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Summary
Allergy is a major public health problem with a high socio-economic impact. The num-
ber of allergic patients is expected to reach to four billion within two decades when 
the World’s population reaches to 10 billion. Our knowledge on the molecular mecha-
nisms underlying allergic diseases and allergen tolerance induction had significant ad-
vances during the last years. Nowadays, it is well accepted that the generation and 
maintenance of allergen-specific regulatory T cells (Tregs) and regulatory B cells 
(Bregs) and the involvement of their suppressive cytokines and surface molecules are 
essential for the induction of allergen tolerance. These mechanisms play essential 
roles for the restoration of healthy immune responses to allergens in allergen-specific 
immunotherapy (AIT) and healthy immune response during high-dose antigen expo-
sure in beekeepers and cat owners. AIT remains as the only disease-modifying and 
curative treatment for allergic diseases and represents a perfect model to investigate 
the antigen-specific immune responses in humans. A large number of clinical trials 
demonstrated AIT as an effective treatment in many patients, but it still faces several 
drawbacks in relation to efficacy, safety, long duration, and patient adherence. Novel 
strategies to overcome these inconveniences, such as the development of novel adju-
vants and alternative routes of administration are being developed. The better under-
standing of the molecular mechanism governing the generation of Treg and Breg cells 
during allergen tolerance might well open new avenues for alternative therapeutic in-
terventions in allergic diseases and help better understanding of other immune-
tolerance-related diseases.
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1  | INTRODUCTION

The immune system is a very complex interactive network of cells and 
molecules with the capacity to protect the host from a broad range 
of pathogens, while keeping a state of tolerance to self and exter-
nal innocuous antigens. Immune-tolerance-related diseases such as 

cancer, organ transplantation, autoimmunity successful pregnancy, 
asthma, and various allergic disease arise as a direct consequence of 
deregulated immune responses.1–5 The main allergic diseases include 
allergic rhinitis, allergic asthma, food allergy, atopic eczema/derma-
titis, and anaphylaxis.6–8 Allergic diseases significantly impairs the 
patients’ quality of life and lead to very high healthcare-associated 
costs, thus representing a major public health problem worldwide 
with a high socio-economic impact.9 The prevalence of allergic dis-
eases has dramatically increased over the past decades, affecting up 
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to 30% of the population worldwide. Although the actual reasons for 
this phenomenon are not yet fully understood, modern-life style and 
exposome interactions have been postulated as an important factors 
contributing the burst of allergic diseases in genetically predispose and 
epigenetically regulated individuals.4,10,11 Type 2 immune-response-
mediated mechanisms play a role in a major fraction of allergic dis-
eases that involves the formation of specific IgE antibodies against 
innocuous environmental substances, so-called allergens.

Induction and maintenance of allergen tolerance is a hallmark of 
healthy immune responses to allergens, but the molecular mecha-
nisms involved in these process are not yet completely elucidated. In 
vivo models of natural high-dose allergen exposure and AIT demon-
strated that the generation of functional allergen-specific regulatory 
T cells (Tregs) and regulatory B cells (Bregs) is an essential component 
of allergen tolerance induction.4,5,12–16 The identification of human 
tissues in which tolerance induction takes place might be of great 
relevance for the designing of novel therapeutic interventions. At 
this regard, human tonsils have been shown as organs where allergen 
tolerance induction and immunologic mechanisms operating during 
sublingual immunotherapy (SLIT) might well occur.12,17,18 AIT remains 
as the single treatment for allergic diseases with potential curative 
capacity, but it still faces several drawbacks related to efficacy, 
security, long duration, and patient adherence.4 Novel strategies to 
overcome such inconveniences, including alternative adjuvants and 
routes of vaccine administration, are being developed and assayed in 
preclinical in vivo and in vitro models.19,20 Some of them have been 
already tested in humans, but clinical trials with larger cohorts of 
patients are still awaiting to firmly confirm their potential beneficial 
improvements.

Herein, we review the current knowledge and recent findings in 
our understanding on the molecular mechanisms underlying allergic 
diseases and allergen tolerance induction with special focus on the 
role played by Tregs and Bregs in such processes. We will also discuss 
recent findings related to the design and development of novel strate-
gies to improve current allergen vaccines for AIT.

2  | IMMUNOLOGIC MECHANISMS 
UNDERLYING ALLERGIC DISEASES

The pathophysiology of allergic diseases consists of the interaction 
between resident tissue cell responses and a complex network of 
immunologic events that interplay for the development of inflam-
mation, tissue injury, and loss of organ function. Several subtypes 
of inflammation and complex immune-regulatory networks have 
been described, which open the way for the better understanding of 
immune mechanisms that may lead to development of new diagnostic 
tools and innovative targeted treatments.21 Accordingly, the concept 
of disease endotypes emerged that particularly represent immune 
networks in allergic diseases.22 An endotype is a subtype of a disease 
condition, which is defined by a distinct pathophysiological mecha-
nism, whereas a disease phenotype defines any observable charac-
teristic of a disease without any implication of a mechanism. Within 

a complex network of immunologic mechanisms of allergic diseases, 
type 2 immune response represents the major and also clinically most 
relevant immune response in allergic diseases.

Generally, it is considered that a type 2 immune response under-
lines allergic asthma, atopic dermatitis, chronic rhinosinusitis with 
nasal polyps, and allergic rhinitis. Type 2 immune response involves 
Th2 cells, group 2 innate lymphoid cells (ILC2), B cells, a small fraction 
of IL-4-secreting NK cells, IL-4-secreting NK-T cells, basophils, eosin-
ophils, and mast cells and their major cytokines.23 From a complex 
network of cytokines, IL-4, IL-5, IL-9, and IL-13 are mainly secreted 
from the immune system cells and IL-25, IL-31, IL-33, and TSLP from 
tissue cells, particularly epithelial cells (EC) (Figure 1).22 It is now clear 
that both the innate and the acquired immune response contribute to 
type 2 immune response endotypes. In addition, type-2-driven inflam-
mation is characterized by a high cellular plasticity that enables the 
cells to adapt to a specific inflammatory milieu. Several sub-endotypes 
might exist within the type 2 immune response complex endotype 
such as the IL-5-high, IL-13-high or IgE-high endotype and their pre-
dominance differs between allergic diseases.

Immune mechanisms operating in allergic diseases can be divided 
into two main phases: (i) sensitization and memory and (ii) effector 
phase.7,8,24 As shown in Figure 1, during patient’s sensitization, aller-
gens are captured in the airways, gut or skin by specific mucosal-
resident dendritic cells (DCs) subsets. DCs internalize the antigen and 
transport it to drain lymph nodes where it is presented as processed 
peptides associated with MHC class II molecules to naïve CD4+ T cells, 
leading to the generation of allergen-specific CD4+ Th2 cells. Th2 cells 
produce high levels of IL-4 and IL-13 providing help to B cells for IgE 
isotype class-switching. IgE memory B cells can mature and differenti-
ate into plasma cells producing large amounts of allergen-specific IgE 
antibodies that bind to the high-affinity FcεRI on the surface of mast 
cells and basophils, thus leading to the IgE sensitization of individu-
als against allergens. At this stage, patients do not suffer from clinical 
symptoms, but they are ready to react upon new allergen encounters. 
Remarkably, in this phase, populations of allergen-specific memory 
Th2 and B cells are generated after clonal expansion, which are ready 
to interact upon allergen encounters (Figure 1).

