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Abstract

The discovery of a new lineage of helper T cells that selectively produces interleukin (IL) -17 has
provided exciting new insights into immunoregulation, host defense and the pathogenesis of
autoimmune diseases. Additionally, the discovery of this T cell subset has offered a fresh look at
how the complexity of selective regulation of cytokine gene expression might relate to lineage
commitment, terminal differentiation and immunologic memory. Information continues to
accumulate on factors that regulate Th17 differentiation at a rapid pace and a few lessons have
emerged. Like other lineages, Th17 cells preferentially express a transcription factor, retinoic acid-
related orphan receptor (ROR)y t, whose expression seems to be necessary for IL-17 production. In
addition, signals from the T-cell receptor are a critical aspect of controlling IL-17 production and the
transcription factor nuclear factor of activated T cells (NFAT) appears to be another important
regulator. IL-6, IL-21 and IL-23 are all cytokines that activate the transcription factor STAT3, which
has been established to be necessary for multiple aspects of the biology of Th17 cells. Similarly,
TGF-1 is important for the differentiation of murine Th17 cells and inducible regulatory T cells
(iTregs), but how it exerts its effect on IL-17 gene transcription is unknown and there are data
indicating TGFp-1 is not required for human Th17 differentiation. The extent to which Th17 cells
represent terminally differentiated cells or whether they retain plasticity and can develop into another
lineage such as IFNy secreting Th1 cells is also unclear. Precisely how cytokines produced by this
lineage are selectively expressed and selectively extinguished through epigenetic modifications is
an area of great importance, but considerable uncertainty.

INTRODUCTION

The identification of two distinct subsets of CD4* T helper (Th) cells by Coffman and Mossman
provided enormous insight into our understanding of T cell function. This discovery led to
further advances in how subsets of T cells with selective cytokine production emerge in
response to different microbial pathogens, thus providing a robust model for understanding
mechanisms of gene regulation and fate determination [1-3] [4]. It is therefore worth reviewing
what has been learned about gene regulation in Th1 and Th2 cells as background for discussing
regulation of IL-17.

Th1 cells produce the signature cytokine, IFNy, a critical factor that enhances cellular
immunity. Precisely how IFNy production is selectively induced in Th1 cells has been the focus
of much research, but is still incompletely understood. Nonetheless, the study of this important
gene has provided interesting insights. Clearly, signals emanating from the T cell receptor
(TCR) are of major importance and the activation and induction of transcription factors such
as nuclear factor of activated T cells (NFAT) and T-box transcription factor, T-box 21 or T-
box protein expressed in T cells (T-bet) are clearly key events [3]. Additionally, interleukin
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(IL)-12 produced by activated dendritic cells (DC) acting via the transcription factor STAT4
is particularly important in promoting Th1 differentiation.

In addition to the activation of transcription factors, we now know that epigenetic modifications
of genes represent an important aspect of regulation. DNA is associated with histone proteins
to form nucleosomes, the basic structure of chromatin. Active transcription generally requires
chromatin modification and remodeling, which can be assayed by sensitivity to nucleases,
histone tail modifications and CpG DNA methylation. The selective expression of cytokine
genes in activated CD4* T cells and their progeny represent excellent examples of the
dependency upon epigenetic regulation. Recent comprehensive epigenetic analyses of Ifng
locus suggests that regulatory elements are spread over a region of about 100 kilobases flanking
the gene including the collective action of multiple distal regulatory elements [5,6]. These
include multiple DNase hypersensitivity sites and conserved noncoding sequences (CNS).
CNS-1 resides 5 kb upsteam of the Ifng gene and is subject to Th1-specific hypersensitivity,
and NFAT and T-bet bind in this region. CNS-2 is located 18 kb downstream of the Ifng gene
and it undergoes Th1-specific histone hyperacetylation; this region binds T-bet and STAT5
[7,8]. Another CNS is located upstream of the Ifng gene, 22 kb (CNS-22) from the
transcriptional start site. CNS-22 binds T-bet and is associated with histone modifications
typical of accessible chromatin in both T helper 1 (Th1) and Th2 cells. Deletion of this element
blocked Ifng gene expression in CD4* Thi cells, CD8* T cells and NK cells [9].

Epigenetic marking throughout the Ifng locus such as histone modification and DNA
methylation are critical in maintaining the gene in a transcriptionally accessible/repressed state
and it appears that STAT4 is essential for these modifications [10]. Overexpression of T-bet
promotes epigenetic modifications; however, T-bet, is not absolutely required for remodeling
of the Ifng locus [11]. Conversely, silencing of the Ifng locus in differentiating Th2 cells is
dependent on GATA3 and STAT® [5,6,12]. Interference with DNA methylation also results
in enhanced IFNy production, and DNA demethylation and histone acetylation are STAT-
dependent [4,13].

