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Allergen immunotherapy (AIT) has been used for 100 years and
until now different immunoregulatory pathways have been
shown to take place in its mechanisms of action. It is
characterized by administration of the causative allergen and is
shown to be clinically efficient even after discontinuation of
therapy particularly in allergic respiratory diseases, bee venom
allergy, and food allergy. Generation of antigen/allergen-
specific peripheral tolerance is the key mechanism during
immunotherapy. It is mediated by development of T and B
regulatory cells, IgG4 isotype allergen-specific antibodies and
the involvement of multiple suppressor factors, which lead to
decreased tissue inflammation, early and late phase
responses. Describing novel regulatory mechanisms in the
process of immune tolerance induction will help to identify
treatment modalities not only for allergic disorders, but also for
autoimmune diseases, organ transplantation, chronic
infections, and cancer.
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Introduction

Allergen-specific immune response develops from a
series of complex mechanisms, such as structural features
and dose of the allergen, route and timing of its exposure,
existence of innate immune response stimulants within
the allergen and genetic susceptibility of the host. All of
these factors also contribute to the development and
maintenance of immune tolerance [1]. In the process
of immune tolerance induction the balance between
allergen-specific effector T helper 2 (Th2) cell and T
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regulatory (‘Treg) cell is achieved through several immu-
nologic mechanisms such as alterations and decrement in
response of effector T and B cells to allergen, generation
of specific antiinflammatory antibody isotypes, alleviation
in the activity of cell types other than lymphocytes like
basophils, eosinophils, and mast cells which play an
important role in the emergence of both immediate
and late phase reactions in response to allergens
(Figure 1). In addition to the suppressive and regulatory
action of Treg cells, recently described IL.-10-producing
B regulatory cells [2,3] were also shown to contribute to
development of tolerance in venom allergic individuals
undergoing immunotherapy [4°].

Allergen immunotherapy (AIT) is the only treatment
option given by subcutaneous (SCIT) and sublingual
(SLIT) routes modulating the response of the patient
against allergen for long term periods through prompting
peripheral immune tolerance mechanisms [5]. In a con-
ventional SCIT, this can be achieved by repeatedly
administering the allergen in gradually increasing doses
at certain time intervals for aeroallergen-mediated rhinitis
and asthma [5]. In addition, oral immunotherapy (OIT) is
used for food allergy [6] and intralymphnode, cutaneous
routes are under investigations [7,8]. AI'T not only
induces tolerance but also hampers the process of de-
velopment of asthma in allergic rhinitis patients and
emergence of new allergies in monosensitized individuals
[9]. In this review, the immunological mechanisms that
underpin AI'T are reviewed with the highlight of recent
advances. Additionally, the possible use of biologicals in
association with AI'T is briefly emphasized.

The mechanism of generation and function of
inducible T regulatory cells

AI'T induces a major change in allergen-specific T cell
subsets. The proportion of IL-4-secreting Th2 cells
decreases, meanwhile ILL-10-secreting inducible Treg
cells specific for the same allergenic epitope increase
in number and function similar to the immune status
observed in nonallergic healthy individuals [3]. This
appears to be one of the milestones in the development
of peripheral tolerance to allergens. A significant corre-
lation is found between improvement of symptoms and
the increase in Treg cell numbers during immunotherapy
[10]. Inducible type of Treg (i'Treg) cells, which are
derived from naive CD4" 'T' lymphocytes in the periphery
predominantly take part in the induction of tolerance
[11,12]. Deficiency of extrathymically generated iTreg
cells results in the augmentation of Th2 type allergic
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Glossary

AIT: allergen immunotherapy

CTLA-4: cytotoxic T lymphocyte antigen-4
FOXP-3: Forkhead box protein 3

GITR: glucocorticoid induced tumor necrosis factor receptor
OIT: oral immunotherapy