Recent findings have shown that resident tissue cells might also 
contribute to allergic sensitization. Epithelial cells form an imperme-
able barrier representing the first line of defense against environmen-
tal insults. Allergic patients display altered barrier function allowing 
the penetration of allergens, pathogens, and other particles into the 
submucosa, which may also favor allergic sensitization and chronic 
inflammation.25–27 ECs should not be considered as mere physical bar-
rier, but also as important immune-regulatory cells able to produce dif-
ferent cytokines after stimulation, such as IL-25, IL-33, IL-31, or TSLP 
that act on DCs and ILC2 contributing to Th2 generation and allergic 
sensitization.28,29 Another important role of ECs is to control immune 
tolerance to allergens and recently it was shown that upon epithelial 
activation established airway tolerance may not be sustained in the 
presence of an innate immunologic stimulation, such as IL-33.30 Other 
cells such as basophils and NKT cells might also contribute to allergic 
sensitization as an early source of IL-4.5,31
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The effector phase of allergic inflammation (Figure 2) is a type I 
hypersensitivity reaction initiated when an encounter with the aller-
gen causes cross-linking of the IgE that is bound to FcεRI on sensitized 
basophils and mast cells. IgE cross-linking triggers their activation and 
release of anaphylactogenic preformed mediators such as histamine, 
heparin or proteases, de novo synthesis of lipid mediators such as pros-
taglandins, leukotrienes, and cytokines, responsible for the symptoms 
of the immediate phase and acute inflammation. Late-phase reactions 
occur in the tissues as shown in Figure 2 when submucosal tissues or 
dermis in the atopic dermatitis skin show infiltration and activation of 
memory T cells with the formation of tertiary lymphatic tissues. Recent 
findings demonstrated that the formation of inducible bronchus-
associated lymphoid tissue within the lung containing a large number 
of memory Th2 cells play a very important role during chronic allergic 
inflammation. The maintenance of memory Th2 cells within these ter-
tiary lymphoid tissues is sustained by Thy1+IL-7-producing lymphatic 
endothelial cells via mechanisms depending on the production of IL-
33 and CCL21 and CCL19.32 The accumulation of effector cell-derived 
mediators and the activation of memory allergen-specific Th2 cells by 
antigen-presenting cells (APC) (DCs and B cells) through mechanisms 
depending on IgE-facilitated allergen presentation are key factors 
for the initiation and maintenance of late-phase reactions. Activated 
memory allergen-specific Th2 cells produce IL-4, IL-5, IL-9, and IL-13, 
which play a key role in the maintenance of allergen-specific IgE levels, 
eosinophilia and recruitment of inflammatory cells to inflamed tissues, 
production of mucus, and tissue inflammation and damage (Figure 2). 
Other cells may also contribute to the late-phase responses to a differ-
ent extent depending on endotypes of the disease.

Innate lymphoid cells (ILCs), particularly ILC2 represent one of the 
main players in allergic inflammation.29 ILCs are defined as ILCs type 
1, 2, and 3 cells. ILC1 mainly produce IFN-γ33 and ILC3 produce IL-17 

and IL-22.34 ILCs control the mucosal environment through close inter-
action with ECs and other tissue cells, production of cytokines, and 
induction of chemokines that recruit suitable cell populations to initi-
ate and promote distinct types of immune responses and tissue inflam-
mation.35 These cells can be detected in several body fluids and tissues 
such as, sputum, peripheral blood, nasal polyps, or esophagus for their 
characterization in allergy and asthma patients.33,36,37 For example, 
ILC2 activated by ECs-derived cytokines produce high levels of IL-13 
and IL-5 enhancing mucus production and eosinophilia29 and they can 
promote IgE production.38 In addition, a transcription factor of a Th1 
cells and ILC1, such as T-bet can inhibit type 2 allergic inflammation 
demonstrating the complexity of these molecular mechanisms.39

Specific NKT cells subsets may also produce high levels of Th2 
cytokines under certain conditions, thus cooperating with Th2 and 
ILC2 to enhance Type-2-mediated immune response and ongoing 
inflammation.5,34 Other effector T-cell subsets also participate in the 
ongoing allergic reactions. IFN-γ-producing Th1 and NKT cells can 
either exacerbate the effector phase by inducing apoptosis of the epi-
thelium,40,41 or dampen allergic inflammation by counterbalancing Th2 
responses.42 IL-17-producing Th17 cells in cooperation with NKT cells 
have also been shown to contribute the ongoing of allergic diseases by 
indirectly enhancing IL-8-mediated neutrophil recruitment (Figure 2).43 
In addition, different roles have been attributed to Th9 or Th22 cells. 
Th9 cells produce IL-9 and IL-10 that promote tissue inflammation due 
to the lack of suppressive capacity,44 whereas Th22 cells have been 
shown to contribute to epidermal hyperplasia in inflammatory skin dis-
eases.43,45 Recent studies with atopic dermatitis biopsies have identi-
fied Th2 and Th22 cells as well as the corresponding functional CD8+ T 
cell subsets TC2 and TC22, respectively, playing a role in severe forms 
of this disease46 demonstrating that a combined Th2 Th22 pattern 
may play an important role in allergic inflammation.47

F IGURE  1  Immunologic mechanisms 
underlying allergic sensitization. During 
allergic sensitization, mucosal dendritic 
cells (DCs) capture, process, and transport 
the allergens to closer lymph nodes to 
promote the generation of allergen-specific 
Th2 cells in a process partially depending 
on IL-4. ECs-derived Th2 cytokines 
produced after environmental stimulation 
condition and the Th2 polarization capacity 
of DCs. Clonal expansion and activation 
of allergen-specific Th2 cells producing 
IL-4 and IL-13 provide help favoring the B 
cell IgE class-switch. Allergen-specific IgE 
antibodies bind to the surface of effector 
cells (mast cells and basophils) through the 
high-affinity IgE receptor FcεRI, leading to 
patient’s sensitization. A memory pool of 
allergen-specific Th2 cells and B cells is also 
generated in this phase. Basophils and NKT 
cells might also represent an early source 
of IL-4
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In addition, different cell types can cooperate and contribute to 
keep allergen tolerance and tissue homeostasis. Among them, it is 
noteworthy to highlight the essential role played by Tregs and Bregs 
not only in healthy subjects, but also in the restoration of healthy 
immune responses to allergens after successful allergen-specific 
immunotherapy (AIT).5,31,48

3  | THE ROLE OF TREG CELLS IN ALLERGIC 
DISEASES AND ALLERGEN TOLERANCE

Treg cells encompass a heterogeneous group of T-cell subsets with 
suppressive capacity that are indispensable to impair excessive 
immune responses to pathogens, for immune tolerance induction 
toward environmental proteins, cancer cells, and transplanted organs 
and to avoid and control the development of autoimmune and allergic 
diseases.49–51 Although there are some overlaps, CD3+ CD4+ Tregs can 
be classified into two main groups: the thymus-derived CD25+ FOXP3+ 
Tregs (tTregs),52 and the peripherally derived Tregs generated outside 
the thymus after antigenic stimulation (pTregs): (i) peripherally induced 
FOXP3+ T cells,53 (ii) IL-10-producing Treg cells (Tregs1),54 and (iii) 
TGF-β-producing Th3 cells.55 It is nowadays shown that FOXP3, TGF-
β, and IL-10 are expressed in different Tregs in different balances. In 
addition, other Tregs populations such as CD8+ Tregs,56 double nega-
tive CD4− CD8− TCRαβ+ Tregs that mediate tolerance in several exper-
imental autoimmune diseases,57 and TCRγδ Tregs, which can play a 
role in the inhibition of immune responses to tumors58 have been 
described. Mucosal-associated invariant T cells are a new T-cell subset 
missing in severe asthma which show correlation with Treg cells.59

Treg cells can prevent and inhibit the ongoing of allergic inflam-
mation by acting at different levels via mechanisms that include cell 
contact and/or secretion of soluble molecules. There are four main 
groups of suppressive mechanisms used by Treg cells including sup-
pressive cytokines (IL-10, TGF-β, and IL-35), metabolic disruption 
mechanisms (CD25, cAMP, adenosine receptor 2, histamine receptor 
2, CD39, and CD73), suppression of DC activation by membrane-
bound molecules (CTLA-4, PD-1), and cytolysis (granzymes A and 
B).5,31 Using these mechanisms, Tregs directly or indirectly suppress 
almost all cell types that contribute to the initiation and maintenance 
of allergic reactions including effector cells (mast cells and basophils), 
eosinophils, B cells, DCs, T cells as well as inflamed resident tissue 
cells (Figure 3).5,31 Tregs directly or indirectly inhibit allergen-induced 
activation and degranulation of effector mast cells and basophils.60 
For example, Tregs directly inhibit the degranulation of mast cells via 
mechanisms that require OX40-OX40L interactions. They can also 
downregulate the expression of FcεRI in mast cell, thus indirectly 
reducing the amount of IgE anchored to their membranes and con-
sequently allergen-induced degranulation, by a mechanism indepen-
dent of IL-10 and TGF-β.60–62 Another important feature of Treg cells 
to suppress allergic reactions is their ability to inhibit DC maturation 
promoting the generation of tolerogenic DC phenotypes, thus avoid-
ing the progression of inflammatory responses.63 At the B-cell level, 
Tregs induce allergen-specific IgG4 and inhibit allergen-specific IgE 
production.64 At the T-cell level, Tregs not only directly inhibit the 
activation of allergen-specific Th2 cells, but also can suppress T-cell 
responses driven by Th1 and Th17 cells, thus impairing the contri-
bution of all these T-cell subsets to allergic inflammation. Tregs can 
also directly and indirectly impair the infiltration of eosinophils and 