In contrast to Thl cells, the hallmark cytokine secreted by Th2 cells is IL-4, which is crucial
for host defense against helminths and the pathogenesis of asthma and allergy. Th2
development is initiated by TCR signaling in conjunction with IL-4 signaling with the
participation of the transcription factors STAT6 and GATAS. The Th2 locus encompasses 140
kb and includes genes encoding IL-4, IL-13, Rad50, and IL-5. The Rad50 gene does not encode
a cytokine, but it contains elements that regulate IL-4, IL-5 and 1L-13 production (discussed
below). The intergenic region between the 114 and 1113 genes includes three DNase
hypersensitivity sites. This region also includes a critical, evolutionarily conserved 400-bp
noncoding sequence 1 (CNS-1), which when deleted interferes with Th2 cell differentiation,
but does not interfere with mast cell IL-4 production. [14] CNS-1 is highly responsive to
GATAZ3 in terms of chromatin remodeling and enhancer activity. Another conserved
noncoding sequence, CNS-2 overlaps with a DNase hypersensitivity region present
downstream of the 114 gene. This region has enhancer activity and is bound by GATA3 and
NFAT. Deletion of CNS-2 blocks IL-4, IL-5 and IL-13 production in Th2 and mast cells
[15]. Another DNase | hypersensitivity site (HS1) located 1.6 kb upsteam of the 1113 locus also
binds GATAS.

A locus control region (LCR) is a regulatory region with both enhancer and insulator activity
and a Th2 LCR resides in the 3’ end of the Rad50 gene, which contains multiple DNase
hypersensitivity sites [16]. The Th2 LCR also undergoes a number of lineage-specific
epigenetic modifications including Th2-specific histone hyperacetylation and DNA
demethylation.
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Studies have shown that the promoters of the Th2 cytokine genes undergo intrachromosomal
interactions, such that they are in close spatial proximity to form a “prepoised” core chromatin
configuration even in nonlymphoid cells that do not produce these cytokines. It is thought that
early cytokine production, which can occur in a STAT6-independent manner may be due to
the “prepoised” structure of the Th2 locus. GATA3 may be an important factor in this
organization and is known to induce chromatin remodeling. GATAS3 also interacts with other
transcription factors, such as members of the NFAT family, which may work in concert with
GATAZ3 to facilitate the interaction between the Th2 LCR and the promoters of the target
cytokine genes.

InT and NK cells, the LCR also interacts with the promoters of the Th2 cytokine genes, referred
toasa “poised” state of intrachromasomal structure. STAT6 is likely to be required for “poised”
chromatin conformation in later stages of Th2 differentiation. In this way, STAT6 contributes
to the sustained tissue-specific expression of the Th2 cytokines.

Another important aspect of Th1/Th2 counterregulation is interchromosomal interactions
between Th1- or Th2-specific cytokine genes [17]. In naive T cells the promoter region of the
Ifng locus (chromosome 10) and the LCR of the Th2 locus (chromosome 11) interact. Upon
Th1 stimulation, Th2 genes move to a more repressed region of the nucleus while IFNy is
expressed. The gene expression under Thl or Th2 stimulation is then regulated by
intrachromosomal regulatory elements, although mechanics of this process are poorly
understood.

Together, these mechanisms enable Th1l and Th2 lineage decisions to be made at a very early
stage of T-helper differentiation, with respective Th1/Th2 cytokines enforcing their own
expression and inhibiting alternative commitment. This is a key feature of Thl and Th2 cells
— silencing of the gene encoding signature cytokine of the opposing fate — in this respect, Thl
and Th2 cells appear to be terminally differentiated, at least in the mouse. Generally, once a
CD4* T cell has committed to one of these two lineages, conversion to the other lineage does
not occur. As a result of these mechanisms, Th1 and Th2 cells develop into mature effectors
with rather stable phenotypes. This is important because the helper T cell response to
microorganisms is essential in shaping the immune response to eliminate these pathogens.

While the concept of Thl vs. Th2 cells has led to enormous advances, this view of T cell
differentiation is somewhat static, with stereotypical, inflexible responses. With time it has
become clear that the model has a number of limitations, and that it does not reflect the true
complexity of T cell responses.

