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secrete IL-10 and suppress e�ector functions of T helper cells (Th cells). 
�ese cells therefore still classify as regulatory cells and are known as 
Tr1 Tregs [16]. Tr1 cells suppress e�ector T-cell responses by multiple 
mechanisms that depend on IL-10, TGF-β, programmed cell death 
protein-1 (PD-1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-
4) [17], and histamine receptor 2 (HR2) [17,18].

�e di�erential regulation of Th1 and Th2 cells by histamine is 
due to the presence of di�erent receptors, as human CD4+ Th1 cells 
predominantly express histamine receptor 1 (HR1), while CD4+ 
Th2 cells predominantly express histamine receptor 2 (HR2) [19]. 
Histamine induces the production of IL-10 by DCs [20] and Th2 cells 
[18,21] as well as enhances the suppressive activity of TGF-β on T-cells 
[22], mediated through HR2, suppressing IL-4 and IL-13 production 
and T-cell proliferation [18,19] �is suggest that HR2 acts as a critical 
receptor in the peripheral tolerance to allergens.

It is also reported that in human peripheral blood and lymphoid 
tissue (but not in the thymus) there also exist CD4+FOXP3+ T-cells 
that also express the CCR6 gene (which is translated into the C-C 
chemokine receptor type 6 protein) and are also able to produce IL-
17 upon activation [23]. �e CCR6+ IL-17-producing FOXP3+ Tregs 
strongly inhibit the proliferation of CD4+ e�ector T-cells. A recent 
report however shows that IL-17-producing FOXP3+ Tregs are a new 
crossover immune cell population that could be converted from Tregs to 
Th17 cells, and thus associated with a decreased suppressive function of 
T lymphocytes [24].

Recently another subset of Tregs has been discovered that are 
induced by Nitric Oxide (NO), and �ttingly these are called NO-Tregs. 
NO-Tregs are distinct from other Treg subsets in that apart from lacking 
the expression of FOXP3, they also express Glucocorticoid-induced 
tumour necrosis factor receptor-related protein (GITR) and are CD27+, 
thus having a T-helper phenotype while still maintaining suppressive 
properties against e�ector cells, mainly through the production of IL-
10 [25]. IL-10 is the only detectable cytokine produced by NO-Tregs.

It has been repeatedly shown that all subsets of Tregs coexist and 
overlap in many immune tolerance-related situations in humans, 

including allergies. Tregs share major non-lymphoid tissue tra�cking 
receptors, such as C-C chemokine receptor type 4 (CCR4), CCR5, 
CCR6, CXCR3, and CXCR6, with Th17 cells [26]. �is implies that 
these T-cells migrate to and within lymphoid tissue. �e mechanisms 
used by Treg cells to suppress a large number of target immune cell types 
can be broadly divided into two: those that target T-cells (by means 
of suppressor cytokines, IL-2 consumption, and granzyme/perforin-
induced cell death pathways) and those that target antigen-presenting 
cells (APCs) (by inhibiting antigen presentation or down-modulating 
the expression of CD80 and CD86) [27].

Treg Action in the Allergy Scenario
�e suppressive actions of Tregs on other immune cells, including 

e�ector T-cells, B-cells, DCs and mast cells, may shed light on the 
complex nature of how Tregs are able to control acquired immunity and 
achieve oral tolerance to food allergens. Figure 2 summarizes the e�ects 
of Tregs on the other immune cells involved in allergen-immunity.

�e Treg suppressive nature seems to focus a lot on a�ecting the 
activity of other e�ector T-cells derived from CD4+ cells, mainly the Th 
cells. Th cells are thought to di�erentiate into three main subsets, which 
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dendritic cells, which in turn a�ect the allergic response through 
immunomodulation of tissue and circulating e�ector cells [60]. �is 
immunomodulation is done via the interaction of Tregs with e�ector 
T-cells, as previously explained. Other mechanisms which are presumed 
to be important include the modulation of IgE responses, polyclonal 
increases in speci�c IgG4 levels [61], as well as suppression of basophils 
through an IgE receptor pathway [62].

Although at the moment OIT is the most researched of any 
immunotherapy treatments for food allergy, yet to date there is still 
limited evidence of long-term follow-up of subjects a�er OIT, with 
mixed results on the achievement of long-term tolerance. In 2013, it 
was demonstrated for the �rst time that sustained unresponsiveness 
developed in half of the subjects with peanut allergy able to complete 
treatment a�er years of OIT, and it was still not entirely proved that 
this was due to OIT [63]. Another report issued in 2013 assessing the 
long-term follow-up of cow’s milk immunotherapy concludes that 
long-term outcomes a�er cow’s milk immunotherapy are mixed, with 
some patients losing desensitisation over time and not more than a 
third of the subjects in these studies tolerating a full servings of cow’s 
milk without symptoms [64]. �e conclusion of these reports and 
similar investigations agree that only a small fraction of those starting 
treatment achieve long-term tolerance, and therefore the need to 
develop better therapies for treatment of food allergies is evident.

Even though OIT seems to be the most promising regarding its 
e�cacy, safety is a major concern with the oral route since it is also the 
route that normally leads to food-induced allergic reactions. Sublingual 
immunotherapy (SLIT) and epicutaneous immunotherapy (EPIT) were 
thus proposed as alternative routes that could have a signi�cantly better 
safety pro�le yet still retain the ability to induce tolerance. 

�e APCs present in the sublingual environment induce Tregs 
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