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Antigen-primed T cells respond to restimulation much faster than naive T cells and form
the cellular basis of immunological memory. The formation of memory Th2 cells starts
when naive CD4 T cells are transformed into effector Th2 cells and is completed after
antigen clearance and a long-term resting phase accompanied by epigenetic changes
in the Th2 signature genes. Memory Th2 cells maintain their functions and acquired
heterogeneity through epigenetic machinery, on which the recall-response of memory
Th2 cells is also dependent. We provide an overview of the epigenetics in the whole Th2
cell cycle, mainly focusing on two different histone lysine methyltransferase complexes:
the Polycomb and Trithorax groups. We finally discuss the pathophysiology and potential
therapeutic strategies for the treatment of Th2-mediated inflammatory diseases in mice
and humans.
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INTRODUCTION

T cells experience several events before transforming into memory T cells: antigen priming,
differentiation into certain functional distinct subsets, migration to inflammatory sites, exertion of
the effector functions, and a long-term resting phase. Some of these events are unnecessary or may
even be inadvisable for memory T cell formation. Antigen priming, however, is definitely essential
for the formation of the immunological memory (1-4). During antigen priming, T cell receptor
(TCR) signals induce epigenetic changes of the genes encoding lineage-specifying transcription
factors and lineage-specific cytokines collaborating with signals from costimulatory molecules and
cytokine receptors (5). After undergoing the above-described cellular events, T cells finally become
memory T cells, in which the genes responsible for a rapid response to the same antigen are
epigenetically poised for transcription. In this review, which focuses on Th2 cells, we discuss the
epigenetic regulatory mechanisms underlying T cell-mediated immune responses beginning from
the priming of naive T cells and ending with the recall-response of memory T cells.
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In contrast to innate immunity, acquired immunity recognizes
non-self-peptide antigens through TCRs on naive CD4T cells,
resulting in the functional differentiation of effector helper
T (Th) cell subsets, including Thl, Th2, and Th17 cells (6).
Each subset has its “working range” in immune response.
For example, Thl cells organize CD8T cell-mediated cellular
immunity against intracellular bacteria and viruses by producing
IFNy. However, Thl responses are often associated with
tissue-specific autoimmune diseases, including type 1 diabetes
(7). Th2 cells produce IL-4, IL-5, and IL-13 (so-called Th2
cytokines) and play a role in immunity against extracellular
parasites (1). Th2 cells also cause allergic diseases, including
asthma, rhinitis, and atopic dermatitis. Th17 cells secrete IL-
17 and are crucial for immunity against fungi; they are also
involved in the pathogenesis of inflammatory bowel disease
in collaboration with Thl cells (8). The differentiation of
each Th subset accompanies epigenetic changes in its specific
genes (9). Thus, regulatory molecules in the epigenetic changes
have received significant attention in the field of immunology.
Histone modifications, DNA methylation, and non-coding
RNA transcripts, such as microRNAs and long non-coding
RNAs (IncRNAs), are now recognized as important epigenetic
regulators (10-12). Various post-translational modifications of
histone tails, which are tightly associated with gene expression,
have been identified. The methylation of histone H3K27 is
considered to be important for gene silencing and is catalyzed
by Polycomb group (PcG) proteins (1, 13-15). PcG complexes
were originally identified in Drosophila and are categorized into
two basic types: Polycomb repressive complex (PRC) 1 and 2
(Figure 1). Enhancer of Zeste (EZH) 1 and 2, which methylate
H3K27, are active subunits of PRC2. PRC1 recognizes and binds
to H3K27 methylation and represses the target gene expression
in collaboration with PRC2. Another subunit of PRCI, ring
finger protein (RING1), possesses ubiquitin ligase activity for
histone H2AK119. In contrast to H3K27 methylation—which
is mediated by PcG proteins—H3K4 methylation, which is
catalyzed by Trithorax (TrxG) proteins, is associated with
a chromatin structure that permits transcription (Figure 1).
In mammals, six H3K4 methylases have been identified and
classified into three groups (15-17). The first group consists of
mixed lineage leukemia (MLL)-1/2 and a specific component,
Menin, which is encoded by the MENI gene in humans, the
mutation of which is often associated with multiple endocrine
neoplasia type 1 (MEN1). The second group contains MLL-
3/4 and H3K27 demethylase, UTX (ubiquitously transcribed
tetratricopeptide repeat, X chromosome). The translocation or
mutation of the genes encoding MLL proteins are frequently
found in leukemia patients, indicating that appropriate control
of the MLL functions is important for the homeostasis of
hematopoiesis. The third group of H3K4 methylase complex
is composed of SET1A/B and the unique subunit WDRS82.
TrxG proteins can both upregulate the expression of the
target gene and keep it active, depending on their association
partners or the epigenetic signatures of the target genes (18).
The present review mainly focuses on the PcG- and TrxG-
mediated epigenetic regulation of effector and memory Th2 cells,
which have dual aspects in the immune system: protective and
pathogenic.

