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1  | CYTOKINE PRODUCTION BY CD4 +  
T- HELPER CELLS

The classical type 2 cytokines are interleukin (IL-)4, IL-5, and IL-13, 
and elevated levels of each of these cytokines have been found in the 
lungs of asthmatics compared with healthy controls.1,2 T-helper (Th) 
lymphocytes isolated from the peripheral blood of atopic individuals 
produce higher levels of type 2 cytokines than those from non-atopics, 
and bronchoalveolar lavage (BAL) cytokine profiles in asthmatics show 

preferential production of IL-5 and decreased interferon-γ (IFN-γ) 
compared with healthy controls.2 Th2 cells produce IL-4, IL-5, and 
IL-13, and IL-4 is central to allergic asthma through its ability to also 
drive Th2 cell development.3 IL-4 and IL-13 signal through the IL-4 
receptor α-chain, and both contribute to most parameters of asthma 
pathology to varying degrees. These include airway hyperresponsive-
ness (AHR), mucus hyperproduction, airway remodeling, and immu-
noglobulin E (IgE) isotype switching and B-cell proliferation,4 and an 
anti-IL-4 receptor alpha blocking monoclonal antibody was recently 
found to significantly improve lung function in patients with moderate 
to severe asthma.5 Allergic asthmatics often have elevated numbers of 
eosinophils in the airways. IL-5 controls accumulation of eosinophils in 
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Summary
An estimated 300 million people currently suffer from asthma, which causes approxi-
mately 250 000 deaths a year. Allergen-specific T-helper (Th) cells produce cytokines 
that induce many of the hallmark features of asthma including airways hyperreactivity, 
eosinophilic and neutrophilic inflammation, mucus hypersecretion, and airway remod-
eling. Cytokine-producing Th subsets including Th1 (IFN-γ), Th2 (IL-4, IL-5, IL-13), Th9 
(IL-9), Th17 (IL-17), Th22 (IL-22), and T regulatory (IL-10) cells have all been suggested 
to play a role in the development of asthma. Th differentiation involves genetic regula-
tion of gene expression through the concerted action of cytokines, transcription fac-
tors, and epigenetic regulators. We describe how Th differentiation and plasticity is 
regulated by epigenetic histone and DNA modifications, with a focus on the regulation 
of histone methylation by members of the polycomb and trithorax complexes. In addi-
tion, we outline environmental influences that could influence epigenetic regulation of 
Th cells and discuss the potential to regulate Th plasticity and function through drugs 
targeting the epigenetic machinery. It is also becoming apparent that epigenetic regu-
lation of allergen-specific memory Th cells may be important in the development and 
persistence of chronic allergies. Finally, we describe how epigenetic modifiers regulate 
cytokine memory in Th cells and describe recently identified hybrid, plastic, and patho-
genic memory Th subsets the context of allergic asthma.
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the lungs in mouse models of asthma and promotes eosinophil recruit-
ment and survival.6–9 Eosinophils can secrete inflammatory cytokines 
and chemokines and are a potent source of the chemical mediators 
leukotriene C4 and platelet-activating factor.10 While the exact role of 
eosinophils in asthma remains incompletely defined, the IL-5 monoclo-
nal antibody Mepolizumab has been shown to reduce exacerbations 
in severe eosinophilic asthma patients.11 Tumor growth factor (TGF) is 
also secreted by eosinophils and is thought to drive airway fibrosis, a 
characteristic feature of chronic airway inflammation.12

In the majority of cases, inhaled steroids provide control of asthma 
symptoms. However, in approximately 10% of cases, symptoms are 
refractive to treatment.13 In these individuals, high numbers of neu-
trophils, not eosinophils, are often found in the lungs 13 and increased 
levels of IL-17 have been found in BAL samples and in lung biopsies 
of patients with asthma.14 IL-17 can induce neutrophil accumulation 
in the lungs and promote development of AHR, increased mucus pro-
duction due to goblet cell hyperplasia and airway remodeling.15 IL-22 is 
produced primarily by Th17 cells16; however, discreet populations of IL-
22-producing cells have also been identified and named Th22 cells.17–

19 The IL-22 receptor is expressed on and is important for immune 
barrier function at mucosal surfaces.20 IL-22 is capable of driving lung 
inflammation in the presence of IL-17, but appears to be protective in 
the absence of IL-17,21 and IL-22 has been proposed to suppress IFN-
γ-mediated lung inflammation in asthmatic patients.22 IL-22 can also 
attenuate IL-25 production by lung epithelial cells.23 Because IL-25 can 
enhance both Th2 and group 2 innate lymphoid cell (ILC2) responses, it 
is probable that IL-22 attenuates airway inflammation by this pathway 
in some circumstances. IL-26 is also produced by T cells and monocytes, 
but the exact Th subsets that produce IL-26 and the involvement of 
IL-26 in asthma is poorly understood. It was recently reported, how-
ever, that increased IL-26 concentrations were found in sputum from 
pediatric patients with non-eosinophilic uncontrolled asthma, and spu-
tum IL-26 concentrations were shown to correlate with those of blood 
neutrophils.24 Granulocyte macrophage colony stimulating factor (GM-
CSF) has also been implicated in development of asthma. Th cells that 
produce high levels of GM-CSF and low levels of IL-4 and IFN-γ have 
been described and the name ThGM suggested.25 However, other cells 
can also produce GM-CSF, and the predominant source of GM-CSF in 
the asthmatic lung is not completely known. GM-CSF has been shown 
to drive allergic airway inflammation in mice by inducing IL-33 produc-
tion from dendritic cells (DC).26 As described below, IL-33 has several 
overlapping functions with IL-25 in Th2 cell differentiation.

