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ARTICLE INFO ABSTRACT

Keywords: The molecular and cellular mechanisms of allergen tolerance in humans have been intensively studied in the past
IL-10 few decades. The demonstration of epitope-specific T cell tolerance, particularly mediated by the immune
Treg cells suppressor functions of IL-10 led to a major conceptual change in this area more than 20 years ago. Currently,
Breg cells

DCreg cells
ILCreg cells
Allergen-specific immunotherapy (AIT)
Immune tolerance
Immunosuppression
allergen tolerance.

the known essential components of allergen tolerance include the induction of allergen-specific regulatory of T
and B cells, the immune suppressive function of secreted factors, such as IL-10, IL-35, IL-1 receptor antagonist
and TGF-, immune suppressive functions of surface molecules such as CTLA-4 and PD-1, the production IgG4
isotype allergen-specific blocking antibodies, and decreased allergic inflammatory responses by mast cells, ba-
sophils, and eosinophils in inflamed tissues. In this review, we explain the importance of the role of IL-10 in

1. Introduction

Interleukin (IL)-10 family cytokines are considered as the major
instrumental cytokines which have both immune suppressive and im-
mune-stimulatory effects [1]. The IL-10 cytokines are produced mainly
by monocytes, regulatory T cells (Treg), regulatory B cells (Breg), a
small fraction of natural killer (NK) cells, macrophages, dendritic (DCs)
cells and innate lymphoid cells (ILCs) [2]. The effects of IL-10 on
monocytes and macrophages are inhibition of the production and re-
lease of mediators and antigen presentation and the enhancement of
phagocytosis. IL-10 directly interacts on CD4* T cells and down-
regulates IL-2 and IFN-y cytokines production by Th1 cells and of IL-4
and IL-5 by Th2 cells [3].

There are nine members in the interleukin-10 (IL-10) family of cy-
tokines including IL-10; IL-20 subfamily members IL-19, IL-20, IL-22,
IL-24, and IL-26; and the other related cytokines IL-28A, IL-28B, and IL-
29, which are identified as type III interferons (IFNs) [4]. IL-10 binds to
a receptor complex comprised of IL-10R1 and IL-10R2 chains [5]. IL-
10R1 chain is only expressed on target cells including T cells, B cells,
natural killer cells, monocytes, mast cells, and DCs whereas the IL-10R2
is a shared cell surface receptor [8]. In addition, IL-10R associated
tyrosine kinase-2 (TYK2) acts as a constitutive reservoir for SHP-1 on
IL-10 binding [6]. The tyrosine phosphatase SHP-1 stays linked to TYK2
and gets activated and downregulates the signals via costimulatory
molecules, such as CD28, ICOS and CD2 [6]. Moreover, IL-10 receptor

binding activates JAK1 and TYK2, which provide docking sites pre-
dominantly recruit and activate, via additional phosphorylation, the
transcription factor STAT3, STAT1 and STATS5 [7].

IL-10 plays essential roles as a regulatory molecule in both innate
and adaptive immune responses, which often leads to the development
of immune tolerance or dampening of tissue inflammation in humans
[9]. Immune tolerance is generally established against any immune-
activating molecules and several immune-mechanisms mediators [10].
Once the immune tolerance fails, overwhelming immune effector and
inflammatory functions often lead to allergies, asthma, tumors, chronic
infections, rejection of transplanted organs, graft-versus-host disease,
and many autoimmune diseases [11,12]. The low number of natural
Treg cells (nTregs) at birth associated with subsequently food allergy
[13]. The induction of type 2 immune response, that consists of T helper
2 cells (Th2) and type 2 innate lymphoid cells (ILC2) together with the
production of allergen-specific immunoglobulin (Ig) E antibodies and
increased eosinophil numbers in the affected tissues and peripheral
blood, are a result of allergic diseases [14,15].