EPIGENETIC REGULATION IN THE
INDUCTION OF TH2 CELL
DIFFERENTIATION

STATG6 Is Activated by IL-4 Signaling and
Induces Epigenetic Changes of the Gata3
Gene

Antigen recognition via TCR is an essential event for naive
CDAT cells to initiate clonal expansion and differentiation into
effector Th cell subsets, including Th2 cells. The TCR signaling
pathway is known to turn on the activation switch of naive CD4 T
cells, whereas cytokines and their receptor signaling pathways
direct the differentiation of naive CD4 T cells toward each subset.
Th2 differentiation is induced by IL-4 and its receptor signaling
cascade, which finally phosphorylates STAT6. Phosphorylated
STAT6 forms a dimer, moves into the nucleus, binds to the
target genes, and controls their expression (19, 20). The most
important target of STAT6 is the Gata3 gene, which encodes
a transcription factor, GATA3, the element responsible for the
chromatin remodeling of Th2 cytokine gene loci. Actually, the
direct binding of STAT6 is determined within the Gata3 gene
locus by both ChIP-seq and conventional ChIP assays (21,
22). IL-4 fails to upregulate the expression of Gata3 without
STAT6. Consequently, very few IL-4-producing Th2 cells can be
generated from STAT6-deficient naive CD4 T cells, even when
cultured under Th2-inducing conditions. STAT6 also plays a
role in the epigenetic regulation of the Gata3 gene during Th2
cell differentiation (Figure 2). The Gata3 gene is known to have
two promoters: a proximal promoter and a distal promoter, the
latter of which is located approximately 10 kilobases upstream
of the transcription start site (TSS) (24). Gata3 transcription is
mainly dependent on the proximal promoter in both naive CD4 T
and Th2 cells, although qPCR (quantitative polymerase chain
reaction) detected a small amount of transcripts driven by the
distal promoter in Th2 cells (22, 25). A dramatic change in the
epigenetic marks is observed between the distal and proximal
promoters during Th2 cell differentiation. In naive CD4 T cells,
the binding of PcG proteins is detected in these regions. In
contrast, TrxG proteins bind to the proximal promoter and
its downstream region. Thus, the proximal promoter forms a
boundary between the PcG-binding and TrxG-binding regions.
During Th2 cell differentiation, PcG proteins disassociate from
the region between the distal and proximal promoters, and the
binding of TrxG proteins spreads into this region. Basically,
histone modification patterns behave in a similar way. H3K27
is highly methylated in the region between the distal and
proximal promoters in naive CD4T cells and demethylated
during Th2 differentiation. H3K4me3, which is found at the
proximal promoter and its downstream region in naive CD4 T
cells, spreads upstream. Thus, the exchange of PcG and TrxG
at the region between the distal and proximal promoters of the
Gata3 gene is induced by STAT6 and defines the Th2 cell identity.

Spatial Interplay Between the Polycomb

and Trithorax Complexes
The Gata3 gene is co-occupied by PcG and TrxG proteins and
shows bivalency, with both H3K27me3 and H3K4me3 being
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FIGURE 1 | Polycomb (PcG) and Trithorax (TrxG) complexes in mammals. Two basic types of Polycomb repressive complex 1 (PRC1) and PRC2 are shown (upper).
Canonical PRC1 consists of four core subunits: RING1A/B, PCGF, CBX, and PHC (1, 15, 16). PCGF and RING1A/B, which ubiquitinate H2AK119, also compose
non-canonical PRC1 (15). PCGF4 is also known as Bmi1. PRC2 consists of four core subunits: EZH1/2, EED, SUZ12, and RBBP4/7. The SET domain of EZH1/2 is
responsible for PRC2 methylase activity. In contrast, mammalian cells have six H3K4 methylases: MLL1-4, SET1A, and SET1B (lower) (1, 15-17). All of these
complexes share ASH2L, RBBP5, DPY30, WDR5, and HCF1, which is a substoichiometric component that is absent in some branches of the TrxG complexes
(green) (17). Menin is a unique subunit of MLL1/2 complexes (blue). MLL3/4 complexes are uniquely associated with PTIP, PA1, UTX, and NCOA6, while SET1A/B
complexes are specifically associated with WDR82 and CXXC1 (shown in blue). This figure was reproduced with permission provided by Annual Reviews copyright

transfer agreement [originally published by Nakayama et al. (1)].

present at the same time in naive CD4 T cells (26). The functions
of these bivalent genes were originally analyzed in embryonic
stem (ES) cells and are poorly understood in T cells (27).
Furthermore, there are few reports on genes co-occupied by PcG
and TrxG proteins. We therefore analyzed the features of the co-
occupied genes in both ES and T cells. A substantial number of
the co-occupied genes are found in ES cells, whereas only a few
genes are co-occupied by PcG and TrxG proteins in T cells (23).
The binding levels of PcG proteins and those of TrxG proteins
are reciprocally correlated in both cell types. In this study, we also
identified two binding patterns: “PcG bound upstream and TrxG
bound downstream of the TSS,” a pattern that was frequently
observed in strongly expressed genes in T cells; and “PcG bound
downstream and TrxG bound upstream of the TSS,” a pattern
that was frequently observed in weakly expressed genes in T cells
(Figure 2) (23). Interestingly, the former gene group includes
Nfatcl, Flil, and Gfil, which are important for the development
and function of T cells (23). Thus, spatial interplay between the
PcG and TrxG proteins may be a novel mechanism regulating the
bivalent genes co-occupied by these two complexes. It has been
proposed that PcG proteins maintain the Gata3 expression at “an
appropriate level in naive CD4T cells” based on observations
in Ezh2 knockout mice: CD4T cells that lack Ezh2 showed
enhanced sensitivity to IL-4, increased Gata3 expression, and Th2
cytokine hyper-production (1, 28). In contrast to the Gata3 gene
locus, the Ezh2 binding levels at Th2 cytokine gene loci were very
low, suggesting that the Th2 cytokine expression is controlled
though Ezh2-dependent repression of the Gata3 gene.

