory reactions or have already been exposed to
TGF- ,  would not be susceptible to TGF-  mediated
suppression. Studies revealed that T cells also express the
TGF-  RIII, endoglin (CD105; [97]). Endoglin was found on
activated cells, or cells which were previously stimulated. In
fact, endoglin can be specifically upregulated by CD3
engagement, demonstrating that TGF-  responsiveness is
regulated in an activation dependant manner. Interference
with endoglin resolves TGF-  mediated suppression of T
cells (C.B. Schmidt-Weber, unpublished).

POTENTIAL DRUG TARGETS SUPPORTING
ALLERGEN-SPECIFIC IMMUNOTHERAPY AND

TOLERANCE

There is no doubt that induction of lymphocyte tolerance
against allergen will be a hallmark of allergy cure, as it is
currently realized by the application of SIT. It is
questionable though, whether it is possible to design drugs

which promote tolerance independent of SIT and without
administration of allergen. This would be necessary for
patients who suffer from allergy against multiple allergens. It
appears to be difficult to induce a specific unresponsiveness
to an allergen, while potential dangerous pathogens remain
to be recognized and are eliminated. However, the history of
tolerance research shows that such treatments are successful
and are surprisingly well tolerated, as demonstrated by anti-
CD4 or anti-CD3 treatments in transplantation [98-100].
Interestingly, superagonistic anti-CD28 mab were shown to
induce tolerance in vivo, promote Tregs selectively and were
well tolerated in several experimental disease models [101-
104]. It may be possible to facilitate tolerance by adjuvant
treatment, so that thresholds necessary for tolerance
induction can be reached, particularly when the allergen
appears in a seasonally restricted time frame. Several
examples like usage of Vitamin D3, Tacrolimus, Rapamycin
or glucocorticoids illustrate reduction of costimulatory
molecules or cytokine expression by DC, rendering them
pro-tolerogenic (reviewed in [26]). Glucocorticoids enhance
FOXP3 expression [105] and promote the differentiation of
IL-10 expressing cells [106]. Histamine enhances TGF-
mediated signal transduction and suppression of T cell
proliferation and IL-4 expression by a histamine receptor-II
dependent mechanism [107]. These examples show that such
drugs are already available and clinically used. A
combination of treatments may allow more efficient
induction of allergen-specific tolerance, such as an anti-
histamine receptor-I treatment prior to immunotherapy [108],
which appears to improve tolerance induction.

For the design of new drugs, it is important to select
molecules that are specific for lymphocytes, and which
reduce the risk of unwanted side effects. A promising
candidate is the transcription factor FOXP3, which is highly
expressed in Tregcells and whose ectotropic expression is
sufficient to induce T cells with a regulatory phenotype [36,
109]. However, the regulation and function of FOXP3 is
currently not fully known and requires further investigations.
The IL-10 and TGF-  pathway may provide further
interesting targets, however, for both genes exist family
members, which partially use the same receptors or have
overlapping functions. These are for IL-10: IL-19, IL-20, IL-
22, IL-24 and IL-26 and for TGF- : activins, inhibins and
growth and differentiation factors (GDFs). The TGF- -
family members are particularly interesting for the design of
anti-allergy drugs, since they also play a role in tissue
remodeling and cannot be suppressed by glucocorticoids
[110]. The direct neutralization of TGF-  has been shown to
prevent disease in experimental animal models of glomerulo
nephritis [111-113] and attenuate diabetes [114]. Beside the
use of anti-TGF-  antibodies or TGF- R- Fc chimeras, also
matrix components (decorin) binding TGF-  have been
successfully used for in vivo neutralization of TGF-  [115].
Recently ursolic acid, which is a naturally occurring
triterpenoid isolated as active compound from plants used in
Chinese folk medicine against nephritis, acts as an antagonist
for TGF-  [116]. Consistently, ursolic acid was reported to
enhance the immune system [117], which however remains
to be attributed to TGF- . Moreover, synthetic derivates
were generated and proved as SMAD-targeting molecules,
which enhance Smad signaling [118, 119]. These anti-TGF-
strategies are focused on TGF-  neutralization to overcome
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disease induced fibrosis, however, their effect on the
immune system remains to be clarified. An alternative to
TGF-  neutralization is the strategy to target the TGF-
receptors as it has already been shown for ALK-4, -5 and –7
[120]. Small molecules targeting TGF-  RI were recently
described [121-123]. Particularly interesting would be
receptors, which are expressed on a restricted number of
cells, specifically endoglin, which is restricted to immune
cells and endothelial cells. The downstream signaling targets
of TGF-  are also promising drug targets. In this context, it
is important to consider that the SMAD-factors usually act in
concert with other factors [124-127], and may represent
promising targets to modulate the TGF-  response.
Furthermore, distinct phosphate residues within the SMAD2
and SMAD3 molecules appear to have different functions
[128], which may allow selective targeting of pro-
immunosuppressive or anti-fibrotic responses, if the relevant
kinase source is identified [128]. Taken together, it appears
that existing drugs need to be re-evaluated in tolerizing
treatment strategies and new drugs need to be characterized
for their effect on the immune system as well as for anti-
fibrosis effect.

CONCLUSION

Specific immunotherapy is currently the only curative
treatment of allergy and therefore of major interest for the
development of new anti-allergy and -asthma drugs. The key
mechanism in SIT is the induction of T cell
unresponsiveness against allergens. The specific
unresponsiveness is mediated by complex cellular and
molecular mechanisms involving the effector T cells, Tregs,
DCs and possibly CD8

+
 T cells. The differentiation of T cells

into Tregs as well as the effectiveness of Treg mediated
suppression by TGF-  and IL-10 is a prime target for
facilitated induction of T cell unresponsiveness. The
development of new drugs as well as the use of existing
protolerogenic and anti-fibrosis drugs may improve
treatment strategies of allergy and asthma.
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