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Abstract

The lung is constantly exposed to a variety of inhaled foreign antigens, many of which are 

harmless to the body. Therefore, the mucosal immune system must not only have the capacity to 

distinguish self from non-self, but also harmless versus dangerous non-self. To address this, 

mucosal immune cells establish an anti-inflammatory steady state in the lung that must be 

overcome by inflammatory signals in order to mount an effector immune response. In the case of 

inhaled allergens, the false detection of dangerous non-self results in inappropriate immune 

activation and eventual allergic asthma. Both basic and clinical studies suggest that the balance 

between tolerogenic and inflammatory immune responses is a key feature in the outcome of health 

or disease. This Review is focused on what we term ‘regulatory tone’: the immunosuppressive 

environment in the lung that must be overcome to induce inflammatory responses. We will 

summarize the current literature on this topic, with a particular focus on the role of regulatory T 

cells in preventing allergic disease of the lung. We propose that inter-individual differences in 

regulatory tone have the potential to not only establish the threshold for immune activation in the 

lung, but also shape the quality of resulting effector responses following tolerance breakdown.
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1. Introduction

The most prominent duty of the immune system is to remain tolerant to innocuous antigens 

while appropriately responding to those antigens with the potential to cause tissue 

destruction and/or death. In order to properly carry out this duty, the first line of immune 

education occurs in the thymus, where positive and negative selection of developing 

lymphocytes exposed to self antigens efficiently sets the signaling threshold required for T 

cell activation. This is due to the fact that cells responding too weakly or strongly to 
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antigenic stimulation in the thymus are deleted (1). The second level of immune education 

occurs in the periphery, where the context in which antigens are encountered determines 

how a T cell will respond. Particularly in mucosal tissues like the lung, discrimination of self 

from non-self by T cells is not sufficient to dictate immune responsiveness, since harmless 

foreign antigens are inhaled constitutively, but rarely induce an inflammatory response. 

Twenty years ago Matzinger proposed the Danger model (2, 3), which moved away from 

strict self non-self discrimination to suggest that immune responsiveness is driven primarily 

by signals that antigen-presenting cells (APCs) receive from neighboring cells in the tissue 

in conjunction with antigen uptake. When the neighboring cells are healthy and do not 

communicate the presence of danger, APCs will promote immune unresponsiveness or 

suppression to a given antigen (4). However, when tissue damage has occurred in 

neighboring cells, the APCs receive endogenous ‘danger signals’ that result in APC 

maturation and antigen specific immune activation. Danger signals derived from dead or 

injured cells are termed damage-associated molecular patterns, or DAMPs (5). Together 

with the engagement of receptors for pattern-associated molecular patterns (PAMPs) (6, 7), 

these signals catalyze the maturation of APCs and activation of innate cells that can result in 

protective and/or pathogenic inflammatory responses in the tissue.

1.1 Threshold matters

The decision between immune tolerance versus activation in response to inhaled allergens is 

at the foundation of determining health versus asthmatic airway inflammation. In the steady 

state, the immune system tends toward induction of tolerance, possibly as a mechanism of 

defense against the continual barrage of innocuous foreign material to which it is exposed 

(8-10). Therefore, an inhaled allergen that will generate an inflammatory immune response 

must deliver sufficient signals to overcome a level of pre-existing tolerance. Engagement of 

PAMPs and DAMPs, in conjunction with allergen uptake, is one way to accomplish this 

goal. While it is well established that strong inflammatory signals are capable of overcoming 

steady state tolerance to induce an effector immune response, some outstanding questions 

remain. For example, can the size of the ‘hill’ of steady state tolerance be different from one 

individual to another? Can this factor alter the strength of stimulus required for generation of 

an effector immune response? We term this feature of the tissue as ‘regulatory tone’, and the 

concept is illustrated in Figure 1. For the remainder of this Review, we will highlight the 

literature regarding the role of dendritic cells and T regulatory cells (Tregs) in determining 

regulatory tone, and how this feature could potentially impact allergic immune responses in 

the lung.