The GATA3-Dependent Epigenetic
Regulation of Th2 Cytokines and Other Th2

Signature Genes

The GATA family transcription factors (GATA1-6) recognize
the consensus DNA sequence WGATAR via one or two C2-
C2-type zinc-finger motifs (29-31). Based on their expression
patterns in the body, GATA1-3 are classified as hematopoietic
factors, whereas GATA4-6 are recognized as endodermal factors.
In the immune system, GATA3 is predominantly expressed in T
cells and innate lymphoid cells (ILCs), including natural killer
(NK) cells (32). Regarding T cells, GATA3 exercises important
functions to go through the B-selection checkpoint during the
CD4 versus CD8 lineage choice and it is indispensable for
the development and maturation of CD4 single-positive (SP)
thymocytes (33-36). One of the important roles of GATA3 in
the thymus is regulating the expression of Th-POK, which is
an essential transcription factor for CD4-SP T cell development
(37, 38). Another role of GATA3 in the thymus is controlling
a set of genes encoding TCR components, including Cd3d and
Cd3e (37). Deletion of the Gata3 gene results in the decreased
expression of CD3 in double-positive (DP) T cells, indicating
that GATA3-dependent TCR signal strength play an important
role in thymocyte development (37). GATA3 is continuously
expressed at a basal level in peripheral naive CD4T cells,
until IL-4/IL-4 receptor signaling activates STAT6 and induces
the upregulation of the mRNA expression of Gata3 (39). The
high-level expression of GATA3 has been proposed to induce
histone H3K4 methylation and H3K9 acetylation in so-called Th2
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FIGURE 2 | (A) The epigenetic regulation of the induction, maintenance, and recall-response of effector and memory Th2 cells (1, 22). In naive CD4 T cells, which
express a moderate level of Gata3 mMRNA, the PcG proteins bind to the region between the distal and proximal promoter of the Gata3 gene. After receiving signals via
the T cell receptors (TCRs) in the presence of IL-4, activated STAT6 proteins bind to the Gata3 gene locus, resulting in disassociation of the PcG complex and
spreading of the TrxG complex binding to the region between the distal and proximal promoters. Extremely high Gata3 mRNA expression levels are achieved “in an
IL-4/STAT6-dependent but TrxG-independent manner” in developing Th2 cells (1, 22). During Th2 cell differentiation TrxG is also recruited to the //4 gene locus and
induces H3K4 methylation and H3K9 acetylation in collaboration with GATA3 proteins. Once Th2 cells are differentiated, the TrxG protein binding is observed from the
proximal promoter to intron 3 of the Gata3 gene accompanied by a broad range of H3K9ac and H3K4me3. This TrxG binding pattern may be preserved during the
process of generating memory Th2 cells from effector Th2 cells. The TrxG complex bound to the Gata3 locus can maintain the strong expression of Gata3 in memory
Th2 cells where the transcription of Gata3 is regulated “in an IL-4/STAT6-independent but TrxG-dependent manner” (1, 22). Note that in memory Th2 cells, the protein
expression of GATAS is slightly decreased in comparison to effector Th2 cells because GATA3 proteins are unstable in resting conditions. When memory Th2 cells
reencounter their cognate antigens and a recall-response is induced, the GATAS protein expression is immediately upregulated to produce large amounts of Th2
cytokines. TrxG proteins bound to the /14 gene also play an important role in the expression of IL-4 in memory Th2 cells. This figure was reproduced according to the
permissions policy of Rockefeller University Press Journals © 2010 Onodera et al. (B) The spatial interplay between Polycomb (PcG) and Trithorax (TrxG) proteins. In
CDAT cells, the binding position of PcG and TrxG proteins relative to the transcription start site (TSS) of a gene is connected to its expression (1, 23). PcG and TrxG
proteins show an exclusive binding pattern at the TSS of some genes: PcG is observed to bind downstream of the TSS while TrxG binds upstream of the TSS in
genes with lower transcription levels (Gene A); in contrast, PcG is observed to bind upstream of the TSS while TrxG binds downstream of the TSS in genes with higher

transcription levels (Gene C). When TrxG proteins bind throughout a gene, the gene shows an extremely high transcription level (Gene D). When PcG and TrxG
proteins are bound in a similar position relative to the TSS, the transcription level of this gene is expected to be moderate (Gene B). This figure was reproduced
according to the permissions policy of ASM Journals Copyright © Onodera et al. (23).

cytokine gene loci, which include the II4, II5, and II13 genes,
during development of Th2 cells (40). These epigenetic changes
play important roles in the formation of the accessible regions
for transcription factor binding, which can be detected as DNase
I hypersensitive (HS) sites. A recently developed technique,
assay for transposase-accessible chromatin sequencing (ATAC-
seq), has proven useful for analyzing these highly accessible
regions (41). The enforced expression of GATA3 by a retroviral
vector induces IL-4-producing Th2 cell differentiation, even if
naive CD4T cells are cultured under Thl-inducing conditions,
indicating that GATA3 is the necessary and sufficient master
transcription factor for Th2 cell differentiation (39, 42, 43). The
retroviral exogenous expression of GATA3 is shown to upregulate
the endogenous GATA3 expression, and correspondingly, a
single peak of GATA3 binding is detected in the Gata3 gene
and is located close to one of the STAT6 binding sites (44, 45).

