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Abstract

Despite advances in the treatment of asthma, optimization of symptom control remains an unmet 

need in many patients. These patients, labeled severe asthma, are responsible for a substantial 

fraction of the disease burden. In these patients research is needed to define the cellular and 

molecular pathways contributing to disease which in large part are refractory to corticosteroid 

treatment. The causes of steroid-resistant asthma are multifactorial and result from complex 

interactions of genetics, environmental factors, and innate and adaptive immunity. Adaptive 

immunity, addressed here, integrates the activities of distinct T cell subsets and by definition is 

dynamic and responsive to an ever-changing environment and the influences of epigenetic 

modifications. These T-cell subsets exhibit different susceptibilities to the actions of 

corticosteroids and, in some, corticosteroids enhance their functional activation. Moreover, these 

subsets are not fixed in lineage differentiation but can undergo transcriptional reprogramming in a 

bidirectional manner between protective and pathogenic effector states. Together, these factors 

contribute to asthma heterogeneity between patients but also in the same patient at different stages 

of their disease. Only by carefully defining mechanistic pathways, delineating their sensitivity to 

corticosteroids, and determining the balance between regulatory and effector pathways, will 

precision medicine become a reality with selective and effective application of targeted therapies.
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1.0 Introduction

Asthma is a complex syndrome characterized by altered airway function and airway 

inflammation. Over the last several decades, there has been significant progress in both the 

understanding and treatment of asthma. The introduction of inhaled corticosteroids, avoiding 

the many adverse events of systemic corticosteroids, significantly impacted the quality of 

life of asthmatics with significant reductions in asthma mortality and morbidity, as well as 

the need for hospitalization and urgent care visits. Despite these advances, a number of 
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issues remain unresolved and unmet needs for asthmatics persist. It is estimated that 10–

15% of asthmatics remain uncontrolled on what is considered optimum therapy and upwards 

of 40% of asthmatics may show little to no improvement (even deterioration) of lung 

function on high doses of inhaled corticosteroids (1–3). The efficacy of corticosteroids in 

asthma likely occurs at several levels, primarily reducing inflammation and edema. Effects 

on smooth muscle contractility or airway remodeling are less apparent. The anti-

inflammatory effects are mediated by targeting steroid-sensitive (SS) cells, cells which 

undergo apoptosis or alter functional programs when exposed to corticosteroids. Since 

corticosteroids may not be equally effective in all patients, it is likely that other cell types 

and pathways contributing to asthma are not steroid-sensitive and are major contributors to 

steroid-resistant (SR) asthma. Examples of corticosteroid-sensitive cells that are implicated 

in asthma pathogenesis are CD4+ T cells and eosinophils while neutrophils and CD8+ T 

cells have been shown to be insensitive to corticosteroids. Given the efficacy of 

corticosteroids in a large proportion of asthmatics, the development of novel therapeutics has 

been to address the needs of patients whose asthma is uncontrolled or requires high doses of 

corticosteroids. Additionally, since corticosteroids have little disease-modifying activity and 

are only effective when taken (4), targeting pathways or mediators contributing to disease 

progression are important objectives. Corticosteroids may also have a limited role in 

preventing asthma exacerbations, further suggesting that the triggers of exacerbation may 

involve cells and pathways that are less responsive to corticosteroids. Different triggers of 

asthma exacerbation result in diverse immune-inflammatory outcomes, including 

accumulation of different inflammatory cells (5–10) and pathways that exhibit differential 

steroid responsiveness (Table 1).

Central to these issues is the large variety of T-lymphocyte subsets implicated in asthma 

pathobiology and the integration of adaptive and innate immunity leading to airway 

dysfunction and inflammation. In this review, we will consider the individual contributions 

of several distinct T-cell subsets, their integration into pathology-driving circuits, the 

pathways activated by different asthma triggers, and the identification of pathways that are 

SS and those which remain unaffected by corticosteroids contributing to severe asthma. In 

addition to infiltrating and resident T lymphocytes, airway structural cells participate in the 

inflammatory responses releasing important mediators that regulate T-cell subsets and innate 

lymphocyte (ILC) responses. Oxidative stress is an important regulator of airway 

inflammatory responses, especially in severe asthma associated with increased levels of 

reactive oxygen species (ROS) and reduced anti-oxidant responses (11, 12). The increased 

levels of ROS contribute in different ways to the chronic inflammatory responses, airway 

hypercontractility, and corticosteroid insensitivity (13–15).

This immuno-inflammatory complexity positions asthma as a syndrome with many 

overlapping phenotypes when clinical and physiological parameters are considered. 

Clustering of asthma phenotypes based on these parameters has had some benefit in 

furthering our understanding of the significant heterogeneity of asthma. However, only by 

understanding the underlying mechanisms and pathways (endotypes) involved will we 

advance personalized treatment. Defining asthma clusters based on differentially-expressed 

genes appears more promising to capture the diverse pathways of asthma pathobiology that 

could lead to identification of important targets for therapy and offer insights towards 
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achieving personalized medicine (16–18). This approach has been used to identify genes 

from sputum cells that associated pathway-based transcriptomic clusters to clinically-

important features of asthma (19).

A major challenge faced in a clustering approach is the heterogeneity of the disease, not 

only between patients but also in the same patient at different stages of their disease. Based 

on clinical and physiological parameters, the stability of a patient remaining in the same 

asthma cluster over time is controversial (20, 21). This may not be surprising given the 

number of triggers resulting in an asthma exacerbation. These individual triggers have the 

capacity to activate distinct pathways characterized by unique patterns of inflammatory cell 

accumulation and the response to corticosteroids (Table 1). Notwithstanding the important 

gene-environment interactions that govern these outcomes, epigenetic mechanisms link gene 

regulation to these environmental triggers. Important epigenetic marks that govern the 

distinct stages of asthma from inception to maintenance, to exacerbation, and to resolution, 

are in large part translated to T-cell subset function and cytokine release. Understanding 

these intricate and dynamic interactions between functionally activated T-cell subsets and 

asthma pathophysiology requires well-characterized experimental models and longitudinal 

cellular, molecular, and genetic clinical investigations, with the ultimate goal of identifying 

novel therapeutic approaches.

2.0 The Role of CD4+ T Cells in Patients with Asthma

For several decades, asthma has been considered a T helper 2 (Th2)-driven inflammatory 

disease, characterized by eosinophilic inflammation, Th2 cytokine production [i.e., 

interleukin-4 (IL-4), IL-5, and IL-13], and airway hyperresponsiveness (AHR) (22, 23). In 

the earliest studies, type 2 cytokine-producing CD4+ T cells were identified in the 

bronchoalveolar lavage (BAL) fluid and airway tissue of asthmatics (24). In mice, the 

transfer of Th2 cells was sufficient to induce airway eosinophilia and AHR (25, 26). Naive T 

cells can, under different conditions, differentiate into Th1, Th2, Th9, Th17, or T regulatory 

(Treg) cells, each characterized by the release of distinct cytokine profiles and effector 

functions. Each of these T-cell subsets has been associated with allergic inflammation 

indicating the complex fate decisions and multifaceted involvement in disease pathology 

(27). During differentiation, each of the T-cell subsets is subject to the cytokine milieu and 

the epigenetic environment for the activities they are programmed to exhibit. As is 

increasingly evident, the fate decisions may not be unidirectional or terminal but the cells 

can undergo transcriptional reprogramming exhibiting different effector functions.

In this section, we focus on the contribution of type 2 cytokine-producing CD4+ T cells in 

the development of asthma. Differentiation into Th2 cells is dependent on the cytokine IL-4 

followed by expression of the key transcription factor GATA3. Th2 cells release IL-4 and 

IL-13 which promote IgE production in human B cells, and growth and differentiation of 

human B cells and monocytes (28). Th2 cells protect against nematodes but also play a 

central role in allergic immune responses (29, 30). Based on in vitro and in vivo studies in 

mice as well as in humans, the processes of Th1/Th2 polarization in CD4+ T cells is 

reciprocally regulated (31–33). The expression of the key type 1 transcription factor T-BET 
and production of IFNγ does not only lead to the differentiation of Th1 cells but also exerts 
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an inhibitory function on the maturation of Th2 cells (28). Likewise, GATA3 expression and 

the presence of IL-4 favors Th2 polarization, but additionally inhibit the differentiation of 

Th1 cells (28).

The differentiation of Th2 cells is highlighted by molecular events leading to the activation 

of the IL-4/IL-13 pathway (34–37). IL-4 binds to a receptor composed of an IL-4Rα chain 

and the common γ chain, inducing oligomerization. IL-13 binds to its own specific receptor 

subunit IL-13Rα1 chain to which IL-4 cannot bind, and additionally to the IL-4Rα chain 

(IL-4 receptor α) (38). IL-4 activates the Janus tyrosine kinases (JAK1 and JAK3), while 

IL-13 transmits its signal through JAK1 and the Tyk2 kinase. The activated kinases initiate 

the phosphorylation of the intracellular molecule signal transducer and activator of 

transcription 6 (STAT6). Once phosphorylated, STAT6 forms homodimers which translocate 

to the nucleus and bind to IL-4/IL-13 responsive regulatory gene regions.

The pathophysiological importance of type 2 cytokine production has been demonstrated in 

several studies as increased levels of IL-4, IL-5, and IL-13 were observed in asthmatic 

patients (39–44). GATA3 gene expression in BAL cells and bronchial biopsies from 

asthmatics significantly correlated with IL-5 mRNA levels and AHR (45). In cells from 

induced sputum of asthmatics compared to healthy controls, elevated type 2 cytokine 

receptor expression of IL-4Rα and IL-5Rα were present which correlated with increased 

expression of GATA3 and STAT6 (46). Genetic studies have associated single nucleotide 

polymorphisms (SNP) within the IL-4/IL-13 pathway with susceptibility to asthma (39, 47–

49).

Atopic patients, regardless of asthma status, exhibited increased allergen-specific CD4+ T-

cell activation and IL-5 production after house dust mite (HDM) stimulation of peripheral 

blood mononuclear cells (PBMC) (50). IL-5 production was significantly elevated in PBMC 

and BAL cells from asthmatics (50, 51). The assessment of SS and SR asthmatics and 

healthy controls revealed lower IL-13 levels in CD4+ vs. CD8+ T cells while levels of the 

anti-inflammatory cytokine IL-10 were higher in CD4+ T cells from controls and SS 

asthmatics compared to SR asthmatics (52). A decrease in IL-10 production by 

CD4+CD45RO+ T cells has previously been correlated with severe asthma (53, 54).

2.1 The Role of CD4+ T Cells in Experimental Asthma

The roles of IL-4 and IL-13 in the induction of Th2 responses and lung allergic responses in 

experimental models of asthma were initially demonstrated in genetically-manipulated mice 

deficient in IL-4 or IL-13 (37, 55–57). IL-4-deficient mice in contrast to wild-type (WT) 

mice showed substantial attenuation of IL-5 secretion, IgE production, eosinophilic 

inflammation, and AHR (56, 58). IL-13-deficient mice were unable to develop AHR even 

though airway inflammation and high levels of IL-4 and IL-5 were detectable (57). AHR 

was restored after administration of recombinant IL-13, indicating that IL-13 was also 

necessary for AHR. In contrast to IL-4-deficient mice, IL-13-deficient mice failed to 

generate goblet cells responsible for mucus overproduction (59), a characteristic feature of 

asthma. Hence, IL-13 may be more relevant for mucus hypersecretion and subepithelial 

fibrosis. The strongest effects were seen in mice deficient in both IL-4 and IL-13 (60). Here, 

complete abrogation of eosinophil infiltration, IgE production, and IL-5 secretion were seen, 
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and differentiation to a Th1-like phenotype was demonstrated. Thus, the expression of either 

IL-4 or IL-13 may be sufficient to induce a Th2 response but their concomitant release 

seems to exert an additive effect on the immune response to allergen. As IL-4 and IL-13 

mediate their signaling through IL-4Rα, this receptor plays a central role in allergic 

inflammation. In IL-4Rα-deficient mice, IgE production was diminished and Th2 

differentiation was impaired (61). Mice lacking IL-4Rα were also unable to develop AHR, 

induce mucus production, or airway inflammation (62).

