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Abstract
T helper cells are critical for the development of immunity to infections and inflammatory disease.
The acquisition of specific cytokine-secreting profiles, primed by the cytokine microenvironment,
is required for effector function of Th cells. The most recent addition to the growing list of effector
subsets are Th9 cells that secrete IL-9. In this article we propose a model for the transcriptional
regulation of the Il9 gene in IL-9-expressing T cells and the relatedness of this subset to other Th
phenotypes. We suggest that transcription factors restricted to certain Th subsets, and common
among several subsets, may play a role in the plasticity of Th9 cells.

Differentiation of Th subsets
The effector function of T helper subsets relies upon the production of particular cytokines.
The cytokine-secreting potential of effector T helper subsets requires the activation and
expression of transcription factors that promote the development of each subset.
Differentiation is stimulated by the cytokine microenvironment and the activation of Signal
Transducer and Activator of Transcription (STAT) proteins that initiate specific genetic
programs (Fig. 1A). The subset-specific genetic programs include transcription factors
required for the expression of cytokines and other genes that contribute to the effector
function of each subset (Fig. 1A). While a single transcription factor is often called a
“master regulator”, the appropriate development and function of Th subsets requires the
coordinated activity of numerous transcription factors, some that are specific to a particular
Th subset, and some that are shared among several subsets. The most recent addition to a
growing continuum of Th subsets is the Th9 phenotype. These cells that develop in vitro in
the presence of IL-4 and TGF-β, secrete high levels of IL-9, as well as IL-10, CCL17 and
CCL22 [1–4]. However, the transcription factors regulating the hallmark cytokine IL-9 are
not well defined. In this article we discuss factors that are specific to Th9 cells, or common
among Th9 and other Th subsets, each of which may contribute to the expression of the Il9
gene and the plasticity of phenotype between Th9 and other Th subsets.

Th9 cells: Regulating IL-9
Th9 cells are required for allergic inflammation and immunity to intestinal parasites [2,4] by
virtue of the pleiotropic functions of IL-9 [5,6], as well as functions of chemokines and
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potentially other mediators. The receptor-induced signals and downstream transcription
factors that regulate IL-9 production are only beginning to be elucidated (Fig. 1B).

As mentioned already, Th9 cells develop in response to a balance of stimuli from TGF-β and
IL-4. In the absence of IL-4, TGF-β promotes Treg development; in the absence of TGF-β,
IL-4 leads to the development of Th2 cells (Fig. 1A). Thus, Th9 development likely requires
signals from both receptors. In support of this, IL-4 activation of STAT6, and the STAT6
target gene GATA3 are both required for Th9 development, despite GATA3 being
expressed in lower amounts in Th9 than in Th2 cells [3,4]. However, it is not clear whether
GATA3 is the only relevant target of STAT6, nor is it clear how STAT6 or GATA3 function
to promote Th9 development at the expense of Th2 cytokine production. GATA1 is known
to promote Il9 expression in mast cells [7], so it is possible that GATA3 binds directly to the
Il9 gene (Fig. 1B and 2). One factor that promotes the switch between the Th2 and Th9
phenotype is the ETS family transcription factor PU.1 [2]. PU.1 induces IL-9 production in
cells cultured under Th2- or Th9-inducing conditions, and human or mouse T cells that are
deficient in PU.1 expression have diminished IL-9 production. Because PU.1 binds directly
to the Il9 promoter (Fig. 2) to promote specific chromatin modifications, and PU.1 has been
shown to interfere with GATA3 function [8,9], it might also be a determinant in altering the
function of GATA3 between Th2 and Th9 cells. Importantly, PU.1 does not act alone. It has
modest abilities to induce IL-9 when transduced in Th subsets other than Th2 or Th9 cells,
and is expressed in iTreg that produce modest amounts of IL-9 compared to Th9 cells,
together suggesting that an IL-4-induced factor is also important for IL-9 production.