Allergen-specific immunotherapy (AIT) is a successful immune tol-
erance-inducing treatment that reduces symptoms of allergic rhinitis
and asthma as well as venom allergy and food allergy [16]. It involves
the administration of increasing doses of the causative allergen and
induces the establishment of long-term clinical tolerance against aller-
gens [17]. For several decades, the underlying mechanism of AIT has
been intensively studied to understand the complexity of allergen-
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Table 1
IL-10-secreting cells and tolerogenic functons.
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IL-10 secreting cells

Tolerogenic function

T cells (Treg)

B cells (Breg)

dendritic cells (DCreg)

innate lymphoid cells (ILCreg)
natural killer cells (NKreg)
M2-like macrophages
monocyte

Inhibits eosinophils and basophils cytokine production

Inhibits mast cell activation and cytokine production

Inhibits dendritic cells maturation and pro-inflammatory cytokine secretion

Inhibits antigen presentation by monocyte and macrophages and cytokine production
Suppresses allergen-specific Th2, Th17 cells

Promotes the generation of Trl and Brl cells

Promotes allergen-specific IgG4 and suppresses allergen specific IgE

Suppresses ILC2 activation and cytokine production

Table 2
Marker of Treg cells function and dysfunction.

Activated suppressive function Suppressive dysfunction

CCR7 ILT3
CD27 CRTH2
T cells Ig and ITIM domain (TIGIT)

CTLA-4

PD-1 (Programmed cell death-1)
GARP (Glycoprotein A repetitions predominant)
LAG-3 (CD223)
CD39, CD73
Neuropilin (Nrp-1)
LAP (Latency associated peptide)
Helios with FOXP3
CD137*CD154
CD69
ICOS (Inducible costimulatory)

specific immune responses in both molecular and cellular levels
[18,19]. Molecular and cellular mechanisms of actions include the in-
duction of early desensitization of mast cells and basophils, generation
of allergen-specific Treg and Breg cells and suppression of allergen-
specific type 2 immune cells [10,20], and the decrease in tissue mast
cells, eosinophils, and release of their mediators after several months
after AIT [21]. Interestingly, allergen-specific Treg and Breg cells and
their micro-environmental cytokines are important for determining
success in immunotherapy AIT [22,23]. Moreover, IL-10 mRNA levels
in whole blood cells revealed the efficacy of AIT in house dust mite
allergic patients [24]. Therefore, this review is focused on the role of
micro-environment cytokine IL-10 secreting by regulatory cells and
other immune regulatory cells in allergy (Table 1).

2. IL-10-secreting Treg cells

Treg cells are represented by the naturally occurring thymus-de-
rived CD4 " CD25*FOXP3 ™" Tregs, also called nTregs, and the inducible
Treg cells (iTregs). Three main subsets of iTregs have been character-
ized; FOXP3-expressing iTregs, CD4 ¥ FOXP3 ™ IL-10-secreting Tr1 cells,
and TGF B-expressing Th3 cells [1]. Human Tr1 cells suppress effector
T cell responses by multiple mechanisms. These mechanisms consist of
suppressive cytokines (e.g. IL-10, TGF-f and IL-35) [25], targeted-DCs
surface molecules (e.g. cytotoxic T-lymphocyte antigen-4 (CTLA-4) and
programmed death-1 (PD-L1)) [26], and cytolysis (granzymes A, B and
K) [27-29]. Furthermore, there are metabolic disruption mechanisms
including CD25, cAMP, adenosine receptor 2, histamine receptor 2
(HR2), lymphocyte activation gene 3 (LAG3), CD39 and CD73 [30,31].

Human IL-10-secreting Treg cells and their allergen-specific sup-
pressive function have been first suggested in 1998 [32]. During AIT
and natural allergen exposure, IL-10 was primarily produced by al-
lergen-specific Treg cells, subsequently by allergen-specific Breg cells
(Br1 cells), and monocytes. The immunosuppressive properties of Treg
cells are also regulated by IL-10-secreting Trl cells and
CD4*CD25* Treg cells [33]. IL-10, together with TGF-B revealed the
inhibitory functions through inducible T cell costimulator (ICOS) [34].