2. Defining the hill of regulatory tone: dendritic cells and steady state 

surveillance

Like other mucosal tissues, the lung is under constant immune surveillance, and much study 

has been invested in understanding the mechanisms by which dendritic cells (DCs) take up 

antigen and migrate to lymph nodes to present it. With the ability to study experimental 

animals in specific pathogen-free conditions, it is possible to investigate the behavior of 

APCs and T cells during the steady state. Inhaled particles can be taken up by immature DCs 

in the sub-epithelial space (11). Once a DC takes up antigen, it migrates to the draining 
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lymph node in a CCR7-dependent manner in order to engage lymph node T cells (12-15). 

Steinman and colleagues showed that immature DCs loaded with antigen in the absence of 

adjuvant or overt inflammation induce antigen-specific tolerance in vivo (16, 17). These 

DCs had low expression of MHC Class II and costimulatory molecules. In contrast, 

providing CD40 costimulation directly to these DCs caused the expansion of effector T cells 

(16), indicating that the presence of signal 2 (costimulation) on DCs was a critical factor 

controlling tolerance versus immunity. During the same time frame as Steinman's work, 

Umetsu and colleagues used a method of intranasal delivery of ovalbumin (OVA) in the 

absence of adjuvant to show that IL-10 production from antigen-loaded DCs was critical for 

induction of antigen-specific immune tolerance (18, 19). Interestingly, in their model the 

tolerance-inducing DCs expressed the same levels of CD40, CD80 and CD86 as DCs that 

promoted a strong Th2 response (18). This increase in costimulation compared to Steinman's 

approach may have been the result of choice of antigen, since the OVA used in these studies 

has been shown to have high endotoxin contamination (20). The addition of IL-4 or IL-12 

during intranasal OVA immunization prevented the induction of tolerance (19). These 

results suggest, at least for the lung that the degree of DC costimulation is not the 

distinguishing feature dictating the type of immune response, but rather the specific 

cytokines and polarizing signals produced by the DC (21, 22). Further support for this 

hypothesis comes from studies showing CD28 expression is important for the generation 

and maintenance of peripheral Tregs (23-26). Therefore, expression of DC costimulatory 

molecules is important for basal T cell activation, but the resulting phenotype of the 

activated T cell is strongly influenced by the cytokines expressed and secreted by antigen-

bearing DC.

DCs that express various levels of MHC Class II and costimulation, but primarily promote 

the activation and differentiation of Tregs rather than effector cell lineages, are termed 

‘semi-mature’ or tolerogenic DC (27, 28). There are many experimental methods that have 

been used to generate tolerogenic DC, and they have been reviewed by Rutella, et. al. (28). 

However, the functional definition of a tolerogenic DC is one that causes the differentiation 

and expansion of antigen-specific peripherally induced Tregs (iTregs). In many cases, 

tolerogenic DCs promote iTreg formation through the secretion of IL-10 (22, 28-35), and 

IL-10 is also required to induce the tolerogenic phenotype in DCs (22, 28, 33, 36-38). In 

studies of TCR- transgenic RAG-deficient mice, where deficiency of natural, thymic-

derived Tregs allows the direct study of iTreg induction in vivo, formation of iTreg cells was 

also shown to depend on TGF-β (39-41). iTregs are also critical for mucosal tolerance (40, 

42), highlighting the importance of these cells in preventing mucosal sensitization to 

innocuous antigens. Since both human exposure to inhaled allergens and immune 

surveillance of the lung is continuous, the expectation from the above studies is that iTreg 

populations specific for various allergens would circulate in healthy, non-asthmatic subjects, 

while asthmatics would have circulating effector T cells specific for the same allergens. 