New levels of complexity in fates of CD4* T cells

Although the cytokine IL-17 was identified more than 10 years ago as a product of CD4* T
cells, it was only recently that a subset of T cells which preferentially produces IL-17 was
recognized. Conversely, it was also recognized that polarized Th1 and Th2 cells do not produce
IL-17 and in fact, IFNy and IL-4 inhibit Th17 differentiation. Thus, it was proposed that IL-17-
producing helper T cells or Th17 cells represent a new lineage of CD4* T cells, which appears
to be very important in the pathogenesis of autoimmune disease.

While there are data that support the notion that Th17 represents a distinct lineage, it should
be noted that T cells producing both IFNy and IL-17 have now been found in a number of
circumstances in vitro and in vivo; exactly how such cells are related to Th17 or Thl cells is
unclear. In the human, these subsets (IL-17/IFNy double producers and IL-17 single producers)
can be distinguished by their chemokine receptor expression [18] (discussed below).
Furthermore, Th17 cells also produce other cytokines including TNF, IL-17A, IL-17F, IL-21
and IL-22, though IL-22 can also be produced by other T cell subsets [19-22]. This has
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important implications for considering Th17 lineage commitment and the extent to which Th17
cells are terminally differentiated or are “works in progress”.

Another critical subset of CD4" T cells, is regulatory T (Treg) cells. So-called natural Treg
cells are CD4* CD25™ cells found in the thymus and in the periphery that express the forkhead
box protein transcription factor, Foxp3. In addition, inducible Treg cells can be generated in
vitro from naive CD4* T cells with the appropriate cytokine stimuli. Treg cells have critical
functions in preserving peripheral immunological tolerance, and it has recently been argued
that Treg and Th17 cells [20,23-26] are reciprocally regulated. In this chapter, we will discuss
the various stimuli that induce Th17 and Treg differentiation focusing on transcription factors
that are activated and how they might regulate the various fates of differentiating T cells.

TCR signaling and IL-17 production

The first step in the activation of any T cells relates to consequences of signals emanating from
TCR occupancy; as with the differentiation of other helper T cell lineages, such signals are an
important aspect of Th17 differentiation. Indeed, for memory T cells, TCR occupancy is
sufficient to induce large amounts of IL-17 [27]. Similarly, NK T cells are also poised to
produce large guantities of cytokines in response to TCR occupancy (2, 4-8). The TCR of this
subset of T cells recognizes glycolipid antigens presented by the major histocompatibility
complex class I-related protein CD1d. Upon activation by glycolipids such alpha-
galactosylceramide (a-GalCer), these T cells can rapidly produce large amounts of various
cytokines, such as IL-4, IFNy, TNF-a, IL-3, and GM-CSF. Recently, a specialized subset of
NK T cells, invariant NK T cells that lack the NK1.1 marker (NK1.1neg), has been found to
produce large amounts of IL-17 and low levels of IFNy and IL-4 in response to a-GalCer
[28]. Another subset of T cells, gamma-delta T cells, also produces IL-17 in response to TCR
occupancy [29].

TCR signaling activates a number of pathways and transcription factors. A major pathway
activated by the TCR is the production of intracellular calcium and the activation of the
transcription NFAT. Accordingly, the proximal promoter of the human IL17A gene contains
two NFAT binding sites which appear to be important in regulation of 1L-17 [30]. Co-
stimulatory signaling also contributes to the regulation of 1L-17 expression as CD3-induced
IL-17 production is enhanced when anti-CD28 is added [30], but the pathways responsible are
poorly understood. TCR signaling also induces the activation of the transcription factors
NFk B and AP-1. The role of these transcription factors in IL-17 production is not known but
it would not be surprising if they played important roles.

