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Abstract
Upon activation, naïve CD4+ T cells differentiate into effector T cells with specific effector functions
and cytokine profiles. The Th1/Th2 paradigm has recently been reevaluated to include a third
population of T helper cells, producing IL-17 and designated Th17. The differentiation of Th17 cells
requires the coordinate and specific action of the proinflammatory cytokine IL-6 and the
immunosuppressive cytokine TGF-β. In addition, the IL-12 family member IL-23 is involved in the
maintenance of these cells. Analogous to other T helper cell subsets, Th17 commitment is initiated
by sequential involvement of STAT molecules, i. e. STAT3 downstream of cytokine receptors, and
specific transcription factors, i. e. ROR-γt. Recent data also support the existence of a complex
network of cytokines regulating Th17 cells. Clearly, the specific effector functions of Th17 cells
expand beyond previously described effects of Th1 and Th2 immunity, with specific roles in host
defense against certain pathogens and in organ specific autoimmunity. The potential dynamics of
Th17 cell populations and their interplay with other inflammatory cells in the induction of tissue
inflammation in host defense and organ-specific autoimmunity are discussed.
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1. Introduction
CD4+ T cells play an important role in the initiation of immune responses by providing help
to other cells. Upon antigenic stimulation, naive CD4+ T cells proliferate and differentiate into
different effector subsets characterized by the production of specific cytokines and effector
functions. Based on their pioneer work, Mosmann and Coffman proposed 20 years ago that T
helper cells could be divided into two distinct subsets, T helper type 1 (Th1) and Th2,
characterized by distinct cytokine profiles and effector functions [1]. Th1 cells produce large
quantities of interferon (IFN)-γ. These cells elicit delayed type hypersensitivity (DTH)
responses, activate macrophages and are highly effective in clearing intracellular pathogens.
Th2 cells, on the other hand, produce interleukin 4 (IL-4), IL-5, IL-13 and IL-25. Th2 cells are
especially important for IgE production, eosinophilic inflammation, and the clearance of
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helminth parasitic infections [2] (Table 1). In light of recent data, the Th1/Th2 dichotomy is
now being revisited. The discovery of the IL-17 family of cytokines and the analysis of IL-23-
mediated effector functions on T cells have suggested the existence of an additional subset of
CD4+ T cells that produce IL-17 and were designated Th17 [3,4]. The independence of the
Th17 subset with regard to Th1 and Th2 cells was then firmly established by the identification
of the cytokines, i. e. the combination of IL-6 and TGF-β [5–7], and the transcription factors,
i. e. ROR-γt [8] and STAT3 [9,10] required for the differentiation of Th17 cells. Th17 effector
functions are distinct from Th1 and Th2-mediated immunity (Table 1). Th17 cells appear to
be critical to enhance host protection against extracellular bacteria and fungi, which are not
efficiently cleared by Th1 and Th2 responses. In addition, these cells have emerged as potent
inducers of autoimmune diseases.

2. The IL-17 family of cytokines
IL-17 is the founding member of the IL-17 family of cytokines, which contains IL-17A (also
called IL-17), IL-17B, IL-17C, IL-17D, IL-17E (also called IL-25) and IL-17F [11,12]. While
other members of the IL-17 family map to different chromosomes, Il17a and Il17f on mouse
chromosome 1 are syntenic to the human genes on chromosome 6. Both IL-17A and IL-17F
are produced by a variety of cell types including subsets of CD4+ T cells, CD8+ T cells, γδ-T
cells, NK cells and neutrophils. IL-17 production has also been associated with memory
CD4+ T cells [13] and recently with the new subset of effector T cells [4], Th17 cells. IL-17A
and IL-17F have pro-inflammatory properties [14] and act on a broad range of cell types to
induce the expression of cytokines (IL-6, IL-8, GM-CSF, G-CSF), chemokines (CXCL1,
CXCL10), and metalloproteinases. IL-17A and IL-17F are also key cytokines for the
recruitment, activation and migration of neutrophils [11,15]. On the other hand, IL-17E (or
IL-25) is mainly produced by Th2 cells [16]. IL-25 induces the expression of Th2 type
cytokines and chemokines such as RANTES and Eotaxin-1 and plays a role in Th2-type allergic
responses [16].