The JAK-STAT signaling pathway is involved in many of the physiologic events that are 

dysregulated in asthma which is why this pathway has been targeted in various immune 

disorders (63). Only a few studies have investigated the effects on asthma pathogenesis after 

inhibition of the JAK pathway. Using the JAK1 and JAK3 inhibitor R256, the in vitro 
differentiation of Th2 cells was prevented by blocking the phosphorylation of STAT6 and 

STAT5 without affecting Th1 and Th17 differentiation (64). Lung allergic responses 

including AHR, eosinophilia, airway inflammation, and Th2 cytokine production in the BAL 

fluid were prevented in a model of experimental asthma when R256 was administered 

during the sensitization phase (64). As shown in vitro, cytokine release by Th1, Th17, and 

Treg cells in the BAL fluid remained unaltered in R256-treated mice in response to allergen 

sensitization and challenge (64). When mice were treated with R256 during the challenge 

phase in an acute model or a secondary allergen challenge model, AHR, eosinophilia, and 

goblet cell metaplasia were significantly attenuated (64). However, Th2 cytokine levels 

including IL-4, IL-5, and IL-13 in the BAL fluid were not reduced in response to R256 

treatment during the challenge phase in both models suggesting that the inhibitory effects 

were limited to an early stage of Th2 polarization and potentially downstream of the Th2 

cytokine receptor signaling pathway (64). Other drugs (tofacinitinib, pyridine 6) targeting 

the JAK family members have been reported to reduce lung allergic responses in vivo (65, 

66). BAL cells from asthmatics and healthy controls cultured in the presence of tofacinitinib 

alone or in combination with the corticosteroid dexamethasone (DEX) decreased the 

production of IFNγ, IL-13, and IL-17 (67). Unlike R256, these pan-JAK inhibitors also 

altered Treg, Th1, and Th17 responses.

Naive cells from mice lacking STAT6 were not capable of differentiating into Th2 cells (68–

70). Following allergen sensitization and challenge, STAT6-deficient mice failed to develop 

AHR and airway eosinophilia (71, 72). Consistent with these observations, lower levels of 

the Th2 cytokines IL-4 and IL-5, but increases in the Th1 cytokine IFNγ were detected (72). 

Moreover, total serum and ovalbumin (OVA)-specific IgE production were completely 

abolished accompanied by significantly increased IgG2a responses in the serum and 

increased IFNγ levels in the BAL fluid. Following reconstitution with IL-5, AHR and 

airway eosinophilia were similar to WT mice (72). Of note, STAT6-deficient mice receiving 

IL-5 still developed a Th1 response after sensitization and challenge as reflected by high 

IFNγ and IgG2a production paralleled by low levels of IL-4 and the absence of goblet cell 

metaplasia, total IgE, and OVA-specific IgE (72).

Another gene regulated through the JAK/STAT pathway is the serine/threonine kinase Pim1 
whose activity can be induced by type 2 cytokines. The role of PIM1 kinase has mainly been 

studied in tumor pathogenesis (73–77) but expression of Pim1 was critical to the IL-5-
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induced survival of eosinophils (78, 79) and promoted cell survival in T cells (80). Further, 

PIM1 expression was elevated in BAL eosinophils compared to blood cells from asthmatics 

in response to in vitro allergen exposure (81). Levels of PIM1 kinase were increased in the 

lungs of sensitized and challenged mice (82). To determine the role of PIM1 kinase in 

experimental asthma, mice were treated with a PIM1 kinase inhibitor during the challenge 

phase resulting in dose-response outcomes with significantly lower BAL eosinophil 

numbers, goblet cell metaplasia, AHR, and BAL cytokine levels including IL-4, IL-5, IL-13, 

and IFNγ in comparison to sham-treated mice (82). Interestingly, CD4+ as well as CD8+ T 

cell numbers in the lungs were significantly diminished in response to in vivo treatment with 

the inhibitor during the challenge phase (82). In vitro cultures confirmed these findings with 

reduced proliferative responses of both T-cell subsets in response to T-cell receptor (TCR) 

stimulation (anti-CD3/CD28) combined with the PIM1 kinase inhibitor, leading to lower 

cytokine production of IL-4, IL-5, IL-13, and IFNγ in the supernatants of cultured cells 

(82). Based on findings on the pharmacological inhibition of PIM1 kinase activity in an 

allergen-induced model of experimental asthma, de Vries and colleagues investigated 

whether PIM1 kinase activity protects against the development of HDM-induced allergic 

asthma in vivo by preserving airway epithelial integrity (83). Pim1-deficient mice 

demonstrated a similar increase in lung allergic responses including eosinophilia, mucus 

production, and AHR in comparison to WT mice exposed to HDM while the Th2 cytokines 

IL-5 and IL-10 were significantly increased in HDM-treated Pim1-deficient mice (83). 

Albeit in a relatively small population, primary bronchial epithelial cells (PBEC) from 

healthy controls and moderate/severe asthmatics cultured by air-liquid interface suggested 

that the inhibition of the PIM1 kinase reduced the viral load of cells infected with human 

rhinovirus (HRV) in both the healthy controls and asthmatics (84). Analyses of the 

expression of IFNβ and IL-29 showed strongly enhanced mRNA levels upon HRV infection 

compared to mock-infected control PBEC in healthy controls accompanied by enhanced 

STAT1 phosphorylation which was further enhanced in the presence of the PIM1 kinase 

inhibitor (84).

An important relationship exists between PIM1 kinase and the Runt-related transcription 

factor (Runx). PIM1 kinase regulates RUNX expression in vitro (85). Runx3 is required for 

epigenetic silencing in cytotoxic lineage thymocytes (86). Importantly in the current context, 

Runx3 cooperates with T-bet to repress the production of IL-4 by binding to the Il-4 silencer 

element in the Th2 cytokine locus and promotes the production of IFN-γ in Th1 cells (87–

89). Loss of RUNX3 results in the spontaneous development of inflammatory bowel disease 

and allergic asthma (90, 91). The contribution of PIM1 in the pathogenesis of atopic diseases 

was confirmed in an experimental model of peanut allergy (92). The inhibition of PIM1 

kinase attenuated peanut-induced allergic responses in vivo and was associated with reduced 

expression of Gata3 as well as levels of Il-17a and Rorγt. Inhibition of PIM1 kinase was 

associated with increased expression of Runx3, identifying an important inverse relationship 

between PIM1 kinase and Runx3; the higher the levels of PIM1 kinase, the lower the levels 

of Runx3 and greater Th2 levels; the higher the levels of Runx3, a greater repression of IL-4 

was observed paralleled by reduced allergic disease.
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3.0 Pathogenic Role of CD8+ T Cells in Asthma

Among the different T cell subsets implicated in asthma pathogenesis, the role of CD8+ T 

cells has received limited attention. CD8+ T cells have been associated with recognition and 

destruction of cells that are infected with viruses and other intracellular pathogens. There are 

now increasing reports of the presence of CD8+ T cells in the BAL fluid and sputum of 

asthmatic patients as well as increased numbers of CD8+ T-cell numbers in patients with 

status asthmaticus (93–95). In experimental models of asthma in mice, CD8+ T cells were 

shown to contribute to the development of methacholine-induced AHR, airway eosinophilia, 

and mucus hyperproduction. The role of CD8+ T cells has gained support because of the 

important properties they exhibit in some subsets of asthmatics (93–98). Unlike CD4+ T 

cells, CD8+ T cells appear to be steroid-insensitive (52, 99). CD8+ T cells, similar to other 

subsets, have the capacity to undergo transcriptional reprogramming and release pro-allergic 

cytokines (100). Many environmental triggers selectively lead to the accumulation of CD8+ 

T cells in the lung including viruses, changes in air quality (ozone and diesel exhaust), and 

cigarette smoke (5–10) (Table 1).

3.1 Role of CD8+ T Effector (Teff) Cells in Experimental Asthma

A number of studies reported that CD8+ T cells play a protective role in allergic disease 

(101–105). In a rat model of experimental asthma, depletion of CD8+ T cells upregulated 

late airway responses, AHR, and airway inflammation (101, 102) while administration of 

antigen-primed CD8+ T cells suppressed these responses (103). Regulatory or suppressive 

effects on lung allergic responses have been associated with secretion of type 1 cytokines 

such as IL-12 and IFNγ (104, 105). Immunization of mice with a vaccine comprised of 

antigen and cationic liposome-DNA complexes generated antigen-specific CD8+ T cells 

which, when adoptively transferred into sensitized and challenged mice, suppressed 

development of AHR, airway eosinophilia, and Th2 cytokine production. Suppression by the 

transferred CD8+ T cells was dependent on IFNγ production (106).

The plasticity of CD8+ T cells and their pro-asthmatic activities have been demonstrated in 

many ways. We initially showed that the depletion of CD8+ T cells attenuated AHR and 

airway inflammation in mice exposed to allergen exclusively via the airways, in the absence 

of systemic sensitization (107). The responses were restored following reconstitution of 

CD8+ T cells. Using CD8-deficient mice, lacking expression of CD8α, allergen-induced 

AHR and airway inflammation as well as IL-13 levels were significantly reduced compared 

to WT mice. This failure to fully develop AHR and lung inflammation was not the result of 

depletion of CD8α on other cell types as reconstitution of the mice with antigen-primed 

CD8+ T cells restored development of lung allergic responses and AHR through the release 

of IL-13 (108). IL-13-deficient CD8+ T cells were unable to restore these responses. Thus, 

in this study and others CD8+ T cells were shown to be prime sources of type 2 cytokines 

(109–113).

Two distinct populations of antigen-experienced CD8+ T cells, labeled effector memory 

(Teff) and central memory (Tcm) CD8+ T cells have been described (114–116). They 

differed significantly in their functional and migratory properties and were distinguished by 

the relative expression of CD62 ligand (CD62L) and CCR7. Antigen-experienced 
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CD62Lhigh and CCR7high CD8+ Tcm homed preferentially to lymph nodes whereas antigen-

experienced CD62LlowCCR7low CD8+ Teff cells trafficked more efficiently to non-lymphoid 

tissues and sites of inflammation and acquired effector function more rapidly. In vitro, CD8+ 

T cells can be differentiated in culture to either of these subtypes. When cultured in the 

presence of IL-15, antigen-specific CD8+ T cells developed the phenotypic and functional 

characteristics of CD8+ Tcm, whereas CD8+ T cells cultured in the presence of IL-2 showed 

characteristics of CD8+ Teff (116, 117).

To examine the function of CD8+ Teff and Tcm in the development of experimental asthma, 

CD8-deficient mice received either of these subsets after sensitization and prior to challenge 

(103). Transfer of Teff but not Tcm fully enabled development of allergen-induced lung 

allergic responses; the transferred Teff were recovered from the lung whereas Tcm were 

recovered from the local lymph nodes. Moreover, the Teff in the lung were shown to have 

expanded significantly and to produce IL-13. Even in WT mice, transfer of Teff further 

enhanced the development of AHR, airway eosinophilia, and mucus production as well as 

increased IL-13 levels in the BAL fluid. These studies established the role of a distinct 

subset of CD8+ Teff cells in the development of allergen-induced AHR and airway 

inflammation (Figure 1).