F IGURE  2  Immunologic mechanisms 
underlying allergic effector phases. In 
sensitized patients, the new encounters 
with the allergen cause IgE cross-linking 
on basophils and mast cells, leading to the 
release of anaphylactogenic mediators such 
as histamine, proteases, prostaglandins, 
leukotrienes, and cytokines, responsible 
for the symptoms of the immediate phase 
and acute inflammation. Accumulation 
of these mediators and activation of 
allergen-specific Th2 cells in cooperation 
with ILC2 activated by ECs-derived 
cytokines producing IL-4, IL-5, IL-9, and 
IL-13 play a key role in the maintenance 
of allergen-specific IgE levels, eosinophilia 
and recruitment of inflammatory cells to 
inflamed tissues, production of mucus, and 
tissue inflammation and damage, leading to 
the most severe clinical manifestations and 
chronic inflammation. Depending on the 
specific endotypes, NKT cell subsets, Th1 
and/or Th17 cells might also contribute to 
neutrophil infiltration and tissue damage
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other effector T cells into inflamed tissues.65 Importantly, Tregs may 
interact with resident tissue cells and contribute to tissue remodel-
ing.61,62 For example, in asthma, Treg-derived TGF-β constitutes an 
important factor for lung healing with important immunomodulatory 
and fibrogenic activities that might aim to contribute to the repair of 
asthmatic airways but end up with incorrect remodeling with some 
fibrosis.66 The role of TGF-β produced by Tregs in asthma is complex 
and needs to be further investigated as many other cells including 
eosinophils and tissues also produce TGF-β. Recently, it has been 
demonstrated that the numbers of Tregs in the asthmatic patients 
are significantly reduced during viral and non-viral exacerbations, 
supporting their essential role in lung homeostasis and possibility of 
breaking allergen tolerance by viral infections.17,47,67,68

3.1 | Thymus-derived CD4+ CD25+ Foxp3+ Tregs

Thymus-derived Tregs (tTregs) cells represent <5% of the T-cell popu-
lation in healthy mice and humans.69 There is still some controversy 
regarding their in vivo generation, mainly due to the lack of defini-
tive markers to distinguish between tTregs generated in the thymus 
or potentially induced in the periphery.53,70 Different studies suggest 
that tTregs specific for self-peptides arise from the thymus, whereas 
those required to avoid pathologies triggered by antigens/allergens 
may be generated in the periphery from naïve T cells after antigen 
encounter.71,72

The forkhead-winged transcription factor FOXP3 (forkhead box 
P3) is the master switch transcription factor for the generation of func-
tional tTregs.73,74 Although FOXP3 is exclusively expressed by tTreg 
cells in mice,75,76 in humans it might be also expressed in a proportion 
of activated T cells.77 The role of FOXP3 for tTregs development was 

initially demonstrated in mice with a deletion in the forkhead domain 
of FOXP3 (scurfy mice), showing an intense multiorgan inflammatory 
response associated with allergic airway inflammation, a striking hyper 
IgE, eosinophilia, and dysregulated Th1 and Th2 cytokine production.78 
More recently, essential in vivo functions of Tregs have been demon-
strated in the DEpletion of REGulatory T cells (DEREG) mice,79–81 
allowing selective depletion of FOXP3+ Tregs.

The key role of FOXP3 for functional tTregs development in humans 
was definitely confirmed in subjects with typical severe autoimmune 
and allergic phenotype starting on from infancy, including eczema, 
food allergy, and eosinophilic inflammation. These patients suffer from 
the immune dysregulation polyendocrinopathy enteropathy-X-linked 
syndrome or the X-linked autoimmune and allergic dysregulation syn-
drome, characterized by mutations in FOXP3.82,83 The retroviral trans-
duction of FOXP3 and allergen-specific TCR αβ-chains allowed the 
generation of allergen-specific Tregs with suppressive capacity.84 The 
knowledge of the molecular mechanisms involved in the control of 
FOXP3 expression has also improved in the last years. TGF-β induces 
RUNX1 and RUNX3, which are essential for FOXP3 expression and for 
the generation of Tregs with suppressive capacity.85 GATA-3 binds to 
the promoter region of FOXP3 inhibiting its expression, which consti-
tutes a mechanism by which Type 2 immune responses might inhibit 
tolerance.86 Treg-cell-specific epigenetic changes are also critical for 
the maintenance of FOXP3 expression and functional and stable 
Tregs generation.76,87,88 In mice, it was shown that FOXP3 partners 
with other transcription factors to control distinct biologic aspects of 
Treg cells.89 Other transcription factors such as FOXO1 play important 
roles in the control of functional Tregs cells.76,90

Different surface markers have been identified to be highly 
expressed by tTregs but none of them are fully specific and are also 

F IGURE  3 Treg cells suppress allergic reactions by inhibiting different key inflammatory events. Steady-state dendritic cell (DCs) or DCs 
conditioned by exogenous signals, ECs, pathogens, microbiota, etc., promote the generation of different types of functional Treg cells that 
employ four main mechanisms for suppression (inhibitory cytokines, cytolysis, metabolic disruption, and targeting DCs) using a plethora of 
soluble and surface-bound molecules. Treg cells prevent and inhibit ongoing inflammation by acting on many different cell types driving allergic 
inflammation including B cells, endothelial and smooth muscle cells, effector cells, DCs, T cells, and tissues
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expressed under certain conditions by other effector T cells.76,77,91 
The alpha chain of IL-2R (CD25) is constitutively and highly expressed 
in tTregs and the alpha chain of the IL-7R (CD127) was proposed as 
a differentiation marker expressed on activated effector T cells, but 
not on tTregs.92 Other markers expressed by tTregs include cytotoxic 
T lymphocyte antigen-4 (CTLA4), a molecule that after ligation to 
CD80 and CD86 suppress DCs activation,93 PD1, an immunoreceptor 
tyrosine-based inhibitory motif-containing receptor,94 GITR, CD103 
(αEβ7 integrin), and CD122 (β chain of IL-2 receptor). Monoclonal Abs 
targeting CTLA-4 and PD-1 are significantly extending the survival of 
cancer patients are now called check point inhibitors,95 demonstrating 
that these essential suppressor mechanisms for allergen tolerance96 
are being used in tumor tolerance. Gene arrays and proteomic studies 
uncovered additional markers, including GPR83, Ecm1, Helios, certain 
chemokine receptors and toll-like receptors (TLR), GARP, neuropilin-1, 
LAG-3, LAP, granzymes, etc.97–99

3.2 | IL-10-producing type 1 Treg cells (Treg1)

Type 1 T regulatory (Treg1) cells generated in the periphery play 
a very important role in the induction and maintenance of healthy 
immune response in autoimmunity, graft-versus-host disease, or 
allergy.15,100,101 Treg1 cells produce high levels of IL-10 produc-
tion and display potent regulatory/suppressive capacity.15,102 Treg1 
inhibits effector T cells through mechanisms depending on IL-10 
and also TGF-β and may kill APC using perforin and granzymes 
(Figure 3).102 Functional Treg1 coexpress CD49b and LAG-3 both 
in human and mouse.100 In addition to IL-10, Treg1 may also pro-
duce low/medium levels of TGF-β, IFN-γ, and IL-5, but not IL-4 nor 
IL-2.103,104 Stimulation of CD4+ T cells with glucocorticoids, alone 
or in combination with 1α25-dihydroxy vitamin D3, or with differ-
ent cytokines cocktails (i.e. IL-10 and IFN-α or TGF-β and IL-27), or 
with anti-CD3 and anti-CD46 monoclonal antibodies, always in the 
absence of Th1 and Th2 polarizing cytokines have been shown as 
suitable in vitro strategies to generate IL-10-producing Treg1 with 
suppressive capacity in different in vivo models.105,106 For example, 
these induced Treg1 were able to impair proliferation and cytokine 
production of naïve and memory T cells in humans, including 
allergen-specific Th2 cell lines.107 Transducing human CD4+ T cells 
with a lentiviral vector encoding for human IL-10 promotes the gen-
eration of stable T cells producing high levels of IL-10 and displaying 
equivalent phenotypic and functional properties to Treg1.108 They 
were first demonstrated in colitis models in mice and AIT and high-
dose bee venom exposed, but venom allergen-tolerant individuals 
in humans.109,110

