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Abstract

CD4" helper T cells play critical roles for host defense and immune-mediated disease by their
ability to differentiate into specialized subsets. These subsets attain restricted patterns of cytokine
secretion and specific expression of master transcription factors in response to microbial
pathogens. Classically, the various helper CD4* T cell subsets have been viewed as terminally
differentiated lineages with limited flexibility. However, following the recognition of new subsets,
there is increased recognition of plasticity. In this review, we highlight recent advances that
pertain to this topic and the mechanisms that contribute to helper CD4" T cell differentiation and
plasticity.

Introduction

Differentiation of CD4* T cells into functionally distinct helper T subsets is critical for
proper host defense and normal immunoregulation [1,2]. These subsets are specified by
extrinsic and intrinsic cues, and the resultant cell populations acquire seemingly stable
phenotypes, which are reinforced by epigenetic modifications [3,4]. Consequently, these
subsets have been viewed as lineages, defined by expression of selective signature cytokines
and “master regulator” transcription factors [5]. Originally, CD4* T cells were viewed as
having two major fates — T helperl (Th1) cells, which express T-bet and selectively produce
interferon (IFN)-y and Th2 cells, which express Gata3 and produce interleukin (IL)-4
[1,2,6]. This represented a simple and tractable model system for understanding basic
principals in cellular specification and gene regulation. However, the Th1/Th2 paradigm
failed to explain a good deal about immunity and autoimmunity [7]. Regulatory T (Treg)
cells are another CD4™ lineage with essential immunosuppressive functions that express the
master transcription factor FoxP3 [8,9]. Comprising both thymic derived natural, nTreg cells
and peripherally induced iTreg cells, the identification of Treg cells was a key discovery in
refining our understanding of mechanisms of autoimmunity.

The recognition of cells that selectively produce IL-17 and the transcription factor RORyt
(Th17 cells) led to renewed interest in the topic of helper T cell differentiation and even
more refined views of the genesis of autoimmune disease [10,11]. Newer fates for helper T
cells continue to be identified, with nomenclature based on production of their signature
cytokines: Th9 and Th22 cells [12].
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The newest “lineage” of CD4 T cells refers to cells that reside in proximity to B cells in
germinal centers of lymphoid tissues. These follicular helper T (Tfh) cells that are critical
for providing B cell help by promoting class switching of B cells and are defined by
expression of master regulator Bcl6 and effector cytokine I1L-21, along with key surface
molecules (PD-1, CXCR5 and ICOS) [13,14]. However, as will be discussed below, the
distinction between Tfh cells and cytokine-secreting effector subsets is a topic of intense
ongoing investigation.

Although CD4" T cell subsets have elements of stability and have been referred to as
distinct lineages, there are increasing evidences pointing to substantial phenotypic flexibility
of the “newer” helper T cells and indeed, previously identified subsets also appear to be
more plastic than originally recognized [12,15,16].

Flexibility of helper T cell phenotypes

First, it is important to remember that although some cytokines are selectively produced by
different subsets, many are broadly expressed. Initially thought to be a Th2 cytokine, IL-10
is now known to be made by Thl, Th2, Treg cells and a variety of innate immune cells [17].
IL-21 is the “signature cytokine” of Tfh cells but can also be made by Th17 and Th1 cells
[18,19].

Second, it is now clear that helper cells can change their phenotype (Figure 1). Although
IL-17-secreting helper T cells were initially suggested to represent a new lineage because
they do not make the other lineage-defining cytokines, IFN-y and IL-4, it is now appreciated
that Th17 cells often become IFN-y producers [20-22]. Although the subject is far from
resolved, Treg cells can lose of FoxP3 expression and acquire the capacity to produce
proinflammatory cytokines [23,24]. Perhaps the most dramatic example is that Gata3*Th2
cells can be reprogrammed to express T-bet* and IFN-y* in the setting of viral infection.
Interestingly, type | interferons are important drivers of reprogramming [25].

Tth cells appear to be the most fluid subset. In vitro, Tfh cells can become Th1, Th2, and
Th17 cells and conversely, Th1, Th2, and Th17 can acquire attributes of Tth cells [26,27]. In
vivo isolated Tfh cells can also express cytokines characteristic of other helper T cells
[14,27,28]. In Peyer's patches, FoxP3* T cells can convert to become Tfh cells [29]. Thus, it
remains debatable whether Tfh cells should be designated a distinct lineage analogous to
other subsets of helper T cells, or simply a state of differentiation that can be superimposed
upon the phenotype of Thl, Th2, Th17 or Treg cells.

Collectively, these newer findings argue that although helper T cells may appear to be
phenotypically distinct, their capacity for plasticity should not be ignored. This then raises a
mechanistic question. What factors underlie the cell biology of commitment versus plasticity
and how are they regulated?