Another transcription factor required for the development of IL-9-secreting T cells is IRF4
[10]. IRF4 binds directly to the Il9 promoter and, like PU.1, is required for the development
of allergic inflammation. However, unlike PU.1, IRF4 is required for the development of
other Th subsets including Th2 and Th17 [11–13], both of which are required for allergic
airway disease that develops following sensitization with ovalbumin and alum with
subsequent ovalbumin challenge in the airways. Though IRF4 binds the Il9 promoter, it also
induces GATA3 expression during Th2 differentiation [13] and this function may impact
Th9 development as well.

The regulation of Il9 is likely to be as complex as that of other cytokine genes, requiring
multiple cis-regulatory elements and specific trans-activating factors in addition to PU.1 and
IRF4. A comparison of sequences [14] near the murine Il9 gene with human and canine IL9
identifies two conserved non-coding sequences (CNS) 5-prime of the Il9 gene. CNS1 was
previously identified in the promoter of the Il9 gene [2] that bound PU.1 and IRF4 [2,10].
CNS2 was also previously identified between mouse and human sequences, but is not
conserved with other species (Fig. 2). An additional CNS, ~6 kb upstream of the Il9 gene is
termed here CNS0 (Fig. 2). Sequence analysis [15,16] identifies binding sites for PU.1,
IRF4, GATA3, NFAT proteins and STAT proteins (N4 spacing, meaning that there are 4
nucleotides between the TTC and GAA inverted repeats of the consensus binding site) in
CNS1 (Fig. 2). Importantly, the PU.1 and IRF4 sites are not directly adjacent and are unlike
the composite sites that have been identified in other target genes of both factors [17].
Biologically confirmed sites for AP-1 and NF-κB are also present in CNS1 [18,19] (Fig. 2).
NFAT proteins are also likely involved because IL-9 production is sensitive to cyclosporine
A, an inhibitor of calcineurin that is required for NFAT nuclear translocation [20]. Potential
sites for many of these factors are identified in CNS0, including a consensus STAT site (N3
spacing). A possible candidate for binding to this site is STAT1, which is activated by IFNγ,
a cytokine known to negatively influence IL-9 production [1]. TGF-β, in addition to the
programming of the IL-9 gene, has acute co-stimulatory effects in combination with TCR
stimulation [2]. The downstream signaling pathways responsible for TGF-β activity, apart
from the induction of PU.1 expression, are still not clear, though one report suggests that Il9
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expression is normal in T cells deficient in Smad2 and Smad3 [21]. Additional work is
needed to determine the function of these motifs in Il9 regulation.

A lineage, a transient phenotype, or just one cytokine of many
Fifteen years ago T helper subsets were thought to acquire stable phenotypes after multiple
rounds of stimulation [22], and this paradigm persisted well into the 21st century. However,
as more subsets of T cells were discovered, it became clear that there is much greater
plasticity of cytokine-secreting potential in Th subsets than was initially appreciated. Many
of the initial descriptions of Th17 cells suggested that they are unstable and might be an
intermediate in the transition to an IFNγ-secreting phenotype [23–27]. Indeed, purification
of IL-17-secreting cells, and lineage tracing, demonstrated that IL-17-secreting cells can
become IFNγ-secreting cells [24,28–30]. This flexibility was correlated with chromatin
configurations that remained poised to acquire expression patterns associated with other
lineages [31,32]. However, even cells that repress other lineage transcription factors and
cytokines, can alter their cytokine-secreting phenotype. Th cells that secrete IFNγ, IL-4 or
IL-17 can acquire attributes of T follicular helper cells [33–35]. Even Th2 memory cells are
not entirely stable and are able to produce IFNγ after exposure to a new cytokine
environment [36,37]. Together, these observations suggest that few Th cell subsets are
completely fixed and with appropriate signals, cells may acquire new phenotypes.