It has recently been proposed that Th9 cells are a discreet subset 
of Th cells.27 Th9 cells have the ability to produce IL-9, but not the 
Th2 cytokines IL-4, IL-5, and IL-13. Asthma patients have an increased 
number of Th9 cells, and allergen challenge of mice with house dust 
mite causes differentiation of Th9 cells.28 IL-9-deficient mice do not 
develop goblet cell hyperplasia and are deficient in mastocytosis,29 
and in transgenic mice, over-expression of IL-9 causes spontaneous 
lung inflammation that is dependent on further stimulation by the 
Th2 cytokines.30 IL-9 can also induce eosinophil maturation and accu-
mulation31 and contributes to thymic stromal lymphopoietin (TSLP)-
induced allergic inflammation in vivo.32

Th cells have also been shown to negatively influence allergic 
asthma symptoms. Th1 cells can act as negative regulators of allergic 
lung inflammation, mostly via inhibition of Th2 responses (see below), 
and BAL samples from asthmatics have decreased IFN-γ compared 
with controls.2 IFN-γ may also have direct regulatory effects on airway 
inflammation. For example, aerosolized IFN-γ inhibits eosinophil infil-
tration into the trachea of sensitized BALB/c mice.33 Regulatory T cells 
(Treg) are a subset of CD4+ T cells that are able to negatively regulate 
immune responses. Tregs exert suppressive effects via production of 
IL-10 and expression of surface molecules that negatively regulate im-
mune responses such as cytotoxic T-lymphocyte-associated protein 
4 (CTLA-4).34 Treg function has been shown to differ between atopic 
and non-atopic children.35

Several different cytokines and Th subsets, therefore, func-
tion simultaneously during an allergic immune response (Figure 1). 
These influences form a balance between proinflammatory and anti-
inflammatory pathways, with some cytokines, such as IL-22 acting in 
either pro- or anti-inflammatory ways depending on the specific cy-
tokine microenvironment in an individual tissue. The development of 
asthma is, therefore, complex and effective development of therapeu-
tics requires a thorough understanding of the many pathways involved.

2  | TH CELL DIFFERENTIATION

Naive CD4+ T cells circulate the body scanning for specific antigen 
presented in the context of major histocompatibility complex class II 
expressed by antigen presenting cells, such as DC. The antigenic spe-
cificities of individual T cells are determined by T-cell receptor gene re-
arrangement that occurs within the thymus. As described above, naive 

F IGURE  1 Th subset differentiation and function. Naive CD4+ T 
cells differentiate into effector Th cells after encountering antigen, 
and in response to signals in their microenvironment. Th subsets are 
initially defined based on their ability to produce a specific cytokine 
profile and the existence of a distinct transcriptional program that is 
induced in response to a lineage defining transcription factor(s)
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CD4+ T cells can develop into several subsets following recognition of 
their specific antigen. Which subset depends on signals additional to 
those transmitted via the TCR, such as cytokines, accessory molecules, 
and pattern recognition receptors. Exposure to inhaled environmental al-
lergens including pollen, animal dander, and house dust mites is thought 
to be centrally involved in the development of allergic asthma.36–38 The 
type of antigen encountered may also determine the cytokine produc-
tion profiles of T cells. For example, mutagenesis of Derf-2, a house 
dust mite antigen results in a shift toward a Th1 response in human T 
cells.39 The functional properties of allergens may also play a role in the 
development of the T-cell response. Proteases, lyases, lipid-transfer 
proteins, calcium-binding proteins, trypsin inhibitors, and actin-binding 
proteins appear to be particularly strong drivers of allergies.40 More than 
80 defined allergens are proteases,40 with cysteine and serine protease 
activity linked to allergens including Derp1 and papain. The inactive form 
of Derp1 does not induce Th2 responses.41 Interestingly, in models of 
papain-induced asthma, ILCs have been shown to be essential for devel-
opment of primary42 and memory43 Th2 responses through licensing of 
DC via production of IL-13 by ILC2s. Th2 cells express the receptor for 
IL-33 (IL-33R); however, IL-33 does not appear to induce Th2 differentia-
tion directly.44 Instead, IL-33 appears to prime memory Th2 cells for high 
expression of IL-5.45 TSLP is also thought to play a role in Th2 differentia-
tion. TSLP is expressed by epithelial cells, and secretion can be enhanced 
in response to allergen exposure.46 TSLP signaling in human DC results 
in a Th2-inducing phenotype through induction of OX40L expression.47