Helper T cells can express more than one “master regulator”

A tacit assumption of a pure lineage commitment model is that expression of a single
lineage-defining master regulator equates with the distinctive phenotype. However, it has
become increasingly clear that CD4* T cells can express more than one master regulator
[15] (Figure 1). For instance, FoxP3* cells can express T-bet, Gata3, RORyt, STAT3 and
Bcl6 — all of which are functionally relevant. In response to IFN-y, some Treg cells can
express T-bet, which drives CXCR3 expression and promotes trafficking of the cells to sites
of Thl-associated inflammation [30]. The Th2 master regulator, Gata3, is expressed in Treg
cells that reside in barrier sites such as the gastrointestinal tract and the skin, but is also
induced by TCR and IL-2 stimulation [31,32]. Although not required for basal Treg cell
homeostasis and function, Treg cell expression of Gata3 is critical during inflammatory
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responses where it maintains FoxP3 expression and limits Treg cell conversion to an effector
T cell phenotype. Considerable numbers of human CD4* T cells coexpress FoxP3 and
RORyt. These T cells express CCR6 and produce IL-17 upon activation, but also have
suppressive activity [33]. Similarly, Treg cell-specific deletion of STAT3, a factor that
drives Th17 and Tfh differentiation, also leads to autoimmunity [34]. Finally, Tregs present
in the germinal center express Bcl6 and function to constrain B cell responses [35,36].
Together, these evidences suggest that Treg cells elicit effector response-specific
suppression by using components of the transcriptional machinery important for the “target”
effector lineage. In this respect, Tregs can be viewed as a heterogenous and potentially
dynamic population.

Likewise, inflammatory Th17 cells can be generated that express RORyt together with T-
bet or Gata3 [37,38]. In experimental autoimmune encephalomyelitis, T-bet* RORyt* cells
are highly pathogenic and in this model expression of T-bet is associated with pathogenicity,
even when IFN-y is not.

Gata3 and Bcl6 are co-expressed in the setting of helminth infestation [28]; in fact, Bcl6 is
broadly expressed in CD4* T cells and not just confined in bona fide Tth cells. Moreover,
even though IL-6 and IL-21 acting via STAT3 drive Tth cell generation, Tth cell
differentiation can occur in the absence of these factors [39]. This can be explained by the
fact that IL-12 via STAT4 is capable of driving IL-21 production and Bcl6 expression [18].
Bcl6 and T-bet can be simultaneously expressed in early Thl cells. To compound matters,
those factors not only antagonize each other's function but can also cooperate to repress gene
expression [18,40].

Conversely, even if a “master regulator” is necessary for optimal generation of a subset, it
may not be sufficient. Although FoxP3 is necessary for normal Treg cell differentiation,
expression of FoxP3 is not sufficient to induce the full Treg phenotype [41,42]. Moreover,
without FoxP3, some Treg functionalities remain. Similarly, absence of T-bet does not
abrogate Th1l differentiation [43,44].

For all these reasons it should be clear that in helper T cells there is not a simple relationship
between phenotype and master regulator expression. In this respect, the role of the “master
regulators” is distinct from the classic cell biology (e.g. MyoD). In T cells, the master
regulators are neither absolutely necessary nor are they sufficient. Moreover, expression of
more than one master regulator is frequent event. Thus, rather than invoking simplistic
models of distinct expression of a single master regulator in terminally differentiated cells, it
may be more accurate to think of co-expressed master regulators. These factors can be
dynamically regulated by extrinsic and intrinsic factors and can fine tune T cell capabilities
as the situation requires [15].

Epigenetic views

Fully differentiated cells tend to maintain the established phenotype through multiple rounds
of cell division without continued instructive signals. Though the notion of “epigenetics”
preceded the era of modern molecular biology, it has come to describe hereditable changes
in phenotype or gene expression without changes in DNA sequence. Mechanistically, this
means that distinct cellular phenotypes and transcriptomes are not merely the result of
expression of transcription factors, but also the consequence of chromatin architecture of the
genes regulated.

The N-terminal tails of histone proteins can be covalently modified through acetylation,
methylation, and phosphorylation [45]. Histone modifications are associated with gene
expression by relaxing or condensing the chromatin structure to activate or repress
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transcription, respectively [46]. For example, trimethylation of H3K4 (H3K4me3) is
associated with gene activation [47]. In contrast, polycomb complexes catalyze
trimethylation of H3K27 (H3K27me3), which serves to repress gene expression.

Consistent with the standard “lineage commitment” model of helper cell differentiation,
cytokine genes typically show permissive (H3K4me3) marks on lineage-appropriate
cytokines in the corresponding lineages (e.g. /fngin Thl cells or //4in Th2 cells), and are
accompanied by repressive (H3K27me3) marks in other subsets (Figure 2). However, unlike
Th1 and Th2 cells, there is considerable intrinsic instability of Th17 cells [21]. Indeed, this
instability is correlated with the rapid remodeling of the /fng locus when Th17 cells are
stimulated in the presence of IL-12 [48].