In addition, the GATA3 protein expression levels are tightly
regulated by various posttranscriptional mechanisms in Th2 cells
(46-48). “A conserved YxKxHxxxRP motif” in the C-terminal
zinc finger domain of GATA3 protein has been shown to be
critical for binding to DNA, inducing chromatin remodeling at
Th2 cytokine gene loci, and exerting transcription factor activity
(49). GATAS3 is also known to be associated with some cofactors
and to organize functionally distinct complexes (1). Flil, an
Ets family protein, is shown to colocalize with GATA3 and
facilitate GATA3 functions (37). Chromodomain helicase DNA-
binding protein 4 (Chd4) is proposed to interact with GATA3
and p300 and be involved in GATA3-dependent transcriptional
activation (50). In contrast, Chd4 is also involved in GATA3-
dependent gene silencing when interacting with GATA3 and
nucleosome remodeling histone deacetylase (NuRD) (50). A
recent study reported an interesting binding partner of GATA3,
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Bcll1b, which plays an important role in limiting the Th2-related
gene expression and suppressing the non-Th2 gene expression
(51). It has been reported that several cis-regulatory elements
(also known as locus control regions) at Th2 cytokine gene loci
are also bound by GATA3. These regulatory elements include the
conserved GATA response element (CGRE), the conserved non-
coding sequence (CNS)-1, CNS-2, hypersensitive site HSVa, and
HSIT within the 114 gene (52-56). CGRE, which was originally
identified in 2002 as a region containing four consensus GATA-
binding sequences, overlaps with the previously identified HSI.
This region is located 1.6 kilobases upstream of the TSS of the I113
gene (57). Correspondingly, strong GATA3 binding signals have
been detected in the CGRE (37, 45, 58). Interestingly, the CGRE
forms a boundary between hyper- and hypo-acetylated regions.
This fact implies that GATA3 primarily binds to the CGRE and
secondarily spreads histone hyperacetylation toward the 3"_end
of the Il13 gene (52). Indeed, the association of GATA3 with
histone acetyltransferases CBP, p300, and RNA polymerase II is
observed in this region (57, 59). Thus, the CGRE region may
function as a regulatory element for chromatin remodeling at
the 1113 locus and subsequent mRNA expression of I113. Notably,
when Th2 cells are generated from naive CD4 T cells of CGRE-
deficient mice, the diminished IL-13 production but normal IL-4
or IL-5 production is observed, suggesting that a compensatory
mechanism underlies the IL-4 and IL-5 production in the absence
of this region (60). Genome-wide, GATA3 has been shown
to regulate H3K4 methylation in enhancers, including these
locus control regions; H3K4me?2 levels are decreased in GATA3-
deficient Th2 cells at non-promoter GATA3 biding sites (37).

In addition to epigenetic regulation, GATA3 is known to
act as a transcription factor for the II5 and I/13 genes: GATA3
directly binds to the promoters of these cytokine genes and
induces transcription upon TCR restimulation (61-63). In
fact, the decreased expression of II5 and II13 was observed
in differentiated effector Th2 cells in which the Gata3 gene
was knocked down by siRNA just before TCR restimulation.
Furthermore, other Th2 signature genes are transcriptionally
regulated by GATA3 in effector Th2 cells (52). The expression
of approximately half of the Th2-specific genes (16 out of 31)
in effector Th2 cells was significantly reduced by Gata3 siRNA
knockdown; the Tubel gene was the only gene for which the
expression was significantly increased, indicating that one of
the major roles of GATA3 is the transcriptional activation of
target genes (52, 58). In contrast, the transcription of other
Th2-specific genes is not affected by Gata3 siRNA knockdown.
This fact implies that GATA3 is a master regulator for Th2
cytokine expression but not for all Th2 signature genes. A similar
observation was reported in a study in which the expression of
approximately half of a different set of Th2-specific genes (44 out
of 90) was decreased in Th2 cells by Gata3 knockout (37). The
authors of that report noticed some interesting rules regarding
GATA3-dependent transcriptional regulation. First, the genes
positively regulated by GATA3 were found in the strongly
expressed gene group while the genes negatively regulated by
GATA3 were found in the weakly expressed gene group (37).
Second, the authors argue that genes with higher numbers of
GATA3 peaks tend to be affected by Gata3 knockout. This

appears to be true for genes both positively and negatively
regulated by GATA3. Taken together, these findings suggest
that the Th2-specific upregulation of GATA3 epigenetically and
transcriptionally induces a set of Th2 signature genes as well as
represses another set of genes that specifies other Th subsets.
Approximately half of the Th2-specific genes are affected by
Gata3 knockdown or knockout, leaving the other half of Th2-
specific genes intact.

Epigenetic Mechanisms That Are Shared
Between Th2 Cells and Other Conventional

or Unconventional T Cells

DNA methylation is generally observed at cytosine of the CpG
sequences in the genome. Dnmtl is reported to be a maintenance
enzyme responsible for converting hemi-methylated CpG into
symmetrically methylated CpG after DNA replication (64).
Genetic deletion of the Dnmtl gene results in the increased
expression of both IL-4 and IFNy in Th1 and Th2 cells and under
unpolarizing conditions (65-67). Thus, Dnmtl-mediated gene
silencing is important for preventing the excess production of
these cytokines and modulating the proper differentiation of Th1
and Th2 cells. Th2 cells also share several molecular mechanisms
with Th2-like unconventional T cells, including NKT2 cells (68,
69). In the absence of Gata3, a significant reduction in IL-4
production was observed in iNKT cells, indicating that GATA3
plays a crucial role in NKT2 cell development in the thymus
(70). In addition, growth factor-independent-1 (Gfi-1) regulates
the GATA3 protein expression in Th2 cells and iNKT cells. Gfi-
1 knockout results in decreased IL-5 production and increased
IFNy production in Th2 cells, whereas both IFNy-producing
NKT1 and IL-4-producing NKT2 cells are abrogated in the
absence of Gfi-1 in the thymus (46, 71). As described above, Th2
cell differentiation is considered to be controlled by both Th2-
specific mechanisms and general epigenetic machineries shared
with conventional and unconventional T cells.