IL-10 suppresses T cells via CD28- and ICOS-dependent T cell co-sti-
mulation by precisely blocking proliferation and cytokines production
[35]. In mice model, the transfer of ovalbumin peptide-specific
CD4*CD25™ T cells to OVA-sensitized mice was determined to be IL-10
dependent. They demonstrated a decrease in airway hyperreactivity
and the recruitment of eosinophils and Th2 cytokines to airways after
an allergen challenge. As a result, IL-10 expression was increased in the
lung after the transfer of CD4 +CD25 + T cells and anti-IL-10R antibody
confirmed the reverse expression [36].

Trl cells are also generated in response to other immunotherapies
such as sublingual immunotherapy, other allergens such as grass pollen
and house dust mites, and peptide immunotherapies in allergy and
autoimmune diseases [37-39]. IL-10-secreting Treg cells suppress Th2-
type immune response (IL-4, IL-5, and IL-13) and IL-17-secreting Th
cells [40-42]. Meanwhile, AIT also promotes the generation of IL-22
and interferon (IFN)-gamma-secreting Th cells [17,43,44]. Moreover,
Treg cells regulate the tissue repairing process by secreting amphir-
egulin and IL-22. The amphiregulin is an epidermal growth factor fa-
mily member and IL-22 is a cytokine that promotes tissue healing
[45-47]. In addition, allergen-specific Trl cells and IL-107IL-22%T
cells increase during AIT and correlate with the improvement of allergic
symptoms in patients [43]. A sustained Treg response after AIT asso-
ciated with the clinical response, maintenance of lower eosinophil
counts and serum specific IgE levels [48].

The marker of Treg cells activation and dysfunction is shown in
Table 2. In vivo, CD27 and CCR7 are required for Treg cells im-
munosuppressive function [49,50]. CCR7 can be used to define 2 dis-
tinct subsets; CCR7(+ ) central memory and CCR7(-) effector memory T
cells [51]. T cells expressing the coinhibitory molecule (TIGIT), control
Treg cell subsets to selectively suppress Th1l and Th17 cell but not Th2
cell responses [52]. Indeed, programmed cell death-1 (PD-1) and cy-
totoxic T-lymphocyte antigen 4 (CTLA-4) expression on Treg cells are
known to be involved in allergen tolerance [53]. Helios is a transcrip-
tion factor that expresses in Treg cells. It activates Treg cells via STATS
which promotes the expression of FOXP3 [54]. Other Treg cells acti-
vation marker is glycoprotein A repetitions predominant (GARP), LAG-
3 (CD223), CD39, CD73, neuropilin (Nrp-1), latency associated peptide
(LAP), CD137"CD154~, CD69 and inducible costimulatory (ICOS) are
involved in Treg cell suppressive function [55-57]. In addition, CRTH2
and ILT3 expression on Treg cells are dysfunction and related to allergic
symptoms [43,58].

3. IL-10-secreting Breg cells

Breg cells (Brl Cells) represent an immunosuppressive B cell subset
that regulates excessive inflammation via the release of IL-10, which
induces the differentiation of regulatory T cells, inhibits proin-
flammatory responses and augments IgG4 production [59-63]. IL-10
alone was sufficient in the induction of IgG4 and suppress of IgE [61].
Allergen is captured by IgE which mediated an allergic reaction through
cross-linking of IgE bound to FceRI on mast cells or basophils. 1gG4 is
the least abundant subclass of IgG in serum, accounting for approxi-
mately 4% of total IgG, whereas its levels can reach up to 75% of total
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IgG after AIT [61]. Allergen-specific IgG4 acts as a blocking antibody
and antagonizes the mast cell and basophil degranulation-related ef-
fector functions by blocking of IgE binding to allergens and avoiding its
cross-linking [61]. Moreover, cross-linking of FcyRIIb by the IgG4
subclass can downregulate M2 macrophage and increase IL-10, IL-6,
TNF-a and CCL1 production [64].