In the context of allergic diseases, IL-10 has been demonstrated 
as a key cytokine to impair allergic inflammation in many studies. For 
example, in the respiratory tract, DCs from healthy individuals consti-
tutively produce high levels of IL-10, which is significantly reduced in 
allergic rhinitis and asthma patients.31,111 In the same way, clinically 
successful AIT is associated with the generation of local and periph-
eral IL-10-producing Tregs1.109,112 The generated Tregs1 employ the 
above-described mechanisms to inhibit all the features associated with 

allergic inflammation (Figure 3), thus contributing to impair clinical 
symptoms associated with allergy. Both healthy and allergic patients 
display all different subsets of allergen-specific T cells (Th1, Th2, and 
Tregs1), but at distinct proportions and depending on the predomi-
nance of these specific subsets the final outcome will be allergy devel-
opment or recovery. In healthy individuals, allergen-specific Tregs1 
are the predominant T-cell subset able to inhibit allergic responses to 
different allergenic sources such as birch pollen and related food aller-
gens, house dust mite, or bee venom.5,31,96

An important breakthrough in the understanding of the mecha-
nisms underlying allergen tolerance induction in vivo in humans came 
from different models of high-dose exposure to allergens. It was 
demonstrated that exposure to high doses of bee venom allergen in 
professional beekeepers due to multiple stings during the beekeeping 
season was also demonstrated as a natural mechanism of immune tol-
erance induction to allergens.15,109 Similarly, exposure to high doses 
of cat allergen promotes the generation of functional IL-10-producing 
Tregs1 and high levels of allergen-specific IgG4, which is associ-
ated with tolerance induction without new sensitizations or asthma 
development.16 Under these conditions, a clonal differentiation and 
expansion of IL-10-producing Tregs1 from allergen-specific Th1 and 
Th2 cells is observed as long as venom exposure persists and returns 
back to previous levels within 2–3 months after the end of beekeeping 
season.15 Different molecules were identified as important regulators 
of these processes. Among them, histamine receptor 2 was shown to 
be upregulated on specific Th2 cells, which contributed to suppress 
allergen stimulated T cells and to enhance IL-10 production.15 The 
molecular mechanisms involved in the generation of functional Tregs 
during natural tolerance induction or successful AIT and the specific 
contribution of DCs in these processes are starting to be elucidated 
but are not yet fully understood.

3.3 | Mechanisms of generation of Treg cells: role  
of DCs

DCs are essential in the orchestration of immune responses by linking 
innate and adaptive immunity.113,114 They are equipped with a wide 
battery of receptors including pattern recognition receptors (PRRs), 
such as TLRs and other sensors of pathogen-associated molecular 
patterns; receptors that recognize danger signals (DAMPs) released 
after tissue damage; and many other receptors recognizing differ-
ent surrounding substances including neurotransmitters.115–118 In 
humans, circulating DCs can be broadly divided into two groups: (i) 
myeloid DCs (mDCs) and (ii) plasmacytoid DCs (pDCs).114,119 mDCs 
can be further divided into type 1 mDCs (mDC1), expressing BDCA1, 
and type 2 mDCs (mDC2), expressing BDCA3.12,120,121 All these sub-
sets display a different repertoire of receptors and cytokine signature 
after stimulation and they might play distinct roles in the context of 
allergy.

Several studies have demonstrated that immature or mature DCs 
conditioned by different stimulus induce functional Tregs using solu-
ble (TGF-β, IL-10, IDO, RALDH, etc.) and costimulatory (ICOS-L, PD-
L1, ILT-3, ILT-4, 4-1BB, CD80, CD86, MHC-II, etc.) molecules.3 The 
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tolerogenic capacity of DCs depends on certain maturation stages, 
subsets of different ontogeny and can be influenced by signals deliv-
ered by neighboring cells, such as ECs.5,12,31 The capacity of DCs 
to generate Tregs can be conditioned by FOXP3+ Treg, pathogen-
derived molecules, and exogenous signals, such as histamine, ade-
nosine, flavonoids, vitamin D3 metabolites, retinoic acid, mannan or 
neurotransmitters.5,31 For example, vitamin D acts on different DC 
subsets conditioning their capacity to generate Treg1 cells or FOXP3+ 
Treg cells.122 Similarly, retinoic acid, a metabolite derived from vita-
min A, favors the maintenance of Treg cells by inhibiting the forma-
tion of inflammatory Th17 cells. Recently, it has been demonstrated 
that allergoids conjugated to mannan endorses human DCs with the 
capacity to generate functional FOXP3+ Tregs via mechanisms that 
depend on PD-L1.123

4  | HISTAMINE AND IMMUNE-REGULATORY  
EFFECTS OF HISTAMINE RECEPTOR 2

The important roles of histamine in various physiopathology events 
and immune regulation have been well established.124,125 It is not 
only the major mediator of the acute inflammatory and immedi-
ate hypersensitivity responses, but has also been demonstrated 
to regulate essential events in the immune response. The diverse 
effects of histamine on immune regulation are due to the differ-
ential expression and regulation of four histamine receptors (HR) 
and their distinct intracellular signals. In particular, the discovery of 
reciprocal regulation of T-cell activity by H1 and H2 receptor acti-
vation indicating histamine receptor cross-talk with cytokines and 
their expression on numerous immune and inflammatory cells were 
demonstrated a mostly immune suppressive effects of HR2 on DC, 
T cells, and basophils.126–128 In contrast, immune activator roles of 
HR1 and HR4 have been shown on many cells.128,129 HR2 has been 
demonstrated to play an essential role in immune regulation by Treg 
cells and DCs. Gut microbiome has been suggested as one of the 
sources of histamine and recently histamine-secreting bacteria have 
been demonstrated.

5  | THE ROLE OF REGULATORY B CELLS IN 
ALLERGIC DISEASES

Regulatory B cells encompass a heterogeneous group of differ-
ent immunosuppressive B-cell subsets with distinct phenotypic and 
functional properties that have been described both in mice and 
humans.13 Early experiments in guinea pig models of allergen sensiti-
zation showed that adoptively transferred splenocytes depleted of B 
cells lost their suppressive capacity on delayed-type hypersensitivity 
reactions in the skin, suggesting the existence of B cells with potential 
immunosuppressive capacity.130,131 However, at that time, mecha-
nisms of suppression were not identified and immunosuppressive B 
cells did not receive significant attention for over 20 years. It was 
not until the discovery that mice deficient in B cells did not properly 

recover from experimental autoimmune encephalomyelitis when 
immunosuppressive B cells recovered back the scientific community’s 
interest.132 B cells switching to IL-10-producing B cells were demon-
strated in humans in high-dose allergen exposure models and AIT.109 
In addition, anti-CD20 mAb Rituximab treatment, a biologic agent that 
depletes total B cells, causes exacerbation of colitis and new onset 
of psoriasis, suggesting that B-cell subsets with immunosuppressive 
capacity might well exist in humans.133,134 Different studies in auto-
immune models convincingly demonstrated that IL-10-producing 
B cells were essential in the suppression of intestinal inflammation 
and arthritis.135–137 Although IL-10 has been demonstrated as the key 
cytokine involved in the immunosuppressive capacity of Bregs, other 
cytokines such as TGF-β and IL-35 as well as several surface-bound 
suppressive molecules have also been shown to contribute to their 
immune-regulatory capacity.138–140