Cytokines and the critical role of STAT3 in Th17 differentiation

In addition to TCR-dependent signals, an important aspect of CD4* T cell differentiation is
the cytokine milieu. It is now generally agreed that IL-6 is a key factor in promoting Th17
differentiation of naive CD4* T cells, and IL-67/~ mice have reduced, but not absent, numbers
of Th17 cells [20]. Additionally, it has recently been found that 1L-21 is selectively produced
by Th17 cells compared to Thl and Th2 cells. Furthermore, it is also clear that IL-21 promotes
IL-17 production and inhibits IFNy production [20-22,31,32]. Thus, IL-21 acts in a manner
analogous to IL-4 in that the lineage-specific product promotes differentiation to the subset
that produces this factor while simultaneously inhibiting other fates. Although 1L-23 was
initially thought to be an important inducer, it is now generally agreed that this cytokine is
more important for the survival and expansion of Th17 cells [33-35]. Naive CD4" T cells do
not express the IL-23 receptor, whereas a subset of memory T cells do express this receptor.
For human Th17 differentiation, IL-23 may play a more prominent role in initial differentiation
[27,36].
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IL-6, IL-21 and IL-23 all activate Janus family kinases and preferentially activate STAT3.
Furthermore, in vitro Th17 differentiation is greatly impaired in STAT3-deficient T cells
[37-39]. As will be discussed below, Th17 cells preferentially express the retinoic acid-related
orphan receptor, RORyt; expression of this transcription factor is also impaired in T cells
lacking STAT3. Conversely, retroviral overexpression of constitutively active STATS3, results
in increased production of IL-17 production [38]. The I117a/f locus has putative STAT binding
sites and using chromatin immunoprecipitation (ChlP) assays, we have found that STAT3
directly binds to this promoter [40]. Thus STAT3 appears to be a direct regulator of IL-17.
Whether the effect of STAT3 also includes binding to the Rorc (the gene encoding RORY)
promoter remains to be determined. Stat3 may also have additional roles in promoting Th17
differentiation. For instance, the production of IL-21 by IL-6 is also Stat3 dependent and,
STAT3 appears to be a direct regulator of IL-21 production as it binds to the 1121 promoter
[32]. Furthermore, IL-6, IL-21 and IL-23 can upregulate expression of the IL-23R and this too
appears to be STAT3 dependent [21,22,27] (unpublished data). Thus, STAT3 seems to be a
critical transcription factor for Th17 differentiation through at least four mechanisms: directly
binding and regulating 1117a and 1117f locus and the 1121 locus, as well as regulating RORyt
and IL-23R expression.

Suppressor of cytokine signaling (SOCS3) is a cytokine-inducible negative regulator of
STATS. Interestingly, deletion of SOCS3 is associated with enhanced STAT3 phosphorylation
and increased IL-17 production [40,41]. Deletion of SOCS3 is also associated with multiorgan
inflammatory disease characterized as neutrophil infiltration and overexpression of factors
regulated by IL-17 (G-CSF, chemokines, IL-6). These findings further support the critical
functions of STAT3 in regulating I1L-17.

Th17 cells and RORyt

Despite the importance of STAT3 signaling, it should be emphasized that this stimulus alone
appears not to be sufficient to drive Th17 differentiation. Like Th1l and Th2 cells, Th17 cells
selectively express a lineage-specific transcription factor, which is important for restricted
cytokine production. For Th17 cells, this transcription factor is the retinoic acid-related orphan
receptor gamma (RORYy), and is required for IL-17 production [42]. RORy belongs to the
superfamily of steroid nuclear receptors and is most closely related to a retinoic acid receptor
(RAR) subfamily of transcription factors [43]. As implied by the name, the founding members
of this family bind retinoic acid (RA), the active metabolite of vitamin A, but unlike other
steroid receptors the ligand(s) for RORy is unknown. RORY is important in lymphoid
organogenesis and in thymopoiesis as evidenced by the fact that RORy ~/~ mice exhibit reduced
numbers of double-positive and CD4* single-positive thymocytes. RORy ~/~ mice also show
lack of lymph nodes and Peyer’s patches [44-46].

RORyt is a splice variant of RORYy that results from initiation by a distinct promoter and so
differs from RORy in the amino terminus of the protein encoded by the variant transcript
[47]. In the normal state, RORyt is predominantly expressed in lamina propria T cells.
RORy ~~ mice have reduced Th17 differentiation and are less susceptible to experimental
autoimmune encephalomyelitis, indicating that this transcription factor is important with
respect to autoimmunity. Conversely, overexpression of RORyt promotes IL-17 expression,
and in this regard RORyt acts similarly to transcription factors such as T-bet and GATAS.

Precisely how RORyt regulates IL-17 production is not known, nor has it been defined whether
RORyt directly or indirectly regulates 1117a gene transcription. One possibility is that RORyt
directly binds 1117a promoter. While a potential ROR binding site is present, it has not been
demonstrated to be functional. Furthermore, how RORyt is regulated is also unclear. One
important means of regulating RORyt expression is through cytokines, especially IL-6 and
related cytokines. IL-6 regulation of RORyt is mediated by STAT3, but it has not been
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established that STAT3 binds the Rorc gene. Furthermore, overexpression of active STAT3 in
RORyt-deficient cells results in poor IL-17 induction, indicating STAT3 is necessary but not
sufficient for IL-17 expression; conversely a constitutively expressed RORyt cannot induce
IL-17 expression, suggesting that the effect of these two transcription factors act, to some
extent, in parallel [22]. Another possibility is the indirect effect of RORyt for IL-17 expression
as RORyt can interact with NFAT and inhibits IL-2 production (see below) [48]. It should be
noted that Th17 cells also preferentially express another member of the ROR family, RORa
(authors’ unpublished observations); it will be of interest to determine the extent to which
RORaand RORyt have unique or redundant roles in Th17 differentiation.