Brl cells are characterized by high expression of CD25 and CD71
and low expression of CD73 on the cell surface [65]. The prominent
immunoregulatory profile of IL-10-and IL-1RAsecreting Bregs char-
acterized by up-regulation of CD25 (IL-2 receptor a chain), pro-
grammed death-ligand 1 (PD-L1), suppressor of cytokine signaling 3,
and glycoprotein A repetitions [66]. The other B cells subsets secreting
IL-10 include CD24MCD38" B cells, CD24"CD27* B cells (B10),
CD387CD1d"IgM*"CD147 " GrB™* B cells, CD27""CD38" plasmablasts,
and CD19*TIM1™* B cells which have all been shown to suppress
proinflammatory responses [67]. Without stimulation, it is hard to
detect IL-10-secreting B cells. CpG oligonucleotide and recombinant
CD40L are usually used to enhanced IL-10-secreting B cells. We de-
monstrated recently that activated, CD40L-expressing ILC3s reside on
the border of the T cell-B cell areas in tonsils and are in close contact
with B cells in vivo. Furthermore, we showed that CD40L* ILC3s and B
cells are in a mutually beneficial relationship with each other: ILC3s
induce IL-15 production in B cells via BAFF-receptor, while IL-15, a
potent growth factor for ILC3s, upregulate CD40 L expression on ILC3s.
IL-15-activated CD40L* ILC3s help B cell survival, proliferation, and
differentiation of IL-10 secreting and PD-L1-expressing, functional Breg
cells. [68].

In patients with allergic asthma and rhinitis, reduced expansion of
IL-10-secreting CD24"CD27+ Bregs was reported in response to LPS
stimulation [69-71]. The patients with cow’s milk allergy also de-
monstrated a decrease in IL-10-producing CD5 * B cells upon in vitro re-
stimulation with casein [72]. In asthmatic mice, the adoptive transfer of
CD9*B cells normalized airway inflammation and lung function by
inhibiting Th2- and Th17-driven inflammation in an IL-10-dependent
manner, restoring a favorable immunological balance in lung tissues.
They further showed that injection of CD9 *Bregs controls the expan-
sion of lung effector T cells allowing the establishment of a favorable
regulatory T cells/effector T cells ratio in the lungs [73]. Activation of
PAR2 inhibits the expression of IL-10 in B cells, which can be reversed
by treating B cells with Bcl2L12 shRNA-carrying liposomes. The reg-
ulation of Bcl2L12 may be a novel approach in the treatment of allergic
rhinitis [74].

In patients response to AIT is characterized by increased the fre-
quencies of IgA- and IgG4-expressing Der p 1-specific B cells, plasma-
blasts, and IL-10" and/or IL-1RA™* Breg cells [75]. The same study also
found the increased frequency of Der p 1-specific IgG4 related to the
frequency of IL-10-secreting Brl cells. Moreover, IL-10-secreting and
dual IL-10- and IL-1RA-secreting Brl cells significantly correlated with
improved clinical symptoms over the course of AIT [75]. Allergen-
specific Breg cells have maintained allergen tolerance together with
allergen-specific Treg cell-induced by AIT.