3.2 NOTCH Signaling Regulates CD8+ Teff Differentiation

Examining transcription factor expression in activated cells, strong induction of Notch1 was 

demonstrated specific to Teff in contrast to Tcm (118). The NOTCH signaling pathway is a 

highly conserved program for cell fate decisions in all organisms (119, 120). The signal 

induced by ligand binding is transmitted intracellularly by a process involving proteolytic 

cleavage of the NOTCH receptor by γ-secretase and nuclear translocation of the 

intracellular domain of the NOTCH family protein. γ-secretase inhibitors (GSI) suppress 

NOTCH activation. Some studies have suggested that NOTCH activation suppresses CD8+ T 

cell effector functions (121, 122) while inhibition of NOTCH signaling reduced the numbers 

of IFNγ-producing CD8+ T cells suggesting that NOTCH activation may be required for 

CD8+ T cell function (123). Treatment of CD8+ Teff with a GSI strongly inhibited NOTCH 

signaling in these cells and after adoptive transfer, GSI-treated Teff failed to restore AHR 

and airway inflammation in sensitized and challenged CD8-deficient recipients or enhance 

these responses in WT recipients (118). The effects of GSI were associated with increased 

expression of the NOTCH ligand DELTA1 in Teff and treatment with DELTA1-Fc resulted 

in decreased lung allergic responses associated with increased IFNγ in the BAL fluid. Thus, 

the NOTCH signaling pathway was an important regulator of CD8+ Teff differentiation to a 

pro-allergic effector pathway.

3.3 ERK1/2 Signaling Regulates CD8+ Teff Activation

Mitogen-activated protein kinases (MAPKs) play important roles in intracellular signal 

transduction in many cells. Extracellular signal-regulated kinase 1/2 (ERK1/2) was activated 

in the lungs of allergen sensitized and challenged mice when compared to normal, healthy 

lungs (124); activation was associated with many asthma-related events including goblet cell 

metaplasia and MUC5AC production (125), Th2 differentiation (126), B cell proliferation 

(127), and rolling and migration of eosinophils (128). Activation of ERK1/2 appeared 
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important in the development of allergic inflammation (129–131). Treatment of CD8+ Teff 

with an ERK1/2 inhibitor prior to the secondary allergen challenge of sensitized WT mice 

resulted in significant decreases in AHR, airway eosinophilia, mucus production, and IL-5 

and IL-13 levels in BAL fluid compared to recipients receiving untreated CD8+ Teff (132).

3.4 Importance of CD4+ T Cell-Derived IL-4 in CD8+ T Cell Activation

The relative contributions of CD4+ and CD8+ T cells in the development of experimental 

asthma appear dependent on the model used, likely accounting for the differences reported 

by different groups. In light of the capacity of CD8+ T cells to produce type 2 cytokines such 

as IL-4, IL-5, and IL-13 in mice and even in atopic asthmatics (133), the requirement for 

interactions between CD4+ and CD8+ T cells was investigated. Such interactions have been 

shown for CD4+ T cell priming of CD8+ T cells against bacterial or viral challenges (134–

136). In the context of acute infection, CD4+ T cells were required during the maintenance 

phase of long-lived memory CD8+ T cell development (137). The indication of a 

requirement for interaction between the two subsets in a setting of asthma emerged in 

studies of MHC class-I restricted OVA peptide-specific TCR transgenic OT-1 mice (109). 

Following sensitization and challenge to OVA, because of the absence of functional CD4+ T 

cells, these mice failed to develop lung allergic responses. In contrast, transfer of CD4+ T 

cells prior to sensitization restored responsiveness leading to AHR, airway eosinophilia, 

goblet cell metaplasia, production of type 2 cytokines, and an increased number of lung 

CD8+IL-13+ T cells. Transfer of naive CD4+ T cells from Il-4-deficient mice before 

sensitization failed to trigger development of lung allergic responses or increases in 

CD8+IL-13+ T cells in the recipients (109). To more directly demonstrate the requirement 

for IL-4, recombinant IL-4 was administered to OT-1 mice during sensitization, which 

effectively restored the full spectrum of lung allergic responses including increases in 

CD8+IL-13+ T cells. To further establish the role of IL-4 in the activation of IL-13-

producing CD8+ T cells, anti-IL-4 was administered to CD8-deficient mice prior to transfer 

of antigen-primed CD8+ T cells. Recipients of anti-IL-4 failed to develop AHR, airway 

inflammation, goblet cell metaplasia, or increases in IL-13-producing CD8+ T cells (100). 

IL-4 is known to stimulate a number of intracellular signaling cascades in CD8+ T cells 

(138). IFNγ and IL-4 reciprocally regulate type 2 polarization of CD8+ T cells. IL-4 

activated effector CD8+ T cells to express type 2 as well as type 1 cytokines. Endogenously-

produced IL-4 was a direct stimulator of CD8+ T-cell proliferation and these responses were 

enhanced in a model of airway disease (139). In a tumor model, tumor-derived IL-4 induced 

the expression of type 2 cytokines and Gata3 by responding CD8+ T cells (140). Taken 

together, the data indicated that CD4+ T cells and IL-4 during the allergen sensitization 

phase were central to the full activation of CD8+ T cells to convert to IL-13 producers, 

which was essential to development of the full spectrum of lung allergic responses.

3.5 LTB4-BLT1 Pathway in CD8+ T Cell Activation

BLT1 is a high affinity receptor specific for LTB4, whereas BLT2 is a low affinity receptor 

which also binds other eicosanoids. These two receptors differ in their expression pattern: 

BLT1 is expressed primarily on leukocytes, whereas BLT2 is expressed more ubiquitously 

(141). LTB4 was described as a chemoattractant for myeloid leukocytes (142, 143) while 

BLT1 was shown to be expressed on granulocytes, macrophages, monocytes, and 
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eosinophils, and to a lesser extent on naive lymphocytes (141, 144–148). BLT1 also acts as 

an important attractant for differentiated T cells. BLT1 expression on mouse CD4+ T cells 

that have been differentiated in vitro to effector phenotypes (149). In vitro, activated CD4+ T 

cells cultured under non- (Th0), Th1-, or Th2-polarizing conditions all had increased levels 

of mRNA encoding Blt1 compared with naive cells, which expressed little Blt1 (149). In 

contrast, expression of BLT2 on naive T cells or on Th0, Th1, or Th2 effector cells was not 

detected. BLT1 expression was induced in CD4+ T cells leaving the lymph node and 

entering the tissue after activation by antigen (149). Similarly, BLT1 expression on mouse 

CD8+ T cells following in vitro differentiation to effector phenotypes has been shown (150, 

151).

The LTB4-BLT1 pathway appears to play an important role in the recruitment and activation 

of IL-13-producing CD8+ Teff in the lung (Figure 1). In vitro-generated CD8+ Teff express 

higher mRNA levels of the LTB4 high affinity receptor, Blt1, than CD8+ Tcm (150, 151). To 

investigate whether BLT1 expression was essential for the development of CD8+ T-cell-

mediated allergen-induced AHR and inflammation, BLT1+/+CD8+ or BLT1−/−CD8+ T cells 

were transferred into CD8-deficient mice (152). A similar approach was taken by adoptively 

transferring in vitro-generated CD8+ Teff. Only CD8+ T cells or Teff expressing BLT1 were 

capable of fully reconstituting all of the lung allergic responses, including increases in BAL 

IL-13 levels. These data established the essential and functional role of the LTB4 receptor on 

CD8+ T cells for accumulation in the lungs of sensitized and challenged mice. Further, 

numbers of BLT1+CD8+IL-13+ T cells were significantly increased in the lungs or BAL 

fluid of sensitized and challenged recipients (152). Initially, it was reported that trafficking 

of Teff into the airway did not differ in the presence or absence of this receptor following 

adoptive transfer and airway challenge of naive (non-sensitized) recipients (149). However, 

using sensitized and challenged mice as opposed to naive recipient mice, migration of 

transferred BLT1−/− Teff into the lung as well as BAL fluid was significantly impaired 

compared to transferred BLT1+/+ Teff (152). As recipient mice were sensitized to OVA prior 

to OVA challenge, LTB4 production in the lungs was shown to be significantly higher than 

levels in recipients that were non-sensitized and challenged only (153). The increased levels 

of LTB4 played a pivotal role in enhancing the recruitment of transferred BLT1+/+ Teff into 

the lung. In a different lung disease model, BLT1 was shown to contribute to the 

development of lung rejection and obliterative bronchiolitis by mediating effector CD8+ T 

cell trafficking into the lung (154). Different members of the chemokine family are known to 

be subset-selective chemoattractants for T cells. CCL2 and CCL5 may be important in the 

recruitment of CD8+ T cells (155). CD8+ Teff were reported to migrate in response to CCL5 

as well as LTB4 in vitro (156). It appears that the LTB4-dependent pathway and signals 

contribute at least one essential link to a chain of molecular events that lead to efficient 

recruitment of CD8+ Teff to the allergic airways (Fig. 1).

3.6 The IgE-FcεRI-Mast Cell-CD8-BLT1-IL-13 Connection

Many of the studies carried out in mice utilized systemic sensitization and challenge. This 

experimental model was shown to be (relatively) IgE- and mast cell-independent as mast 

cell-deficient mice and B cell-deficient mice developed comparable levels of airway allergic 

responses as control littermates (157, 158). To compare different approaches, responses in a 
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well-characterized mast cell-dependent system were examined. In this model, CD8+ T cells 

were shown to be required for development of altered airway responsiveness (159). Briefly, 

following 10-day allergen exposure via the airways (in the absence of systemic sensitization 

with alum), FcεRI-deficient mice failed to develop altered airway function, less airway 

inflammation, and lower IL-13 levels (160). Transfer of WT bone marrow-derived mast cells 

(BMMC) into FcεRI-deficient recipients fully restored these responses. Transferred GFP-

labeled mast cells were detected in the tracheal preparations, confirming that IgE-FcεRI-

mast cells were involved in the responses after 10 days of airway allergen exposure (160).

IL-13 was shown to be critical as these responses did not develop in Il-13-deficient mice and 

were attenuated in WT mice treated with an IL-13 receptor antagonist. Transfer of WT 

BMMC into Il-13-deficient mice similarly failed to restore lung allergic responses, 

suggesting that IL-13 was derived from another cell type other than mast cells (160). One 

explanation for the failure to develop altered airway function and airway inflammation in 

these experiments could have been the absence of an allergen-specific IgE response. To 

address this possibility, different strains of mice were passively sensitized with allergen-

specific (OVA) IgE (161) which was administered prior to airway challenge. Mast cell-, 

FcεRI-, IL-13-, BLT11, and CD8-deficient mice all failed to develop alterations in airway 

responsiveness following passive sensitization with OVA-specific IgE and limited airway 

allergen challenge (159, 160). Recipient CD8-deficient mice, reconstituted with CD8+ Teff, 

restored all of the responses. Moreover, only Teff expressing BLT1 but not BLT1−/− Teff 

were capable of doing so. The numbers of BLT1+ Teff cells were significantly higher in the 

lungs of recipients than recipients of BLT1−/− Teff. In addition, the induction of increased 

airway responsiveness and their accumulation in the lung following transfer of BLT1+CD8+ 

Teff could be blocked by administration of an LTB4 receptor antagonist. In parallel, BAL 

levels of LTB4 were monitored. LTB4 levels in mast cell- and FcεRI-deficient mice were 

significantly lower compared to control littermates following passive sensitization and 

challenge, suggesting that mast cells were a primary source of LTB4. Thus, in both mast 

cell-independent (systemic sensitization) and mast cell-dependent systems, support for an 

LTB4-BLT1-CD8+ Teff-IL-13 module was demonstrated.