Members of the IL-17 family of cytokines signal through receptors of the IL-17R family. This
family is composed of IL-17RA, IL-17RB, IL-17RC, IL-17RD and IL-17RE. The ubiquitously
expressed IL-17RA binds both IL-17A and IL-17F although IL-17A is bound with higher
affinity [15]. IL-17RA appears to exit as preformed multimer prior to ligand binding. Upon
binding of IL-17A or IL-17F, the IL-17RA complex undergoes a conformational change, which
induces the dissociation of its intracellular domain. To date, it is not clear whether some
members of the IL-17R family can associate with other chains from the same or a different
family. Similarly, although IL-17 seems to activate NF-κB and MAPK pathways [17,18] and
interact with the membrane proximal adaptor Act1 [19,20], the signaling cascade downstream
of the IL-17R complexes is not well known.

3. IL-23: a role in adaptive and innate immune responses
The identification of a new member of the IL-12 family of cytokines was seminal in the
discovery of Th17 cells. The IL-12 family of cytokines has expanded and in addition to the
prototypic IL-12, now includes IL-23 and IL-27. IL-12 is a heterodimeric cytokine composed
of p40 and p35 subunits and signals through a receptor complex made of IL-12Rβ1 and
IL-12Rβ2 subunits [21]. IL-23 is constituted by the specific p19 subunit and shares the p40
subunit with IL-12. Both IL-23 and IL-12 are produced by activated APC such as DC and
macrophages. Accumulating evidence suggests that IL-12 and IL-23 may be produced in
response to different stimuli. While microbial products preferentially stimulate IL-12,
activation of DCs with PGE2, ATP or anti-CD40 antibody leads to enhanced IL-23 expression
[22,23]. Since IL-12 and IL-23 might compete for the p40 subunit and are induced by distinct
stimuli, it is conceivable that these two cytokines are not produced simultaneously by the same

Korn et al. Page 2

Semin Immunol. Author manuscript; available in PMC 2010 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



APCs. Similar to DC1 and DC2, there might be a distinct type of DC specialized in the
production of IL-23.

IL-23 sends signals through a heterodimeric receptor complex consisting of IL-12Rβ1 and
IL-23R [21]. Based on the similarities of the cytokines and their receptors, IL-23 and IL-12
were predicted to have similar functions. However, in contrast to IL-12, which enhances Th1
responses, IL-23 is important to maintain Th17 cells. Early experiments performed by Aggarval
et al. showed that addition of IL-23 in T cell cultures generated a population of cells which
produced IL-17 [13]. Later, additional in vitro experiments including the analysis of p19
deficient mice, which are resistant to the development of experimental autoimmune
encephalomyelitis (EAE), showed a defect in the newly described Th17 subset [3,4]. Based on
these observations, Cua and colleagues suggested that IL-23 was an important cytokine for the
differentiation of Th17 cells. Clearly, IL-23 promotes proliferation of IL-17-producing cells
in the pool of activated memory cells [4,13] and is important to maintain the Th17 phenotype
[5]. This is in contrast to IL-2 which is an important growth factor for CD4+ Th1, Th2 and
CD8+ T cells, but strongly inhibits the differentiation of Th17 cells [5,10].

Several pieces of evidence support the fact that IL-23 promotes inflammation and autoimmune
responses through its action on the adaptive, but also the innate immune system. IL-23
transgenic mice suffer from systemic inflammation involving multiple organs, including the
skin. Proinflammatory cytokine concentrations are increased in the serum of these animals
[24,25]. IL-23 is highly expressed in the skin of psoriasis patients [26]. Furthermore,
intradermal injection of IL-23 in mice leads to the development of psoriasis-like lesions, which
is dependant on TNF-α but not IL-17 or IL-12 production [27]. Although not tested, it is also
possible that this pathology results from increased IL-22 production since this cytokine was
recently shown to be preferentially produced by Th17 cells [28,29]. The role of both IL-12 and
IL-23 in the regulation of the innate immune system has been investigated, among others, by
Powrie and colleagues [30]. They show that administration of an agonistic anti-CD40 antibody
leads to a systemic and local inflammation characterized by wasting disease, splenomegaly,
increases in serum proinflammatory cytokines and colitis. The analysis of p40, p35 and p19 in
mice on RAG deficient background shows that the systemic inflammatory response and the
elevated concentrations of proinflammatory cytokines in the serum are driven by IL-12 while
the local intestinal inflammation and production of IL-17 in the intestine is controlled by IL-23.
These experiments carried out in RAG deficient mice highlight the effect of IL-23 on non-T
cell populations and show that IL-23 can also enhance IL-17 production from cells of the innate
immune system. Although the specific cellular source of IL-17 in this system and the
mechanisms by which IL-23 mediates intestinal inflammation is not fully elucidated, this report
stresses the importance of the IL-17/IL-23 network in immune pathology via T cell-
independent mechanisms.