PD-1: programmed death-1

pDC: plasmacytoid dendritic

R: receptor

SCIT: subcutaneous immunotherapy
SLIT: sublingual immunotherapy

T helper 2: Th2

Treg: T regulatory

iTreg: inducible type of Treg

nTreg: natural CD4+CD25+FOXP3+ Treg

inflammation at gastrointestinal tract and lungs, but does
not result in generation of an autoimmune pathology [13].
It seems that there are overlapping roles of iTreg cells and
natural CD4"CD25"FOXP3" Treg (nTreg) cells, which
are generated in the periphery or originate from thymus
[14].iTreg cells are composed of FOXP3" (Forkhead box
protein 3) adaptive Treg cells and FOXP3 negative but
IL-10-producing Tr1 cells [15]. FOXP3™ adaptive Treg
cells were suggested to exert their function via cell
contact mechanisms initially, but it is clarified that they
also express high levels of suppressive cytokines I1.-10
and T'GF-beta similar to Trl cells, which utilize same
suppressive cytokines to induce tolerance. Studies inves-
tigating the role of different types of Treg cells during
AI'T have shown contradictory results, which may arise
from different timing schedule for the assessment of
immunological changes or assessing the alterations at
different organs. For example, during a one year birch
pollen induced SCIT trial, the number of IL.-10-secreting
Trl cells were significantly increased by three months
and stayed increased by 12 months in peripheral blood,
whereas the number of CD4*CD25*CD127"°YFOXP3*
adaptive Treg cells did not change [16]. In contrast, two
years of grass pollen immunotherapy resulted in increased
number of both FOXP3"™ T cells and FOX-
P31IL10°CD25" T cells in nasal mucosa of patients with
allergic rhinitis [17]. Overall, these data suggest overlap-
ping functions of iTreg cells, CD25 Treg cells and Trl
cells for the induction of tolerance during AI'T.

The existence of FOXP3 expression and its level is also
important for the suppressor activity of i'Treg cells [14],
which acquire FOXP3 expression in the periphery. They
are generated in gut-associated lymphoid tissue, spleen,
lymph nodes and inflamed tissues, where they have
different TCR repertoires according to the anatomical
locations and distinct repertoires from that of other anti-
gen-experienced T cells within the same location [18].
High affinity TCR signaling [19] together with TGF-beta
and IL-2 [15] and costimulation of increased cytotoxic T
lymphocyte antigen-4 (CTLA-4 or CD152 on T cell
surface) [20] and low CD28 signaling are optimum con-
ditions for FOXP3 induction and iTreg cell generation
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[14]. In addition to CTLA-4 signaling, the function of
programmed death-1 (PD-1) on T cell surface is also
important for the generation of suppressor activity of
i'Tregs, which has been recently shown for a mouse model
of cockroach allergen-induced asthma [21]. Additionally,
the transcription factors RUNX1 and RUNX3 both have
an effect on TGF-beta-mediated FOXP3 expression of
i'Treg cells in humans. They bind to FOXP3 promoter
and activate Treg cells. The level of intracellular FOXP3
expression decreases to the lowest level, when RUNX1
and RUNX3 were both silenced, however there was no
effect on the expression of the specific transcription factors
of other T cell subsets, such as Thl or Th2 [3]. As
demonstrated recently, stimulation of ICOS results in
increase in the number and function of peripheral i'Treg
cells [22]. Another surface marker existing on Treg cells is
neuropilin-1, the expression of which correlates with
expression of FOXP 3 and suppressive function of Treg
cells. However, this surface marker is selectively expressed
on n'Treg cells and not on i'T'reg cells in a mouse model of
autoimmune pathology [23]. Besides these molecules, two
other receptors namely OX-40 and glucocorticoid-induced
tumor necrosis factor receptor (GI'TR), members of the
"I'NF receptor super family are also found on Treg cells,
but they are not specific to these cells. Studies regarding
the activation and function of GI'TR on Treg cells reveal
contradicting results, depending on the environmental
status of the host and activation status of both effector
and regulatory T cells [24]. The stimulation of OX-40 on
naive CD4" T cells prevented the expression of FOXP3
and generation of iTreg cells in response to TGF-beta,
whereas blocking of OX40-OX40 ligand interaction
resulted in generation of iTreg cells in a mouse model
of allergen-induced airway disease [25]. There are numer-
ous studies showing the function of these molecules and
related molecular pathways performed in humans,
suggesting that therapies targeting them may be involved
in future theraupetic approaches for the modulation of
immune tolerance in allergic diseases and asthma.