4. IL-10 secretion by dendritic cells, macrophages, monocyte, and
natural killer cells

DCs function depends on the balance between immune effector and
immune regulatory cytokine pattern and expression of suppression- and
stimulation-relevant co-stimulatory molecules [76]. Treg cells strongly
interact with DC and support their tolerance inducing capacity. Al-
lergen-specific CD4*CD25*Foxp3™ Treg cells can enhance IL-10-se-
creting DCs to suppress allergic Th2-responses [77]. DCs that are dif-
ferentiated in the presence of IL-10 and allergen-enhanced tolerogenic
DCs have the capacity to stimulate allergen-specific Trl cells [78]. The
induction IL-10 and TGF-B-secreting Treg cells by IL-10-secreting DCs
can also prevent excessive immune response and reduce type 2 airway
inflammation [36,79].
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Allergic patients show a tendency to produce less tolerogenic DCs.
IL-10-secreting DCs have been shown to diminish in allergic rhinitis and
asthmatic children compared to healthy [80]. Also, IL-10 levels in the
supernatants of DCs in the presence of activated aryl hydrocarbon re-
ceptor (AhR) from allergic patients were significantly lower than
healthy controls [81]. In allergic rhinitis patients, myeloid DCs and
plasmacytoid DCs were increased in the allergen-exposed airway and
skin tissues but decreased in the IL-10 production both locally and in
blood [82]. Their functional studies indicated that myeloid DCs support
Th2/Th17-cell polarization and biased T-cell responses. Induction of
immune tolerance during AIT has also increased tolerogenic DCs [83].
AIT enhanced regulatory dendritic cells (DCreg) and type 1 DC (DC1)
meanwhile decreasing DC2 and DC17 in responder AIT patients [83].

Macrophages are important in maintaining lung homeostasis and
protecting against lung inflammation. The inhibition of M2-like mac-
rophage polarisation interferes with the remodeling and development
of eosinophilic or neutrophilic lung inflammation in asthma [84]. In
addition, the M2-like macrophage is an anti-inflammatory state with
the expression of IL-10. Both human and mice asthma showed low
number of IL-10" M2-like macrophages compared to control and cor-
related with lung function [85].

The evidence of monocyte produces IL-10 in allergic immune tol-
erance is limited. PD-L1 can trigger monocyte to produce IL-10 [86].
Moreover, mesenchymal stem cells administration in mouse model re-
cruited IL-10* and CCR2* monocyte to suppress allergic airway in-
flammation [87]. IL-10 secreting monocyte induced by LPS stimulation
increased in atopic patients than healthy [88].

NK cells are an effective producer of IFN-y. NK cells are able to
polarize into 2 functional distinct subsets, NK1 or NK2 cells in vitro.
These NK1 or NK2 cell subsets are analogous to the T-cell subsets Th1 or
Th2 [89]. Moreover, TGF-f and IL-10-secreting NKreg cells might have
a role in immune regulation of allergic inflammation. IL-10-secreting
NKreg cells reveal significantly suppressed both allergen/Ag-induced T
cell proliferation, IL-13 and IFN-y-secreting T cells and reduced IgE
production [89,90]. However, its role in immune tolerance in allergic
patients remains to be investigated.

5. A recently discovered IL-10 secreting innate lymphoid cell
subset

Regulatory innate lymphoid cells (ILCreg) are a new group of cells
within regulatory cells, which might have an important role in the
balance between immune tolerance or allergy development in the same
manner as other regulatory cells. In humans, IL-10" ILCreg were in-
duced from ILC2s by using retinoic acid which expressed CTLA-4,
CD25, and downregulated effector type 2-related markers, including
CRTH2 and ST2 [91]. IL-10-secreting ILC can suppress the activation of
CD4* T cells and ILC2 [91]. An increase in ILCregs was detected in
nasal tissue from patients with chronic rhinosinusitis with nasal polyps
and in lung tissue from house dust mite-treated mice [91]. iTreg can
suppress ILC2 via inducible T-cell costimulator (ICOS)-ICOS ligand cell
contact for Treg cell-mediated ILC2 suppression alongside the sup-
pressive cytokines TGF-f3 and IL-10 [92]. Function and regulation of
ILCregs in allergy and AIT warrants future investigation.