Indeed, published evidence suggests this result. Importantly, healthy non-allergic and 

allergic subjects both have circulating T cells that recognize the same allergen-derived 

peptides (43-45), suggesting that environmental allergen exposure induces an allergen-

specific adaptive immune response in both healthy and asthmatic subjects. Akdis, et. al. 

went on to measure IL-4, IL-10 and IFN-γ in human peripheral blood CD4+ T cells specific 
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for various immunodominant allergen epitopes. They found that healthy, non-asthmatic 

controls had a generally dominant IL-10 response to allergens, while asthmatic subjects had 

a switch to IL-4 dominance in response to the same allergens (46). They further showed that 

IL-10 secreting cells functionally suppressed allergen specific responses ex vivo, suggesting 

the iTregs in healthy subjects have the capacity to actively suppress allergen-specific 

effector responses (46). Taken together, these data suggest that regulatory tone is not the 

same for all individuals, and that proper steady state responses to allergens that result in the 

production of iTregs may effectively increase regulatory tone, thus further inhibiting future 

unwanted inflammatory responses to allergens.

3. Getting over the hill: signals that overcome regulatory tone

In recent years there has been an impressive expansion of new information regarding the 

innate inflammatory signals generated by PAMPs and DAMPs in tissue sites of injury or 

infection. Many of these innate signals converge to induce inflammasome activation and 

production of downstream cytokines. Current findings related to PAMPs, DAMPs and the 

inflammasome have been well covered in excellent recent reviews (5-7, 47). While many 

factors have been shown to act as adjuvants in the lung and cause allergic inflammation in 

naïve mice, in this Review we will focus specifically on a subset of cytokines and signals 

that have been shown to directly overcome or inhibit Tregs and induce allergic 

inflammation.

3.1 NFκB

The activation of NFκB in DCs and epithelial cells has been shown to be a key signal to 

induction of effector immune responses in the lung. For epithelial cells, active NFκB 

signaling has been shown in response to nitrogen dioxide, a major gaseous component of air 

pollution (48-50). In addition, Poynter and colleagues developed a mouse model of 

constitutive NFκB activation in airway epithelial cells (51). These mice developed a mixed 

Th2/Th17 type allergic response in the lung after OVA challenge, characterized by mucus 

metaplasia, IL-5, IL-13 and IL-17 production (51). Interestingly, these mice did not have 

increased expression of epithelial-derived cytokines IL-33, IL-25 or TSLP, suggesting 

multiple mechanisms exist by which epithelial cell activation can induce allergic 

inflammation in the lung (51, 52). For dendritic cells, NFκB activation is the classic signal 

that triggers production of IL-2, IFN-γ, IL-12 and other cytokines that induce effector T cell 

expansion and differentiation (53). In addition RelB, a component of the activating NFκB 

signaling complex, functions in both the canonical and non-canonical NFκB pathways, and 

is an important signal in the upregulation of the critical costimulatory receptor CD40 (54, 

55). Recent work dissecting the intricate NFκB signaling module has shown that some 

components of this pathway are active in DCs in the steady state, and are required to 

actively promote DC immaturity during immune surveillance (56). For instance, in a mouse 

model of diabetes, NFκB1-/- DCs induce disease in the absence of adjuvant in a TNF-α 

dependent manner (56, 57). These data suggest NFκB1 is important in steady state 

maintenance of immature DC status, and that perturbation of NFκB1 signaling by activating 

signals is key to DC maturity.
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3.2 OX40-OX40L

The TNF superfamily members OX40 (on T cells) and OX40L (on DCs) have been shown 

to be central costimulatory molecules driving Th2 allergic disease in the lung. OX40 

expression can be driven by IL-4 and TSLP but not IFN-γ (58-60), and OX40 signaling 

results in decreased IL-10 production and increased Th2 priming (59, 61). Inhalation of 

lipopolysaccharide (LPS) in experimental animals was shown to induce OX40L expression 

on DCs that, in concert with TLR4 signals, promoted IL-4, IL-6 and IFN-γ production and 

subsequent decreased Treg development (62). Croft and colleagues studied the potency of 

OX40 signaling in mice that were first tolerized via intravenous injection of high dose 

peptide (63). Importantly, they found that injection of an OX40 agonist antibody broke 

peripheral tolerance (63), thus demonstrating the importance of OX40 signaling in activating 

Th2 responses. OX40 signaling has also been shown to activate NFκB (64, 65), which may 

be the signal that overcomes pre-existing immune suppression.