These results were further confirmed using leukotriene A4 hydrolase (LTA4H)-deficient 

mice which failed to synthesize LTB4 (162). The role of this lipid mediator was investigated 

in allergen-induced airway alterations using two approaches. First, LTA4H-deficient and WT 

mice were systemically sensitized and challenged to allergen via the airways (mast cell-

independent). Second, the animals were initially passively sensitized with OVA-specific IgE, 

followed by challenge with OVA via the airways (mast cell- dependent). In both approaches, 

LTA4H-deficient mice developed little AHR and eosinophilia, and IL-13 levels in the BAL 

fluid were significantly lower compared to WT mice. Transfer of LTA4H+/+ but not 

LTA4H−/− BMMC into LTA4H-deficient mice reconstituted AHR and lung allergic 

responses in passively sensitized recipients.

Although the importance of LTB4 in allergic airway disease and T cell activation was 

suggested over two decades ago (145), the role of LTB4 in the recruitment of antigen-

specific effector CD8+ T cells in both mast cell-dependent and -independent allergic airway 
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responses underscores how control of this LTB4-BLT1 pathway may provide novel 

therapeutic opportunities for the treatment of asthma.

3.7 Transcriptional Reprogramming of CD8+ T Cells from a Tc1 to a Tc2 Phenotype

T helper cell lineage commitment and differentiation fate have often been viewed in a 

unidirectional non-reversible manner, with endpoints exhibiting distinct effector functions. It 

now appears that the different T-cell subsets exhibit plasticity and can undergo 

transcriptional reprogramming, redirecting their functional roles. In large part, these 

differentiation decisions are dictated by specific cytokines in the microenvironment. Most 

studies have focused on CD4+ T cells, with examples of reciprocal regulation of polarization 

by IL-4 and IL-12/IFNγ (163, 164). In contrast, little is known about the mechanisms 

underlying the functional plasticity of CD8+ T cells (100, 165) or the pathways involved. 

Epigenetic mechanisms regulate CD4+ T cell lineage differentiation from Th0 to Th1, Th2, 

regulatory T cells, and Th17 subsets (166–168). Th2 polarization is regulated by association 

of the permissive histone modification trimethylation of lysine 4 of histone 3 (H3K4me3) 

with the IL-4 promoter and repressive trimethylation of lysine 27 of histone 3 (H3K27me3) 

with the IFNγ promoter (167). Alterations in H3K4me3, H3K27me3, and histone 

acetylation regulate CD8+ T cell memory development (168–171), and permissive histone 

modifications poise cytokine gene promoters for rapid transcription after stimulation. Little 

is known about the interrelationships of histone regulation, asthma pathophysiology, and 

CD8+ T cell plasticity as opposed to fixed lineage commitment.

We proposed that antigen-specific CD8+ T cells committed to IFNγ production, when 

exposed to IL-4 in vitro or an atopic environment, transit through distinct differentiation 

stages characterized by changes in transcription and translation resulting in IL-13-producing 

CD8+ T cells (100). In a different system, Hayashi et al. (172) showed that Th1 cells, 

committed to IFNγ production, can also convert to Th2 cytokine production such as IL-13 

under specific conditions. As reviewed by O’Shea and Paul (164), it is still unclear what is 

meant by the terms lineage stability and plasticity/conversion, and how they can be 

distinguished.

Based on our findings of the contributions of CD4+IL-4+ T cells in the initial activation of 

CD8+ T cells (109), we examined the role of IL-4 during the functional differentiation of 

CD8+ T cells in a carefully regulated and staged in vitro system (100). This system was used 

to identify mechanisms controlling the plasticity of CD8+ T cells, focusing initially on the 

functional development of CD8+ T cells into IFNγ or IL-13 producers in vitro. To examine 

the mechanisms involved in this “stepwise” conversion, we monitored expression of the 

lineage-specific master regulatory transcription factors that control T cell differentiation. 

Before TCR re-stimulation, but after IL-4 treatment, Gata3 expression levels significantly 

increased in CD8+ T cells, whereas T-bet levels (and repressor of GATA3) decreased. 

Differences in Runx3 and Eomes expression were also observed. Interestingly, changes in 

lineage-specific transcription factors required only IL-4 and were not dependent on TCR re-

stimulation. In contrast, IL-4-mediated induction of IL-13 mRNA and protein expression 

required TCR re-stimulation. Thus, IL-4 alone was sufficient to alter lineage-specific 

transcription factor levels during CD8+ T cell differentiation, poising these cells to produce 
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cytokines, but only after TCR engagement. In addition, we observed IL-4-induced 

epigenetic programming of CD8+ T cells that poised the Il-13 locus for transcription after 

TCR re-stimulation in vitro or after adoptive transfer and allergen challenge in vivo. 

H3K4me3 binding to the Gata3 and Il-13 promoters was dependent on IL-4 treatment and 

occurred even in the absence of TCR re-stimulation, whereas H3K4me3 histone 

modifications at the T-bet and Ifnγ promoters were not regulated by IL-4. The in vitro and in 
vivo data demonstrated that IL-4 alone, in the absence of TCR re-stimulation, resulted in 

epigenetic poising of the Il-13 locus through the gain of permissive and loss of repressive 

histone modifications, which were co-regulated with recruitment of RNA polymerase II. 

IL-4 was also required for Gata3 expression in CD8+ T cells and IL-4-dependent recruitment 

of GATA3 protein to the Il-13 promoter. IL-4-mediated Gata3 promoter recruitment 

coincided with histone modifications and RNA polymerase II recruitment, but was 

temporally separated from the enhancement of IL-13 transcription and protein production. 

TCR ligation was required for IL-13 protein production, but interestingly, GATA3 was not 

associated with the Il-13 promoter during the TCR re-stimulation stage during in vitro 
differentiation. Similar to CD4+ T cells, the binding of GATA3 at the Il-13 locus in CD8+ T 

cells corresponded with changes in histone methylation. Binding of GATA3 was associated 

with significantly enhanced permissive H3K4me3 and significantly decreased repressive 

H3K27me3 histone marks to the Il-13 locus in CD8+ T cells treated with IL-4. Enhanced 

IL-13 transcription and protein production in CD8+ T cells were temporally associated with 

sustained permissive H3K4me3. The data support a model in which IL-4-mediated GATA3 

recruitment regulates histone modifications at the promoter, which then poise the Il-13 locus 

for transcription after a TCR stimulus. In the absence of IL-4, GATA3 was not recruited to 

the Il-13 promoter, and consequently, TCR re-stimulation did not result in cytokine 

production.

As a result, an allergic inflammatory lung microenvironment containing IL-4 supports 

asthma pathogenesis through epigenetically poising CD8+ T cells for Tc2 conversion via 

differential histone modifications at lineage-specific promoter regions (100). These 

observations indicate that the Tc2 pathway requires an extrinsic stimulus, IL-4, whereas the 

Tc1 pathway may represent a default pathway, because addition of IL-4 did not greatly 

affect the histone modifications at the T-bet or Ifnγ locus. Further understanding of the 

molecular mechanisms by which IL-4 and GATA3 regulate the plasticity and/or stable 

conversion of CD8+ T cells may reveal novel therapeutic strategies and new targets for the 

treatment of asthma.

3.8 Steroid Insensitivity of CD8+ T Cells

Corticosteroids effectively suppress inflammatory responses through repression of many 

immune genes by means of interaction with the glucocorticoid receptor. To some extent, this 

explains the benefits in many patients with asthma, but not in those asthmatic patients who 

suffer a decrease in lung function despite high doses of inhaled or oral corticosteroid 

treatment (173–175). Paradoxic effects of corticosteroids on neutrophils, such as increased 

LTB4-induced intracellular Ca2+ mobilization, chemotaxis, and enhanced survival have been 

reported (176, 177). These effects were mediated through upregulation of BLT1 expression, 

a major neutrophil chemoattractant receptor (176, 177). Susceptibility to corticosteroids 
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differs among T-cell subpopulations and states of maturity (178). Because administration of 

corticosteroids to asthmatic patients results in significant decreases in numbers of CD4+ but 

not CD8+ T cells in peripheral blood (179), activated CD8+ T cells are likely more resistant 

to corticosteroids than CD4+ T cells. Therefore, CD8+ Teff are proposed to play a more 

important role in the pathophysiology of inflammatory diseases than CD4+ T cells after 

initiation of corticosteroid treatment.

Studies in mice showed that activated CD8+ T cells were more resistant to DEX than CD4+ 

T cells in the presence of IL-2; DEX treatment upregulated BLT1 expression on Teff in a 

dose-dependent manner likely through increased IL-2R expression (99). The consequences 

of increased BLT1 expression were enhanced by LTB4-induced intracellular Ca2+ influx, 

phosphorylation of ERK1/2, in vitro chemotaxis, CD8+ Teff-mediated AHR and allergic 

airway inflammation. The effects of corticosteroids on the upregulation of BLT1 on CD8+ 

Teff and their ability to potentiate AHR and allergic airway inflammation is proposed to 

represent an example of a “steroid-insensitive” pathway. Enhancement or amplification of 

the LTB4/BLT1 pathway by corticosteroids represents a potentially important negative factor 

in asthmatic patients receiving high doses of inhaled or oral corticosteroids.

Glucocorticoid-insensitivity of lymphocytes has also been described in a number of human 

diseases (180–184). DEX treatment of human CD4+ and CD8+ T cells revealed significant 

differences: in normal CD4+ T cells but not CD8+ T cells, DEX induced histone H4K5 

acetylation (185). DEX responses were impaired in CD8+ T cells compared to CD4+ T cells 

when IL-10 and MAPK phosphatase induction were monitored. Further, the findings 

suggested that activating transcription factor-2, via acetylation of the histone H4K5 residue, 

controls steroid-mediated gene transactivation and accounts for the differences in 

corticosteroid responsiveness between CD4+ and CD8+ T cells (185). When peripheral 

blood CD4+ and CD8+ T cells were examined from SS and SR asthmatics, the expansion of 

anti-CD3/CD28 activated cells was markedly different in the presence of corticosteroid (52). 

In both SS- and SR- activated CD4+ T cells, expansion was significantly reduced in the 

presence of corticosteroid. In contrast, SR asthmatic CD8+ T cell expansion was maintained 

after corticosteroid treatment. The data demonstrated that human CD8+ T cells, similar to 

mouse CD8+ T cells, are relatively steroid-resistant compared to CD4+ T cells.

3.9 Role of CD8+ T Cells in Human Asthma

Whereas the studies in experimental asthma enable manipulation and direct evaluation of the 

role of CD8+ T cells in the development of airway inflammation and altered airway function, 

studies in asthmatics are necessarily associative. CD8+ T cells may be triggered by allergens 

as a result of cross-presentation of exogenous allergen by MHC I on airway dendritic cells to 

CD8+ T cells. Increasing evidence further supports the contribution of CD8+ T cells in 

asthma pathogenesis. CD8+ T cells have been demonstrated in the BAL fluid and sputum of 

patients with asthma (186, 187) and in lung tissue of subjects with fatal asthma (188). 

Further, an association between CD8+ T cells in sputum and asthma severity, as measured by 

bronchial hyperresponsiveness to histamine, has been demonstrated (133). In addition to 

production of type 2 cytokines by CD4+ T cells, CD8+ T cells were also found to produce 

IL-4 and IL-5 in the airways of asthmatics (94, 133). In patients with severe asthma, 
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transcriptome analyses showed large changes in circulating CD8+ but not CD4+ T cells 

(189). In non-smokers with fatal asthma, CD8+ but not CD4+ T cells were significantly 

increased in the lung (190). A unique population of IL-6Rα high effector memory CD8+ T 

cells was found in peripheral blood of asthmatics with an increased frequency compared to 

healthy control subjects (191). These cells proliferated, survived, and produced high levels 

of the type 2 cytokines IL-5 and IL-13 and expressed increased levels of GATA3 and 

decreased levels of T-BET and BLIMP-1 in comparison with other effector memory CD8+ T 

cells. GATA3 was shown to be required for IL-6Rα expression. Further, IL-6Rα high 

effector memory CD8+ T cells exclusively produced IL-5 and IL-13 in response to asthma-

associated respiratory syncytial virus and bacterial superantigens (191).

