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Abstract
Recent research has made great strides in uncovering the mechanisms by which the T helper 1
(Th1) cell gene expression program is established. In particular, studies examining the
transcription factors T-bet, STAT1, and STAT4 have elucidated their roles in regulating Th1
signature genes, including Ifng, and have started to address their contributions to the epigenetic
states in Th1 cells. Additionally, new findings have provided information about how the co-
expression of T helper cell lineage-defining transcription factors impacts the phenotype of the cell.
In this review, we will briefly highlight the research from the last few years examining the
epigenetic states in T helper cells and the mechanisms by which they are established. We will then
discuss how this new information contributes to our understanding of the flexibility of T helper
cell genetic programs.

Introduction
The adaptive immune system has evolved to combat a diverse set of pathogens. At the time
of their activation, CD4+ T helper cells are instructed by the cytokine environment to
differentiate into a number of distinct subtypes in order to coordinate the immune response
to clear the pathogenic insult. At present, several different T helper cell subtypes have been
identified including T helper 1 (Th1), Th2, Th17, T follicular helper (Tfh), and induced T
regulatory (iTreg) cells [1,2]. Each of these T helper cell subtypes is characterized by a
specialized gene expression program, which includes signature cytokines, cell surface
receptors, and regulatory factors. A few required lineage-defining transcription factors
coordinate the induction of the individual T helper cell specific gene expression programs
and the mechanisms by which they accomplish this task are a topic of much interest [2-4]. In
this review, we will discuss our current views on how the T helper cell specific
transcriptional programs, with a focus on Th1 cells, are established and how the epigenetic
states in these cells contribute to our views on the flexibility versus stability of their
phenotypes.

Transcription factors required for Th1 cell differentiation
There are several transcription factors that are required for Th1 cell differentiation, without
which, the Th1 signature gene program cannot be properly expressed. In particular, STAT1,

© 2011 Elsevier Ltd. All rights reserved.
*Address correspondence to Amy S. Weinmann, Department of Immunology, University of Washington, Box 357650, 1959 NE
Pacific Street, Seattle, WA 98195; USA. Tel: 206-616-7235, Fax: 206-543-1013, weinmann@u.washington.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Curr Opin Immunol. Author manuscript; available in PMC 2013 April 1.

Published in final edited form as:
Curr Opin Immunol. 2012 April ; 24(2): 191–195. doi:10.1016/j.coi.2011.12.004.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



STAT4, and T-bet are the most recognizable and well-studied [5]. STAT1 is activated in
response to IFNγ signaling and reinforces the Th1 phenotype in a positive feedback loop
[6,7]. IL-12 signaling induces STAT4, which positively regulates many aspects of the Th1
genetic program [8,9]. STAT1 and STAT4 also contribute to the regulation of Tbx21 (the
gene that encodes T-bet) expression [6,7,10,11]. T-bet is a T-box transcription factor that is
required for the induction of many Th1 signature genes and is also needed for the repression
of genes specific to alternative T helper cell fates [12-16]. A number of additional, more
ubiquitously expressed regulatory proteins are also needed to impart a Th1 gene expression
program, but STAT1, STAT4, and T-bet are required for Ifng expression and the Th1
phenotype [17,18]. To date, a great deal of research has focused on elucidating the identity
of the required factors in Th1 development and now current studies are moving forward
towards understanding the mechanisms that each of these factors utilize to regulate Th1 gene
expression patterns. Here, we will discuss this topic in more detail, with a focus on the role
for T-bet in Th1 cells.

Epigenetics and Th1 cell differentiation
One emerging question over the last several years has been the nature of the stability versus
flexibility of the T helper cell phenotypes [4,19-22]. Historically, T helper cell
differentiation was viewed through the lens of the Th1/Th2 paradigm, with each T helper
cell type representing a developmentally stable lineage capable of expressing only one kind
of signature cytokine [23,24]. However, recent years have dramatically altered our view of
this concept. It is now widely accepted that there are several functionally distinct T helper
cell subtypes represented by different signature cytokine and cell surface receptor expression
profiles. Recognized T helper cell subtypes include the traditional Th1 and Th2 cells, which
secrete IFNγ and IL-4, respectively, and have now extended to include Th17 cells that
express IL-17, as well as Tfh cells that express IL-21 [1,4,5]. In addition, T regulatory
(Treg) cells are responsible for keeping the immune response in check and preventing
autoimmunity [25]. The predominant question in the field has now become whether these T
helper cell subtypes actually represent distinct developmental lineages, or rather they are
more appropriately categorized as subsets with the potential for flexibility to express at least
portions of the gene programs characteristic of the opposing subtypes.