3.3 STAT6/IL-4

IL-4 induction via STAT6 is the classic signal inducing the differentiation of Th2 cells, the 

main cell type involved in the pathogenesis of asthma (66-68). However, some published 

data suggests an additional role for STAT6 and IL-4 signaling in directly inhibiting Tregs. In 

addition to the induction of OX40L mentioned above, TSLP signaling in DCs can induce 

STAT6 expression (34). STAT6-/- mice are reported to have an increase in Tregs (69), and 

STAT6 was further shown to suppress Tregs during allergic lung inflammation in vivo (70, 

71). Ray and colleagues also showed an effect of IL-4 and STAT6 on Treg target cells, 

specifically that STAT6 caused T helper cells to be resistant to Treg-mediated suppression, 

thereby permitting the development of an adaptive immune response (72). Thus, while much 

work has highlighted the importance of IL-4 induced Th2 responses in promoting 

inflammation, it also appears that the same signaling pathway can have direct effects on 

alleviating Treg-mediated suppression.

3.4 IL-6

IL-6 is a pleiotropic cytokine first discovered as a secreted B cell factor that has been 

classically studied as an innate inflammatory cytokine released in the tissue in response to 

danger signals (73, 74). More recently, IL-6 has been shown to be an important mediator of 

the adaptive immune Th17 response (73, 75), a phenotype often present in severe, 

neutrophilic and/or steroid resistant asthma (76-80). In response to LPS exposure, TLR4 

signaling blocked the suppressive effect of Tregs, and this effect was dependent on IL-6 

secretion from DCs (81). This suggests IL-6 not only functions as a positive inflammatory 

mediator, but also as a direct inhibitor of tissue Tregs during sensitization. Later it was 

found that IL-6 diverts T cells to the Th17 lineage in large part by direct suppression of 

Foxp3+ cells (82-84). A similar effect of IL-6 on blockade of Treg expansion and IL-10 

secretion was found in a model of double stranded RNA exposure (85), further supporting 

this model. For DCs, c-Kit expression has been shown to promote IL-6 secretion, which 

results in robust Th2 and Th17 type allergic airway inflammation (86). Strikingly, in a 

mouse model of autoimmune arthritis, a recent paper by Komatsu, et. al. reported a direct 

conversion of synovial Tregs into pathogenic Th17 cells (87). This conversion was 
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dependent on IL-6. These data strongly suggest that IL-6 signaling represents an important 

mechanism in the direct inhibition of tolerance and promotion of inflammatory immune 

responses, with the potential to promote allergic lung inflammation.

4. Can increasing regulatory tone prevent allergic sensitization?

One of the unique features of many allergens that distinguish them from protein antigens is 

the ability to act as their own adjuvants. Allergens from dust mite, cockroach and others 

have protease-dependent and –independent effects when inhaled that can result in 

breakdown of epithelial junctions, direct engagement of toll-like receptors, and subsequent 

tissue inflammation (88). Therefore, it is possible that many ubiquitous allergen exposures 

carry with them an intrinsic ability to damage tissue and induce inflammation, thus placing a 

continuous demand on the suppression system of iTregs and tolerogenic DCs to inhibit 

unwanted sensitizing exposures in the lung. As illustrated in Figure 1A, if regulatory tone is 

not sufficient to inhibit allergen sensitization following exposure, then allergic airway 

inflammation can be the result. In contrast, if lung regulatory tone is boosted, allergen 

exposures that would typically result in allergic inflammation would not be predicted to 

generate a deleterious immune response (Figure 1B).