4. The cytokines involved in the differentiation of Th17 cells
Despite a clear role of IL-23 in Th17-mediated immunopathology, IL-23 is not required for
initial Th17 differentiation from naïve T cells [5,6]. Three independent studies, including our
own, independently observed that a combination of the pro-inflammatory cytokine IL-6 and
TGF-β could induce the differentiation of Th17 cells from naïve T cells in vitro [5–7]. The
importance of TGF-β in this process has been shown in vivo as well. We have demonstrated
that mice, which express TGF-β under the CD2 promoter produced TGF-β upon ex vivo
stimulation, but developed Th17 cells in vivo under inflammatory conditions and elevated
concentrations of IL-6 [6]. The increased number of Th17 cells in these animals resulted in the
exacerbation of EAE. Consequently, CD4-DNTGFβRII mice, which express a dominant
negative mutant of the TGF-β receptor are deficient in Th17 cells and are resistant to the
development of EAE [31]. The analysis of IL-6 deficient animals also points to an important
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role of IL-6 in the differentiation of Th17 cells since these animals are resistant to the
development of EAE and do not develop a competent Th17 response [6]. Therefore, under
inflammatory conditions and constant surveillance by regulatory mechanisms, IL-6 and TGF-
β are key cytokines for the differentiation of Th17 cells in vivo.

TGF-β is a regulatory cytokine with pleiotropic functions in T cell development, homeostasis
and tolerance [32]. TGF-β is produced by multiple lineages of leukocytes and stromal cells.
However, the essential cellular sources of TGF-β in vivo are unknown. In a recent study, Flavell
and coworkers generated mice in which the TGF-β1 gene can be selectively inactivated in T
cells. These mice developed a lethal inflammatory disorder characterized by enhanced Th1
and Th2 responses indicating that T-reg cell-derived TGF-β is required to control these
responses. Interestingly, ablation of TGF-β production from T cells in these mice resulted in
a defect in the generation of Th17 cells and the development of EAE [33]. Although, the present
study does not elucidate which or which combination of T cell subsets (T-reg, Th3 cells [34],
non T-reg) represent the major source of TGF-β, it clearly indicates that T cell-derived TGF-
β plays a critical role in the differentiation of Th17 cells in vivo. Identifying the T cell-subset
that is the essential source of TGF-β will certainly be critical to understand how Th17 cells are
generated and regulated in vivo.

5. IL-27, a negative regulator of Th17 cells
Th1 and Th2 cells as well as the cytokines that they produce antagonize each other. Similarly,
the development of Th17 cells is also negatively regulated by IL-4 and IFN-γ. IL-4 and IFN-
γ can inhibit IL-23-driven expansion of Th17 populations [35,36]. Whether IL-17A and IL-17F
can modulate the development and expansion of Th1 and Th2 populations has not been fully
evaluated. However, there might be a reciprocal inhibition of other subsets by Th17 cells since
IL-17 and IL-23 were shown to inhibit Th1 development [37].

In addition to the role of the “usual suspects”, IL-4 and IFN-γ, in the inhibition of Th17
development, recent data indicate that, the IL-12 family member IL-27 is a negative regulator
of Th17 cell development. IL-27 is a heterodimeric cytokine composed of Epstein-Barr virus–
induced gene 3 (EBI3) and p28 chains. Similar to IL-12 and IL-23, IL-27 is produced by
dendritic cells and macrophages. IL-27 signals through a receptor complex composed of the
IL-27 receptor chain (IL-27R; also called WSX-1 or TCCR) and the gp130 chain shared with
the IL-6 receptor [38,39]. The absence of IL-27-mediated signaling enhances the generation
of Th17 cells, increases the number of IL-17–expressing T cells in tissue infiltrates, and
exacerbates neuroinflammation [40,41]. Furthermore, IL-27-mediated inhibition of Th17 cells
is independent of IFN-γR- and IL-6R-signaling, and T-bet, but requires intact STAT1 signaling
[40,41]. The factors ‘downstream’ of STAT1 responsible for IL-27–mediated suppression of
Th17 differentiation remain to be identified. Further understanding of the mechanisms involved
in the inhibition of Th17 cells by IL-27 and other cytokines will provide valuable information
on ways to regulate these cells.