In a 7.5-year follow-up study including 32 patients with asthma, the annual fall in post-

bronchodilator forced expiratory volume in 1 second (FEV1) was not related to the thickness 

of the reticular basement membrane layer or to eosinophil counts in bronchial biopsies, but 

was correlated with an increase in CD8+ T cell numbers (192). These data prompted the 

conclusion that the annual decline in lung function could be predicted by the bronchial 

CD8+ T cell infiltrate. This also suggested that the inflammatory phenotype in asthmatics 

has prognostic significance, and because of CD8+ T cell insensitivity to corticosteroid, 

requires novel therapeutic strategies. This same group also carried out a 14-year follow-up 

study of asthmatics to determine which inflammatory markers in the bronchial mucosa were 

associated with lung function decline (193). Lung function decline was associated with both 

CD4+ and CD8+ bronchial T cells at baseline, but at follow-up, lung function decline was 

marked by high CD8+ and CD3+ T cell numbers and granzyme counts. In asthmatics, 

numbers of CD8+ human bronchial intraepithelial lymphocytes were significantly higher 

than CD4+ T cells, further supporting the notion that CD8+ T cells in the mucosa contribute 

to asthma pathogenesis (194). Given the association of severe asthma with airway 

neutrophilia, a greater than 3-fold increase in the expression of MAPK3, shown to be critical 

for airway neutrophilia but not eosinophilia, was demonstrated in CD8+ T cells from 

asthmatics compared to healthy controls; no increases were seen in CD4+ T cells (195).

In a study comparing BAL fluid from mild-moderate asthmatics to healthy controls, an 

association of CD8+BLT1+IL-13+ T cells with asthma was shown (196): a subset of CD8+ T 

cells expressed the high-affinity receptor for LTB4 (BLT1) and produced IL-13. Numbers of 

CD8+ T cells in the airways of patients with asthma were significantly higher compared to 

healthy subjects. The frequency of these CD8+ T cells was inversely related to airflow 

obstruction defined by measurements of FEV1 and FEF[25–75] percent predicted values. The 

results, albeit indirect, supported a pathogenic role for CD8+BLT1+IL-13+ T cells in airway 

obstruction. These findings are in agreement with the results described in experimental 

asthma in mice. As in sensitized and challenged mice (103), the data identified a subset of 

CD8+ T cells in asthmatic airways expressing BLT1 and producing IL-13 similar to CD8+ 

Teff in the mouse model. In asthmatics, numbers of CD8+BLT1+IL-13+ T cells correlated 

with lower lung function and reticular basement membrane thickening.

The phenotype and consequences of activation of human CD4+ and CD8+ T cells were 

further investigated in two subsets of asthmatics defined as SS or SR (52). The percentages 

of T cells that expressed BLT1 were higher in patients with asthma than in those without 
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asthma; in patients with SR asthma, the largest percentages of BLT1-expressing cells were 

detected in activated CD8+ T cells. This increase in BLT1-expressing CD8+ T cells from SR 

asthmatics was maintained in the presence of corticosteroid. The increases in BLT1 

expression were functional as determined by the increased intracellular Ca2+ flux following 

ligation of the receptor by LTB4.

As discussed, CD8+ T cell expansion, especially in SR asthma, was relatively resistant to 

corticosteroids compared to CD4+ T cells. The pathway leading to the generation of lipid 

mediators, including LTB4, is activated in many inflammatory diseases but is resistant to 

corticosteroid treatment (197). The generation of LTB4 appears to be an important 

contributor to SR asthma as confirmed in this study. In patients with SS and SR asthma, 

significant differences between CD4+ and CD8+ T cells were demonstrated (52). Activation 

with anti-CD3/CD28 resulted in the expansion of BLT1-expressing CD8+ T cells in SS and 

SR asthmatics, in contrast to CD4+ T cells. The numbers of BLT1+CD8+ T cells were higher 

in patients with asthma compared to controls. Within the asthmatic group, increases in CD8+ 

T cell numbers were greater in patients with SR asthma compared to SS asthmatics. 

Expansion of activated CD4+ T cells with anti-CD3/CD28 and IL-2 was significantly 

decreased in the presence of DEX, whereas the effects of DEX on expansion of activated 

CD8+ T cells was lower; the smallest effects were seen in CD8+ T cells from patients with 

SR compared to SS asthma. When cytokine levels in cultures of CD4+ and CD8+ T cells 

activated with anti-CD3/CD28 were assessed, levels of IL-13 were higher in CD8+ T cells 

than in CD4+ T cells. In contrast, levels of the anti-inflammatory cytokine IL-10 were 

elevated in CD4+ T cells from controls and patients with SS asthma compared with CD4+ T 

cells from patients with SR asthma. This inverse relation between IL-13 and IL-10 

(increased IL-13 and decreased IL-10 levels in the BAL fluid) has previously correlated with 

disease severity (53, 54). Hence, corticosteroids may exert some of their beneficial effects 

through the induction of IL-10 production (53, 198). Levels of IFNγ, which may down-

regulate Th2 cytokine production and asthmatic responses, were also shown to be lowest in 

CD4+ and CD8+ T cells from patients with SR asthma (52).

Thus, a pathway, similar to that in the mouse, is activated in asthmatics, leads to the 

generation of lipid mediators, is insensitive to corticosteroids, and results in the activation 

and accumulation of steroid-insensitive, IL-13-producing CD8+ T cells in the lung. This 

positions the LTB4-BLT1-CD8+ T cell axis as a major contributor to severe asthma in 

humans.

4.0 CD4+ Tregs Modulate Lung Allergic Responses

In humans and mice, CD4+ T cells represent a large subpopulation of lymphocytes that play 

key roles in developing and controlling immune responses to self and non-self antigens. Any 

imbalances may result in disease (199). A small subset of CD4+ T cells has been identified 

as Tregs based on their capacity to suppress in vitro proliferation of target T cells and 

regulate host immune responses through cell-to-cell contact and production of 

immunomodulatory cytokines, including IL-10 and TFG-β (200–202). These regulatory T 

cells express a lineage-specific transcription master regulator, forkhead box P3 (FOXP3), a 

member of the forkhead/winged-helix protein family, and a distinctive phenotype including 
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constitutive, high expression of the alpha chain of the interleukin 2 receptor (CD25), 

cytotoxic T lymphocyte antigen 4 (CTLA-4), glucocorticoid-induced tumor necrosis factor 

receptor (GITR) and other surface molecules. Among the CD4+ Tregs, two important 

subsets have been defined, naturally occurring Foxp3+CD4+CD25+ Tregs (nTregs), which 

are thymus-derived, and secondary lymphoid-derived inducible Tregs (iTregs) which 

develop from peripheral naive T cells, often in the context of antigen-specific inflammation, 

referred to as adaptive Tregs. Despite their differences in origin and development, there are 

no current consistent or reliable markers to distinguish nTregs from iTregs (203, 204). A 

number of non-CD4+ Tregs have also been described (205), but CD4+ Tregs have dominated 

research and interest, in part because defects in their function and/or numbers resulted in 

identifiable immunological imbalances and autoimmunity in both humans and mice. Males 

with mutations in FOXP3, encoded on the X chromosome (IPEX syndrome), suffer from 

immune dysregulation, polyendocrinopathy, and enteropathy (206). This is a rare disorder 

characterized by multiorgan autoimmunity in early life often resulting in death without 

treatment. In Scurfy mice, an X-linked frameshift mutation results in scurfin protein lacking 

the forkhead domain is responsible for multiorgan autoimmunity in hemizygous males with 

similar manifestations to the human counterparts with IPEX (207).

Significant progress has been made in our understanding of the development and function of 

Tregs as it relates to their indispensable role in the maintenance of immunological tolerance 

and immune homeostasis. In studies of multiple strains of mice in which Foxp3 in CD4+ T 

cells has been attenuated or overexpressed, expression of this gene has been shown to play a 

pivotal role in determining the outcomes of disease (208, 209). We have focused on the role 

of nTregs in the development of experimental models of asthma in mice with various 

allergens including OVA, whole extracts of ragweed (RW), HDM, as well as various OVA 

peptides including SINFEKL and OVA323-339 (132, 210–213).

4.1 Regulation of Lung Allergic Responses by nTregs

To assess the importance of nTregs in the development of lung allergic responses, the effects 

of antibody depletion with anti-CD25 and anti-CD4 antibodies in sensitized and challenged 

Balb/c mice were investigated. We compared the effects of treating sensitized mice with 

anti-CD25 (a combination of 7D4 and PC61 antibodies which was shown to deplete Foxp3+ 

cells) or anti-CD4 (GK1.5) after sensitization but prior to challenge. Depletion of CD4+ 

cells, presumably removing both CD4+ nTregs and CD4+ T effector cells, prevented the 

development of AHR and airway eosinophilia, associated with lower levels of the type 2 

cytokines, IL-4, IL-5, and IL-13 and increased levels of IL-10 and IFNγ in the BAL fluid. In 

contrast, treatment of sensitized and challenged mice with anti-CD25, which depleted 

nTregs, resulted in increased AHR, increased numbers of eosinophils and lymphocytes, 

higher levels of IL-4, IL-5, and IL-13 and lower levels of IL-10 and IFNγ in the BAL fluid. 

Depletion of CD25+ cells prior to allergen challenge of sensitized mice showed a more 

extensive alteration of lung histopathology, including increases in the influx of inflammatory 

cells, mucus hyperproduction, and goblet cell metaplasia. This was in contrast to depletion 

of CD4+ T cells following sensitization and challenge, where mice showed little lung 

pathology. Similar results were obtained in C57BL/6 mice indicating that the effects of CD4 

and CD25 antibody treatment were not strain-dependent (214, 215). Taken together, the 

Gelfand et al. Page 17

Immunol Rev. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



results of depletion experiments identified the regulatory control that nTregs exhibited on the 

development of the full spectrum of lung allergic responses. The differential effects of 

administering anti-CD4 and anti-CD25 on the development of experimental asthma 

highlighted how the balance between lung regulatory and effector CD4+ T cells may impact 

clinical outcomes.

The suppressive activities of nTregs on the development of lung allergic responses were 

further investigated by transferring these cells into sensitized and challenged recipient mice 

(216). Of particular interests were nTregs residing in the lungs of naive donor mice, albeit in 

low numbers. Isolated nTregs from the lungs of naive Balb/c and C57BL/6 (WT) mice were 

characterized by flow cytometry for expression of surface markers and intracellular 

molecules. High constitutive expression of CD25, CTLA-4, and GITR on the cell surface 

and intracellular IL-10, TGF-β, and Foxp3 were detected in nTregs compared to naive 

CD4+CD25− T cells. Further, TCR-induced proliferation of activated T cells was 

significantly reduced in the presence of nTregs. Several mechanisms of suppression of 

proliferation have been suggested including the release of the immunoregulatory cytokines 

IL-10 and TGF-β and cell-to-cell contact via surface molecules such as CTLA-4 (216–218). 

The consequences of intratracheal transfer of isolated, nTregs and naive Foxp3−CD4+CD25− 

conventional T (Tconv) cells from lungs of naive donors on the development of lung allergic 

responses prior to allergen challenge of sensitized recipients were also determined (216). 