For Th2 cells, the transcription factor Gata-binding protein 3 
(Gata3) is both necessary and sufficient for differentiation.48–52 Th2 
cells produce large amounts of IL-4, which induces Gata3 expression 
and further Th2 polarization,53 and Gata3 has also been reported to 
positively regulate its own expression.54 Expression of a dominant 
negative form of Gata3 results in reduced Th2 cytokine production 
and airway inflammation in a mouse model of asthma.55 Recently, a 
novel DNA enzyme (SB010) that can cleave GATA3 mRNA was inves-
tigated in a clinical trial. SB010 attenuated both early- and late-phase 
responses of asthma after allergen provocation in asthmatics.56 In the 
context of these results, mice deficient in signal transducer and activa-
tor of transcription (STAT)6, that transmits IL-4 signals within the cell, 
also show decreased eosinophil infiltration, mucus production, and 
AHR in a mouse model of asthma.57

Differentiation into IFN-γ producing Th1 cells is programmed by 
the transcription factor T-bet (encoded by Tbx21),58,59 which is induced 
by IL-12 that signals through STAT4. In addition, Th1 cells produce 
IFN-γ, resulting in upregulation of T-bet and promotion Th1 differen-
tiation.60,61 Both IFN-γ and T-bet have been associated with the sup-
pression of eosinophilic lung infiltration and AHR, indicating that Th1 
cells play a role in control of asthmatic inflammation and pathology. 
Suppression of Th2 cells is likely the main way that Th1 cells regulate 
allergic asthma; T-bet can directly interact with Gata3, and can inhibit 
Th2 differentiation by binding to Gata3 target DNA sequences.62

Th17 cell differentiation is induced by RAR-related orphan recep-
tor gamma (RORγ), which is encoded by the Rorc gene.63 STAT3 signals 
in response to engagement of the receptors for IL-6 and IL-23, which 
consequently induces the expression of RORγ.64 IL-21 is produced by 

Th17 cells and can also promote pro-inflammatory Th17 cell differ-
entiation via STAT3 signals.65,66 However, a role for IL-21 in neutro-
philic asthma has not been defined. Interestingly, the TLR-3 ligand 
poly I:C can induce Th17 cells even under normally Th2-polarizing 
conditions.67 TLR-3 recognizes double-stranded viral RNA, thus sup-
porting the hypothesis that recurrent viral infections could play a role 
in Th17-driven asthma. The related subset of Th22 cells differentiate 
in response to tumor necrosis factor (TNF)-β and IL-6, and IL-22 pro-
duction depends on the expression of the transcription factors aryl 
hydrocarbon receptor and RORγ.17,19

Th9 differentiation occurs when naive T cells are activated in the 
presence of TGF-β and IL-4. This combination of cytokines promotes 
upregulation of IL-9 expression without inducing Gata3 and the Th2 
cytokines IL-4, IL-5, and IL-13.27 We reported that TGF-β directly sup-
presses Gata3 through the transcription factor Sox4.68 A Th9-specific 
transcription factor has not been clearly identified; however, B cell 
activating transcription factor (BATF), interferon regulatory factor 4 
(IRF4), and PU.1 appear important for Th9 differentiation.69

Like Gata3 for Th2 cells, the transcription factor forkhead box P3 
(Foxp3) is essential for both differentiation and function of Tregs.70 
Peripheral Treg (pTreg) differentiation is driven primarily by combined 
signals from TGF-β and IL-2 signaling through STAT5.71,72

The pathways that regulate Th differentiation in allergic asthma, 
and in general during immune responses, are, therefore, beginning to 
be better understood (Figure 1). This knowledge has now identified 
several opportunities for intervention in the development of Th-driven 
immune responses including regulation of cytokine signaling and tran-
scription factor function.

3  | EPIGENETIC REGULATION OF TH CELL 
DIFFERENTIATION

The ability to maintain specific phenotypic traits independently of 
changes to the primary DNA sequence is an essential process of 
cellular differentiation. Cellular differentiation is the result of stable 
changes in gene expression that maintain the phenotype of a given 
cell. This is accomplished by epigenetic influences that include co-
valent modifications to histones and DNA methylation. We will de-
scribe these mechanisms and then focus in more detail on methylation 
of histones by members of the polycomb and trithorax complexes. 
Direct methylation of DNA is an epigenetic mechanism that is associ-
ated with genetic repression. Alterations in the levels of DNA meth-
ylation have been observed during Th differentiation. For example, 
DNA methylation is lost at genetic enhancers in the Th2 locus during 
Th2 differentiation,52,73 and DNA methylation has been implicated 
in control of the Foxp3 locus.74 In addition, DNA methyltransferase 
(DNMT) 3a negatively regulates IL-13 in Th2 cells and allergic airway 
inflammation.75

DNA is packaged inside the nucleus wrapped around core his-
tones. Numerous post-translational modifications to residues at the 
N-terminal domain (tail) of histones have been identified and shown 
to be involved in controlling gene transcription. These modifications 
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have been referred to as a histone code that can be read by the tran-
scriptional machinery and thus dictate regions of gene expression. 
Numerous modifications have been identified that are capable of 
regulating gene expression. These include biotinylation, sumoylation, 
ubiquitylation, and acetylation of lysine; phosphorylation of serine, 
threonine, and tyrosine; and methylation of lysine and arginine.