This model of flexibility in programming still presumes that one polarized phenotype
switches to another polarized phenotype. However, a number of recent reports have
described the development of effector T cells that simultaneously have attributes of two
effector subsets. Cells that display features of Th1 and Th17 cells, including the expression
of both IFNγ and IL-17, are observed in patient samples, from mice with inflammatory
disease, and in cultures of primary cells [38–41]. At least some of these cells can express
both RORγt and T-bet, the transcription factors that respectively promote the development
of Th17 and Th1 cells [41]. The in vivo microenvironment during a viral infection can
initiate the conversion of Th2 cells to IFNγ-secreting Th1 cells that still retain some aspects
of the Th2 phenotype resulting in co-expression of T-bet and GATA3 [37]. Pro-allergic cells
that express both IL-4 and IL-17 in patient samples and mouse models of allergic
inflammation are a result of cells that express GATA3 and RORγt, the transcription factors
that respectively promote the development of Th2 and Th17 cells [42,43]. Most recently, it
was shown that Th cells that are polarized to an IL-17-secreting phenotype in the absence of
TGF-β acquire expression of RORγt and T-bet [44]. Together these observations suggest
that in addition to highly polarized Th phenotypes, there are intermediate or bi-functional
subsets that arise from the co-expression of multiple “lineage-defining” transcription factors.

Th9 cells may be another example of bi-functional Th cells. The derivation of Th9 cells by
adding only TGF-β to Th2 cells [4], suggests that there is plasticity, perhaps based on the
induction of PU.1, between these subsets. Other Th subsets can also express some amount of
IL-9, though the absolute amounts might be considerably less than those produced by
polarized Th9 cells [45,46]. Treg and Th17 cells may produce IL-9, and separation of Th17
cultures into IL-17-positive and negative cells demonstrated equivalent amounts of IL-9 in
each population, suggesting that IL-17 and IL-9 can be co-produced [45,46]. In Th2
cultures, Il9 expression is found in IL-4-low expressing cells, and Th9 cultures contain some
IL-4-IL-9-double-positive cells, showing that IL-9 can coexist with IL-4 [2]. Th9 cells also
produce IL-10, though IL-9 and IL-10 do not seem to be co-regulated as part of the same
genetic program [2]. The basis for some of these mixed phenotypes may rely upon the
relative expression of fate-determining transcription factors. For example, PU.1 is expressed
with GATA3 in Th2 and Th9 cells. Although PU.1 inhibits at least some functions of
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GATA3 in both cell types, one can imagine overlapping gradients of GATA3 and PU.1
expression where each combination might lead to subtly different cellular phenotypes.

The stability of IL-9-secreting cells is still not well documented. Allergic airway disease
caused by adoptive transfer of Th9-polarized cells can be blocked by anti-IL-9, suggesting
that the effector phenotype is maintained in vivo [10]. In contrast, adoptive transfer of Th9
cells in inflammatory models results in disease without maintained expression of IL-9, or
concomitant with acquisition of potential for secreting other cytokines [47,48]. In vitro, the
Th9 phenotype can be maintained through two rounds of culture, but polarized Th9 cells can
also acquire other cytokine-secreting phenotypes [47].

The basis for the flexibility among these Th phenotypes might lie not in the factors that are
different, but in the factors that are common among them. As noted above, IRF4 is
expressed in Th1, Th2, Th9 and Th17 cells. C-maf is expressed in Th2, Th9 and Th17 cells,
though a role for this factor in Th9 cells is still not clear. GATA3 is expressed in Th2 and
Th9 cells. These similarities provide a backdrop for altering the expression of fate-
determining factors and changing the cytokine-secreting potential of a Th cell. Thus, that
chromatin is poised to allow the development of alternate lineages might be a reflection of
the expression of factors that are common among Th phenotypes allowing a signal-induced
change in the expression of lineage-specific transcription factors to shift genes from the
poised to active state for polarized cytokine expression. The expression of common factors
thus permits a restricted response to environmental signals that would need to alter the
expression of only one or a few transcription factors to mediate the transformation into a
new Th phenotype.