IL-10-producing ILCs in mice are mostly present in the gut tissue.
The differentiation of mature IL-10-producing ILCs can be induced by
pathogen stimulation [93]. ILCreg expressed various phenotypic ILC
markers, including CD25 (IL-2Ra), Sca-1, and CD90 (Thy1), but not
ILC1 (NK1.1 and NKp46), ILC2 (ST2 and KLRG1), or ILC3 markers
(NKp46, and RORyt) [93]. The ILCreg inhibited the activation of ILC1
and ILC3 by secretion of IL-10 but did not affect ILC2 with undetectable
1110rb expression [93]. IL-10-secreting lung ILC2 cells (ILC2;o) are
Thy1l.1-positive which produce IL-10 to exert modulating roles upon
the stimulation of IL-33 [94]. IL-2 enhances ILC2,, generation and as-
sociated with a decreased in eosinophil recruitment to the lung [94].
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6. IL-10 in the healthy immune response to the high dose of
allergen exposure

In 1990s, our group was working on mechanisms of action of AIT in
conventional and T cell-epitope peptide immunotherapies [95,96]. We
were using honey bee venom allergy and its major allergen phospho-
lipase A, (PLA) as a model to investigate antigen/allergen-specific im-
mune response development in humans [95]. Our study published in
1998s, we demonstrated that human IL-10- secreting Trl cells display
an antigen-specific suppressor function [32]. These IL-10-secreting Trl
cells were substantially increased as early as seven days after the start
of bee venom AIT in allergic individuals. FOXP3™" Treg cells also ex-
panded in the beekeeper after multiple stings during the beekeeper
season [97].

B cells immune response induced by venom immunotherapy have
shown a 2 -5-fold increased frequency of PLA-specific IL-10 secreting
Brl cells in patients after 3-4 months of immunotherapy and it is
comparable to that of healthy beekeepers during the season [98-100].
Furthermore, a recent study on the role of B cells in immune tolerance
to allergens demonstrated an increased frequency of IL-10-secreting Brl
in both bee venom allergic patients undergoing immunotherapy and
nonallergic beekeepers exposed to high doses of bee venom. Interest-
ingly, in both groups, striking similarities were found concerning PLA-
specific IgG4-switched memory B cells, plasmablasts, and PLA-specific
CCR5- expressing B cells [101].

7. Conclusions

Allergic disease is caused by an imbalance between type 2 immune
response to harmless allergens and regulatory cells. The induction of
allergen tolerance by AIT induces allergen-specific Treg cells, Breg cells,
and other regulatory cells. IL-10-secreting cells in the innate (DCreg,
ILCreg) and adaptive (Treg and Breg) immune system can suppress the
activation of type 2 immune response including IgE production and
instead increase allergen-specific IgG4 isotype antibody response
(Fig. 1). Future directions in scientific research should focus on the role
of IL-10, particularly in the innate immune systems such as DCs, ILCs,
and monocyte. A better understanding of the development of effector
(allergenic) and tolerogenic immune response in allergic diseases will
significantly help the development of precise prevention strategies and
effective therapeutic options.

Suppression ofinflammatory DC

Suppression of allergen-specific
Th2and Th2cytokines
(IL-4,IL-5 and IL-13)

Suppression of
B cell allergen-specific IgE

Decrease degranulation
5 of mastcells and
3 basophils

Control eosinophil
production

ILC2  SuppressionofILC2
throughICOSL
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Fig. 1. Type 2 immune response is implicated
in allergic inflammation. The induction of al-
lergen-specific Treg cells, Breg cells and reg-
ulatory dendritic cells (DCreg) by allergen-
specific immunotherapy are one of the treat-
ments in the development of allergen toler-
ance. Treg cells secreted IL-10 and TGF-f to
suppress the effector cells of allergic in-
flammation such as DC2, Th2, type 2 innate
lymphoid cells (ILC2), basophils, mast cells,
eosinophils, and B cells-secreting IgE, mean-
while, IL-10 induces IgG4. IL-10-secreting Breg
cells also play a role in suppressing of allergen-
specific Th2 cells and mainly switch to IgG4-
secreting plasma cells. CD40L *ILC3 can induce
Breg cells expressing PD-L1 to produce IL-10.
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