Once iTreg cell is generated, it further elicits 1L-10-
producing dendritic cells favoring further suppressive
mechanisms [26]. Dendritic cells have been known to
express a primary role in triggering naive T cells to
activate and differentiate into different effector subtypes
for many years. Later their dual capacity was noticed.
According to their maturity stages and microenvironment,
they are able to induce either inflammatory responses or
immune tolerance [27]. Interleukin-10-secreting tolero-
genic dendritic cells are semimature dendritic cells with a
reduced cell surface expression of CD80, CD86, HLLA-
DR, CD40, and CD54 [28]. However, the expression of
MHC-II on their surface is required for induction of Treg
cells [29]. Besides semimature dendritic cells, ICOS-L-
harbouring mature plasmacytoid dendritic cells (pDC)
have been also shown to differentiate naive CD4" T cells
into Treg cells [30]. It has been recently shown that pDC
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Generation and function of Treg cells during AIT. FOXP3" adaptive Treg cells together with Tr1 cells make up inducible Treg cell population during
peripheral tolerance induction and IL-10* tolerogenic dendritic cells contribute to their generation. Red and green arrows indicate the inhibitory and
regulatory pathways of inducible Treg cells on several other cell types, respectively. Suppression of effector T cell types is the key point and several

other mechanisms take place to induce tolerance.

colocalized with a high percentage of T'reg cells in human
palatine and lingual tonsils [31°]. The authors have pointed
that there is a significant correlation between Treg cell
number and pDC number in human tonsils. Additionally,
they have proven the ability of pDCs of human tonsil cells
to generate CD4*CD25*CD127 FOXP3* functional Treg
cells which further supports the concept of tolerogenic
function of dendritic cells [31°]. Apparently, findings in
humans and mice do not fully concur, and may show
differences depending on the affected target organ and
experimental conditions. For example CD103" DCs, but

not pDCs induced FOXP3 expression in naive CD4" T
lymphocytes for pulmonary tolerance induction. In
addition, CD103" DCs, but not pDCs upregulated reti-
naldehyde dehydrogenase 2, which results in production of
retinoic acid in a mouse model [32]. Further studies 7z vivo
are needed to fully elucidate the role for different types of
dendritic cells and helper molecules for the generation of
i'Treg cells in humans.

Another important question was recently focused on
mechanisms of how allergen tolerance can be broken,
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suggesting a mechanism of allergy development in a
healthy individual. It was demonstrated that stimulation
of allergen-specific T cells with certain toll-like receptors
(TLR) and proinflammatory cytokines can induce 77 vitro
CD4" T cell proliferation in peripheral lymphocytes of
individuals, who are tolerant. In this context, stimulation
with IL-1pB3, IL-6, TLR-4, TLR-8 of myeloid dendritic
cell breaks allergen-specific CD4" T cell tolerance [33].

Very recently the phenotypical expression of B regulatory
cells in humans for an allergic disease was described.
Apart from I1.-10-secreting DCs, there exist [1.-10-secret-
ing allergen-specific Breg cells, which are shown to exist
in bee venom tolerant beekeepers and bee venom allergic
individuals, who had undergone venom immunotherapy
[4°]. They are characterized as CD73-CD25*CD71" B
cells, which have a suppressive function on antigen-
specific CD4" T cells and have the capacity to specifically
produce IgG4.