In a classic study, the Umetsu lab adapted a well-known immunologic method of inducing 

systemic tolerance with administration of high dose protein to the lung by giving chicken 

OVA repeatedly via the intranasal route (18, 19). When this protocol was performed on 

mice prior to systemic OVA/Alum administration, they were protected from allergic 

inflammation in an IL-10 dependent manner (18, 89). These studies established that, in the 

lung, increasing regulatory tone could result in prevention of allergic sensitization in 

response to an exposure regimen that is well documented to cause severe lung inflammation 

in naïve mice. In follow up studies, several groups have demonstrated that increasing 

regulatory tone in naïve mice by peptide or protein immunization, or even direct injection of 

tolerogenic DCs or Tregs, significantly suppress subsequent allergic inflammatory responses 

in the lung (90-96). Therefore, there is strong evidence that robust regulatory tone can 

prevent allergic sensitization.

One caveat in the above studies is that they all employed systemic intraperitoneal injection 

of model allergen and adjuvant as a means of inducing allergic sensitization. As a result, it is 

still unclear whether increasing regulatory tone can prevent allergic sensitization via the 

natural and physiologically relevant inhalation route. Much recent published work has 

demonstrated the unique role of airway epithelial cell-derived cytokines and lung innate 

lymphoid cells in promoting and shaping allergic responses (97, 98). In addition, the type 

and severity of lung inflammation present after allergen challenge are clearly affected by the 

route of llergen sensitization (99). To address these caveats, we used a mouse model of 

mucosal sensitization via the respiratory tract involving pre-exposure to either intranasal 

OVA (for the induction of iTregs) or PBS control. For mucosal sensitization we chose low-

dose LPS as the adjuvant, since it has been shown to induce Th2-type allergic inflammation 

(100). Mucosal sensitization resulted in robust allergic airway inflammation in PBS treated 

mice, but mice pre-exposed to intranasal OVA were completely protected from the effects of 

sensitization (101). These findings directly showed that increasing lung regulatory tone 
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could result in suppression of allergic airway inflammation from an inhaled allergen 

exposure, and further suggest the role of iTregs in this suppression.

5. Impact of regulatory tone on clinical outcomes in asthma

5.1 Allergen immunotherapy

While much of this Review has focused on the preventative function of iTregs, the 

therapeutic potential of iTregs in suppressing allergic responses is also highlighted by the 

benefits of allergen immunotherapy (AIT) in humans. This well-studied strategy of tolerance 

induction in allergic individuals through repeated administration of high-dose allergen 

suppresses immediate-type hypersensitivity, with compensatory increases in regulatory cells 

that promote disease suppression (102). This is a clear example of the important relationship 

between effector and regulatory cells responsive to allergen exposure. It also suggests the 

immune response to allergens can be shaped from an initial dominant inflammatory 

response that damages tissues to one characterized by ongoing immune suppression of the 

allergic response. In mouse studies, allergic immune responses established to OVA can be 

therapeutically suppressed by repeated administration of OVA in the absence of adjuvant 

(103-106). Repeated antigen exposure results in expansion of iTregs and localization of 

these cells to the airways (103-105). In depletion and re-constitution experiments, it has 

further been demonstrated that therapeutic suppression of the allergic effector response is 

dependent on Tregs (103-105, 107). Therefore, increasing regulatory tone against specific 

allergens may be an effective strategy to not only prevent the induction of allergic responses, 

but to also shift the immune balance in allergic asthma from inflammation to suppression.

5.2 Allergen exposure during infection: too much for regulatory tone to handle?

In the case of increased regulatory tone (Figure 1B), it is possible to prevent sensitization to 

allergen exposures co-administered with adjuvants that would otherwise promote classic 

Th2-type allergic inflammation. However, a clinically significant cohort of asthmatics has a 

more severe disease characterized by mixed eosinophil and neutrophil infiltrates and 

increased Th17 effector cells, resulting in a phenotype that is often refractory to standard 

corticosteroid therapy (78). In order to investigate the immune mechanisms behind this 

severe asthma phenotype, Kolls and colleagues linked Th17 responses to steroid-insensitive 

asthma in mice by demonstrating that polarized Th2 cells could be suppressed by 

dexamethasone treatment, while Th17 cells with the same specificity were resistant to 

dexamethasone suppression and amelioration of airway hyperreactivity in vivo (80). 