5.1 | Different subsets of Bregs in mouse and 
humans and suppressor molecules

Several subsets of Bregs with distinct phenotypic features and mecha-
nisms of suppression have been described both in mice and humans.13 
According to their specific features, mouse Bregs could be broadly 
divided into CD5+CD1dhi B10 cells, CD21hiCD23hiCD24hi transitional 
stage 2(T2)-like B cells, and CD138+ plasma cells and plasmablasts. 
Different subsets of human Bregs subsets have been also described 
including CD27+CD24highCD148highCD48high B10/pro-B10 cells, 
CD24hiCD38hi immature transitional B cells, CD73−CD25+CD71+ Br1 
cells, and a CD27intCD38+ subset of plasma cells.13

Murine B1 cells are found in the peritoneal and pleural cavi-
ties and can be subdivided in CD5+ B1a, which have been shown 
to produce significant amounts of IL-10,141,142 and CD5− B1b cells. 
Murine CD5+CD1dhi B10 cells143 share CD5 expression and many 
other features of B1a B cells. However, most of the other types of 
mouse Bregs described to date display phenotypes related to B2 B 
cells. B2 cells can be classified as follicular B cells and marginal zone 
(MZ) B cells. These immature B cells are called transitional B cells 
(T1 and T2 depending on their maturation stage).144 In mice, both 
T2 MZ precursor B cells (CD21hiCD23hiCD24hiIgMhiIgDhi CD1dhi)145 
and MZ B cells (CD21hiCD23−CD24hiIgMhiIgDloCD1dhi)146 have 
been associated with IL-10-mediated immunoregulatory functions. 
In addition, human Bregs have been also found among immature 
transitional B cells (CD19+CD24hiCD38hi).147 Remarkable, Bregs are 
also reported to be contained among both mouse and human plasma 
cells.138,148,149

It is noteworthy that Bregs can be found among B cells at differ-
ent stages of maturation and differentiation including early transi-
tional B cells145 and highly differentiated plasmablasts149 and plasma 
cells.138,150 These data suggest that there are either multiple distinct 
lineages of Breg cells, or that IL-10 can be induced by environmen-
tal stimuli at various stages of B-cell development. This is an emerg-
ing field of research and still many questions remain to be addressed 
regarding to the ontogeny, plasticity as well as mechanisms of sup-
pression employed by Bregs.
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Up to date, three main cytokines produced by Bregs have been 
reported to significantly contribute to suppressive properties: IL-10, 
TGF-β, and IL-35.151 IL-10 not only displays a very potent immu-
nosuppressive capacity, but also positively regulates B-cell survival 
and class-switch recombination, as well as plasma cell differentia-
tion.23,152 Many cell types, including monocytes, T cells, DCs, natural 
killer cells, macrophages, mast cells, and B cells, can produce IL-10 
and potentially contribute to the reported effects on B cells.23,152 
TGF-β is a pleiotropic cytokine that plays a key role wound heal-
ing, tissue remodeling, and immune regulation as above described. 
IL-35 contributes to immune suppression by suppressing Th17 
responses while promoting Tregs proliferation.23 Bregs also employ 
a plethora of surface-bound and intracellular molecules that con-
tribute at different extend to the reported immunosuppression 
mechanisms, such as CD19,143 CD62L and MHCII,153 TIM1,154,155 
and PD-L114,148,156,157; as well as signaling molecules STAT3147 and 
Myd88.150,158

5.2 | Breg cells in induction and maintenance of 
immune tolerance to allergens

Bregs may also play a key role in the induction of immune tolerance 
to allergens by suppressing allergen-mediated inflammation via IL-10 
and TGF-β, thereby suppressing effector T-cell responses and favor-
ing Tregs induction and by promoting the production of IgG4 antibod-
ies upon differentiation to plasma cells (Figure 4).13,14 IL-10-producing 
Bregs were purified from humans using a specific IL-10-secretion 
assay after TLR9 stimulation, which allowed the isolation and detailed 
characterization of live IL-10+ and IL-10− B cells. These inducible IL-
10+ Bregs were enriched among CD19+ CD73− CD25+ CD71+ cells 
that also expressed PD-L1, a suppressor co-stimulatory molecule 
that impairs T-cell activation after binding to PD-1 on T cells.14 IL-
10-producing Bregs potently suppressed in vitro antigen-specific 
T-cell proliferative responses and showed a substantial shift toward 
production of anti-inflammatory IgG4 antibodies.14 Remarkably, IL-
10-producing Bregs produced >15-fold more IgG4 than IL-10− B cells 
without significant differences in the other immunoglobulin isotypes. 
The specific phenotype of IL-10-producing Bregs is associated with 
their immunosuppressive properties. Elevated CD25 was shown in 
Breg cells. Its expression on human B cells correlates with enhanced 
in vitro antigen-presenting capacity,159 as well as elevated B-cell IL-10 
production in a murine model for intestinal inflammation.160 CD71, 
the major transferrin receptor mediating iron uptake, is the activation 
marker of T and B cells. CD73 is a classical surface marker expressed 
by Tregs that converts adenosine monophosphate to adenosine, 
which has potent immunosuppressive effects. The lack of CD73 on 
IL-10-producing Bregs suggests that this molecule is not involved 
in the observed suppressive capacity in B cells. These inducible IL-
10-producing Bregs were named as Br1 cells in analogy to inducible 
Tregs1.

The important role played by Br1 cells in tolerance to allergens 
was initially observed in healthy beekeepers and bee venom aller-
gic patients undergoing AIT. Phospholipase A2 (PLA) is the major 

bee venom allergen. PLA-specific B cells isolated from healthy 
beekeepers displayed high levels of IL-10 and mature IgG4 mRNA. 
Interestingly, in bee venom allergic patients undergoing AIT, the fre-
quency of IL-10-producing PLA-specific B cells increased two- to 
fivefold after four months of venom immunotherapy, reaching lev-
els comparable to those observed in healthy beekeepers.14 These 
data clearly indicate that high doses of allergen exposure promote 
PLA-specific Bregs expansion both in healthy beekeepers and bee 
venom allergic patients during AIT, suggesting the IL-10-producing 
Bregs might well play important functional roles in the induction 
and maintenance of allergen tolerance. In addition, it has been 
recently shown that PLA-specific Bregs upregulate CCR5 expres-
sion,161 a marker expressed by Tregs that is needed for migration 
to inflamed tissues, in both healthy beekeepers and patients under-
going AIT after venom exposure.162 The overexpression of solely 
IL-10 on human B cells demonstrated the importance of IL-10 in 
Breg cells163 with the induction of a prominent immunoregulatory 
profile comprising upregulation of suppressor of cytokine signal-
ing 3 (SOCS3), glycoprotein A repetitions predominant (GARP), the 
IL-2 receptor α chain (CD25), and programmed cell death 1 ligand 
1 (PD-L1). Their cytokine secretion profile was characterized by a 
significant reduction in proinflammatory TNF-α, IL-8, and macro-
phage inflammatory protein 1α and increased anti-inflammatory 
IL-1 receptor antagonist and vascular endothelial growth factor in 
addition to IL-10. IL-10-overexpressing B cells secreted less IgE and 
potently suppressed proinflammatory cytokines in PBMCs, matura-
tion of monocyte-derived DCs (rendering their profile to regulatory 
phenotype).163

Mouse models of allergic airway inflammation have also 
delineated the important immunoregulatory role played by 