The epigenetic profiling of T helper cell subtypes, as well as new research examining the
mechanisms by which these epigenetic patterns are established, have started to provide
insight into this question [26-30]. Histone 3 lysine 4 trimethylation (H3K4me3) and
H3K27me3 are the most commonly studied epigenetic modifications in T helper cell
subtypes [29,31]. The H3K4me3 modification is associated with a permissive chromatin
state and is generally centered around the transcription start site of active genes. This
distinctive patterning is in part due to the association of H3K4-methyltransferase complexes
with the basal transcription machinery [32-34]. This means that if a gene is being actively
transcribed in a cell, there will be H3K4me3 at the promoter. In contrast, the H3K27me3
modification is catalyzed by the polycomb complex and is associated with a repressive
epigenetic environment. Whereas the H3K4me3 modification is found at almost all active
genes, the H3K27me3 modification is not ubiquitously associated with all inactive genes.
Rather, the polycomb complex is selectively targeted to subsets of developmentally
regulated genes to compact the epigenetic environment specifically surrounding these genes
[35]. This means that not all of the repressed genes in T helper cells will be marked with the
H3K27me3 modification, but that the genes containing this mark may be in a somewhat
more permanently repressed state [29].

Our understanding of T helper cell, as well as Th1, differentiation has been aided in recent
years by a combination of genome-wide studies examining epigenetic modifications and
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individual gene studies defining the mechanisms by which these epigenetic states are
established [21,31,36]. The genome-wide experiments have in part served as confirmation of
prior, targeted research studies examining T helper cell signature cytokine genes, including
Ifng in Th1 cells and Il4 in Th2 cells [37-39]. Signature cytokine loci are found in a
permissive state in the T helper cell type in which they are expressed [28,29,38-40]. In
contrast, Ifng and Il4 are packaged into the repressive H3K27me3 state in alternative T
helper cell fates when they are repressed [27,38,41]. These findings led to the viewpoint that
T helper cell subtypes represented defined lineages, with the genes for alternative fates
permanently extinguished as the cell differentiated. However, one of the most intriguing
new insights to come out of the genome-wide analyses of helper T cell subtypes is that the
vast majority of Th1 genes do not follow a strict epigenetic paradigm of a permanent
polycomb-mediated repression (i.e. H3K27me3 modification) in alternative T helper cell
fates [29]. One explanation for this may be that very few genes in the T helper cell subtypes
are strictly expressed in a subtype-specific fashion. This may explain why they would not be
regulated by a stable mechanism of epigenetic repression. Another surprise in the genome-
wide analyses was that the lineage-defining transcription factors, such as T-bet for Th1 cells,
are found in a bivalent (i.e. contains both H3K4me3 and H3K27me3) epigenetic state in
alternative T helper cell fates [26,29]. In a developmental setting, it is thought that bivalent
chromatin keeps genes poised to allow for their future expression [42]. The finding that the
T helper cell lineage-defining transcription factors are not marked with epigenetic
modifications indicative of permanent repression is now moving the field to the new
viewpoint that T helper cells may be more accurately characterized as somewhat flexible
subsets rather than true developmental lineages as we will now discuss.

So what does it mean that the signature cytokine genes for T helper cells are packaged into
the stable H3K27me3 repressive epigenetic state in alternative T helper cell fates, but that
the lineage-defining transcription factors are packaged into a poised chromatin state? To
answer this question, we need to understand the mechanisms by which the T helper cell
lineage-defining transcription factors regulate the signature cytokine genes. This information
will then tell us what will happen if the lineage-defining transcription factors are re-
expressed in an alternative T helper cell fate. Here, the research into the mechanisms by
which T-bet regulates the Th1 signature cytokine Ifng have been enlightening. T-bet
activates Th1 signature genes in part by recruiting chromatin remodeling complexes
including Jmjd3, a Brg1-containing SWI/SNF-complex, and an H3K4me2-methyltransferase
complex to its target genes (Figure 1) [27,43,44]. All of these complexes serve to establish a
more permissive chromatin state conducive with transcriptional activation.