EPIGENETIC REGULATION IN THE
MAINTENANCE OF THE MEMORY TH2
CELL FUNCTIONS

Maintenance of the Memory Th2 Cell
Function Depends on by Trithorax
Molecules, MLL1, and Menin

Antigen-primed Th cells migrate to inflammatory sites in
peripheral tissues and produce large amounts of effector
cytokines when they reencounter their cognate antigens in
order to eliminate these antigens. After antigen clearance, it
is thought that most of these antigen-reactive effector Th
cells die due to apoptosis in the contraction phase. However,
some of the effector Th cells survive during the contraction
phase, resulting in the generation of memory Th cells that can
rapidly respond in cases of secondary antigen exposure (72). In
general, CD4 T cells are thought to start acquiring the epigenetic
signatures of memory Th cells from priming, which is almost
established in differentiated Th subsets (5). The TrxG-binding
pattern of the Gata3 gene, which is established during Th2
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cell differentiation, is basically maintained in memory Th2 cells
(Figure 2). Memory Th2 cells are reported to maintain their Th2
signatures, specifically the Th2 cytokine production ability upon
recall TCR stimulation and permissive histone modifications at
the Th2 cytokine gene loci. These signatures are maintained
by the high-level expression of GATA3 in an IL-4-independent
manner (14, 59, 73-75). In addition, the expression of Th2
cytokine genes in memory Th2 cells depends on GATA3, since
Gata3 knockdown diminishes the transcription of these and
other Th2-specific genes (52, 58). When TrxG proteins are
genetically depleted, memory Th2 cells fail to maintain the Gata3
expression and produce reduced amounts of Th2 cytokines after
TCR stimulation due to the decreased methylation of H3K4 and
the acetylation of H3K9. For example, the decreased expression
of Gata3 and impaired type 2 immune responses are observed
in Kmt2at/~ (referred to as MLL1 7/~ elsewhere in this review)
mice (76). Menin-deficient memory Th2 cells show a similar but
milder phenotype (25). This is probably due to the redundancy
of Menin, which is reported to only be included in the MLL1/2-
bearing TrxG complex. In addition to the Gata3 gene locus,
permissive histone marks in Th2 cytokine gene loci are proposed
to be maintained by MLL1 and Menin. In fact, the direct
binding of MLL1 and Menin is detected at specific regions of
Th2 cytokine gene loci as well as at the Gata3 gene locus.
Th2 cytokine production is dramatically reduced in MLL1/~
memory Th2 cells in concurrence with decreased levels of the
permissive histone marks, including H3K9 acetylation and H3K4
methylation. Accordingly, MLL1t/~ memory Th2 cells have a
compromised ability to induce antigen-dependent allergic airway
inflammation in vivo in comparison to wild-type control cells,
suggesting a pathophysiological role of MLL1 in allergic diseases.
Thus, TrxG molecules MLL1 and Menin epigenetically stabilize
and maintain the Gata3 mRNA expression in memory Th2
cells (14).

The PcG Protein Bmi1 Regulates the
Survival of Memory Th2 Cells

As described above, it is generally thought that some of the
effector Th cells that survive after antigen clearance are a major
source of memory Th cells. Thus, the mechanism underlying
the survival of memory Th2 cells is an important issue to be
addressed. It has been proposed that the PcG protein Bmil
(also called Pcgf4) is responsible for the survival of memory
Th2 cells as well as the self-renewal of hematopoietic stem
cells (77). Indeed, a Bmil-dependent (Bmil™/*, Bmil*/~, and
Bmil =/~ were compared) decrease was observed in the numbers
of memory Th2 cells. In hematopoietic stem cells, Bmil exerts
its function via the repression of Ink4a/Arf, which are produced
by different isoforms of the Cdkn2a gene (78, 79). However,
the Bmil-dependent repression of Noxa, which is encoded by
the Pmaipl gene, is required to prevent apoptosis in memory
Th2 cells (77, 80). Bmil binds to the CpG islands of the
Pmaipl gene along with other PcG proteins (RinglB and Suz12)
and suppresses the gene expression via H3K27 methylation. In
addition, Bmil recruits DNA methyl transferase 1 (Dnmtl) to
preserve CpG methylation of the Pmaipl gene (77, 81). Thus,

Bmil modulates the memory Th2 cell survival through the
repression of the Pmaipl gene.