Sensitized and challenged C57BL/6 mice given Tconv cells developed significant increases 

in lung resistance (RL) compared to mice challenged alone. In contrast, AHR in recipients of 

nTregs was significantly decreased. Increased AHR in mice which received Tconv cells was 

associated with increased numbers of both eosinophils and lymphocytes, and higher levels of 

IL-4, IL-5, and IL-13 and lower levels of IL-10 and IFNγ in BAL fluid. In contrast, 

recipients of nTregs had reduced airway inflammation, lower levels of IL-4, IL-5, and IL-13 

and higher levels of IL-10 and IFNγ in BAL fluid. Significantly, suppression of lung allergic 

responses was dependent on both IL-10 and TGF-β (216, 217); nTregs from IL-10-deficient 

mice failed to suppress the development of lung allergic responses in sensitized and 

challenged recipient mice (216). We and others demonstrated that nTregs regulated immune 

responses in an antigen-independent manner (211, 219–221); however, antigen-specific 

regulation by nTregs has also been reported (222). Given the development of nTregs in the 

context of the thymus microenvironment and self-antigen (223, 224) and limited TCR 

repertoire (225–227), it is unclear whether nTregs can become antigen-specific as there are 

no reliable marker(s) distinguishing nTregs and iTregs.

4.2 nTregs Attenuate Mast Cell-Dependent Lung Allergic Responses

Given that changes in function and structural thickening of airway smooth muscle have been 

suggested as contributing factors to the severity of asthma (228–230), the effects of nTregs 

on contractility of tracheal smooth muscle (TSM) induced by electrical field stimulation 

(EFS) were examined. EFS is an in vitro technique developed for monitoring TSM tone and 

is critically dependent on antigen-specific IgE, B cells, expression of the high affinity IgE 

receptor FcεRI, mast cells, and mediators released from cellular granules (159, 231, 232). 

Following sensitization through aerosolized allergen challenge in the absence of systemic 

sensitization, a significantly lower electrical current was required to elicit 50% of maximum 
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contraction (EFS50) when compared to EFS50 of TSM from control mice (231). Intratracheal 

transfer of nTregs into mice on day 8 of aerosolized allergen challenges but not on the first 

day of aerosolized allergen sensitization prevented increases in TSM contractility. To 

identify the mechanism involved in nTreg regulation of TSM contractility, we determined 

the effects of nTregs on mast cell degranulation. Following crosslinking surface-bound IgE 

with antigen, mast cells, derived in vitro from bone marrow, were co-cultured with nTregs 

and degranulation was monitored by β-hexosaminidase release. Degranulation of mast cells 

was decreased in cells co-cultured with nTregs but not with naive CD4+CD25− T cells. 

Similar effects of Tregs on mast cells have been shown in other experimental models of 

anaphylaxis (233, 234) and contact hypersensitivity (235).

4.3 Activation of nTregs

Functional activation of nTregs is usually through TCR ligation (200–203). Results of in 
vitro suppression assays have demonstrated TCR-activated nTregs were more effective in 

preventing proliferation of target cells (236–238) and observations in TCR transgenic mice 

that co-express an agonist ligand demonstrated increased numbers of nTregs (239). 

Expression of agonist ligand in peripheral, secondary lymphoid tissues resulted in the 

activation of nTregs (240). Somewhat in contrast, we did not observe requirements for TCR 

activation of nTregs to suppress proliferation of target cells (241). Moreover, suppression 

was seen in an antigen-independent fashion (211). A number of environmental factors and 

compounds including farm environments (242, 243), retinoic acid (244), and rapamycin 

(245) have been reported to maintain and/or increase numbers of nTregs and their regulatory 

function. Some of these effects may be mediated through epigenetic modifications including 

methylation and histone modifications of the FOXP3 locus as histone deacetylase inhibitors 

have been shown to increase numbers and suppressive activities of Tregs in vitro and in vivo 
(246–249).

Although interactions between CD4+ and CD8+ T cells are often necessary for the 

generation of optimal immune responses (199, 250), few, if any, studies have examined such 

interactions in the functional activation of Tregs. We demonstrated a critical requirement for 

engagement of MHC I on nTregs by CD8 for the functional activation of nTregs (251) 

(Figure 2). As described elsewhere in this chapter, a critical role for CD8+ T cells in the 

development of lung allergic responses was initially shown by the failure of sensitized and 

challenged CD8-deficient mice to develop the full spectrum of lung allergic responses. In 

contrast to the suppression of lung allergic responses seen following transfer of WT nTregs 

into sensitized and challenged WT recipients, nTregs from WT mice were shown to enhance 

lung allergic responses, including AHR, airway inflammation, and increases in BAL fluid 

levels of IL-5 and IL-13 in sensitized and challenged CD8-deficient mice. To address the 

differences in the responses of WT and CD8-deficient recipients, CD8+ T cells were isolated 

by negative and positive selection from spleens of naive and sensitized WT donors, and 

injected into sensitized CD8-deficient recipients prior to intratracheal instillation of nTregs 

and allergen challenge (251). Reconstitution with primed (previously sensitized) but not 

naive CD8+ T cells restored the full spectrum of lung allergic responses, comparable to those 

seen in sensitized and challenged WT mice. Both negatively- and positively-selected CD8+ 

T cells from sensitized donors were equally effective in restoring AHR, inflammation, Th2 
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cytokines, and lung histopathology. Surprisingly, the suppressive effects of nTregs on CD8+ 

T cell-mediated airway responses was only seen in CD8-deficient recipients reconstituted 

with negatively-selected, but not positively-selected CD8+ T cells. The interpretation was 

that the bound antibodies on CD8 following positive selection prevented the engagement 

with MHC I on nTregs. The importance of CD8-MHC I engagement on in vivo regulatory 

function was also demonstrated by investigating activities of nTregs from β2-microglobulin-

deficient (β2m−/−) mice or following blocking of MHC I on WT nTregs with anti-MHC I 

antibody. Both anti-MHC I-treated nTregs from WT donors and nTregs from β2m-deficient 

mice, which do not express MHC I, failed to suppress the development of lung allergic 

responses in sensitized and challenged WT recipients. In parallel, in vitro co-culture of WT 

nTregs with negatively-selected naive CD8+ T cells isolated from naive WT mice produced 

significantly higher amounts of IL-10 and TGF-β than co-cultures of these cells in the 

presence of either anti-CD8, anti-MHC I, or nTregs alone. Taken together, both in vitro and 

in vivo data demonstrate a previously unreported mechanism for activating nTreg activity, 

one which involves the interaction of MHC I on lung nTregs and CD8 on T cells (or possibly 

other CD8-expressing cells in the lung, e.g., DC). Activation of these lung nTregs effectively 

reduced AHR, eosinophilic lung inflammation, Th2 cytokine production, and lung 

histopathology (mucus hypersecretion/production and goblet cell metaplasia), likely through 

the production and secretion of IL-10 and TGF-β (216).

Interactions between CD8 and nTregs via MHC I expression appeared to play an additional 

important role in the retention of regulatory function (241). In the absence of this cell-to-cell 

interaction, nTregs from CD8-deficient mice were functionally altered, having a mixed 

phenotype of suppressor and effector cells. These cells had similar levels of expression of 

CD25, CD39, IL-6Rα but higher GITR and lower CTLA-4, IL-10, TGF-β, and Foxp3 levels 

when compared to WT nTregs. The levels of IL-6 were significantly increased. As a 

consequence, Foxp3+CD4+CD25+ T cells from lungs of CD8-deficient mice, in contrast to 

WT mice, failed to suppress the development of lung allergic responses in sensitized and 

challenged WT recipients. The absence of suppression was associated not only with high 

levels of IL-5 and IL-13, but also significant levels of IL-6 in the BAL fluid of the recipients. 

IL-6 is a proinflammatory cytokine that plays a prominent role in host defense and response 

to injury (252). The combination of IL-6 and TFG-β is central to the differentiation of Th17 

cells (253). Similar to nTregs from CD8-deficient mice, IL-6-treated nTregs from WT 

donors failed to decrease lung responses in recipients which was consistent with other 

studies (254–256). In contrast, interference with IL-6 activity by administering anti-IL-6 or 

genetic depletion of IL-6 restored suppression of lung responses in recipients given nTregs 

from CD8-deficient or IL-6-deficient mice (241). Collectively, these data demonstrated the 

inhibitory effects of endogenous or exogenous IL-6 on nTreg function leading to reduced 

Foxp3 expression and suppressive activities.

4.4 Functional Reprogramming of nTregs

The variable effector functions of nTregs, dependent on environmental cues, suggested an 

ability to undergo transcriptional reprogramming, the underpinning of plasticity. Plasticity of 

nTregs was first described in the mid 2000s, including conversion of Tregs into IL-4+ (257), 

IL-13+ (214), IL-17+ (258), or IL-17+/IFNγ+ T cells (259). Prior to these reports, nTregs 
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were thought to be terminally-differentiated, consistent with the concept of unidirectional 

lineage commitment. In the absence of CD8, the functional development of nTregs was 

altered in that they were unable to prevent the development of lung responses in sensitized 

and challenged WT recipients (241). This failure was associated with decreased expression 

of Foxp3, IL-10, TGF-β, CTLA-4, and increased production of endogenous IL-6. However, 

the loss of suppression was not terminally fixed as restoration of regulatory function in CD8-

deficient nTregs could be achieved. CD8-deficient newborn mice received negatively-

isolated CD8+ T cells from naive WT mice by intraperitoneal injection over several weeks. 

When mice reached 6–8 weeks of age, analyses of nTregs from these mice demonstrated 

recovery of regulatory phenotype and function. Levels of IL-6, IL-10, TGF-β, and Foxp3 

were now comparable to those seen in WT nTregs. When transferred into sensitized and 

challenged WT recipients, these nTregs prevented the development of AHR, airway 

inflammation, and increased type 2 cytokines. The restoration of suppression in CD8-

deficient nTregs following CD8+ T-cell reconstitution suggested that reprogramming 

remained possible, potentially after intrathymic development. The functional program 

exhibited by nTregs was not only dependent on CD8-MHC I interactions (214, 241, 251) but 

on a number of pathways including overexpression of IL-4Rα variant (260), cytokines (254, 

261), OX40 stimulation (262), or GITR agonist antibody (214, 263).

In the presence of intact interactions between CD8 and MHC I, the suppressive activities of 

nTregs were maintained despite the presence of elevated levels of IL-6 in the BAL fluid of 

sensitized and challenged WT recipients (241, 261). However, preventing this interaction 

resulted in functional instability and loss of suppressive activity could easily be triggered by 

IL-6 or GITR ligation. Exposure to endogenous IL-6 disrupted the regulatory function of 

CD8-deficient nTregs by decreasing Foxp3 expression. In the absence of CD8-MHC I 

interactions, ligation of GITR on nTregs with host GITR ligand (GITRL) in the lungs was 

shown to be critical in the conversion of nTregs to pathogenic IL-13+CD4+ T effector cells. 

This GITR-GITRL-triggered conversion was mediated through a MAPK signaling pathway 

that involved c-Jun N-terminal kinase 2 (JNK2). Disruption of this signaling pathway, 

including administering anti-GITRL antibody, GITR- and JNK2-deficient nTregs, or 

incubation with the JNK inhibitor, SP600125, prevented the conversion of nTregs to 

IL-13+CD4+ T effector cells and enhancement of lung allergic responses (214, 264, 265). 

This signaling cascade was shown ultimately to involve the activation of NF-κB in the 

nucleus, resulting in effector cell conversion (Figure 2).

4.5 Role of iTregs Cell Activities in Experimental Asthma

In contrast to nTregs, iTregs appear to be antigen-induced and derived differently, but share 

many features. iTregs were generated in vitro by culturing activated (anti-CD3/CD28) 

Foxp3−CD4+CD25− T cells from spleens of naive mice with TGF-β (261). Virus 

transduction of Foxp3 in CD4+ T cells has also been reported to endow these cells with a 

regulatory phenotype and function (209). iTregs shared many of characteristic phenotypes of 

nTregs with high expression of CD25, CTLA-4, GITR, OX40, and intracellular IL-10 and 

Foxp3 (261). Similar to nTregs, iTregs produced significant amounts of IL-10, but unlike 

nTregs, moderate amounts of IFNγ also were detected in culture supernatants by ELISA. 