Important to the topic of the flexibility versus developmental stability of Th1 cells is the
interaction between T-bet and Jmjd3, an H3K27-demethylase [27]. This interaction allows
T-bet to effectively target the removal of the repressive H3K27me3 modification. Therefore,
until T-bet is permanently extinguished, the cell will retain the capacity to re-express T-bet
target genes that are configured in polycomb-mediated repressive chromatin, which includes
the Th1 signature cytokine gene Ifng in alternative T helper cell subtypes. Coupling this
information with what we now know about the poised epigenetic status of the Tbx21 locus
(the gene that encodes T-bet) in the alternative T helper cell fates, it suggests that the
flexibility to express a Th1-gene program is maintained longer than was previously
appreciated. Thus, the new studies determining the genome-wide epigenetic state of T helper
cells, along with those uncovering the mechanisms by which the key, required transcription
factors act within the cell, have changed our inherent view of the stability of T helper cell
phenotypes. At present, the data are more indicative of flexible subsets rather than truly
stable developmental lineages.
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Cooperation and antagonism of the T helper cell transcription factors
The poised epigenetic state of the loci encoding the T helper cell lineage-defining
transcription factors maintains their potential to be expressed in more circumstances than
had been anticipated. Previously, we viewed the expression of the key transcription factors
such as T-bet, GATA3, RORγt, Foxp3, and Bcl-6 as being mutually exclusive, with each
one restricted to the cell type where it defines the signature gene expression program [45].
Simplistically then, T-bet is solely expressed in Th1 cells, while GATA3, RORγt, Foxp3,
and Bcl-6 are expressed in Th2, Th17, Treg, and Tfh cells, respectively. However, it has
become clear that these transcription factors are not expressed in a strictly restricted pattern
and in fact, in some cases, they are required for the proper functioning of what was
traditionally thought of as an opposing T helper cell fate [15,28,29,46-48]. Once again, this
concept is demonstrated by research examining the role for T-bet in establishing T helper
cell gene expression patterns. Intriguingly, T-bet interacts with several other T helper cell
lineage-defining transcription factors to mediate the repression of alternative cell fates
[12-15]. In particular, in fully developed Th1 cells, T-bet interacts with Bcl-6 to repress a
subset of genes that are important in opposing T helper cell fates [15]. This means that T-bet
and Bcl-6 work together to establish the Th1 profile and their co-expression is not
detrimental to the cell, but rather is important for it.

A similar need for the co-expression of two seemingly opposing transcription factors is
found with the co-expression of T-bet and Foxp3 in Treg cells [47]. In this case, T-bet helps
to impart a hybrid gene expression program to allow for the homing of the Treg cells to the
same location as Th1 cells to dampen their response. This form of regulation is not exclusive
to the expression of T-bet in Treg cells, but has also been observed for other key regulatory
factors such as GATA3 and STAT3 to create Treg programs that specifically control each
category of T helper cell response [49,50]. Taken together, it is clear that the T helper cell
lineage-defining transcription factors are not as exclusively expressed as had been
previously thought, and in fact, their co-expression in some settings is actually important for
establishing the phenotype of the cell.

Current views and future directions
Ongoing research examining epigenetic events in T helper cells has brought with it a new
appreciation for the flexibility of T helper cell phenotypes. Indeed, studies now suggest that
changing environmental conditions impact the cytokine expression profile of the T helper
cell [20,26]. This concept has broad implications in applications of adoptive T cell
immunotherapy. For instance, if T helper cells are introduced into an environment that
promotes an opposing regulatory program, the flexibility of the T helper cell to respond to
this new environment may result in their conversion into the opposing phenotype. This
change in phenotype would then prevent the therapeutically introduced cells from helping
alleviate the pathogenic state, and instead they may actually exacerbate it. Thus, without true
stability in the T helper cell phenotype, great caution will need to be taken with the
introduction of T helper cells for the purpose of treating chronic pathogenic conditions.
Future research will now be important to determine whether there are specific circumstances
that promote the stable, terminal differentiation of the T helper cells or rather T helper cells
always retain some degree of flexibility in their phenotype.
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Highlights

1. T-bet, STAT1, and STAT4 are required for Th1 cell differentiation.

2. Epigenetic studies have contributed to our understanding of stability versus
flexibility in T helper cells.

3. T-bet interacts with the H3K27-demethylase Jmjd3 to functionally remove
repressive epigenetic modifications at its target genes.

4. T-bet interacts with several chromatin remodeling complexes to create a
permissive epigenetic state.

5. The co-expression of T helper cell lineage-defining transcription factors
contributes to establishing the phenotype of T helper cells.
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Figure 1.
T-bet activates Th1 signature genes, including Ifng, during Th1 cell development by
functionally regulating multiple aspects of chromatin remodeling. (a) In naïve CD4+ T
helper cells, the nucleosomes encompassing the Ifng locus are marked by repressive
H3K27me3 epigenetic modifications to keep the locus in a compacted chromatin state. (b-d)
As naïve CD4+ T cells begin to express T-bet and differentiate towards the Th1 phenotype,
T-bet physically recruits (b) an H3K4me2-methyltranserase complex containing Set7/9, (c)
the H3K27-demethylase Jmjd3, and (d) a SWI/SNF-general chromatin remodeling complex
through its association with Jmjd3. (e) Collectively, the T-bet-dependent remodeling events
create a more permissive or accessible chromatin environment, which allows for the binding
of additional transcriptional regulatory proteins, including STAT4, to activate gene
transcription.
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