THE HETEROGENEITY OF MEMORY TH2
CELLS

The Identification of Pathogenic Th2
(Tpath2) Cells With Distinctive Epigenetic

Modifications

Although we have described molecular mechanisms underlying
the maintenance of the memory Th2 cell functions based on
the analysis of the “bulk” cell population, recent advances
in experimental techniques have enabled us to analyze the
expression of proteins and transcripts at the “single cell” level
in vivo (82). These analyses revealed that the cell populations
(e.g., hematopoietic stem cell) in our body are much more
heterogeneous than initially believed (83). The abovementioned
memory Th2 cells also show heterogeneity and can be classified
into subpopulations by the expression patterns of cell surface
molecules, such as chemokine receptors and cell adhesion
molecules. Among these subpopulations, we discovered that one
population in which memory Th2 cells express low levels of
both chemokine receptor CXCR3 and cell adhesion molecule
CD62L (CD62L°CXCR3) produces a large amount of IL-5,
which is closely related to the pathogenesis of eosinophilic airway
inflammation (84). The IL-5 secretion from CD62LI°CXCR3
memory Th2 cells is strictly regulated by histone modifications
and the expression of the transcription factor Eomes. In
this population, permissive histone modifications, including
H3K4 trimethylation are observed at the promotor region
of the II5 gene locus. Furthermore, the Eomes expression of
CD62LI°CXCR3!° memory Th2 cells is very low, which inhibits
the binding of GATA3 to the II5 promotor and the subsequent
II5 transcriptional induction in other populations. Thus, these
cells are capable of producing a large amount of IL-5 in response
to antigenic stimulation. CD62L°CXCR3!° memory Th2 cells,
which produce large amounts of IL-5, recruit eosinophils to
inflammatory tissues in vivo and are closely related to the
pathogenicity of eosinophilic airway inflammation. Thus, we
named these pathogenic memory Th2 (memory Tpath2) cells
(84, 85). Another group reported that chemokine receptor
CCRS8-positive Th2 cells can produce large amounts of IL-
5 and are involved in the pathogenicity of chronic atopic
dermatitis in a mouse model (86). These reports raise the
possibility that memory Tpath2 cells can be further classified
into subpopulations with distinctive chromatin modifications
that might be related to the pathogenicity of each disease.

The Induction and Maintenance
Mechanisms of Tpath2 Cells

How are Tpath2 cells that produce large amounts of IL-5 induced
in vivo? It is proposed that epithelial cytokines, including IL-
25, IL-33, and thymic stromal lymphopoietin (TSLP), which are
released from the epithelial cells of the respiratory tract, play an
important role in inducing Tpath2 cell differentiation (Figure 3).
These cytokines have an “alarmin” function and induce an
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FIGURE 3 | The two types of pathogenic memory Th2 (Tpath2) cells. Antigens that are potentially associated with allergic reactions promote the secretion of IL-33
from airway epithelial cells. IL-33 binds to its receptor ST2 on memory Th2 cells and induces epigenetic changes of the /I5 gene, resulting in the generation of
IL-5-producing Tpath?2 cells (upper) (1, 87). When Tpath2 cells reencounter their cognate antigens, these cells produce a large amount of IL-5, which exacerbates
chronic eosinophilic inflammation in the lung. IL-33 also induces the production of fibrosis-inducing Tpath2 cells, which produce large amounts of Amphiregulin (lower)
(88). Amphiregulin binds to the epidermal growth factor receptors (EGFRs) on eosinophils and induces Osteopontin secretion from the eosinophils, resulting in fibrosis
in the lung tissue. This figure was reproduced according to the permissions policy of Cell Press journal [originally published by Morimoto et al. (88)].
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inflammatory response in the mucosal membrane. Our study
revealed that in vivo, memory Th2 cells express elevated levels
of IL-33 receptor ST2 compared to differentiated effector Th2
cells in vitro (87). Indeed, IL-33 stimulation activates memory
Th2 cells and induces a large amount of IL-5 production via
chromatin remodeling at the II5 gene locus. Interestingly, IL-33
stimulation also induces chromatin remodeling at the Il1r]1 gene
locus, which encodes ST2, resulting in the increased expression
of ST2 in memory Th2 cells. An RNA-seq analysis of gene
expression patterns induced by IL-33 stimulation in memory
Tpath2 cells identified other candidate molecules responsible for
eosinophilic inflammation. Amphiregulin, which is encoded by
the Areg gene, has been reported to be associated with tissue
repair and fibrosis and was one of the candidates identified by
this analysis (88). Fibrosis around the airway, which is often
found in patients with chronic airway inflammation, is typically
formed in an airway inflammation mouse model induced by
house dust mite (HDM). Thus, we hypothesized that the IL-33-
Amphreglin axis has a pathogenic function to induce fibrosis

in airway inflammation. Indeed, IL-33 stimulation induced
permissive histone modifications at the Areg gene locus in vitro.
The deletion of the Areg gene resulted in the attenuation of
the lung fibrosis induced by Tpath2 cells. Amphiregulin had a
direct effect on epidermal growth factor receptors (EGFRs) on
eosinophils, which causes them to produce Osteopontin, which
induces fibrosis. Thus, a subpopulation of Tpath2 cells that
produce Amphiregulin functions as “fibrosis inducing memory
Tpath2 cells” (Figure 3). Although Tpath2 cells and ILC2 cells
share some signatures, including the ability to produce IL-5,
they differ in responsiveness to IL-33 stimulation. ILC2 cells can
produce IL-5 in response to IL-33 stimulation whereas Tpath2
cells need TCR stimulation to produce IL-5. Duspl0, which
is highly expressed in Tpath2 cells compared to ILC2 cells,
was found to be involved in inhibiting IL-33-dependent IL-5
production in Tpath2 cells (89). Thus, the Duspl0-mediated
suppression of IL-5 may explain the difference in responsiveness
to IL-33 between Tpath2 and ILC2. Most recently, CXCR61ST2+
memory Th2 cells have been found to exert a protective function
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in immunity against helminth infection (90). This finding
supports the hygiene hypothesis that lack of exposure to parasites
increases susceptibility to allergic diseases: ST2* memory Th2
cells play a protective role against helminth infection but play
a pathogenic role in allergic reactions in the absence of parasite
infection.