Adoptive transfer of iTregs into sensitized and challenged WT recipient mice decreased 
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development of the spectrum of lung allergic responses (AHR, inflammation, Th2 

cytokines). At this level, these changes were comparable to those of nTregs, consistent with 

previous reports (266, 267).

4.6 Functional Reprogramming of iTregs

Similar to nTregs, iTregs exhibited functional instability under different conditions, but 

differences in transcriptional reprogramming of iTregs and nTregs were demonstrated (261). 

Enhancement of lung allergic responses mediated by nTregs was shown to depend on 

increases in airway eosinophilia and IL-13, as recipients treated with anti-IL-13 antibody 

prior to cell transfer or given nTregs from Il-13-deficient mice, developed no additional 

increases, with similar lung responses as seen in sensitized and challenged mice given CD4+ 

Tconv cells. In contrast, transfer of iTregs resulted in increases in AHR, airway neutrophilia 

and IL-17 in the BAL fluid, and these changes were prevented by treatment with anti-IL-17 

antibody or transfer of iTregs generated from cells isolated from Il-17-deficient mice. 

Divergence in the signal transduction pathways promoting the conversion of iTregs and 

nTregs into effector cells was also demonstrated in sensitized and challenged CD8-deficient 

recipients (261). Conversion of nTregs into IL-13+CD4+ T effector cells was shown to 

depend on signaling through GITR and any interference with the cascade of GITR-MKK7-

JNK2-cJun prevented the enhancement in recipient mice (214, 264, 265). Interestingly, 

despite being expressed by iTregs, neither GITR nor OX40 signaling appeared to play a role 

in the conversion of iTregs into effector cells in vitro or in vivo (261). In contrast to nTregs, 

treatment of recipients with anti-IL-6, but not anti-GITRL, anti-OX40, or control antibody, 

prevented the enhancement and conversion of iTregs into IL-17+CD4+ T effector cells, as 

transferred cells recovered from anti-IL-6-treated mice had decreased levels of intracellular 

RORγt and IL-17 compared to cells recovered from control antibody-treated recipients. 

Collectively, the reprogramming pathways and enhancement appeared distinct and cytokine-

specific in iTregs and nTregs.

4.7 Role of Tregs in Human Asthma

The importance of Tregs in man is underscored by their absence and consequences in the 

IPEX syndrome (206). However, except for a few reports (268–270), most studies on human 

CD4+CD25+ Tregs have been carried out on cells enriched from peripheral blood and found 

within the population of CD4+CD25high (an arbitrary delineation). Even in this subset 

heterogeneity was present because of the absence of specific markers to distinguish 

Foxp3+CD4+CD25high from the significant presence of activated Foxp3−CD4+CD25hi cells 

(271). In contrast to mouse, activated human CD4+ T cells also transiently express FOXP3, 

but have little or no suppressive activities in vitro (272–274), further contributing to the 

difficult and sometimes controversial descriptions of subsets of human Tregs. Expression of 

Treg-associated markers including CTLA-4, HLA-DR and GITR was also found on 

activated T cells, indistinguishable from bona fide Tregs. Several different classifications 

include CD127low Tregs, CD45RA+Foxp3low naïve Tregs (nTregs), CD45RA−Foxp3high 

effector Tregs (eTregs), CD45RA−Foxp3low cytokine secreting, non-suppressive cells, and 

memory CD45RO+ Tregs (mTregs), which display differences not only in phenotype but 

also in function and behavior (275). In contrast to CD45RA+ Tregs, CD45RO+ Tregs were 

reported to be more suppressive (276), but were prone to acquire effector function, secreting 
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IL-17 in vitro (271). The eTregs were capable of greater expansion than nTregs, and fewer 

genes were detected by microarray gene expression analysis of nTregs when compared to 

eTregs (276). ICOS+eTregs preferentially expressed IL-10 (277) and suppressor function of 

BAL fluid-derived Tregs was dependent on TGF-β (268). Similar to mouse, regulatory 

functions and phenotypes of human Tregs were directly correlated to the expression and 

activity levels of Foxp3. The numbers of Foxp3+CD4+ T cells also appeared to correlate 

with the clinical outcomes of many disease states including asthma (268–270). Various 

therapeutic approaches with some success promoting expression of Foxp3 and/or numbers 

of Foxp3+CD4+ Tregs have been investigated, including allergen-specific immunotherapy 

(278), vitamin D3 (279), rapamycin (280, 281), and infusion of Tregs as cell-based advances 

(both unmodified, expanded and genetically-modified cells) are becoming safer and more 

feasible (275, 282).

Although human and mouse iTregs can be generated in vitro by TCR stimulation in the 

presence of IL-2 and TGF-β (283, 284), mouse iTregs are functionally similar to nTregs as 

both can prevent the development of lung allergic responses in recipient mice (261, 267); 

human iTregs do not consistently exhibit suppressive activities in vitro (284). Lack of 

suppression was also reported in activated TCR-induced expression of FOXP3 in human 

cells (272–274), suggesting other molecular mechanism(s) may be required for endowing 

regulatory function. Although both mouse iTregs and nTregs retained the capacity to 

undergo transcriptional reprogramming and conversion into pathogenic effector T cells, it is 

unclear whether human Tregs possess a similar plasticity in vivo and is an important 

consideration in the development of Treg-based therapy.

5.0 Gamma-Delta (γδ) T Cells in Experimental and Human Asthma

γδ T cells are a small subset which develop in the fetal thymus and primarily localize in 

mucosal tissues such as lung, skin, uterus, and intestine in mice (285). Studies on the role of 

γδ T cells in allergic inflammation, including asthma, are limited given their small numbers. 

Experiments using δ-deficient mice identified their potential role in the development of 

allergen-induced AHR and airway inflammation in an experimental model of asthma (286). 

Deficiency or deletion of the entire γδ T cell population resulted in enhanced AHR (287). 

This function of γδ T cells was independent of αβ T cells, eosinophilic airway 

inflammation and cytokine responses. The activity of γδ T cells in the development of AHR 

was dependent on activation of the TNFα/TNFα-receptor 2 (TNFR2) pathway, as 

demonstrated in TNF-α transgenic, Tnfα-deficient, Tnfr1-, or Tnfr2- deficient mice (287, 

288). γδ T cells were also shown to play a key role in the suppressive effects of 

Mycobacterium leprae-derived heat shock protein on allergen-induced AHR and 

eosinophilic airway inflammation, as deletion of the entire γδ T cell population abolished 

the effects of this molecule (289).

Subsets of γδ T cells appeared to play distinct roles in allergic airway inflammation. The 

small subpopulation of pulmonary Vγ4+ T cells played a central role in the suppression of 

AHR without modulating airway eosinophilia and goblet cell metaplasia and the effects 

were dependent on expression of IFNγ and MHC class I (290, 291). Long-term or repeated 

allergen exposure has been shown to induce resolution of AHR and airway inflammation in 

Gelfand et al. Page 23

Immunol Rev. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



allergen sensitized mice (292). In this setting, Vγ4+ T cells were shown to play a key role in 

the resolution of AHR, which was independent of induction of antigen-specific tolerance of 

αβ T cells (292). Functional differentiation of these suppressive Vγ4+ T cells required 

antigen stimulation, whereas they still suppressed AHR without antigen stimulation once 

suppressive activities of the cells were induced (293). Induction of suppressive Vγ4+ T cells 

required CD8+ DCs in the lymphoid tissues and the effects were triggered through direct 

cell-cell contact (294).

In contrast to suppressive Vγ4+ T cells, Vγ1+ T cells increased allergen-induced AHR, 

eosinophilic airway inflammation, and Th2 cytokines in the airways through enhancing 

sensitization to allergen (295). Induction of enhancing Vγ1+ T cells required CD8+ DCs in 

the lymphoid tissues and the effects were also triggered through direct cell-cell contact 

(294). Vγ1+ T cells were further shown to play a critical role in the development of AHR 

following acute ozone exposure through TNα-induced activation (296). Vγ1+ T cells 

synergized with another small subset of T cells in the lung, invariant natural killer T (iNKT) 

cells, and induced AHR without eosinophilic airway inflammation (297). Regardless of 

these enhancing effects of Vγ1+ T cells on lung responses, they did not produce IL-4 or 

IL-13 which was in contrast to iNKT cells. IFNγ, TNFα or IL-4 were required for the 

differentiation of Vγ1+ T cells (298). γδ T cell numbers were increased during rhinovirus-

induced asthma exacerbations in asthmatics and animal models of asthma (299); the 

increases in γδ T cell numbers were negatively associated with asthma exacerbations. 

Recently, γδ T cells have been shown to produce IL-17 and were proposed to play a 

pathogenic role in asthma (300, 301). However, in the airways of asthmatics, an association 

of IL-17-producing γδ T cells with asthma was not observed (302).

5.1 Natural Killer T (NKT) Cells in Experimental and Human Asthma

iNKT cells, also present in small numbers, have been linked to the pathogenesis of asthma, 

in large part because they can rapidly release large amounts of cytokines and chemokines 

following activation by glycolipids, many of which are found in microorganisms (303). To 

date, controversy remains about the role and magnitude of the contributions of iNKT cells 

within the lungs of asthmatics (304–306). We suggested this variability could be due to a 

functional plasticity within the iNKT subset (307). We demonstrated that IFNγ played a 

critical role in dictating the consequences of iNKT cell activation to become either IFNγ or 

IL-13 producers in the initiation phase of the development of AHR and airway inflammation 

(307). In experimental asthma, iNKT cells were shown to enhance Th2 responses through 

adjuvant effects and obesity-induced functional upregulation of iNKT cells, which 

augmented Th2 cytokine responses (308, 309). Whether iNKT cells are activated in 

asthmatics and whether the pathogenic effects of activated iNKT cells that were observed in 

mice are reproducible in human asthma still remain to be determined (310).

6.0 Transcriptomic Profiling of Immunologically-Relevant Specimens 

Contributing to Asthma

To determine whether the clinical heterogeneity of asthma is also reflected in underlying 

molecular mechanisms, global gene expression profiles have been monitored in human 
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asthmatics including isolated leukocyte populations (311–314), bronchial and epithelial 

biopsies (315–319), and nasal lavage samples (320). Comparing asthmatics and healthy 

controls, two distinct subgroups of patients were identified with a “Th2 high” or a “Th2 

low” transcriptomic profile with key markers of asthma including levels of IL-5 and IL-13, 

AHR, serum IgE, blood and airway eosinophilia, subepithelial fibrosis, airway MUCIN gene 

expression, and improvement with inhaled corticosteroids (5). A signature of IL-13-induced 

genes including PERIOSTIN, CLCA1, and SERPINB2 correlated with the “Th2 high” 

group (5). These studies provided mechanistic insights into mild-to-moderate and atopic 

asthma. Further clustering based on transcriptomic endotypes of asthma (TEA) was 

performed in the sputum and blood of patients with asthma identifying three major TEA 

clusters (321): TEA cluster 1 included asthmatics with a history of intubation, lower pre-

bronchodilator FEV1, a higher bronchodilator response, and higher exhaled nitric oxide 

levels; TEA cluster 2 contained individuals that were hospitalized for asthma; asthmatics 

grouped within the TEA cluster 3 had normal lung function, low exhaled nitric oxide levels, 

and lower inhaled steroid requirements.