6. Differentiation and regulation of Th17 cells by transcription factors
It is now clear that distinct signaling pathways govern the differentiation of Th1, Th2 and Th17
cells (Figure 1). IFN-γ and IL-12 signals are important for Th1 cell differentiation. The Th1
cytokine IFN-γ signals through STAT1 which, in turn activates the T-box transcription factor
T-bet, a key inducer of IFN-γ and Th1 cell differentiation [42–44]. The transcription of T-bet
then leads to the expression of the IL-12Rβ2 subunit, which associates with the IL-212Rβ1
chain to form the IL-12R complex. IL-12-mediated activation of STAT4 through the IL-12R
is essential for the stabilization of IFN-γ production and the development of terminally
differentiated Th1 cells [42,43] (Figure 1). In differentiating Th2 cells, IL-4 induces STAT6
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activation, which promotes the expression of GATA3. GATA3 and c-maf then promote IL-4
production and the development of Th2 cells [42,43].

The involvement of different JAK/STAT complexes in the differentiation of Th17 cells has
been investigated. CD4+ T cells isolated from mice lacking the Th1- or Th2-specific
transcription factors STAT1, STAT4, T-bet, or STAT6 retain the ability to differentiate into
Th17 cells in vitro when activated in the presence of IL-23 [36,45]. Moreover, Stat1−/−,
Stat4−/−, T-bet−/−, and Stat6−/− mice develop Th17 cells in vivo following immunization [35,
46], indicating that these transcription factors are not critical for the differentiation of Th17
cells. These observations are not entirely surprising since engagement of IL-6 with its receptor
leads to the recruitment of STAT3 and to a lesser extend STAT1 and engagement of TGF-β
with its receptor leads to the phosphorylation of Smad molecules (Figure 1). IL-23 signaling
in T cells seems to require both STAT3 and to a lesser extend STAT4. While STAT4 is
dispensable for the initial generation of Th17 cells [36,47], STAT4 appears important for
IL-23–driven expansion of Th17 cells [48]. This may further explain why STAT4 deficient
mice are resistant to the development of EAE [49]. In agreement with its importance in IL-6
signaling, STAT3 was recently shown to be critical for IL-6 (plus TGF-β)-driven
differentiation and IL-23-mediated expansion of Th17 cells [9,10]. On the other hand, little is
currently known about the importance for Th17 differentiation of the factors downstream of
the TGF-β receptor.

In addition to proximal factors which associate with cytokine receptors, the differentiation of
Th subsets is governed by key or master transcription factors such as T-bet for Th1 cells and
GATA3 for Th2 cells. Th17 cells do not express the transcription factors T-bet, Hlx, or GATA3
[5,36] indicating that they represent a distinct subset of Th cells. However, it remains to be
determined if Th1- and Th2-specific transcription factors play an inhibitory role in the
expansion and/or maintenance of Th17 cells. Experiments using T cells from c-maf transgenic
mice, suggested that c-maf, a Th2-specific transcription factor, might inhibit the generation of
both IL-17– and IFN-γ–producing CD4+ T cells [35]. In addition, T-bet–deficient lymph node
cells produce IL-17 upon stimulation with anti-CD3 antibody, but exogenous IL-23 does not
further boost IL-17 production. These observations suggest that T-bet may regulate IL-23
responsiveness during early Th17 cell development [35]. Similarly, T-bet–deficient mice have
increased numbers of Th17 cells, raising the possibility that T-bet might antagonize Th17
differentiation [50]. However, to date it is not clear whether the effects observed in animals
deficient in Th1 and Th2 specific transcription factors result from the lack of inhibitory
cytokines (i.e. IFN-γ and IL-4) or the direct impact of transcription factors on Th17 cells.