As mentioned, for some retinoid receptors we know the ligand that binds and activates the
receptor/transcription factor, but in the case of RORythe ligand is unknown. This begs the
obvious question as to whether a secreted product of immune cells can activate this transcription
factor and in so doing regulate T cell differentiation. It is of note in this regard that dendritic
cells from the gut-associated lymphoid organs tend to be immunosuppressive. Importantly,
mucosal DCs also produce retinoic acid (RA) which, among other actions, enhances the
expression of a4p7 and CCR9 on activated T cells, promoting gut tropism [49-52]. As
discussed below, DC-derived RA negatively regulates Th17 differentiation and so one might
hypothesize that other DCs or antigen-presenting cells might produce ligands for RORyt and
thereby promote Th17 differentiation.

TGFB-1 — a species-specific factor?

TGFp-1 has pleiotropic functions in immune responses, but it is clear that this cytokine is
critical for murine Th17 differentiation. That is, addition of IL-6 or IL-21 to naive CD4+ T
cells, activated by anti-CD3 and anti-CD28 is not sufficient to induce IL-17 production, even
though this stimulus does appear to be sufficient to induce other cytokines like IL-22 [19,53].
Of note is that TGF-1 is also a critical regulator of Treg cells [54] and the dependence of Th17
and Treg cells on TGFB-1 is one line of evidence that supports the relatedness of these two
subsets. What is less clear is how TGFp-1 functions to promote Th17 and Treg differentiation.

TGFB-1 inhibits both Th1/Th2 differentiation, downregulating both T-bet and GATAS, [55,
56]. TGFpB-1can also inhibits IL-2 production, and this could favor Th17 differentiation (see
below) [37]. Whether TGFp-1 has direct effects on regulating 1117 gene expression has not
been reported. Although stimulation of cells with TGFp-1 and IL-6 induces RORyt, the
combination of IL-2 and TGFp-1 upregulates Foxp3. Foxp3 expression is known to
downregulate cytokines like 1L-21 and I1L-17, so it is particularly interesting to consider how
the opposing regulation of Foxp3 and IL-17 might occur [57]. This enigma is further
compounded by data indicating that Treg cells might convert to Th17 under certain
circumstances [26]. Despite the critical role of TGFB-1 in murine Th17 differentiation, this
factor has been reported dispensable for human Th17 differentiation; indeed, it inhibits IL-17
production in human cells [27,36,58]. This is especially perplexing as the mechanistic
implication is that IL-17 transcription per se may not to be highly dependent upon TGFf-1
signaling.

The active form of TGF-1 initially engages a receptor comprising two subunits, TGFpRII and
TGFBRI. The binding results in phosphorylation of receptor-associated SMAD2 or SMAD3,
dimerization with SMADA4, which is needed for nuclear translocation, and finally binding to
SMAD-binding element of the target genes. There are no data indicating whether SMADs
directly bind to 1117a, Rorc or Foxp3 genes or whether they are involved in regulation of
chromatin remodeling. It is of note that SMAD3 deficient mice suffer from inflammatory
disease [59]. SMADs also interact with a variety of other transcription factors, including AP-1,
so they could be acting in concert with factors like STATS3.

Semin Immunol. Author manuscript; available in PMC 2008 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen et al. Page 7

IL-1 and Th17 differentiation

Another inflammatory cytokine reported positively regulate Th17 development is IL-1. This
has been documented in mouse cells and also in human cells where it synergizes with IL-6 and
IL-23 [36,58,60]. Whereas IL-6 alone causes transient induction of RORYy, the combination of
IL-1 and IL-6 results in sustained induction. Accordingly, IL-1RI~/~ mice have impaired Th17
cell differentiation and reduced incidence of EAE associated with failure to induce autoantigen-
specific ThIL-17 cells [61].