Acetylation of histones has been implicated in the differentiation 
and function of CD4+ T cells. In contrast to the negative regulation 
of gene expression by DNA methylation, histone acetylation is as-
sociated with positive regulation of transcription. Increased histone 
acetylation has been observed at the Th2 cytokine loci in response 
to Th2 differentiation.52,76 Likewise, histone acetylation is increased 
at the IL-17 locus during Th17 differentiation.77 The histone acetyl-
transferase complex including CREB-binding protein (Cbp) and p300 
has also been detected at the Th2 cytokine loci,78 and Gata3 has been 
shown to form a complex with p300 that activates transcription of Th2 
cytokines.79 Inhibition of Cbp and p300 also results in reduced Th17 
responses in human T cells.80 Active histone deacetylation has also 
been shown to be involved in negative regulation of gene expression, 
and several histone deacetylase (HDAC)s have been found to function 
in Th cells, for example, loss of HDAC1 results in increased Th2 dif-
ferentiation.81 HDAC6 and sirtuin-1 can also control Treg function by 
deacetylation and reduced expression of Foxp3.82

Histone methylation is one of the most well-defined epigenetic 
mechanisms regulating Th differentiation. Histone H3 lysine 4 trimeth-
ylation (H3K4me3) is associated with active promoters. Histone H3 
lysine 4 monomethylation (H3K4me1) and histone H3 lysine 4 dimeth-
ylation (H3K4me2) are found at genetic enhancers. Histone H3 lysine 
36 trimethylation (H3K36me3) is found in actively transcribed coding 
regions of genes. Histone methylation is also associated with genetic 
repression, with histone H3 lysine 27 trimethylation (H3K27me3) and 
histone H3 lysine 9 trimethylation (H3K9me3) found at the promot-
ers of silenced genes. One way that histones regulate gene expression 
is through controlling chromatin structure. Histone 3 lysine 9 acetyl-
ation (H3K9ac) and H3K4me3 are found at transcriptionally active 
genes, and these also coincide with an open chromatin structure and 
increased accessibility for molecules including transcription factors 
and RNA polymerase II. In contrast, H3K27me3 and DNA methylation 
are found at transcriptionally inactive genes, and these coincide with a 
closed chromatin structure that decreases the accessibility of transcrip-
tion regulatory molecules and prevents gene transcription. Changes in 
several epigenetic histone modifications have been found to correlate 
with gene expression in T cells.3,83–85 For example, inactive or repressed 
genes are typically associated with increased levels of H3K27me3. 
These genes include Ifng and Tbx21 in Th2 cells and Il4 and Gata3 in Th1 
cells.86–89 In addition to direct epigenetic control gene promoters, the 
Th2 cytokine loci are also controlled by a number of enhancer elements. 
Enhancers are non-coding DNA sequences that regulate expression of 
specific genes and are associated with areas of DNase hypersensitivity, 
an indicator of open chromatin. It was recently shown that H3K4me1, 
H3K4me2, and H3K27ac also mark enhancer elements.90,91

Epigenetic histone modifications are mediated by a variety of 
enzyme complexes (Figure 2) including the Polycomb and Trithorax 

complexes that both possess methyltransferase activity for histones, 
but function in a mutually antagonistic manner.3,92,93 Polycomb pro-
teins are responsible for genetic repression, whereas Trithorax pro-
teins mediate gene activation. Polycomb proteins form two major 
complexes (PRC1 and PRC2) that regulate genetic repression and 
are required for maintenance of cellular identity at several stages of 
development.92,94–96 The PRC2 component Enhancer of zeste (Ezh) 
proteins are methyltransferases and are enzymatically responsible for 
H3K27 methylation via their conserved SET domain.97–100 There are 
two Ezh proteins in mammals and Ezh2 is more highly expressed in T 
cells. PRC1 can recognize the H3K27me3 modification via chromobox 
(Cbx) proteins and is responsible for stable genetic repression.101,102 
The PRC1 component RING finger protein 1 (Ring1) also has histone 
H2AK119 ubiquitin ligase activity and is thought to inhibit RNA poly-
merase II.103 For a thorough review of polycomb function in gene reg-
ulation, see Aranda et al.104 In contrast, the Trithorax protein Mixed 
lineage leukemia (Mll)1/2 methylates H3K4 and induces a chromatin 
structure permissive of transcription.93