In addition to IL-33, IL-7 also plays a role in the maintenance
of memory Th2 cell functions in an ectopic lymphoid tissue
called “inducible bronchus-associated lymphoid tissue” (iBALT)
(91). The chronic inflammation caused by various factors such
as infectious diseases, smoking, and collagen diseases is reported
to induce the formation of iBALT in the lung (91). Notably,
Thyl (a cell surface molecule)-positive lymphatic endothelial
cells produce IL-7 in the inflamed lung tissue and are essential for
the formation of iBALT and memory Tpath2 cell maintenance
in iBALT. More interestingly, Thyl-positive IL-7-producing
lymphatic endothelial cells in iBALT also strongly express IL-33
and are implicated in the maintenance of the memory Tpath2
cell function in iBALT (91). Taken together, these findings suggest
that memory Tpath2 cells develop from memory Th2 cells in vivo
via epigenetic mechanisms in the presence of an environmental
signal molecule (IL-33) and are maintained by receiving signals
that are important for their functional maintenance and survival
in the inflamed tissues microenvironment of iBALT, which is
proposed to be an “inflammation niche.”

THE REGULATION OF THE
RECALL-RESPONSES OF EFFECTOR AND
MEMORY TH2 CELLS

The Acute Immune Response in the Airway
Mediated by Effector Th2 Cells Is
Dependent on CD69 and its Ligand Myl9/12

Antigen-primed Th cells migrate to inflamed sites via the blood
stream and infiltrate inflammatory tissues through vessels. Thus,
migration into inflammatory tissues, where Th cells reencounter
their cognate antigens, is important for Th cells to exert their
effector functions in acute immune responses. In a recent study,
we successfully identified myosin light chain (Myl9/12) as a
functional ligand for CD69 and proposed a new migration
mechanism that is dependent on interaction between CD69 and
Myl9 (the “CD69-Myl9 system”) (92, 93) (Figure 4). CD69 was
originally identified as a molecule that is rapidly induced on
T, B, and NK cells upon activation (93). CD69 is a type 2
cell membrane protein with a C-type lectin-like domain. TCR
stimulation increases H3K4 methylation at the Cd69 gene in
naive CD4 T cells, suggesting that the expression of CD69 is
epigenetically regulated (94). More recently, CD69 has been
found to be crucial for maturation of NKT2 cells in the
thymus, where CD69 prevents immature precursors from exiting
by suppressing the sphingosine-1-phosphate receptor 1 (S1P;)
expression (95). A number of studies have reported roles of CD69
in murine models of inflammatory diseases, including arthritis,
airway inflammation, and dextran sulfate sodium (DSS)-induced
colitis (96-98). However, the CD69 ligand had not been identified
before our report on Myl9/12. We found that Myl9/12 molecules

are released from platelets in inflammatory vessels and then form
net-like structures (Myl9 nets) that help activated immune cells
infiltrate the blood vessels and migrate into inflammatory tissues.
Myl9/12 monoclonal antibody (Ab) treatment was proven to
be effective in both OVA-induced and HDM-induced airway
inflammation models. These results suggest that anti-Myl9/12
Abs-based antibody therapy may also be useful for severe steroid-
resistant asthma treatment in humans, and humanized anti-
Myl9/12 Abs that can be administered to humans are now being
prepared.

The Epigenetic Regulation of the
Recall-Responses of Memory Th2 Cells by
the TrxG Proteins MLL1 and Menin

As described in a previous section, TrxG proteins, such as
MLL1 and Menin maintain H3K4 methylation of the Gata3
and Th2 cytokine genes and are crucial for the rapid recall
response of memory Th2 cells. Menin is also indispensable for
the survival of memory Th2 cells because ablation of Menin
is shown to significantly decrease the number of memory Th2
cells. However, even in an experimental setting where the same
number of wild-type and Menin-deficient memory Th2 cells
are transferred into congenic mice, which are challenged by
OVA, the deletion of Menin attenuates airway inflammation,
indicating that the Menin-dependent regulation of the Th2
signature genes is important for type 2 immune responses (25).
TrxG proteins are involved in both pathogenic and protective
immune responses. For example, MLL1 is reported to play a
role in the anti-tumor immunity mediated by memory Th2
cells (99). Thus, TrxG proteins are required for both keeping
the epigenetic states active in the Th2 signature genes and
for preventing programmed cell death of memory Th2 cells,
both of which are essential for a proper recall response to
antigens.

Menin is also needed for the long-term maintenance of the
Th2 cell identity and a proper response to antigen restimulation
when Th2 cells are exposed to antigen multiple times in
vitro. Th2 cells subjected to TCR stimulation multiple times
are reported to produce higher levels of IL-5 and IL-13 in
vitro than normal effector Th2 cells (25). In contrast, I1L-4
production is slightly increased by multiple TCR stimulation,
which is required for the complete demethylation of CpGs of
the Il4 gene (100). In these established Th2 cells, the deletion
of Menin decreased the expression of Th2 signature genes,
including the Gata3 and Th2 cytokine genes (25). In vivo,
multiple exposure to an antigen has a different effect: the
pathophysiology of airway inflammation changes from Th2-
mediated to Thl- and Thl7-mediated inflammation. Th17-
mediated airway inflammation is known to be associated with
steroid-resistant asthma (101). Menin has been implicated in
the pathogenesis of airway inflammation in a mouse model
resembling steroid-resistant asthma (102). Menin also plays a
role in the protective immune response to listeria infection in
CD8T cells (103). Thus, epigenetic regulation mediated by TrxG
proteins is important for both pathogenic and protective immune
responses.
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FIGURE 4 | The “CD69-Myl9 system.” In the inflamed lung, platelet-derived Myl9 forms a net-like structure in association with platelets on the luminal surface of blood
vessels (92, 93). CDB9 molecules on effector Th2 cells interact with Myl9 nets and help Th2 cells infiltrate tissues. Infiltrating Th2 cells reencounter their cognate
antigens and exert effector functions through the production of Th2 cytokines. IL-5 is known to recruit eosinophils whereas IL-13 promotes mucus hyperproduction
from airway epithelial cells. IL-4 stimulates Th2 proliferation in an autocrine manner. This figure was reproduced according to the permissions policy of John Wiley &

Sons publications [originally published by Kimura et al. (93)].