Concluding remarks
Our current understanding of Th differentiation has evolved beyond a simple one cytokine-
one STAT-one phenotype paradigm. IL-4-induced STAT6 is critical for both Th2 and Th9
development. Moreover, Th2 development also requires STAT3 and STAT5, activated by
additional cytokine signals [49,50], requirements that have not been completely tested in
Th9 cells. The sharing of cytokine signals and transcription factors in the development of
Th2 and Th9 cells suggests that these cells are not distinct phenotypes, but rather part of a
continuum of phenotypes that is affected by the concentration of cytokines, both primary
(IL-4, TGF-β) and secondary factors (IL-1, IL-25, IL-2, interferons), in the
microenvironment, and are plastic enough to respond to changes in the cytokines present
with altered cytokine-secreting potential.

Epigenetic programming of cytokine expression in T helper subsets

As T helper subsets differentiate, epigenetic changes occur at loci encoding cytokines
that help to activate genes associated with one phenotype and repress genes associated
with other Th subsets

Decreased DNA methylation and increased histone acetylation are generally associated
with transcribed loci

Depending on the histone residue modified, histone methylation is associated with active
or repressed genes

A gene that has both activating and repressive histone methylation marks is said to be
poised, in that it is neither activated or repressed, but can respond to signals to become
activated; this feature may be a component of the plasticity allowing one Th phenotype to
become another
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Outstanding Questions

Which transcription factors mediate acute induction of Il9 following T cell antigen
receptor stimulation?

Which transcription factors work with PU.1 and IRF4 in programming the Il9 gene
through chromatin modifications, ultimately promoting IL-9 production?

What is the ability of purified Th9 cells to acquire potential for secreting other cytokines?
How is the acquisition or loss of IL-9-secreting potential linked to the in vivo function of
IL-9?
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Figure 1. Current paradigm of T helper cell differentiation
(A) The development of T helper effector subsets from T helper precursors (Thp) are
indicated with the cytokines and STAT proteins that are required for the differentiation into
each phenotype. The predominant transcription factor for each phenotype is shown within
the cell, though other transcription factors are required as discussed in the text. The
cytokines produced by each subset are shown in red. A continuum of TGF-β or
inflammatory cytokines is shown as an indication of the variable concentration of cytokines
in the microenvironment that primes the differentiation of each subset. (B) Multiple
transcription factors including STAT6, GATA3, IRF4 and PU.1 are downstream of the IL-4
and TGF-β signals that promote Th9 development. TCR-induced transcription factors
including NF-κB, NFAT and AP-1 likely activate acute Il9 expression.
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Figure 2. Conservation analysis and motif prediction in mouse Il9 regulatory regions
(Top) Screen capture from the ECR Browser web site (http://ecrbrowser.dcode.org/) of the
mouse Il9 gene with evolutionary conserved regions (ECR) in the canine and human
genomes. The mouse Il9 gene with five exons is transcribed from the Crick strand (right to
left) starting at 56,583,606 of chromosome 13 (mm9 reference genome). A region from −6.9
kb with respect to the gene or transcription start site (TSS) to +2.7 kb relative to the gene
end is shown. The peaks in red show comparative pair wise ECR between mouse and human
or canine sequences. (Bottom) Transcription factor binding sites predicted using the rVista
and JASPAR software, as well as manual inspection and previously identified sites, are
shown in the CNS0 and CNS1 regions. The rVista (http://rvista.dcode.org/) tool was
employed to predict motifs from the phylogenetically conserved regions observed in the
ECR Browser while for JASPAR (http://jaspar.genereg.net/) the individual species-specific
CNS regions were uploaded as input. The locations of transcription factor motifs are shown
mapped in scale relative to the TSS with the start of the CNS0 conserved region at 56, 589,
592; the motifs in the anti-sense (Watson) strand are marked with an arrow above the site.
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