Interestingly, IL-6 is required for the development of Th17 responses, and also functions to 

directly inhibit the development of iTregs. In the model we described above (101), since 

Th2-promoting doses of LPS did not overcome regulatory tone, we administered high doses 

of LPS to simulate allergen exposure in the setting of robust lung inflammation (e.g. during 

bacterial infection). In these experiments, when we used high-dose LPS as adjuvant with 

OVA, tolerance broke down and resulted in a mixed Th2 and Th17 response with increased 

airway neutrophilia (101). When we measured cytokine secretion in the lung following low-

dose (Th2) or high-dose (Th2/Th17) LPS exposure, IL-6 displayed the most prominent 

difference between the two, with an approximate 20-fold increase observed during 

breakdown of tolerance (101). The close relationship between Th17 and Treg cell 
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development spurs a compelling argument for the unique ability of Th17 cells to effectively 

overcome regulatory tone and induce allergic inflammation. In addition to the dual role of 

IL-6 in suppressing iTreg formation and promoting Th17 differentiation, Tregs express the 

high affinity IL-2 receptor and have been shown to promote Th17 formation through the 

consumption of IL-2 (108, 109). Th17 cell development is boosted in the absence of IL-2 

signaling (110). Furthermore, a high IL-6, Th17-promoting inflammatory milieu may even 

promote the direct conversion of Tregs to inflammatory Th17 cells (87), thus promoting 

deleterious immune responses through the employment of ‘turncoat’ Tregs. Taken together, 

these data suggest that while standard approaches to inducing Th2-dominant allergic asthma 

can be inhibited by increasing regulatory tone, allergen exposure in the context of robust 

pathogen-induced inflammation preferentially generates Th17 responses when regulatory 

tone is overcome. We speculate that these Th17 (or mixed Th2/Th17) responses may be the 

trigger to turning the tables on suppression for the induction of severe asthma.

Allergen exposure during infection may not only induce qualitative differences in the 

immune response, but could also boost the effective immune exposure to allergen through 

disruption of epithelial barrier. Recent published work has demonstrated that viral infection 

induces significant breakdown of the tight junctions between epithelial cells, which 

normally restrict macromolecule access to the sub-epithelial space (111). Administration of 

the TLR3 ligand poly i:c, or direct infection of epithelial cells with RSV results in increased 

epithelial permeability to macromolecules (112, 113). In addition, more severe inflammation 

resulting from infection with lytic viruses like influenza can break down physical barriers in 

the lung through epithelial cell death (114). Administration of fluorescent protein to the lung 

following infection with RSV in the same site resulted in increased uptake of the protein by 

lung DCs compared to control (unpublished observations), suggesting that virus-induced 

changes in airway permeability influence the ‘effective dose’ of inhaled exposure to antigen. 

Exactly how perturbed epithelial barrier function affects mucosal immune responses in the 

setting of airway infections remains to be determined, but this may be a key feature to 

determining both the size and quality of the immune response to an inhaled allergen.

5.3 Potential implications for severe late-onset asthma

In healthy non-asthmatic adults, ubiquitous allergen exposures can result in the formation of 

allergen-specific iTregs, increased regulatory tone, and therefore increased defense against 

future allergen exposures. In contrast, late-onset asthmatics often have features of severe 

asthma (115-117). The incidence rate and low remission rate of late-onset asthma indicates 

the importance of this understudied sub-population of asthmatics (115, 118, 119). Also, the 

unique features of late-onset asthma compared to childhood-onset suggest distinct immune 

mechanisms of sensitization likely exist (116, 120-122). It is possible that late-onset 

asthmatics are sensitized to new allergens not previously encountered in life, for example as 

in occupational asthma. However, it is also possible that asthma is induced to allergens 

already encountered and properly dealt with immunologically in the past, if regulatory tone 

is overcome by strong inflammatory stimuli. Unfortunately, to our knowledge there has not 

been a prospective clinical study that measures the immune response to common allergens 