Both acquisition and maintenance of Th2 cell identity and Gata3 
expression involves epigenetic changes at the Gata3 gene locus.84,87 
Occupancy of both polycomb and trithorax proteins is altered during 
Th2 cell differentiation at the Gata3 gene locus, resulting in upregu-
lation of Gata3. Transcription factors and epigenetic modifiers often 
work together to induce stable gene expression profiles in differen-
tiated cells. For example, Gata3 can also be referred to as a pioneer 

F IGURE  2 Complexes that control epigenetic regulation of Th 
cells. Epigenetic modification complexes such as polycomb and 
trithorax are responsible for methylating histones. Polycomb consists 
of two main complexes, polycomb repressive complex (PRC) 1 
and PRC2. PRC2 is responsible for methylating H3K27. PRC1 can 
recognize this modification, resulting in recruitment of this complex. 
PRC1 can also ubiquitinate histone H2A. Trithorax is responsible 
for H3K4 methylation. In addition, PRC2 can interact with histone 
deacetylases (HDAC) and DNA methyltransferases (DNMT) 
that also promote genetic repression. Histone acetyltransferase 
complexes containing P300 and Cbp are recruited to genes by 
master transcription factors and facilitate transcription. Trithorax can 
also recruit the transcriptional machinery including RNA polymerase 
II (PolII) to promote transcription
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transcription factor as it can mediate alterations in epigenetic mod-
ifications along with facilitating the recruitment of other transcrip-
tional complexes. Gata3 binds in cis to regulatory elements at the Th2 
cytokine gene loci, including Il4, Il5, and Il13 promoters, and this is 
followed by chromatin remodeling and regulation of Th2 gene expres-
sion. PRC1 group proteins, including Mel-18, Bmi1 and Ring1B are 
important for Th cell differentiation and inhibit cell death pathways 
of T cells.105–108 Ezh2 occupancy at the Gata3 locus has been shown 
to progressively decrease during Th2 cell differentiation 87 and Ezh2 
positioning spatially correlates with the presence of H3K27me3,86 
indicating that epigenetic repression via Ezh2 may be an important 
regulator of CD4+ T cell differentiation (Figure 3). We previously re-
ported that Ezh2 is required to repress the spontaneous generation 
of cytokine-producing Th cells by facilitating the correct expression 
of lineage-specific transcription factor genes, including Tbx21, Gata3, 
and Eomes.109 Ezh2 exhibits strong binding to these transcription fac-
tors (Figure 3) and loss of Ezh2 function resulted in large decreases 
in H3K27me3 at these loci. Interestingly, however, a decrease in the 
H3K27me3 levels was also observed at both Th1 and Th2 cytokine 
gene loci in T cells lacking Ezh2 function, indicating that Ezh2 may 
also regulate H3K27me3 at these loci. Regulation of H3K27me3 by 
Ezh2 at the Il4 and Il13 gene loci in Th1 cells has been shown to be 
important for transcriptional silencing of these cytokine genes.109–111 
Ezh2 has also been shown to be important for the regulation of cel-
lular proliferation and viability after activation of Th cells.110,111 It was 
also reported that TGF-β induces expression of IL-9 via Smad2 and 
Smad4-mediated displacement of Ezh2.112 Interestingly, one group 

reported that PcG binding to cytokine gene loci is associated with in-
creased transcription,113 indicating that polycomb proteins may have 
functions other than just genetic repression in Th cells. Other histone 
methyltransferase family proteins have also been reported to control 
Th subset differentiation. G9a, a histone methyltransferase that meth-
ylates H3K9, also appears to be involved in both positive and nega-
tive regulation of Th effector cell differentiation and function.114 The 
functions of individual Trithorax proteins have also been investigated 
in models of Th cell differentiation. Mll1 is essential for maintenance 
of Gata3 gene expression in memory Th2 cells, and Th2 recall cytokine 
responses are defective in cells lacking Mll1.115 In addition, Menin is 
important for the maintenance of Rorc expression in Th17 cells.116

Without normal function of the epigenetic machinery, the immune 
response shows alterations including an inability to control cytokine 
expression, and in some cases failure to effectively mount an immune 
response after antigen exposure. Epigenetic regulation of Th cell func-
tion is, therefore, a fundamental way that the immune response is 
controlled.

4  | EPIGENETIC REGULATION OF 
EFFECTOR AND MEMORY TH FUNCTION 
IN ASTHMA

Asthma prevalence appears to be influenced by a combination of 
genetic and environmental factors, with environmental factors likely 
susceptible to epigenetic regulation. Studies in human cohorts have 