Besides Treg and B reg cells, human IL-10-secreting
natural killer regulatory cell is shown to suppress allergen
stimulated T cell proliferation and [34] may be a candi-
date to investigate in future studies of tolerance induction
as well as other regulatory cell subsets.

What do iTreg cells do during the induction of
tolerance? Examples from in vivo and in vitro
studies of aeroallergen immunotherapy

Both cellular and humoral regulatory mechanisms take
place in AI'T (Table 1) [1]. The suppression of effector T
cell subsets (Th2, Thl, and Th17 cells), inflammatory
dendritic cells, mast cells, eosinophils and basophils, [gE
production by B cells as well as induction of IL.-10-
producing dendritic cells and IgG4-producing B cells
utilize multiple mechanisms. These mechanisms can
be listed as cell contact dependent mechanisms via
CTLA-4 and PD-1 receptors, because of cytokine sig-
naling of IL-10 or TGF-beta or increased tryptophan
metabolism under the supervision of iTreg cells [1,3].
In beekeepers it was shown that IL-10 secreting Treg
cells inhibited the proliferation of PLA-specific effector

Table 1
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T cells seven days after the beginning of bee venom
season. Additionally, this suppressive effect was inhibited
by blocking CTLA-4, PD-1, and IL.-10 receptors either as
single molecules or simultaneously [35]. As an additional
mechanism, tryptophan catabolising enzyme indolea-
mine 2,3-dioxygenase in dendritic cells is induced by
Treg cells to generate immunoregulatory catabolites
and to convert inflammatory dendritic cells into regulat-
ory dendritic cells [36]. Despite the fact that the time
points for the initiation of these immunologic events
during AI'T are based on injection schedules and indi-
viduals, a decrease in mast cell and basophil degranula-
tion takes place initally. This is hypothetically
dependent on the usage of three dimensional structure
intact natural allergens, and may not happen in peptide
immunotherapy. This is called ‘early desensitization
effect’. Afterwards allergen-specific iTreg cells start to
be generated in an increasing manner with the capacity of
suppression of effector T' cells. Decrease in tissue mast
cells and eosinophils and reduction in release of their
mediators together with attenuation of late phase
responses starts to occur after one to several months of
AIT as a late effect [37]. During a modified cluster SCI'T
with Phleum pratense, increase in IL-10 production at 4th
week, increase in allergen-specific IgG4 and IgA levels,
reduction in early phase responses at 12th week were
detected, and show significant changes compared to
respective baseline values [38]. All these changes contin-
ued during the whole one year period. However, there was
no reduction in specific IgE levels during the same time
interval [38]. Generally, there is an early increase followed
by a gradual, but late decrease over months or years in
allergen specific IgE levels during AI'T, which doesn’t
correlate with the reduction in degree of symptoms.

As a suggestive mechanism of early desensitization, there
is a decrease in the number of basophils [39°], together
with a loss of stored mediators and inhibition of their
release from mast cells and basophils in the beginning of
ATIT. This may occur in a few hours or days, particularly if
rush and ultrarush type of AI'T is used [40]. This basophil
suppression can be achieved through rapid upregulation

Mechanisms of immune tolerance by Treg cells

Inhibitory and suppressive mechanisms

Regulatory and inductive mechanisms

Suppression of allergen specific Th2 cells and other effector cell types

and their cytokines

Decrease in degranulation and mediator release of mast cells, basophils,

eosinophils

Reduction in tissue numbers of mast cells, eosinophils and effector T cells

and neutrophils

Decrease in proinflammatory cytokine production of mast cells and basophils

Suppression of allergen specific IgE production

Suppression of IgE facilitated antigen presentation by B cells and
dendritic cells

Suppression of late phase allergic responses

Induction of allergen-specific inducible Treg cells
Induction of IL-10 secreting Br1 cells
Further induction of tolerogenic dendritic cells