The IL-1 receptor has homology to Toll-like receptors, and IL-1 engagement of its receptor
results in activation of complex that comprises the adapter MyD88 and IL-1 Receptor-
associated kinases (IRAK). This complex recruits another adapter molecule, tumor necrosis
factor receptor associated factor (TRAF)-6, which leads to the activation of other kinases
including Jun kinase (Jnk) and inhibitor of kappa-B kinases (IKKs). Jnk phosphorylates the
transcription factor Jun, which dimerizes with Fos to form the transcription factor AP-1. IKKs
phosphorylate the inhibitor of kappa B (IkB), which degrades and releases nuclear factor kappa
B to translocate to the nucleus.

IRF4 and Th17 differentiation

Inaddition to the activation of STAT3, TGFp-1signaling and induction of RORyt, other factors
have recently been reported to be necessary for IL-17 induction. Recently, Brustle and
colleagues have investigated the role of Interferon regulatory factor (IRF)4 in Th17
differentiation [62]. IRF4 was originally implicated as a key inducer of GATAS3 expression
and Th2 lineage differentiation [63-65]. Additionally, Irf4~~ and wild-type Th cells
transfected with IRF4 siRNA have impaired IL-17 production despite stimulation of TGFa-1
and IL-6. Moreover, Irf4~/~ mice are resistant to EAE, which is overcome by the transfer of
wild-type CD4* T cells. However, Irf4~~ mice show a degree of resistance to EAE in excess
of IL-17, IL-23, RORyt or STAT3 null animals, implying that there are additional effects of
IRF deficiency. IRF4 is known to interact with NFAT and this may be one mechanism through
which it could regulate IL-17 production [63,65]. It is conceivable that IRF4 might cooperate
with STAT3 to induce RORyt expression. It is of note that this is a rare example of a factor
required for both Th17 and Th2 development, which is in contrast with the previously
recognized links with Th17 and Th1 development via IL-23 [34] and Th17 and Treg
development via TGFB-1 [23].

Regulation of IL-17 production by G-protein-coupled receptors

G-protein-coupled receptors (GPCR), or seven transmembrane receptors are the most abundant
receptors in both mice and humans. Sphingosine 1-phosphate (S1P) is a biologically active
lysophospholipid that binds to its receptor SIPR1, a member of the GPCR family, and has
critical functions in regulating lymphocyte migration [66]. Recently, S1P was reported to have
similar effects to 1L-23 in terms of increasing Th17 development from splenic CD4* T cells
[67]. That is, addition of S1P during in vitro culture resulted in increased IL-17 production and
reduced IFNy and IL-4 expression. Whether S1P is a physiologically important regulator of
Th17 differentiation has yet to be determined; nonetheless, the findings raise the intriguing
possibility that ligands for other GPCRs might influence T cell fate determination. In this
regard, it is worth considering that chemokines also bind GPCRs and might have similar
actions.

S1P engagement of its receptor induces calcium mobilization and so could activate NFAT —in
this way, this ligand could function similarly to TCR engagement. S1P also activates

P13’kinase. It is notable in this study that IL-23 was used as a stimulus, implying that the cells
were not naive. Whether S1P will have effects on the differentiation of naive CD4* T cells to

Semin Immunol. Author manuscript; available in PMC 2008 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 8

Th17 cells or has its effects on memory cells needs further exploration. At the moment, the
latter seems more likely.

Cytokines and the negative regulation of Th17 differentiation

Some of the earliest studies of Th17 cells documented that IFNy and IL-4, the signature
cytokines of Th1 or Th2 cells, inhibited Th17 differentiation [34,35]. This was one of the first
pieces of evidence that argued for the idea that IL-17-producing CD4* T cells represented a
separate lineage of helper T cells. This view is complicated somewhat by the realization that
some IL-17-producing T cells also produce IFNy, whereas others only produce IL-17.
Nonetheless, there are data indicating that IFNy and 1L-4 clearly inhibit IL-17 production.
IFNy and IL-4 activate STAT1 and STATS, respectively. Of note is that STAT1-deficient
helper T cells have a greater propensity to produce IL-17 [34]. Additionally, after viral
infection, mice lacking STAT1 develop airway disease associated increased IL-17 expression
[68]. Whether these STATS can directly regulate genes involved in Th17 differentiation
(11174, 1117, Rorc, 1121 and 1123r) has not been examined but is clearly worthy of investigation.

In addition, IFNy also upregulates T-bet [69] and T-bet expression is significantly reduced in
Th17 cells [34,60,70]. T cells from T-bet-deficient mice have increased IL-17 production and,
conversely, overexpression of T-bet in T cells inhibits IL-17 production in an IFNy-
independent manner [71]. Together, these data suggest that T-bet negatively regulates I1L-17
production; however, the molecular mechanism is not clear. It has also been reported that T-
bet binds the 1123R promoter and enhances its expression. As a result, loss of T-bet has been
suggested to interfere with the expansion of IL-17-producing lymphocytes [72,73]. Sorting out
putative positive and negative regulatory effect of T-bet during Th17 development is clearly
warranted.