F IGURE  3 PRC2 in Th differentiation. DNA is packaged inside the nucleus wrapped around the core histones H2A, H2B, H4, and H4. 
Histone N-terminal tails are covalently modified by epigenetic modification complexes such as polycomb. PRC2 consists of Ezh2, EED, and 
Suz12. This complex is responsible for H3K27 methylation with Ezh2 possessing methyltransferase activity through its conserved SET domain. 
Ezh2, detected by chromatin immunoprecipitation followed by deep sequencing (ChIP-Seq), localizes strongly to the genes Tbx21 and Gata3 
that encode the master regulators of Th1 and Th2 differentiation, T-bet and Gata3, respectively; however, direct targeting of Ezh2 to Ifng and 
the Th2 cytokine loci is not obvious. Ezh2 is lost from the Tbx21 upstream region in Th1 cells and the Gata3 upstream region in Th2 cells. All 
ChIP-Seq figures represent 50 kilobases surrounding the genes of interest and the y-axes are all equivalent (Ezh2 ChIP-Seq data GEO accession 
number, GSE51079)

info:ddbj-embl-genbank/GSE51079
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also demonstrated an association between epigenetic modifications 
and asthma. A genome-wide study of histone modifications identi-
fied disease-associated enhancers in CD4+ T cells from asthmatic 
patients.117 Epigenetics also intersects with genetic susceptibility 
to asthma. In asthmatic patients, enhancers that gain the H3K4me2 
mark during Th2 differentiation are enriched for asthma-associated 
single-nucleotide polymorphisms (SNP).118 A SNP in the IL-4R has 
also been associated with asthma when assessed in the context of IL-
4R DNA methylation,119 and asthmatic patients have hypomethyla-
tion at several genes including IL13 in PBMCs.120 In a mouse asthma 
model, CD4+ T cells also display increased DNA methylation of the 
Ifng promoter.121

The functions of several epigenetic modifiers in development of 
asthma have also been investigated in gene deletion studies in mice. 
Loss of Mel-18 results in reduced eosinophil accumulation in the 
lungs, likely due to a reduction in Gata3 protein expression in Th2 
cells.106 The PRC1 component Ring1B has been shown to inhibit Bim-
dependent apoptosis of Th2 cells in the lung, and mice with a T-cell-
specific loss of Ring1B have a reduction in airway inflammation.107 
In addition, the deletion of Bmi1 leads to impaired memory Th2 re-
sponses due to increased susceptibility to cell death.108 Loss of PRC1 
components Bmi1, Mel-18, or Ring1B, therefore, decreases allergic 
airway responses through a combination of increased cell death and 
decreased Th2 polarization in models of asthma. In contrast to PRC1, 
loss of PRC2 function results in increased Th2 cell formation and 
asthma-like pathology. Th2 cells lacking Ezh2 can cause increased 
pathology in an acute inflammation model, and T-cell-specific dele-
tion of Ezh2 results in spontaneous development of memory pheno-
type Th2 cells accompanied by increased levels of circulating IgE.109 
Thus, Ezh2 may restrain the pathogenicity of CD4+ T cells in allergic 
airway inflammatory diseases such as asthma. Suv39h1, another ge-
netic repressor that functions via methylation of H3K9, has also been 
shown to be important for development of asthma-like pathology. 
Suv39h1 deficiency results in reduced pathology in a mouse model 
of asthma.122

As described above, HDACs negatively regulate permissive histone 
acetylation such as H3K9ac. Deletion of HDAC1 in T cells increases 
airway inflammation and Th2 cytokine production.81 In addition, inhi-
bition of HDAC activity with trichostatin A induced an increase in the 
production of the Th2 cytokines IL-13 and IL-5 and a decrease in pro-
duction of the Th1 cytokine IFN-γ from peripheral blood mononuclear 
cells isolated from asthmatics.123

Increased cytokine recall is one of the hallmark characteristics 
of memory T cells. Memory Th2 cells produce markedly increased 
amounts of Th2 cytokines compared with naive CD4+ T cells.124 This 
increase in cytokine production corresponds to increased levels of 
H3K9ac and H3K4me3 at Th2 cytokine loci. Trithorax proteins, there-
fore, function to support cytokine memory in Th cells via increased 
H3K4me3. Mll1 and Menin are members of the trithorax complex and 
loss of these proteins results in defective maintenance of Th2 mem-
ory responses while initial Th2 differentiation is unaffected.87,115 Cells 
lacking one copy of the gene that encodes Mll1 (Kmt2a) also failed to 
induce lung inflammation in a mouse model of asthma.115 We have 

also recently found shown that Menin appears to be involved in the 
development of neutrophilic and dexamethasone resistant asthma; 
neutrophil accumulation in the lung is attenuated in mice transferred 
with Th17 cells lacking Menin.116

Epigenetic regulation is, therefore, important in the control of Th 
function and cytokine memory in development of asthma. Alterations 
in epigenetic modifications such as DNA and histone methylation have 
been detected in Th cells from asthmatics. In addition, numerous stud-
ies using gene deletion in T cells in mice have described essential func-
tions for epigenetic regulators, such as members of the polycomb and 
trithorax complexes, in the development of asthma.