Although the precise mechanism by which IL-6 and TGF-β cooperate to induce Th17 cells has
not been determined, a combination of these two cytokines leads to subsequent upregulation
of the transcription factor retinoid acid-related orphan nuclear hormone receptor-γt (ROR-γt).
ROR-γt is a transcription factor expressed by fetal lymphocyte tissue inducer cells (LTi), which
participate in the formation of lymph nodes and payers patches, intestinal LTi-like cells and
immature thymocytes [51]. Littman and colleagues recently described that ROR-γt was also
expressed in developing Th17 cells and more specifically in IL-17–producing T cells present
in the intestinal lamina propria [8]. This latter population is absent in ROR-γt-deficient animals.
Transduction of naïve T cells with a ROR-γt-encoding retrovirus induces IL-17 production.
Together, these data demonstrate the importance of ROR-γt in the differentiation of Th17 cells
and place ROR-γt in the rank of master regulator of Th differentiation [8]. The mechanisms
by which ROR-γt mediates Th17 differentiation remain to be determined. ROR-γt could
directly transactivate Il-17A and IL-17F genes. Alternatively, ROR-γt may act as a chromatin-
remodeling factor that opens the Il17 locus and allows other factors to bind directly to Il17
promoters. ROR-γt might also control Th17 development by regulating IL-23 responsiveness
and by controlling the expression of IL-23R. In addition, since TGF-β induces the transcription
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factor Foxp3 and that Foxp3 is a potent inhibitor of cytokine expression [52,53], ROR-γt might
promote TGF-β plus IL-6-induced Th17 differentiation via the inhibition of Foxp3 expression
or activity. Identification of the factors that interact with ROR-γt as well as the elucidation of
their mode of interaction, will enhance our understanding of Th17 differentiation and
regulation in vivo.

7. Role of IL-17 and Th17 cells in host protection
Since it was initially cloned almost 15 years ago, IL-17 has been found to induce several
chemokines including MCP-1 and a variety of CXC chemokines, but also IL-1β, TNF, IL-6,
and colony-stimulating factors from a series of different cells types [14]. This pattern of target
molecules was suggestive of an important role of IL-17 in immune cell recruitment and
inflammatory effector functions and thus prompted the investigation of IL-17 in tissue
inflammation in response to different pathogens. The analysis of IL-17 receptor and IL23p19
deficient mice proved that the IL-17/IL-17RA system was essential for host defense against
infection with Klebsiella that causes atypical forms of pneumonia and Citrobacter that is an
intestinal pathogen [7,54,55]. In addition, the production of IL-17 appears to be required for
abscess formation and to generate an appropriate host response during infection with gram-
negative bacteria like Bacteroides species [56]. Moreover, the production of IL-17 is induced
by infection with Borrelia burgdorferi which causes Lyme disease [57]. There is a strong link
between the infection with this pathogen, the induction of IL-17 and the development of
immune-mediated arthritis in an experimental model of Lyme disease [58]. Th17 cells also
play an important role in host protection against systemic fungal infections. Here,
polysaccharide constituents of fungal cell walls like β-glucans trigger cells of the innate
immune system to prime Th17 cells. For example, curdlan, a ligand for dectin-1 on dendritic
cells, has been demonstrated to induce a MyD88-independent signaling pathway in dendritic
cells leading to preferential production of IL-23 and enhanced IL-17 production by co-cultured
T cells [59]. IL-17 receptor deficient mice are very susceptible to systemic infection with
Candida albicans and eventually succumb to the pathogen since they cannot clear it [60]. This
suggests that IL-17 is an essential effector molecule in host defense against Candida infection.
In the absence of IL-17 signaling, the influx and activation of neutrophils in the infected organs
is severely delayed which might explain why IL-17 receptor deficient mice fail to control the
infection [60]. Conversely, transgenic over-expression of IL-17 in bronchial epithelial cells
induces the expression of CCL7, CCL11, CCL20, CCL22, and CX3CL1 and results in the
accumulation of mononuclear cells within the lung parenchyma [35]. Apart from orchestrating
the infiltration of mononuclear cells and evoking a strong neutrophil response by induction of
IL-8 and G-CSF, IL-17 may also control the migration of various other cell types. In
mycobacterial infection, an early pathogen-specific Th17 response triggers the induction of
chemokines like CXCL9, CXCL10, and CXCL11 that attract IFN-γ-producing CD4+ Th1 cells
into the lung parenchyma which eventually control the infection [61]. Thus, in a broader
perspective, Th17 cells may be responsible for shaping the type of inflammatory cells in tissue
infiltrates.