F IGURE  4 Role of Breg cells in the regulation of allergic 
inflammation and allergen tolerance induction. Different mechanisms 
have been shown to be employed by Breg cells to promote proper 
responses to allergens in healthy subjects and after successful AIT. 
Breg cells suppress effector Th cells, promote the generation of 
tolerogenic DCs, produce blocking IgG4 antibodies, and promote the 
generation of Treg cells
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IL-10-producing Bregs. It has been demonstrated by adoptive 
transfer experiments that CD9+ B cells were able to suppress Th2 
and Th17-mediated airway inflammation by mechanisms depen-
dent on IL-10.164 TGF-β-producing B cells may also contribute to 
allergen tolerance as demonstrated in mouse models of allergic air-
way inflammation. Mice subjected to chronic exposure of aerosol-
ized OVA develop tolerance without any sign of eosinophilia, T-cell 
inflammation, or airway hyperresposivenness. This model resembles 
high-dose allergen tolerance induction. B cells isolated from hilar 
lymph nodes of tolerant mice suppress allergic airway sensitiza-
tion as demonstrated by adoptive transfer experiments. This sup-
pression was not mediated by IL-10 as demonstrated using B cells 
from tolerant IL-10−/− mice.165 Further studies demonstrated that 
TGF-β-producing CD5+CD1dhi B cells able to induce Foxp3 in CD4+ 
T cells in vitro mediated this suppressive effect. TGF-β-producing 
CD5+CD1dhi B cells were primarily localized in the regional lymph 
nodes and not in the spleen where IL-10-producing CD5+CD1dhi 
B10 cells are mainly found.166 Supporting the role of TGF-β-
producing Bregs in allergen tolerance induction, murine models 
for food allergy and food allergy immunotherapy also showed that 
their generation and expansion are essential for tolerance induc-
tion to food allergens.167,168 Adoptive transfer of activated TGF-β-
producing CD5+CX3CR1+ Bregs able to promote in vitro induction 
of CD4+CD25+Foxp3+ cells and suppressed T-cell proliferation, lead-
ing to suppression of food allergy-related TH2-mediated intestinal 
inflammation.167 OVA sensitized mice receiving AIT displayed a sig-
nificant increase in lamina propria CD35+ B cells producing throm-
bospondin 1, a protein that binds to latent TGF-β to generate active 
TGF-β.168

Collectively, these data demonstrated that IL-10- and TGF-β-
producing Bregs are expanded in response to high-dose allergen 
exposure both in humans and mice. These responses appear to be, 
at least in part, antigen-specific as frequencies of allergen-specific 
IL-10-producing B cells specifically increased after AIT. Importantly, 
Breg cells promote the generation of functional Tregs and sup-
press effector T-cell activation. The phenotypes of the Breg cells 
involved in these responses and their mechanisms of generation and 
expansion are starting to be elucidated but they still remain poorly 
defined.

6  | TONSILS AS AN ORGAN OF ALLERGEN  
TOLERANCE

Induction and maintenance of immune tolerance to self-antigens and 
innocuous environmental antigens are essential to prevent autoim-
mune and allergic diseases. A fine balance between pro-inflammatory 
responses needed to clear pathogens, and immunosuppressive 
responses to prevent chronic inflammation and tissue damage is 
preserved in healthy subjects. Under normal conditions, the default 
immune responses against innocuous environmental antigens such 
as allergens should be ignorance or tolerance induction. Based on 
mouse models, it was accepted for long time that exposure to high 
doses of innocuous antigens leads mainly to anergy or clonal deletion 
of antigen-specific T cells, whereas low doses induces preferentially 
Tregs as a main mechanism of tolerance induction.169,170 Neither high 
nor low allergen doses nor even T-cell peptide treatment caused clonal 
deletion in humans. In addition, more recent findings demonstrated 
that administration through the oral route of high doses of antigens 
may also induce allergen-specific Tregs, thus supporting the main 
role of Tregs in the generation of oral tolerance to allergens.171,172 
Similarly, studies in murine models of food allergens revealed an 
important role of allergen-specific Bregs in tolerance induction to 
food allergens.167,168

In humans, it has been shown that the generation of tolerance to 
allergens might well occur in several important tissues in the body 
such as tonsils, gastrointestinal mucosa, respiratory tract, skin, and 
oral mucosa via different immune mechanisms leading to the genera-
tion of allergen-specific Treg and Bregs.12,14,17,173,174 Tonsils represent 
first-line immunologic organs against food and aeroallergens. They are 
above gastric acid and digestive proteases. Swallowing squeezes food 
antigens into tonsils and aeroallergens reach to a high speed during 
inspiration and hit the walls of pharyngeal tonsils. Tonsils have only one 
level ECs, which is much thinner compared to oral mucosa with non-
cornified but squamous epithelium. Tonsillectomy removes palatine 
tonsils and adenoids but lingual tonsil remains intact. Human tonsils 
have been demonstrated as organs where allergen tolerance induction 
takes place (Figure 5).12 Functional allergen-specific Tregs are gener-
ated in palatine and lingual tonsils by mechanisms partially depend-
ing on pDCs.12 Human tonsils are organs containing a large number 

F IGURE  5 Lingual and palatine tonsils are organs of allergen tolerance induction. Large numbers of pDCs and Treg cells colocalize in the 
extrafollicular areas of human tonsils. pDCs promotes the generation of allergen-specific FOXP3+ Tregs from naive CD4+ T cells and expand 
already generated Treg cells, which proliferate in vivo in human tonsils
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of pDCs that co-localize in vivo with Tregs at the T-cell extrafollicular 
areas in close proximity to high endothelial venules. Tonsils also con-
tain a large number of allergen-specific Tregs, which can proliferate in 
vivo as demonstrated by ki-67 staining. In vitro studies uncovered that 
purified tonsil pDCs are able to generate functional Tregs from alloge-
neic naïve CD4+ T cells. Interestingly, tonsil Bet v 1-specific T cells and 
Tregs were identified in human tonsils using major histocompatibility 
complex class II tetramer molecules coupled to specific Bet v 1 pep-
tides.12 Different studies also demonstrated that extrathymic T cells 
and Tregs might develop in human tonsils.175,176 All these data support 
the notion that human tonsils are organs where immune regulation 
takes place, which may have important implications for the develop-
ment of future therapeutic interventions. In addition, human tonsils 
resemble the classical peripheral cytokine profile features ascribed to 
allergic patients.17 It was demonstrated that palatine tonsils from aller-
gic patients display low levels of IFN-γ, T-bet, and IL-10 and increased 
Th2/Th1 ratio, which are typical features of the atopic status.17 The 
immunologic mechanisms by which allergen tolerance might be bro-
ken in humans leading to allergic diseases is still an open question that 
remains not fully understood, but recent studies have contributed to 
shed light into this exciting topic. Compelling experimental evidence 
have demonstrated that viral and bacterial infections might be import-
ant risk factors for allergy development and severity of symptoms due 
to their capacity to alter immune responses, leading to breaking tol-
erance to allergens.177–179 In this context, early studies demonstrated 
that180 triggering of TLR4 or TLR8 and proinflammatory cytokines, 
such as IL-1β and IL-6 break allergen-specific T-cell tolerance in human 
tonsils and peripheral blood.17 In contrast, activation with TLR7 or 
TLR9 and other assayed cytokines such as IL-10 or IL-17A did not show 
such effects. In this study, it was also demonstrated that mDCs repre-
sented the DC subset involved in breaking allergen tolerance, whereas 
pDCs did not change the tolerance status under the assayed condi-
tions.17 Supporting the notion that tonsils as organs where immune 
regulation takes place, it has been recently shown that tonsillar cyto-
kine expression is closely related to existing viral infections, age, and 
allergic illnesses.18 Network analyses uncovered strongly polarized 
clusters of immune-regulatory (IL-10, IL-17, TGF-β, FOXP3, GATA3, 
RORC2, and Tbet) and antiviral (IFN-α, IFN-β, IL-28, and IL-29) genes. 
These two clusters became more distinctive in the presence of viral 
infection or allergy.18 In addition, it was demonstrated that the mRNA 
expression levels of the cannabinoid receptor CB1 are upregulated 
in peripheral blood and tonsils of allergic patients compared to con-
trol subjects.181 Using validated chemical probes for the cannabinoid 
receptor CB1,180 these findings were confirmed at the protein levels 
and CB1 expression demonstrated in purified tonsil T cells, B cells, 
mDCs, and pDCs.181 More recently, it has been also demonstrated a 
direct relationship of serum vitamins A, D, and E and LL-37 levels with 
allergic status, tonsillar virus detection, and immune response.182 In 
this study, it was demonstrated that an antiviral activity was linked 
to serum levels of vitamin A, anti-inflammatory activity was linked to 
vitamin D, and Tregs was linked to LL-37. Interestingly, vitamin D and 
E levels were inversely associated with allergic status, which might be 
associated with allergen tolerance induction. Collectively, these data 

indicate that tonsils are immunologically active mucosa-associated 
lymphoid tissues located in the main entrance of the respiratory and 
gastrointestinal tracts as a first line of defense where immune regula-
tion and allergen tolerance induction take place (Figure 5). Therefore, 
it could be hypothesized that human tonsils may represent immuno-
logic relevant tissues, where immune tolerance induction during suc-
cessful SLIT occurs.12,17,18 Considering that the relatively large lingual 
tonsil is not removed by tonsillectomy and remains life-long intact, it 
is reasonable to conceive that tonsils are organs involved in tolerance 
induction that might well represent a potential novel target for future 
therapeutic interventions. Therapeutic strategies specifically targeting 
main cell components located in human tonsils to promote allergen 
tolerance induction through the generation of allergen-specific Tregs 
and Bregs could be developed in the future as a novel promising strat-
egy not only for allergic diseases, but also for other immune tolerance-
related diseases.