5  | ALTERING TH FUNCTION BY 
ENVIRONMENTAL AND PHARMACOLOGICAL 
REGULATION OF EPIGENETICS

As outlined above, epigenetic regulation of gene expression is a central 
mechanism that regulates differentiation of T cells and normal immune 
function. In addition, epigenetics could provide a direct link between 
environmental influences and gene expression. Some environmental 
influences have been suggested to influence epigenetic modifications 
and alter T-cell function. One study reported that secondhand smoke 
in combination with air pollution is associated with increased DNA 
methylation and decreased expression of IFNG in T effector cells and 
FOXP3 in Treg cells in children.125 Another study found that the pro-
tection from asthma, conferred by prenatal exposure to the bacterium 
Acinetobacter lwoffii F78, is associated with increased H4 acetyla-
tion at the Ifng locus in mice, and that protection can be abolished by 
treatment with a histone acetyltransferase inhibitor.126 Notably, the 
short-chain fatty acids butyrate and propionate that are produced by 
commensal bacteria have intrinsic HDAC inhibitory potential and can 
promote iTreg differentiation.127 Global levels of epigenetic regulation 
may also alter T-cell function. The HDAC to HAT ratio is lower in lung 
biopsies from asthmatics, and this has been found to return to normal 
levels with control of asthma symptoms.128,129 There have been some 
studies investigating the ability of drugs targeting epigenetic regula-
tors to modulate asthma-like pathology in mice. Chemical inhibition 
of Suv39h1 can reduce pathology in a mouse model of asthma.122 In 
addition, administration of a DNA methyltransferase inhibitor can re-
duce airway inflammation in mice.121 Altering epigenetic modifiers is a 
promising avenue for the control of T-cell function and potentially con-
trol of asthma symptoms; however, methyltransferases and acetylases 
function at numerous different genes and also within the cytosol.130 It 
is, therefore, likely that drugs that can alter epigenetic modifications at 
specific genetic loci will need to be developed in future.

6  | PLASTICITY OF EFFECTOR AND 
MEMORY TH CELLS

It is becoming apparent that Th cells can also display appreciable 
amounts of plasticity when exposed to strong re-polarizing signals 
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131 (Figure 4). For example, Th17 cells132,133 and induced Treg (iTreg) 
cells134,135 can acquire the ability to produce IFN-γ in vitro and in 
models of autoimmunity and microbial infection, and recent evidence 
indicates that Th2 cells may also display some degree of functional 
plasticity during viral infection in vivo.136 Allergen-specific Th2 cells 
can be driven toward an IFN-γ-producing phenotype when exposed to 
strong signaling via Toll-like receptor ligands in vitro.137,138 In addition, 
interferon signaling has been proposed as a driver of development of 
Th1/Th2 hybrid cells from Th2 cells.136 Th1 and Th17 cells can also 
be driven to produce IL-4 during a mouse helminth infection.139 It has 
also been suggested that Th9 cells develop from Th2 cells in response 
to TGF-β.27 The stability of allergen-specific iTreg cells will also be an 
important area of future research, as these cells are able to recognize 
allergens and under normal conditions ensure immune tolerance.

Some genes simultaneously exhibit both activating (H3K4me3) 
and repressive histone (H3K27me3) modifications and are termed bi-
valent. These transcription factors are often central to cellular differ-
entiation in processes such as the initial differentiation of immune cell 
subsets from hematopoietic stem cells. Interestingly, both Tbx21 and 
Gata3 are bivalent in Treg cells, indicating that this may be one-way 
Treg cells maintain plasticity.89 Gata3 also exhibits co-occupancy of 
the trithorax protein Menin (required for H3K4me3) and the polycomb 
protein Ezh2 (required for H3K27me3) in differentiated CD4+ T cells, 
and evidence suggests that the precise position of these proteins with 
respect to the transcriptional start site of genes may alter transcrip-
tional activity and the ability of both of these complexes to control 
gene expression.140 Th cells display higher levels of plasticity when the 
activities of repressive epigenetic regulators are inhibited, indicating 
that epigenetic mechanisms play a prominent role in the regulation 
of cellular plasticity. We found enhanced plasticity of both Th1 and 
Th2 cells if Ezh2 function is lost, indicating that this PRC2 protein 
is important for mediating subset stability. In Th1 cells lacking Ezh2, 
H3K27me3 is lost at several key genes including Gata3, and Gata3 

is particularly sensitive to IL-4-induced upregulation in the absence 
of Ezh2, even in differentiated Th1 cells.109 It was also shown that 
Suv39h1-dependent H3K9me3 maintains the stability of Th2 cells.122 
Compared with wild-type cells, Suv39h1-deficient Th2 cells more 
readily expressed Th1 genes when exposed to Th1 polarizing stimuli. 
Ezh2 has also been found to influence iTreg stability.110,111,141,142 Loss 
of Ezh2 function in Foxp3-expressing cells results in multi-organ auto-
immunity and production of proinflammatory cytokines.141,142

Epigenetic control of Th plasticity could have important conse-
quences for the regulation of immune responses to allergens and other 
disease antigens. In addition, in vivo and in vitro re-polarization of 
antigen-specific Th populations by drugs targeting epigenetic modifiers 
could be a novel way to control Th function in inflammatory disease.