IL-27 is an IL-12-related cytokine that consists of two subunits, p28 and EBI3. Like IL-6, its
receptor is composed of gp130 but in addition has a ligand-specific subunit termed WSX-1.
Despite its similarities to IL-6, IL-27 has the opposite effect in regulating IL-17 expression.
Toxoplasma gondii-infected mice lacking IL-27R developed more severe CNS inflammation
and enhanced Th17 differentiation [74,75]. In contrast to IL-6, IL-27 predominantly activates
STAT1 and in STAT1-deficient mice the inhibitory effect of IL-27 is abrogated.

Strongly activated by 1L-12, STAT4 is well known as a critical positive regulator of Thl
differentiation and IFNy production. As both IL-12 and IFNy suppress IL-17 production,
similar to STAT1, the expectation might be that STAT4 would negatively regulate IL-17
expression. However, two recent studies showed that in STAT4-deficient T cells, IL-17
production was decreased, indicating the positive role of STAT4 for IL-17 production [38,
76]. The decreased IL-17 production in STAT4-deficient T cells might be related to the
impaired IL-23 signaling, as IL-23 also activates STAT4. It will be of interest to further
examine the role of STAT4 in Th17 differentiation.

IL-2 isawell-known T cell growth factor in vitro, but deficiency of IL-2 results in severe multi-
organ autoimmune disease. This is due in part to its role in promoting the differentiation of
Tregs, but, in addition, IL-2 has an important role in negatively regulating Th17 differentiation
in vivo and in vitro [37,77]. STAT5a/b are two related transcription factors that are critical for
IL-2 signaling. Like 1127/~ mice, STATS5-deficient mice have autoimmune disease that is
associated with loss of Treg cells and expansion of Th17 cells. Thus, STAT5a/b appear to be
essential for Foxp3 expression and in constraining Th17 cells. However, the mechanisms
underlying the blockade of Th17 differentiation by IL-2 via STAT5 are not entirely clear. It is
possible that this is mediated indirectly via Foxp3, as STAT5 is necessary for Foxp3 expression
and directly binds Foxp3 promoter [78]. In this way it is possible that IL-2-mediated inhibition
of IL-17 production is related to Foxp3 induction. However, STATS also binds to the 1117a
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gene, itis possible that STAT5a/b might directly repress I117a transcription. Other possibilities
are that STAT5a/b might downregulate ROR t, which in turn would downregulate IL-17
expression.

Negative regulation of Th17 cells by retinoic acid

A series of recent studies shows that RA produced by mucosal DCs reciprocally regulates Th17
and Treg differentiation [50-52,79-81]. That is, addition of RA inhibits Thl, Th2 and Th17
differentiation. RA also downregulates expression of RORyt, and enhances the expression of
Foxp3. Moreover, T cells cultured in RA and TGFp-1 are functionally immunosuppressive.
Conversely, an RAR antagonist inhibited Foxp3 expression, indicating that expression of this
key transcription factor may be dependent upon endogenous production of RA and the positive
effect of RARs. Thus, these new data suggest that the balance of Treg vs. Th17 differentiation
might be influenced by the actions of RAR and RORyt and modulated by the production of
RA and other unknown ligands. The data also suggest that the induction of Foxp3 in developing
Th17 cells might curtail differentiation of this lineage. At this point, we do not know whether
Foxp3 directly binds the 1117a, Rorc or 1121 promoters, but clearly these possibilities are worth
considering. In this respect, it is worth noting that IL-17 and IL-21 are downregulated in Foxp3-
expressing cells [57]. Currently it is not clear whether and how RORyt and Foxp3 interact to
control Th17 and Treg differentiation, but this will surely be an important area to investigate
in the future to determine how these lineages might be related. As discussed, TGFB-1 produced
by Treg cells can promote Th17 differentiation, and it may be that Tregs may themselves
become Th17 cells [26]. Again, this speaks to a very different model from the simplistic Th1/2
dichotomy, which implies more options and more flexibility for differentiating T cells. This
more complex view of T cells also provides a better conceptual framework for understanding
autoimmune disease.