Even more striking is that the histone methylation patterns of genes encoding several master
regulators do not confirm to this simple “on or off” mode of regulation. They exhibit both
repressive and accessible marks, even when these transcription factors are not expressed
[24] (Figure 2). For example, the 7bx21 gene is associated with accessible H3K4me3 marks
in Thl cells. Although, repressive H3K27me3 marks are present in Th2 and Th17 cells,
H3K4me3 marks are also present. Such regions, marked by both chromatin modifications,
are termed “bivalent” domains and have been seen in genes poised for expression in stem
cells [49]. This “poised” state of the T-bet locus can explain how T-bet might be induced in
Treg, Th17 and even Th2 cells. Similarly, the Bc/6locus has H3K4me3 marks in polarized
Th1, Th2 and Th17 cells and conversely, the 7bx21, Rorcand Gata3 genes have accessible
marks in Tfh cells [18,26]. This argues that this transcription factor may be readily induced
—even in cells that appear to be firmly committed to being Th1, Th2, and Th17 cells and
provides additional evidence to support plasticity of Tfh cells. It should be noted that the
appearance of bivalent domains could be a reflection of heterogeneity of the cell
populations; regardless though, it needs to be emphasized that cytokine genes do not exhibit
this complexity.

MicroRNAs and phenotypic stability

MicroRNAs (miRNAs or miRs) are ~22-nucleotide non-coding small RNAs that bind to
target messenger RNAs (mRNASs) and lead to inhibition of translation or mRNA
degradation [50]. Drosha and Dicer are two key components of the machinery responsible
for miRNA generation and loss of these factors is associated with autoimmune diseases and
loss of Treg cell stability [51]. Our understanding of how miRNAs regulate helper cell
differentiation is expanding rapidly.

Distinctive expression of miRNAs in each helper T cell subset was demonstrated in both
mouse and human, suggesting that each miRNA seems to have some specific roles for the
subsets [52,53]. It is clear that miR-146a is important for suppressive function of Treg [54],
whereas miR-155 influences Th1l, Th2 differentiation and Treg cell development [55-57].
By contrast, miR-326 enhances Th17 differentiation by targeting Ets-1, and miR-29
regulates Thl differentiation by targeting T-bet, Eomes and IFN-y [58-60]. Bcl6 represses
expression of many miRNAs predicted to control the Tth cell signature, including
miR-17-92, which represses CXCRS5 expression [61]. Yet another miR, miR-125b
contributes to maintaining the naive state of helper T cells and miR-182 promotes clonal
expansion [53,62]. This is surely an area that will continue to provide new insights into
control of CD4 phenotypic stability. Only small numbers of evidences that demonstrate
critical roles of miRNA in T cell differentiation has been reported over recent five years
even though miRNAs must be apparently involved in both T cell stability and plasticity and
seem to contribute to fine-tuning of interplay among crucial transcription factors.
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Conclusion

While there are aspects of CD4* T helper cells in which they appear to behave as stable
“lineages”, there is also no shortage of molecular mechanisms that permit flexibility in their
repertoire of responses. In fact, global histone epigenetic analysis supported the idea that
elements of both terminal differentiation (e.g. cytokine genes) and plasticity (e.g. master
regulators genes) can coexist within the same subset. Recent studies have also shown that
various types of miRNAs control phenotypic stability of CD4* T cells. With the present
terminology, there is no simple way of denoting stability versus plasticity. What is clear is
that CD4"* T cells have the capacity for substantial flexibility. In fact, this may be
advantageous in terms of host defense as well as pathogenic under certain circumstances. A
better understanding of the extrinsic and intrinsic signals that control stability and plasticity
of CD4" T cells will have important therapeutic applications to combat infections and to
control autoimmunity.
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Figure 1.

Flexibility and plasticity of helper T cells. Recent studies continue to reveal surprising
flexibility in expression of “master regulator” transcription factors. In addition, there are
now many examples in which helper T cell phenotypes can change their pattern of
expression of signature cytokines and gene expression. Striking examples exist in which
apparently fully committed “lineages” readily switch their phenotype, and there are now
many circumstances where helper T cells have been shown to express more than one master
regulator. This may be advantageous in terms of host defense, but needs to be borne in mind
in thinking about effective therapies for immune-mediated disease and vaccine development.
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Figure2.

Epigenetic status of lineage specific cytokine and transcription factor gene loci in helper T
cell subsets. H3K4me3 (red flag) and H3K27me3 (blue flag) modifications on /fng and
Thx21 loci in Thl, Th2 and Th17 cells are shown. Consistent with the selective expression
of IFN-y in Th1 cells, the /fng gene displays H3K4me3 (permissive) marks in Thl cells
accompanied by H3K27me3 (repressive) marks in Th2 and Th17 cells. The 76x21 gene is
associated with permissive H3K4me3 marks in the absence of H3K27me3 marks in Thl
cells. Although, repressive H3K27me3 marks are present in Th2 and Th17 cells, H3K4me3
marks are also present. The Bc/6 gene is another example where accessible marks are
maintained. Such bivalent epigenetic modifications on master regulator may functionally
contribute to helper T cell plasticity. Thus, the epigenetic modifications provide
explanations for elements of stability (e.g. cytokine genes) that coexist with modes of
plasticity (e.g. master regulators genes) within the same subset of helper cells.
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