7  | PATHOGENIC MEMORY TH CELLS;  
BEYOND THE CLASSICAL TH SUBSET MODEL

Despite the recent findings that Th cells can alter their phenotype 
under some circumstances, it is clear that memory Th cells have cy-
tokine memory, with a single clone of antigen-specific T cells gener-
ally maintaining the cytokine production profile that was acquired 
during its initial differentiation.3 This system of cytokine memory has 
the advantage that the appropriate cytokine is produced quickly dur-
ing the recall phase. This can also have adverse consequences during 
the recall response to some environmental antigens such as pollen or 
foods. Given the increased appreciation that Th cells, and particularly 
memory Th cells, can produce cytokines in a fashion that cannot be 
reconciled within the Th1/Th2/Th9/Th17/Th22/iTreg subset model, 
we recently proposed a ‘pathogenic T-helper population disease-
induction model’143,144 that recognizes the existence of memory 
Th cell populations with defined pathogenic activities and antigenic 
specificities. The model proposes that pathogenic subpopulations of 

F IGURE  4 Th hybrids and plasticity. 
It is now appreciated that some Th cells, 
particularly Th17 and pTreg cells, have 
the capacity for substantial plasticity. 
This usually manifests in the generation 
of hybrid Th subsets that co-express 
subset-specific Th cell signature cytokines 
and transcription factors. Inhibition of the 
epigenetic machinery, either by genetic 
deletion of chromatin modifiers or chemical 
inhibition of their function, also appears 
to render Th cells hyper-susceptible 
to re-polarization. In addition, discreet 
populations of Th hybrid populations have 
recently been identified in vivo (right side 
of figure), and in some cases, these hybrids 
have been shown to differentiate directly 
from naive CD4+ T cells
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antigen-specific memory Th cells are primarily responsible for driving 
allergic pathology, regardless of the overall Th cytokine bias within a 
given tissue. Consistent with this model, several distinct subpopula-
tions of T-helper cells have been identified in mice and humans that 
are capable of driving pathogenesis of inflammatory diseases, includ-
ing asthma. In particular, pathogenic Th2 cells or Tpath2 cells appear 
important for development of allergic lung inflammation.143,144 A sub-
set of IL-5 producing Tpath2 cells was originally identified within the 
CD62L and CXCR3 non-expressing portion of memory Th2 cells.145 
This CD62L and CXCR3 non-expressing subpopulation has high levels 
of H3K4me3 at the Il5 promoter, indicating that these cells are epi-
genetically primed for IL-5 production.145 It was subsequently shown 
that exposure of memory Th2 cells to IL-33 can induce chromatin re-
modeling of the Il5 gene, independent of antigenic stimulation, result-
ing in enhanced Tpath2 cell function and eosinophilic inflammation.45

Th populations that appear to stably possess characteristics of 
more than one of the canonical Th subsets have also been defined 
in both mice and humans. Th1/Th2 hybrids were found to differenti-
ate directly from naive precursors and arise during parasite infection 
in mice.146 These Th1/Th2 hybrids could induce inflammation in an 
allergic asthma model, albeit less compared with defined Th2 cells. 
GATA-3+ RORγt+ co-expressing, and IL-4 and IL-17 double-producing 
T cells have also been detected in BAL samples from asthmatics, and 
the presence of these cells was correlated with more severe forms of 
asthma. Interestingly, in vitro dexamethasone treatment suppressed 
Th2 cell function, but did not alter the function of the IL-4/IL-17 
double-producing T cells.147 Moreover, the IL-4 and IL-17 double pro-
ducers can cause enhanced levels of eosinophilic and neutrophilic in-
flammation in a mouse model of asthma.148 The intestinal microbiota 
has also been shown to induce iTreg cells that express RORγt and are 
capable of reducing Th2 inflammation.149

It will be important to determine which of these populations are 
stable Th subsets and which are cells with a changeable phenotype. In 
addition, it is unknown to what extent cytokine committed cells can 
become plastic, and if there are differences between cytokine commit-
ted Th cells and Th cells that are capable of altering their phenotype. 
Addressing these questions will allow better understanding of the 
mechanisms that drive chronic Th-cell-mediated inflammatory diseases.

8  | CONCLUSIONS

Over the past 25 years, many of the cytokines and Th subsets that 
drive development of allergic asthma have been defined. In this re-
view, we have outlined the Th subsets that participate in asthmatic 
inflammation and described some of the main cytokines and intracel-
lular signaling molecules that regulate their development. It is becom-
ing clear that transcriptional control of Th differentiation by epigenetic 
regulation is an important way that differentiation and cytokine mem-
ory of Th subtypes is controlled. New Th subsets including Th hybrids 
and discreet populations of pathogenic Th cells (e.g. Tpath2 cells) that 
are likely to be involved in allergic conditions such as asthma continue 
to be defined. How epigenetic regulation controls these subsets and 

the extent to which these subsets overlap and can be altered by epi-
genetic mechanisms will be an important area of future research.
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