Increased secretion of IL-10 and TGF-8

Increased FOXP3 expression

Increased allergen specific IgG4 and IgA production
by B cells

Rapid upregulation of H2 receptors on basophils
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of H2 receptors (R) in the first six hours and stimulation of
these receptors on basophils 7z vive [39°]. By activation
of H2R, allergen-induced FceRI-mediated degranulation
of basophil and release of mediators, histamine and
sulfidoleukotriens are hampered. In addition, as a similar
allergy suppression mechanism, H2R is predominantly
expressed on allergen-specific ThZ cells compared to
H1R. In allergen-stimulated cultures of human Th2 cells,
the secretion of Th2 type cytokines [L.-4 and 11.-13 were
found to be reduced upon stimulation with histamin and
via H2R [41].

Another way for the prevention of basophil and mast
cell degranulation during AIT is the synthesis and
functional persistence of allergen-specific IgG4 [42],
which blocks allergen—IgE interaction, inhibits IgE-
facilitated allergen presentation to T cells and aller-
gen-induced boost of memory IgE production
[16,38,43,44°°]. 1gG4 antibody is not able to activate
complement cascade and cannot cross-link the antigen
to form immune complexes, therefore has an immune
suppressive function. IL-10 inhibits the production of
total IgE and specific IgE, but enhances IgG4 and it is
actively and directly involved in the suppression of
allergen-specific T effector cells [45]. After one year
of a cluster SCIT with Der p, patients showed signifi-
cantly higher proportions of IL-10-producing Tr1 cells,
IL-10 and IgG4 levels compared to baseline levels and
nonallergic controls’, and enhanced suppression of Der
p 1 induced stimulation by Tr1 cells [46]. Although the
concentration of blocking antibodies decrease in num-
ber after two years of discontinuation of SCIT in grass
pollen allergic patients, their function remain to be
maintained [47]. Apparently the mechanism of action
of Treg cells is nearly the same in SCI'T and SLIT,
however, relatively bigger studies are needed to inves-
tigate it in more detail (Table 2).

Table 2

Apart from SCI'T and SLIT there is a relatively new way
for application of AI'T namely intralymphatic immu-
notherapy that has been shown to be efficient clinically
for cat allergic individuals [8]. It has a novel feature that
when cat allergen is applied intralymphatically with the
vaccine containing MAT molecule, the required allergen
dose for tolerance induction is 1000 times lower compared
to the conventional SI'T. This is suggested to be due to
increased cellular internalization of the allergen and
activation of inflammasome with the aid of MAT mol-
ecule [48°°]. Intralymphatic route for tolerance induction
seems to work but further long term human studies with
these novel molecules are needed clarifying the exact
immunomodulatory mechanism in order to insert intra-
lymphatic immunotherapy in daily clinical practice.

Immunotherapy combined with novel
biologicals

Omalizumab is a humanized monoclonal antibody bind-
ing to IgE through its Fc portion. Omalizumab not only
decreases the serum concentrations of unbound IgE
molecule, but also decreases the expression of high
affinity FceRI on basophils, dendritic cells, and mono-
cytes. It prevents the cross-linking of the allergen on mast
cell and basophil surface. Thereby, it aids the improve-
ment of symptoms in poorly controlled IgE-mediated
respiratory diseases treated with conventional treatment.
Omalizumab allows the patients to discontinue their
inhaled corticosteroid during the course of its usage
[7]. Several studies focused on efficacy and safety of
omalizumab on AI'T assessed at different time points
during and after the end of the immunotherapy protocol
[49,50,51]. In a cluster AI'T protocol for allergic asthma,
the use of omalizumab for 16 consecutive weeks before
AI'T and for three more weeks during the induction phase
resulted in fewer systemic allergic reactions related with
AI'T and higher rates of patients reaching to the targeted

Comparison of immunological changes during and after successful SCIT and SLIT in human studies