8. Role of IL-17 and Th17 cells in autoimmunity
The first report on IL-17 producing CD4+ T cells came from a study in which the addition of
B. burgdorferi lysate to TcR transgenic T cells induced the production of IL-17 [57]. However
since then, the role of IL-17 and Th17 cells in autoimmune tissue inflammation has been
recognized as well. IL-17 is directly involved in cartilage and bone destruction as observed in
an experimental model for human rheumatoid arthritis [62]. Consistent with these observations,
IL-17–deficient mice develop reduced collagen-induced arthritis [63] and treatment with an
IL-17R antagonist is sufficient to significantly attenuate adjuvant-induced arthritis in rats
[64]. Similarly, IL-17–deficient animals develop experimental autoimmune encephalomyelitis
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(EAE) with delayed onset and diminished severity [65]. In addition, administration of an IL-17-
blocking antibody in mice immunized with a myelin antigen prevents chemokine expression
in the brain and the subsequent development of EAE [4,66].

Since the expression of IL-17 appeared to be increased in human autoimmune diseases like
Multiple Sclerosis [67,68], rheumatoid arthritis [69], and psoriasis [70] as well as in animal
models of autoimmunity, much attention has been focused on defining the role of Th17 cells
in the pathogenic process of tissue inflammation [71]. In the last 3 years the importance of
Th17 cells in the pathogenesis of organ-specific autoimmune inflammation has been
demonstrated in different animal models. This was paradigm changing, since previously, Th1
cells were considered to be almost exclusively responsible for driving autoimmune tissue
damage [72]. This concept was challenged when it became clear that IFN-γ and IFN-γ-receptor
deficient mice as well as mice that lack other molecules involved in the differentiation and
stabilization of the Th1 phenotype like IL-12p35, IL-12 receptor-β2, and IL-18 were not
protected from EAE, but developed more severe disease [73–77]. Furthermore, it was shown
that IL-23 and not IL-12 was crucial for mounting an autopathogenic T cell response in the
CNS [3]. Finally, Th17 cells were more potent than Th1 cells in transferring EAE to naïve wild
type host animals [4]. This suggested that Th17 cells might be responsible for the induction of
tissue specific autoimmunity. In addition, in chronic inflammatory bowel disease, Th17 cells
seem to be essential in inducing the break down of the intestinal epithelial barrier [78]. Once
induced, Th17 cells inhibit the turn-over of colonic epithelial cells and drive immunopathology
[79,80]. Collectively, these data corroborate the importance of Th17 cells for the induction of
autoimmune tissue inflammation.

In the current understanding of the pathogenic process in EAE, antigen specific priming of
encephalitogenic T cells as well as their commitment to a certain T helper cell lineage happens
in secondary lymphoid tissue outside the central nervous system (CNS). Myelin-specific T
cells then traffic to the CNS where they are re-activated [81,82]. The efficiency of the activation
in situ as well as the acquisition of further effector functions is critical for the maintenance of
specific effector populations within the CNS. IL-23 and possibly other cytokines seem to be
critical for this process. Indeed, when IL-23 is not available in order to maintain and expand a
population of already primed Th17 cells, EAE is markedly attenuated [3]. Certain adjuvants
like zymosan, a constituent of fungal cell walls, are potent inducers of Th17 cells, but do not
result in a sufficiently robust IL-23 production by dendritic cells. Using this adjuvant, it has
been illustrated that a temporary Th17 response in the secondary lymphoid tissue only resulted
in limited tissue inflammation [31]. Furthermore, it has been shown that both resident
microglial cells and infiltrating macrophages were producers of IL-23 [3]. Given that the lack
of p40 in the CNS-APC compartment results in significantly reduced encephalitogenicity of
T cells infiltrating the CNS [83] whereas IL-12p35 deficient mice are extremely susceptible
to EAE [75,84], it appears that IL-23 expression in the target organ is essential for inducing
autoimmune tissue destruction. Collectively, these findings suggest that IL-23p19 is not only
required to shape a stable Th17 population in the secondary lymphoid tissue, but also to
maintain an encephalitogenic Th17 population in the CNS. Besides IL-23, other cytokines may
have a role in stabilizing the phenotype of Th17 cells. For example, in IL-1RI deficient mice,
the Th17 response is severely compromised and the animals are resistant to EAE. Thus, IL-1
may contribute to the recruitment and maintenance of Th17 cells [85]. Although, IL-23 can
expand Th17 cells independently of IL-1, it has been shown that IL-23 and TNF may also
cooperate to induce IL-1 and drive the expansion of Th17 cells [85]. Moreover, in animal
models of rheumatoid arthritis, IL-17 induces IL-1 in the inflamed synovial tissue [86]. Hence,
IL-17 may be part of a positive feedback loop driven by IL-1.