Ets-1 and negative regulation of Th17 development

Ets-1 is the founding member of a family of related transcription factors that recognize a
conserved GGAA/T motif. Ets-1 is important for hematopoietic cell development and
lymphoid development. Additionally, Ets-1 is also known to be an important positive regulator
of Th1 differentiation. Ets-1 interacts with T-bet and can directly bind to Ifng promoter [82].
Recently, it has been reported that Ets-1 deficiency is associated with increased Th17
differentiation. This is associated not only with increased production of IL-17 in vivo and in
vitro, but also increased production of mMRNA for IL-22 and IL-23R in response to IL-6 and
TGFpB-1. However, Ets-1 apparently does not bind to the 1117 promoter. Rather, it appears that
Ets-1-deficient T cells make less IL-2 and have impaired responsiveness in terms of 1L-2-
mediated inhibition of Th17 differentiation. Thus, it appears that a major mechanism
underlying the enhanced Th17 differentiation is related to inability to produce adequate
amounts of 1L-2 and reduced ability to respond to this cytokine. It is likely that a number of
settings in which IL-2 production is impaired will be associated with increased Th17
differentiation [83].

117 gene regulation and epigenetic control

It should be clear that in contrast to the understanding of the 1fng gene and the Th2 locus, we
are in the infancy of understanding 1117 gene regulation. Additionally, our understanding of
the epigenetic control is also quite primitive. The 1117a gene is linked to the 1117f gene on
chromosome 1 (human chromosome 6) in a tail-to-tail configuration. Expression of these two
cytokines appears to be linked. The promoter regions of both the 1117a and 1117f genes undergo
histone H3 acetylation and K4 tri-methylation in response to TGFB-1 and IL-6, implying
increased accessibility of the locus [84]. In addition, there are eight CNS in this locus, four of
which reside in the intergenic region. These sites also appear to undergo preferential histone
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acetylation. However, aside from STAT3, which is known to bind the 1117a gene, we know
essentially nothing about the details of the regulation of the 1117a/f locus. The mechanisms
through which TGFp-1 in combination with IL-6 promote accessibility to this locus are entirely
unknown. Whether and how RORyt and STAT3 might contribute to the chromatin remodeling
of 1117a/1117 locus have not been assessed, but based on what we know about the regulation
of the Th2 and Ifng loci it is likely that this is a strong possibility. Since there are
interchromosomal interactions between the Ifng and Th2 loci, one wonders whether
interactions between I117a/f and Foxp3 loci also exist and how interchromosomal and
intrachromosomal interactions might change with activation and differentiation of T cells.

The past several years have witnessed an explosion of information pertaining to CD4* T cell
differentiation. In addition to Th1 and Th2 cells, we know that CD4+ T cell fate includes Th17
and Treg (natural and inducible) cells. We have also learned that Th17 cells produce IL-22 and
IL-21, but that production of the former is not restricted to Th17 cells. Similarly, IL-10 is a
product of Treg cells, but it, too, is produced by other T cell subsets. Furthermore, although
Thland Th17 cells are thought to be distinct subsets, cells producing both IL-17 and IFNy are
routinely identified. The question arises, what is the real relationship between all these subsets
of cytokine-producing cells? To what extent are these lineages interconvertible or are they
terminally differentiated? What controls plasticity and flexibility of responses? What
mechanisms underlie their development and differentiation? How do these processes relate to
immunologic memory? Based on what we know about Th1 and Th2 cells, it would be expected
that interactions between transcription factors and epigenetic modifications, and possibly intra-
and interchromosal interactions, underlie selective regulation of cytokine genes.
Understanding the molecular basis of these processes will be key to understanding the fates of
differentiating T cells and the possibility of using specific lineages of cells in future therapies.
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Figure 1. Signaling pathways and transcription factors that regulate Th17 differentiation

In helper T cells, TCR stimulation activates NFAT, which likely directly regulates 1L17
expression. Cytokines such IL-6, IL-21 and IL-23, activate STAT3, which also binds 1117a/f,
and 1121 genes and controls Rorc and 1123r expression. TGFp-1 signaling involves the
activation of SMAD proteins. This cytokine acts in conjunction with STAT3 and Roryt,
although the mechanism through which TGFB-1 promotes differentiation of Th17 cells is
presently unknown. IRF4 is also a positive regulator of Th17 differentiation, how it acts is
unclear.

Unsurprisingly, many factors inhibit Th17 differentiation. Retinoic acid, acting through its
cognate receptors, downregulates 1L-17 expression and upregulates Foxp3 expression. IL-2,
IL-4, IFNy and IL-27 activate STAT5, STAT6 and STATL, respectively, also negatively
regulate 1117a expression. Foxp3 also inhibits cytokine production.
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