both before and after the manifestation of asthma. If our model is correct, then a significant 

proportion of late-onset asthma could result from sensitizing allergen exposures in 
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individuals that once made the appropriate suppressive response to the same allergen. In this 

case, we predict that a strong inflammatory stimulus (such as pulmonary infection) is 

necessary to provide an environment that overcomes regulatory tone and fosters allergen 

sensitization (Figure 1C). If Th17-type features are associated with these responses, then we 

predict that this would contribute to severe asthma in late-onset patients. Indeed, pre-

existing tolerance has been shown to enhance allergic Th17 responses in a model of allergic 

asthma in vivo (101). It will be informative to perform future clinical studies that determine 

the unique immunologic features of late-onset asthma, thus opening the door for much-

needed targeted therapies.

6. Conclusions

It is clear that steady state immune surveillance and thymic-derived natural Tregs, as well as 

tolerogenic responses that induce iTregs, are critical for the prevention of unwanted 

inflammatory responses to inhaled allergens. We collectively call this regulatory tone, and 

highlight the importance of regulatory tone in shaping the immune response to allergen. 

With this in mind, in the absence of pre-existing genetic factors or immune deficiency, the 

inflammatory responses with the potential to overcome prevailing immune suppression seem 

likely to activate a coordinate pathway of cytokine and costimulatory receptor expression 

that directly antagonize formation of iTregs. We propose that IL-6 and Th17 responses may 

be important players in this process. Pathogen infection, or co-factors such as smoking (123) 

and particulate matter exposure (124) that increase IL-6 production, may promote the 

environment required to overcome regulatory tone and induce pathologic allergic 

inflammation. Interestingly, while human IL-6 receptor monoclonal antibody (called 
tocilizumab) administration has proven efficacy in arthritis and has been tested in 
several other disease states (125), to our knowledge this therapy has not been tested in 
patients with severe neutrophilic asthma. Based on our findings and the literature 
reviewed here, we propose tocilizumab therapy may be a fruitful treatment for this 
sub-population of asthmatics. Furthermore, while AIT is a promising therapeutic strategy 

for treating asthma, it is interesting to also consider preventative strategies that increase 

regulatory tone to allergens in healthy non-asthmatics. However, the possibility exists that 

immune cells that promote regulatory tone could also amplify inflammatory responses if 

regulatory tone is overcome. Further work focused on understanding the mechanisms that 

establish and overcome regulatory tone in the lung will be of benefit to instructing effective 

immunotherapy for asthma.
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Highlights

• We provide a review of the concept of “regulatory tone” in asthma.

• This is comprised of tolerogenic dendritic cells and regulatory T cells.

• Prior encounter with allergen can raise regulatory tone in the airway.

• Regulatory tone determines the outcome of allergen inhalation.

• This model may explain heterogeneity in immune responses to ubiquitous 

allergens.
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Figure 1. Regulatory Tone Model
The outcome of allergen exposure depends on both properties of the allergen as well as 

airway regulatory tone. Under standard sensitizing conditions (e.g. low level allergen 

exposure), basal regulatory tone is overcome and Th2-type allergic inflammation results (A). 

Basal regulatory tone is dependent on IL-10 secreting tolerogenic DC and natural Treg. If 

previous encounter with allergen induced peripheral regulatory mechanisms (i.e. induced 

Tregs) that raised regulatory tone, then standard allergen exposure will not result in 

sensitization or allergic airway inflammation (B). However in the context of a strong 

inflammatory stimulus, allergen exposure will overcome even high levels of regulatory tone 

(C). In this case, the inflammatory milieu may promote qualitative differences in the allergic 

immune response compared to that seen in (A), resulting in potentially more severe allergen-

specific airway immune responses. Example of strong inflammatory stimuli that could 

overcome high regulatory tone include those generated during airway infections, or 

inhalation of allergen together with strong adjuvants such as high doses of LPS or other 

danger signals. Independent of genetic factors, this is one possible explanation for the 

heterogeneity observed in asthma phenotypes.
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