7  | ALLERGEN-SPECIFIC IMMUNOTHERAPY

Currently, AIT is the single disease-modifying treatment of aller-
gic diseases with potential curative capacity.4,183–186 AIT consists of 
repeated administration of high doses of the causative allergen, usu-
ally by subcutaneous injection (SCIT) or sublingual application (SLIT), 
to induce a state of permanent tolerance after treatment discontinu-
ation.186 Our understanding on the immunologic mechanisms oper-
ating during successful AIT has significantly improved over the last 
decades.4,183,186,187

7.1 | Immunologic mechanisms operating during AIT

Nowadays, it is very well established that during AIT a very rapid 
desensitization of mast cells and basophils occurs, which impairs sys-
temic anaphylaxis. This desensitization occurs immediately after the 
first administration. Although the involved mechanisms are not yet 
fully understood, it is thought that similar events to those observed 
during rapid drug desensitization might be working during AIT.4,126,183 
Different mechanisms of action and molecules such as histamine 
receptor 2 have been shown to contribute to the rapid desensitiza-
tion of effector cells.126 The cellular immunologic changes associated 
with successful AIT encompasses the generation of allergen-specific 
Treg and/or Th1 cells, allergen-specific Breg cells, inhibition of Th2 
responses as well as reduction of infiltrating inflammatory cells.4,183 
The humoral response that marks allergen tolerance induction during 
AIT is characterized by a transient rise in allergen-specific IgE followed 
by a decrease in IgE and a gradual increase in allergen-specific IgG anti-
bodies. IgG4 particularly increases during the course of AIT linked to 
continuous administration of the allergen, which results in a 10- to 100-
fold decreased ratio of allergen-specific IgE:IgG4.183,188 IgG4 produc-
tion has been linked to Breg cells14 and they are considered as classical 
non-inflammatory due to their specific structural and functional fea-
tures: (i) they do not activate complement, (ii) they display low affinity 
for Fcγ receptors, and (iii) they are able to exchange Fab arms leading 
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to unique functional bi-specific monovalent antibodies.189 Therefore, 
anti-inflammatory allergen-specific IgG4 may protect against allergic 
responses by competing with IgE for allergen binding.190,191 All these 
cellular and humoral events cooperate together to keep allergen tol-
erance and need maintenance during time, which correlate with the 
reductions in late-phase responses (decrease in tissue mast cells and 
eosinophils and release of their mediators) and skin test reactivity.

Efficacy in the restoration of healthy immune responses to aller-
gens after AIT for allergic rhinitis and venom allergy has been convinc-
ingly demonstrated.192,193 In addition, randomized controlled clinical 
trials have shown AIT as an effective treatment in reducing symptom 
scores and medication use, improving quality of life and inducing 
favorable changes in specific immunologic markers in allergic moder-
ate asthma.184,185,194 Subcutaneous administration routes combined 
with aluminum salts as adjuvants or sublingual administration routes 
were employed.194 Despite these reported clinical benefits, AIT still 
faces several major drawbacks related to safety, efficacy, long treat-
ment duration, and low patient adherence.19,184,195 Over the past few 
years, intensive research has been performed to develop different 
strategies to overcome such inconveniences, including alternative 
routes of administrations, the use of different hypoallergenic variants, 
or the use of novel types of adjuvants.19,195,196

7.2 | Immunologic effects of novel adjuvants  
and novel routes of administration to improve AIT

The development of novel adjuvants for AIT is a promising strategy 
that might well help to improve efficacy, safety, and reduce treat-
ment duration.19,20 In general, adjuvants could be defined as sub-
stances with the capacity to stimulate or potentiate the therapeutic 
effect of an allergen vaccine through different mechanisms without 
being an allergen per se. Adjuvants need to fulfill different proper-
ties so that they can be considered as potential candidates for AIT 
and be employed and formulated in allergen vaccines. Apart from the 
expected beneficial features, adjuvants must be safe without any toxic 
effects or risk to potentiate other diseases such as autoimmune dis-
orders, cancer, etc. and they should show stability within the vaccine 
formulation. Importantly, according to the above-described immuno-
logic mechanisms operating during AIT, adjuvants should be synthetic 
or biologic compounds able to stimulate potent allergen-specific Th1 
and/or Treg cells by directly targeting different immune system cells 
or act as vector systems able to enhance allergen uptake by APCs, 
mainly tolerogenic DCs. Taking all of the above aspects into account, 
adjuvants are broadly classified into two main groups: (i) immunopo-
tentiators and (ii) vector systems.

7.3 | Immunopotentiators

Among immunopotentiators, mineral adjuvant compounds such as 
aluminum hydroxide or calcium phosphate have been broadly used in 
humans for AIT.19 Although mechanisms of action are not completely 
understood yet, mice models demonstrated that aluminum hydroxide 
might exert adjuvant capacity by promoting the release of uric acid, 

which in turn contributes to the recruitment of inflammatory cells 
and activate NALP3 inflammasome in inflammatory DCs.197 Alum 
promotes the production of PGE2 in macrophages via inflammasome-
independent mechanisms favoring IgE production.198 More recently, it 
has been shown that aluminum salts kill alveolar macrophages, which 
subsequently release IL-1α promoting the formation of tertiary lym-
phoid tissues in the lung that sustain type-2 allergic immune responses 
after allergen exposure.199 Many different immunopotentiators have 
been analyzed in mouse models of allergy. For example, agonists target-
ing TLRs such as TLR-4 (monophosphoryl lipid A, MPL), TLR5 (flagellin), 
TLR-7/-8 (imidazoquinolines or resquimoid, R848), TLR-9 (unmethyl-
ated CpGs), living or heat-inactivated bacteria (Lactobacillus plantarum, 
Lactococcus lactis, or Mycobacterium vaccae); or small molecules such as 
1,25-dihydroxy vitamin D3 (vitD3) metabolite.19,200 In humans, a ben-
eficial effect and safety profile have only been reported for some of 
these adjuvants such as TLR agonists (TLR4, 7/8, and 9 agonists), virus-
like particles (VPLs), 1,25-dihydroxy vitamin D3 (vitamin D).

Monophosphoryl lipid A (MPL) is a detoxified derivative from 
Salmonella Minnesota LPS acting on TLR4.201 MPL was shown to act as 
an effective adjuvant in both SCIT and SLIT. Recently, the efficacy of 
MPL has been demonstrated in combination with l-tyrosine in ultra-
short subcutaneous SCIT (only four injections) in grass or ragweed 
pollen allergic patients with rhinoconjunctivitis.200,201 MPL-adjuvanted 
pollen allergoids induced FOXP3+ Tregs and IgG4 blocking antibodies 
in asthmatic patients after 2 years of short-term SCIT.202

Unmethylated CpG oligonucleotides (CpG-ODN) sequences from 
bacterial DNA are TLR9 agonists that are able to activate B cells and 
plasmocytoid dendritic cells promote Th1 and Treg cells. Mouse models 
of allergic asthma demonstrated that CpG-ODN alone or in combina-
tion with nanoparticles inhibits classical asthma features after allergen 
challenge.203–206 In humans, initial studies using the major allergen of 
ragweed pollen, Amb a 1, conjugated to CpGs demonstrated efficacy, 
but subsequent larger phase III clinical studies did not show significant 
differences between placebo and treated groups after 1 year.207 Senti 
et al.208 showed that QbG10, type-A CpG-ODNs encapsulated in VLPs 
from the capsid of Qβ phage, subcutaneously administrated with HDM 
extract was safe and significantly reduced asthma symptoms in mite 
allergic patients. Similarly, SCIT with QbG10 alone improved different 
asthma outcomes including asthma control during steroid reduction in 
patients on moderate or high-dose inhaled steroids.209 These promis-
ing results need to be further confirmed in larger clinical trials.