Few studies have investigated molecular pathways on a global level with a focus on severe 

(189, 322) or SR asthma (323, 324). Measuring mRNA and noncoding RNA expression by 

microarray in circulating CD4+ and CD8+ T cells revealed expression changes specific to 

CD8+ T cells in patients with severe asthma but not with CD4+ T cells (189). Differentially-

expressed genes in these CD8+ T cells were attributable to multiple pathways involved in T-

cell activation and additionally with expression changes of noncoding RNA species. 

Surprisingly, no differences were detectable in both T-cell subsets in non-severe asthmatics 

compared to healthy controls.

Supervised clustering of 42 gene sets associated with asthma and immune and/or 

inflammatory pathways was performed using transcriptomic data derived from bronchial 

biopsies and epithelial brushings from the same patients with moderate to severe asthma to 

examine if transcriptomic signatures may help distinguish between Th2 high eosinophilic 

and non-Th2 asthma (322). Nine gene set signatures expressed in bronchial biopsies and 

airway epithelial brushings distinguished these two asthma subtypes and corticosteroid 

responsiveness. In two independent cohorts of SS and SR asthmatics, gene expression 

profiles in PBMC were identified which predicted the clinical response to inhaled 

corticosteroid treatment with a suggested 84% accuracy (323). In a smaller cohort of 

children with SR asthma, with controlled persistent asthma, and healthy controls, molecular 

endotyping identified gene networks related to decreased glucocorticoid receptor signaling 

and increased activity of the MAPK and Jun kinase cascades in children with SR asthma 

(324). In a large cohort including 1,170 asthmatic adults from the Asthma BioRepository for 

Integrative Genomic Exploration (Asthma BRIDGE) and the Childhood Asthma 

Management Program (CAMP) study transcriptomic profiles were analyzed in whole blood 

and CD4+ T cells to assess the relationship to chronic and acute asthma control (325). In the 

initial discovery cohort using whole blood samples, 1,106 genes were found to be 

significantly overrepresented and associated with asthma control; 53% of these were 

replicated in at least one of the three replication cohorts determining gene expression 

signatures in either whole blood or CD4+ T cells. These studies identified eosinophilic and 
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granulocytic inflammatory signals to be enriched in poorly-controlled asthmatics while 

immature lymphocytic patterns were associated with positive asthma control.

These analyses demonstrated both the usefulness and limitations of transcriptomic-driven 

classifications of asthmatics based on endotyping in addition to clinical parameters. This 

approach may improve the outcomes specifically in asthmatics that fail to respond to 

corticosteroid therapy and benefit the most from treatments prone to target type-2-mediated 

inflammation. However, asthma heterogeneity exists not only between patients but in the 

same patient at different time-points during disease progression. In addition, asthma 

exacerbations are triggered by numerous external stimuli that activate different pathways 

regulated by complex and dynamic gene-environment interactions (Table 1). In order to 

address the multifactorial entities of asthma, future investigations need to be developed in 

well-phenotyped populations with cohort-specific definitions of optimal asthma control and 

steroid-responsiveness.

In addition, this must be coupled with sampling of different immunologically-relevant 

specimens from the same patient at multiple time-points to delineate the longitudinal 

contributions to disease pathogenesis. Adding to the complexity is that regulatory regions of 

genes, in spite of being epigenetically-poised for expression, may not be actively transcribed 

until an appropriate environmental signal is received. Therefore, coupling transcriptomic 

analyses at baseline and after activation may be necessary to identify regulatory regions that 

control expression of genes relevant to severe asthma. Further, integration of different 

“omics” datasets including genetics, genomic, proteomic, and metabolomics will provide a 

unique opportunity to identify true causal genes and endotypes responsible for the disease.

7.0 Role of the Steroidogenic Enzyme CYP11A1 in Asthma Pathobiology

The cholesterol side-chain cleavage P450 enzyme (CYP11A1) is a key regulator of steroid 

biogenesis as the first and rate-limiting enzyme in the steroidogenic pathway converting 

cholesterol to pregnenolone (326). CYP11A1 is expressed primarily in the cortex of the 

adrenal gland, testis, ovary, placenta, and thymus (326–328). CYP11A1 is also expressed in 

various nonendocrine tissues, including the lung, spleen, intestine, stomach, liver, brain, and 

kidney (326–328). Activation of CYP11A1 results in a spectrum of steroid hormones, 

including glucocorticoids that are known to play a role in T-cell function (328, 329). In 

humans, mutations in the CYP11A1 gene result in steroid hormone deficiency and can cause 

the rare and potentially fatal condition, lipoid congenital adrenal hyperplasia (330–332). 

Patients with a heterozygous or homozygous mutation of CYP11A1 exhibit adrenal 

insufficiency and sex reversal (333, 334). Depletion of Cyp11a1 in mice or rabbits results in 

steroid deficiency, female external genitalia, and death (329, 335, 336).

During the differentiation of CD8+ T lymphocytes to a Tc2 phenotype, transcriptional 

profiling identified a marked upregulation of Cyp11a1 transcripts (337). Differentiation of 

CD8+ T cells in the presence of IL-2 plus IL-4, compared with IL-2 alone, resulted in 

significant increases in CYP11A1 gene expression, protein levels, and enzymatic activity 

(337). Inhibition of the enzymatic activation of CYP11A1 with aminoglutethimide (AMG) 

or silencing of Cyp11a1 using shRNA blocked the functional conversion of CD8+ T cells 
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from IFNγ- to IL-13-producing cells (337). Expression of the lineage-specific transcription 

factors T-bet or Gata3 was not affected by inhibition of CYP11A1 activity indicating that 

Cyp11a1 was downstream of these master regulatory transcription factors. Silencing of 

Gata3 prevented the activation of CYP11A1 (337). Adoptive transfer of AMG-treated CD8+ 

T cells failed to restore AHR and airway inflammation in sensitized and challenged CD8-

deficient mice. These studies identified CYP11A1 as a key regulator of CD8+ Tc2-cell 

transdifferentiation (337).

Trans- and cis-regulatory elements have been identified in the Cyp11a1 promoter region to 

regulate tissue-specific expression of CYP11A1 (328, 329, 338). In particular, transcription 

factors of the GATA protein family (GATA3, GATA4) play an important role in the 

regulation of CYP11A1 (328, 329, 338) and Cyp11a1 expression was decreased in Gata3-

deficient mice (339). Levels of histone H3K27 trimethylation predominantly associated with 

repression of genes, were increased in Th1 cells at Th2 gene loci (Gata3, Cyp11a1, Il-4, and 

Il-13) when compared to levels in Th2 cells (340). In differentiated and polarized T-cell 

subsets, Cyp11a1 gene expression was 100–300-fold higher in Th2 cells compared with Th1 

(341, 342) or Th17 cells (342), and 30-fold higher in Tc2 cells compared with Tc1 cells 

(341). As shown in CD8+ Tc2 cells (337), AMG decreased IL-13 cytokine production in 

polarized CD4+ Th2 cells without impairing IFNγ production in polarized Th1 cells (342). 

Silencing of Cyp11a1 by shRNA in cultured Th2 cells significantly lowered levels of IL-4 

and IL-13 mRNA and protein. Similar to Tc2 CD8+ T cells (337), Gata3 mRNA levels 

remained unaffected after silencing of Cyp11a1 (342). These data indicate that CYP11A1 

critically regulates Th2 and Tc2 cell differentiation and type 2 cytokine production in both 

T-cell subsets downstream of the essential lineage-specific transcription factor Gata3.

Recently, we identified a novel regulatory mechanism mediated through CYP11A1 which 

promoted IL-4-induced CD8+ T cell conversion to IL-13 production (343). Adoptive transfer 

of 1,25D3 (the active form of vitamin D3)-treated CD8+ T cells into sensitized and 

challenged CD8-deficient recipients prevented development of lung allergic immune 

responses. In CD8+ T cells in an IL-4-rich environment, 1,25D3 altered recruitment of the 

transcription factor vitamin D receptor (VDR) to the Cyp11a1 promoter in vitro and in vivo. 

These data confirmed the role of CYP11A1 in the molecular programming of CD8+ T cell 

conversion from an IFNγ- to an IL-13-secreting phenotype. In addition to the importance of 

CYP11A1 in the regulation of experimental asthma in mice, our data in two large cohorts of 

asthmatic children, uniquely linked genetic variants in CYP11A1 to the susceptibility to 

childhood asthma (343). CYP11A1 SNPs (rs4886595, rs4432229, and rs11632698) revealed 

significant protective effects in asthma, further diminished the risk to develop childhood 

asthma in combination with asthma-modifier SNPs in the VDR, and correlated with allele-

specific CYP11A1 gene expression (343). Translating findings from the mouse model of 

experimental asthma to human studies provided a unique tool to identify similar mechanistic 

links between the steroidogenic enzyme CYP11A1 as a key regulator of CD8+ Tc2 and 

CD4+ Th2 cell transcriptional programming and plasticity and susceptibility to childhood 

asthma.
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8.0 Conclusions

Asthma is a common chronic disease of the airways and continues to challenge both 

clinicians and researchers. The search for common genetic factors is stymied by the number 

of triggers, epigenetic confounders, cells and mediators involved in dictating pathobiological 

consequences for development, maintenance, and exacerbation of the disease. Asthma is no 

longer considered a single disease but a syndrome, one not simply mediated by CD4+ T cell 

responses to allergen. The effector pathways are not likely stable but responsive to an ever-

changing environment and numerous asthma triggers. A considerable degree of the 

heterogeneity in asthma between patients, and in the same patient at different stages of their 

disease, is reflected in the balance between different effector T-cell subsets and regulatory T 

cells. Each cell type is not fixed in lineage commitment but can undergo transcriptional 

reprogramming to a protective or enhancing effector phenotype. As a consequence, no single 

drug can be effective in all patients at all times. As the pathways or endotypes of the disease 

continue to be unraveled and characterized as steroid-sensitive or steroid-insensitive, more 

precise therapeutic targeting will become a reality for individual patients.
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Figure 1. Recruitment of CD8+ Teff to the lung
Schematic of the CD8+/BLT1+/IL-13+ axis in asthma pathogenesis. Lung mast cells, 

activated through the high affinity IgE receptor (FcεRI) after cross-linking with allergen, 

initiate a cascade resulting in the rapid synthesis and release of LTB4. Activated CD8+ Teff 

upregulate expression of BLT1, the high-affinity receptor for LTB4 and binding of LTB4 to 

BLT1 on CD8+ Teff results in their recruitment and accumulation in the lung. In the lung, in 

the presence of IL-4, CD8+ Teff undergo transcriptional reprogramming and differentiate 

into Tc2 cells releasing IL-13, which affects many of the cell types involved in asthma 

pathogenesis. PLA2, Phospholipase A2; FLAP, 5-LO activating protein; LTA4H, LTA4 

hydrolase.
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Figure 2. Pathways signaling the suppressive or enhancing activities of nTregs
nTregs obtained from WT (CD8+) donors when transferred into sensitized and challenged 

WT recipients suppress the development of lung allergic responses. Interactions between 

CD8 and MHC I are essential. In the absence of CD8 (CD8-deficient mice), nTregs from 

these mice when transferred into sensitized and challenged WT recipients, enhance 

development of lung allergic responses. Enhancement is triggered by transcriptional 

reprogramming of the nTregs, mediated through ligation of GITR and activation of the 

GITRL-GITR-JNK pathway. In CD8+/+ mice signaling through CD8-MHC I dominates and 

is associated with the maintenance of the regulatory phenotype and suppressive activities of 

nTregs even in face of GITR ligation.
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Table 1

Asthma Pathogenesis.

Trigger Allergen Exposure Virus Infection Diesel Exhaust/Ozone Smoking

Predominant pathway Th2, IgE Th1, LT Thl, LT Thl, LT

Predominant cell type Eosinophils CD4 T cells Neutrophils CD8 T cells Neutrophils CD8 T cells Neutrophils CD8 T cells

LT: leukotrienes
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