Immunological changes SCIT SLIT
Generation of allergen specific Treg cells + +

Increase in local FOXP3* Treg cells + (nasal) + (oral)
Generation of allergen specific Breg cells + Not known
Increase in 1I9gG4 level + +

Increase in IgA level + +

Decrease in IgE facilitated antigen binding + +

Increase in IL-10 + +

Increase in TGF-B + +

Decrease in serum Th2 type cytokine response + +

Increase in serum Th1 type cytokine response + or no change + or no change
Reduction in number of tissue mast cell, eosinophil and basophils + (nasal) + (nasal)

Rapid desensitization + Not known
Early increase in allergen specific IgE + +

Decrease in spe IgE + + or no change
Decrease in skin prick test reactivity + + or no change
Seasonal blunting of IgE increase + +

Local action of particular dendritic cells to induce Treg cell generation Not known + (oral mucosa)
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maintenance dose at the end of initial therapy [51]. In
another study, concurrent Omalizumab usage during 18
weeks of induction and maintenance phases of allergoid
immunotherapy for grass pollen revealed same symptom
severity, rescue drug usage rates and quality of life, but
improved FEV1 levels compared to placebo group two
years after the beginning of immunotherapy [50]. Oma-
lizumab is also used before and during peanut and cow’s
milk AI'T in clinical trials and increased the desensitiza-
tion rates rapidly among high risk patients [52,53].
In contrast to studies showing its beneficial effects, a
placebo controlled trial to assess the omalizumab in
peanut immunotherapy was stopped due to severe
anaphylactic reactions [54].

Food allergen immunotherapy

SLIT and OIT are the preferred routes of allergen
administration in food AIT. Increase in Treg cells,
IgG4 levels, reduction in skin prick test reactivity,
basophil activation, basophil histamine release, food
specific IgE levels were detected at the end of peanut
and cow’s milk OIT [55,56,57]. OIT for peanut allergy
resulted in demethylation of FOXP3 CpG sites in
antigen-induced Treg cells [58°]. However, there are
still some concerns regarding AI'T for food allergy so
that SLIT and OIT are not recommended for wide-
spread clinical use due to safety concerns, and the lack
of sustained immune tolerance [5].

An essential question in food AI'T is the maintenance of
clinical tolerance after stopping AI'T. In other words, the
majority of individuals receiving egg, cow’s milk and
peanut are desensitized to related food during AIT,
but maintenance of unresponsiveness could not be
achieved for longer periods. A local desensitization effect
seems to take place, but long-term immune regulation
leading to a long-term cure has not been confirmed so far.
Therefore, OI'T and SLIT for food AI'T are still exper-
imental and more research is needed for safe and efficient
induction of tolerance to allergenic foods [6].

Conclusion

Generation of a functional T-reg cell response is the key
point for the induction of peripheral tolerance to aller-
gens. In addition to Treg cells, several other mechanisms
related with different regulatory and non-lymphocyte
lineage cell types, receptors, cytokines and regulatory
pathways are shown to contribute to the development
of peripheral tolerance in allergic diseases. There are
several open points in the molecular mechanisms of
induction of allergen tolerance and the elucidation of
novel molecular pathways such as microRNAs in immune
regulation can be foreseen [59]. As an additional import-
ant mechanism, defective mucosal surface epithelial bar-
rier function may be one of the main players for relapses
and inefficient responses to the therapy [60]. Although
SLIT and SCIT can be used for respiratory allergens and
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SCIT for bee venom allergens in daily clinical practice, so
far their routine usage was not possible due to some safety
concerns and natural history of food allergy. Nevertheless,
the discovery of new biomarkers showing the immune
tolerance capacity with new pathways and molecules for
the mechanism of AI'T and defining the efficacy of con-
current use of new biologicals during or before the
initiation of protocol is expected to facilitate, appropriate
responder patient selection and determining safer and
more efficient routes of AI'T.
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