While IL-23 and possibly IL-1 potentiate Th17 responses, other cytokines like IL-25 (IL-17E)
may inhibit Th17 responses. Il25−/− mice are highly susceptible to EAE due to an enhanced
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Th17 response. Accordingly, treatment with recombinant IL-25 or IL-25 delivered by a viral
vector system is sufficient to suppress EAE in wild type mice [87]. Although IL-25 is produced
by activated Th2 cells, resident cells of the innate immune system like microglial cells are
believed to be the major source of IL-25 in CNS autoimmunity. IL-25 may down-regulate the
Th17 response in an indirect manner through the induction of IL-13 which inhibitis the
production of IL-23, IL-1 and IL-6 in antigen presenting cells [87]. As previously mentioned,
IL-27 is another cytokine with inhibitory effect on the generation of Th17 cells. IL-27
antagonizes the initial lineage commitment of Th17 cells and conversely, IL-27 receptor
deficient mice exhibit increased immunopathology in EAE and chronic Toxoplasmosis due to
an enhanced Th17 response [40,41]. Together, these studies illustrate that the Th17 response
is under tight control by a cytokine network whose complexity we are only beginning to
understand.

Although Th17 cells are potent inducers of autoimmunity, it is clear that Th1 cells are also
involved in the development of autoimmune responses. However, to date, it is not established
what are the specific roles and the kinetics of action of these two T helper cell subsets during
the development of an autoimmune response. Several points needs to be considered and could
explain why Th17 cells are more pathogenic than Th1 cells (see also Figure 2): 1) Th17 might
migrate in the target organ before Th1 cells, 2) Th17 cells might be necessary to recruit effector
T cells to the CNS and 3) Th1 cells might need to cooperate with Th17 cells in order to induce
tissue inflammation and destruction. In the natural course of MOG35-55-induced EAE, the
number of Th17 producing CD4+ T cells in the CNS peaks earlier than that of Th1 cells [88].
Therefore, it is conceivable that Th17 cells are generated and expand faster in response to
antigenic challenge and constitute the first wave of effector T cells migrating to the CNS.
Consequently, Th17 cells might play a role in the recruitment of further waves of effector T
cells, especially Th1 cells (Figure 2). In support of this hypothesis, IL-17 is an inducer of
MCP-1 [35] that plays a prominent role in the recruitment of mononuclear cells to the CNS
[89]. Furthermore, by inducing IP-10, Th17 cells might drive the migration of Th1 cells that
express the IP-10 receptor CXCR3 [90] into the inflamed tissue. The concept of a specific
temporal sequence of various T helper cell subsets infiltrating the target tissue of autoimmune
inflammation assumes that the lineage commitment of T helper cells is stable in the target
organ. However, whereas in vitro-differentiation of naive T cells leads to stable lineage
commitment, a considerable population of cells secreting both IL-17 and IFN-γ can
consistently be observed in vivo in the target tissue of autoimmune inflammation. This suggests
that there may be transitional stages of lineage commitment in vivo. However, the significance
of these cells for the disease process is very unclear at present.