A TLR8 agonist could directly stimulate monocytes and DCs 
expressing this receptor by promoting their capacity to polarize Th1 
immune responses. A study demonstrated that patients receiving 
weekly local administration of a TLR8 agonist for a total of 4 weeks 
followed by a grass pollen allergen challenge in an allergen exposure 
chamber experience significant improvements in nasal symptom 
scores compared to placebo receiving patients.200,210 The main advan-
tage of this treatment is that it might work independently from the 
sensitizing allergen and that it is not needed to be co-administered 
with the allergen, thus avoiding undesired side effects. This represents 
another exciting approach that not needs to be investigated in larger 
clinical trials.
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Mouse models of allergic asthma indicated that vitamin D signifi-
cantly potentiates the beneficial effects of SCIT and SLIT through IL-
10 and/or TGF-β inducing mechanisms.211–214 The use of vitamin D 
in combination with corticosteroids did not improve the clinical effi-
cacy of SCIT in HDM asthmatic children.215 Combined administration 
of corticosteroids and HDM extract suppressed the early clinical and 
immunologic effects of SCIT, which was prevented by the parallel 
administration of Vitamin D.215 Vitamin D together with HDM SCIT 
increased the number of FOXP3+ Treg cells and corticosteroid-sparing 
effect in asthmatic children.216

7.4 | Vector systems

Different vector systems have been tested as potential adjuvants 
administered via parenteral routes in mouse models of allergy, 
but human data are still scarce.19,217–219 For example, virosomes, 
polylactic-co-glycolic acid microparticles, immunostimulating com-
plexes, or plasmid DNA absorbed to microparticles. Preclinical studies 
were also reported for several novel immunomodulators. TLR7 ligands 
coupled to allergens, probiotics, microbial products, heat-killed bac-
terial strains, or polybaterial preparations showed efficacy in mouse 
models of allergic airway inflammation.220–223

Different types of fusion proteins that conjugate allergens to dif-
ferent carriers such as Fcγ fragments,224 bacterial S layer proteins,225 
TLR5-ligand flagellin,226 or grass or cat pollen peptides fused to an 
immunogenic carrier from hepatitis B virus (BM32)227 have been 
developed and assessed in different preclinical models. In humans, 
until present, only few vectors administered via parenteral route have 
been studied. It was shown that coupling of non-replicating VLPs to 
peptides derived from different major allergens (Der p 1 or Fel d 1) 
might be good candidates for AIT.228,229 Recent studies demonstrated 
that a fusion protein linking the major cat allergen Fel d 1 to a modu-
lar antigen transporter (MAT) is a novel vaccine able to induce toler-
ance after three intra-lymph node injections.230 This construction was 
efficiently internalized by DCs, which induce activation of the inflam-
masome pathway leading to the release of IL-1β MAT-Fel d 1 vaccine 
promoted the generation of IL-10- and IFN-γ T-cell responses with 
decreased Th2 cytokines.231 Early Fel d 1-specific T-cell activation 
was followed by full T-cell unresponsiveness to allergen after 1 year in 
the MAT-Fel d 1 group, characterized by increased allergen-specific T 
regulatory cells, decreased circulating Fel d 1 tetramer-positive cells, 
increased IL-10 and FOXP3 expression, and change in the HR2/HR1 
ratio toward HR2.231 T-cell epitope peptide immunotherapy has also 
significantly improved over the last years and the underlying mecha-
nisms have been better understood.196,232–234

Very recently, it has been shown that the conjugation of mannan 
to grass pollen allergoids enhances immunogenicity and imprint DCs 
with the capacity to generate FOXP3+ Tregs via PD-L1.123 Allergoid-
mannan glycoconjugates were produced in a single step by treating 
with glutaraldehyde, a defined mixture of allergens derived from 
Phleum pratense grass pollen and native mannan (non-oxidized) from 
Saccharomyces cerevisae. Analytical and structural studies, using 
nuclear magnetic resonance spectra, demonstrated the stability 

and reproducibility of this conjugation method and showed that the 
obtained glycoconjugates were polymers of high molecular weight 
with a higher stability compared to native allergen or the conven-
tional allergoid without mannan.235 Allergoids conjugated to mannan 
display in vivo hypoallergenicity, induce potent blocking antibodies, 
and are captured by human DCs much more efficiently than native 
allergens or polymers without mannan by mechanisms depending on 
mannose receptor- and DC-SIGN-mediated internalization. Allergoids 
conjugated with mannan endorse DCs with the capacity to generate 
functional FOXP3+ Tregs via PD-L1 and also promote Th1 responses 
with high levels of IL-10, thus representing suitable candidates for AIT. 
Supporting these data, in vivo immunization of mice with allergoids 
conjugated to mannan induces a shift to non-allergic responses and 
increases the frequency of splenic FOXP3+ Treg cells. Mild oxidation 
impairs these effects in human and mice, demonstrating the essential 
role of preserving the carbohydrate structure of mannan.123

Different types of substances (immunopotentiators and vector sys-
tems) have been tested as potential mucosal adjuvants in mice models. 
For example, different types of toxins, TLR2- or TLR4-agonists, dexa-
methasome combined with vitD3, different probiotics strains, mucoad-
hesive polymers formed by maltodextrin nanoparticles or chitosan micro-
particles or fusion proteins composed of allergens coupled to distinct 
microbial-derived proteins. In humans, apart from MPL in SLIT trials, only 
some probiotic strains have been tested as adjuvants targeting the muco-
sal immune systems. The combination of specific probiotic strains admin-
istered through the oral route showed efficacy for atopic dermatitis.19

Alternative routes of administration such as the intralymphatic 
(ILIT) and epidermal (EIT) are suitable for reducing treatment duration 
while keeping efficacy and security in allergic rhinitis,195,236 clinical 
trials employing these alternative routes for AIT in asthma are being 
undertaken and provide encouraging results. Peanut EIT administra-
tion is currently being focused and associated with a modest treat-
ment response with the highest responses among younger children. 
High adherence and significant changes in immune pathways support 
further investigation.237 In an adjuvant-free mouse model of food 
allergy, EIT induced sustained protection with the generation of a pop-
ulation of gastrointestinal-homing LAP+ Foxp3− Treg cells. The mech-
anism of protection was found to be a novel pathway of direct TGF-β-
dependent Treg-cell suppression of mast cell activation.238

8  | CONCLUSION

Our understanding on the complex immunologic mechanisms under-
lying allergic diseases has experienced a significant improvement over 
the last decades. Nowadays, it is very well known that various immune 
cells predominate in allergy within the type 2 immunity and different 
disease endotypes can be identified depending on the specific con-
tribution of these cells and dominant cytokine profile. The generation 
and maintenance of allergen tolerance is a hallmark of healthy immune 
responses to allergens. In this context, human in vivo models of high-
doses allergen exposure and AIT demonstrated that allergen-specific 
Treg and Breg cells are essential players in these processes. Human 
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tonsils have been demonstrated as key organs where allergen toler-
ance induction takes place, thus representing ideal candidates for novel 
therapeutic interventions. Up to date, AIT remains as the single disease-
modifying treatment for allergic diseases with potential curative capac-
ity. The advances experienced in biotechnology239 over the last dec-
ades have allowed the design and study of many different adjuvants for 
their potential use in AIT. Most of these adjuvants have been already 
validated in mouse models of allergy and some of them also in humans. 
Further clinical trials in humans with large number of patients will help 
to elucidate how these novel adjuvants can contribute to the improve-
ment of the current treatments of allergy. Finally, the better under-
standing of the immunologic mechanisms underlying allergic diseases 
and allergen tolerance might well open avenues for the development 
of new preventive and therapeutic interventions for allergic diseases.
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