The Involvement of Tpath2 Cells in Human

Chronic Allergic Diseases

In previous sections, we focused on a mouse model of airway
inflammation associated with Th2-mediated inflammatory
diseases. In this section, we discuss the recent findings
concerning human chronic allergic diseases, with a focus
on chronic rhinosinusitis (CRS), which is one of the most
common complications of bronchial asthma (1). CRS refers to
a type of chronic upper respiratory tract inflammation that is
characterized by the inflammation of the mucosa of the nasal
and paranasal cavity and tissue remodeling. The pathogenesis
of CRS and the process through which the inflammation of
CRS develops are thought to be similar to those of bronchial
asthma, which is caused by lower respiratory tract inflammation.
CRS is categorized into two groups according to the presence
or absence of nasal polyps (NPs): CRS without NPs (CRSsNPs)
and CRS with NPs (CRSwNPs) (1). Polyps from CRSwNP
patients usually contain large numbers of infiltrating eosinophils
and are thought to be a local lesion of chronic eosinophilic
inflammation. Thus, CRSwNPs is also called eosinophilic CRS
(ECRS). The pathophysiology of ECRS is unclear at present; we
analyzed polyp-infiltrating T cells and found that the polyps of
eosinophilic rhinosinusitis patients contain large numbers of
infiltrating memory CD4 T cells that secrete large amounts of
IL-5 in response to IL-33 stimulation (87, 91). These memory
CD4 T cells strongly express IL-17 receptor B (IL-17RB), which is
a receptor of IL-25 and involved in IL-5 production in response

to IL-25 stimulation (104). In addition, CD69-expressing T cells
and Myl9 nets have been identified within the polyps, indicating
that the “CD69-Myl9 system” plays a role in the pathogenesis
of ECRS (92, 93). Consistent with the mouse model of airway
inflammation, ectopic lymphoid tissues with Thyl-positive
IL-7-producing lymphatic endothelial cells are formed in ECRS
polyps (91). In addition, fibrosis is also observed in ECRS polyps.
A further analysis revealed that memory Th2 cells that highly
express the cell surface molecules CD161 and CRTH2 specifically
produce IL-5 and Amphiregulin in vivo (88). Other research
groups have reported that Tpath2 cells also contribute to allergic
reactions in the gastrointestinal tract, such as human eosinophilic
esophagitis and food allergy (105). In addition, it is reported that
sublingual immunotherapy can reduce the number of Tpath2
cells in the peripheral blood of pollinosis patients (106). These
results suggest that the IL-33-dependent induction of memory
Tpath2 cells is closely associated with chronic inflammation in
both humans and mice.

CONCLUDING REMARKS AND OPEN
QUESTIONS TO BE ADDRESSED

Extensive research on Th2 cells has shed light on the epigenetic
regulation in the induction, maintenance, heterogeneity, and
recall-response of memory T cells. For the induction of Th2 cells,
STATS6 regulates epigenetic changes of the Gata3 gene, resulting
in the expression of extremely high levels of GATA3 proteins,
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which control chromatin remodeling at Th2 cytokine gene loci.
STAT6 and GATA3 also recruit TrxG H3K4 methylase proteins
to the appropriate regions of the Gata3 and Th2 cytokine gene
loci, respectively. The recruited TrxG proteins are required for
the maintenance of the high expression of the Gata3 gene and
the production of Th2 cytokines in memory Th2 cells upon
secondary TCR stimulation, indicating that the recall-response
of memory Th2 cells is also dependent on epigenetic machinery.
Memory Th2 cells show heterogeneity and can be classified into
subpopulations with distinctive epigenetic modifications. For
example, CD62L° CXCR3!® Tpath2 cells produce a large amount
of IL-5, whereas a subpopulation of the Tpath2 cells produces
Amphiregulin and is involved in fibrosis in the airway of mice
and humans. Taken together, these findings suggest that allergic
airway inflammation is caused by a certain subpopulation of
memory Th2 cells or a combination of subpopulations. The
“pathogenic Th population disease induction model” we have
proposed may thus explain the pathogenesis of allergic airway
inflammation more accurately than the classical model, in which
an imbalance in Th1/Th2 differentiation is proposed to be
responsible for allergic disease (1, 85).

Various important and interesting questions remain to be
addressed. The first question is how a small number of memory
T cells are selected from a large number of effector T cells.
Some reports show that effector T cells harboring TCRs with
a low affinity to antigens are prone to survive and form a
memory T cell population, while other reports argue that some
naive T cells are directly differentiated into memory precursor
cells after antigen priming (107, 108). Another question is
where memory T cells are located. Previously inflamed tissue,
draining lymph nodes, other secondary lymphoid organs, the
bone marrow, and the peripheral blood are potential locations
(109). Regarding epigenetics, histone modifications and DNA
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