To date, it is also uncertain whether Th1 and Th17 cells are equally susceptible to T-reg-
mediated suppression in vivo. The fact that one of the potent immunosuppressive cytokines,
TGF-β, which is produced by T-reg, is also required for the differentiation of Th17 cells needs
to be taken in consideration. Under inflammatory conditions, notably in the presence of IL-6,
T-reg, through their production of TGF-β, might therefore fuel the generation of Th17 cells
rather than control it. Moreover, T-reg express the high affinity IL-2 receptor CD25 and may
be major consumers of IL-2. Since, IL-2 has been shown to suppress the generation of Th17
cells [10], the presence of T-reg may also facilitate the differentiation of Th17 by restraining
the availability of IL-2.

Collectively, Th17 cells are highly potent inflammatory cells that initiate tissue inflammation
and induce the infiltration of other inflammatory cells into the target organ. Hence, at least in
relevant mouse models of organ specific autoimmunity, Th17 cells are indispensable for the
induction of massive immunopathology. Paradoxically and unlike Th1 cells, Th17 may not be
subject to T-reg mediated suppression. However, it appears that in order for Th17 populations
to be maintained in the target tissue a complex network of cytokines has to be operative which
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provides the necessary means to control Th17 cells and may be the basis for the fact that this
T cell subset is relatively short-lived and prone to rapid attrition.

9. Concluding remarks
It is now established that Th17 cells constitute an independent T helper cell subset with major
functions in the induction of tissue inflammation. IL-6 plus TGF-β have been identified as
differentiation factors for the commitment of naive T cells to the Th17 lineage [5–7]. The
identification of the cellular sources of these cytokines, as well as the stimuli leading to their
production will be critical to determine how Th17 cells are generated in vivo. It is clear that
TGF-β is readily available in mucosa associated lymphoid tissue. In secondary lymphoid
organs, TGF-β may be provided by T cells themselves as suggested by recent findings [33].
By itself, TGF-β is an ‘immunosuppressive’ cytokine creating an environment that is favorable
for the generation of induced regulatory T cells. However, following infection, IL-6 is produced
by cells of the innate immune system and specifically triggered upon activation of TLRs. Thus,
the presence of an inflammatory environment and specifically IL-6, in the context of continuous
production of TGF-β appears to dictate the generation of Th17 cells. We propose that there is
a close relationship between T-reg and Th17 cells since TGF-β, which is required for the
generation of induced T-reg cells, is also necessary for the differentiation of Th17 cells [6],
and the transcription factors required for the development of these two T cell subsets might
antagonize each other. The close connection between T-reg and Th17 cells could represent an
important mechanism by which the immune system rapidly generates Th17 cells specialized
in the clearance of specific pathogens. By the production of IL-22 and IL-17, and hence the
induction of chemokines and the attraction of highly specialized effector cells like neutrophils
and macrophages into parenchymal tissue, Th17 cells appear to be efficient in orchestrating
an immune response against tissue infiltrating pathogens. But on the other hand, this also
correlates with a high potency to initiate substantial immunopathology and autoimmune
diseases. There, the association between Th17 and T-reg cells might initially be detrimental
since TGF-β produced by T-reg cells might amplify the pathogenic Th17 population.
Eventually, Th17 responses may ware off either because Th17 cells may be short-lived or
further regulated by the environment.

Clearly, although IL-23 does not induce the differentiation of Th17, it is an important cytokine
for the maintenance and possibly the final commitment of these cells. However, the
mechanisms involved in this process have not been fully elucidated. The discovery of new
cytokines and new functions for “old” cytokines introduced new players, which participate in
the establishment and regulation of Th17 responses adding new layers of complexity to the
cytokine network that controls Th17 responses. Specifically, IL-1 and possibly other cytokines,
perhaps by an autocrine feedback loop, amplify and stabilize Th17 cells. On the other hand,
IL-27 and cytokines produced by the other two subsets of Th cells, such as IFN-γ and IL-25
antagonize Th17 responses and could explain why later phases of chronic inflammation are
then dominated by IFN-γ producing Th1 cells.

Taken together, the identification of Th17 cells and the analysis of their functions helped to
resolve some inconsistencies of the Th1/Th2 paradigm. However, the introduction of this third
arm of adaptive immunity also raises new questions as to how Th17 cells and Th1 cells
cooperate in the pathogenesis of organ-specific autoimmunity. Thus, in order to approach
chronic autoimmune diseases therapeutically in a phase-specific manner, it is not only
important to understand the factors that drive the various T helper subsets, but also their
temporal sequence and potential interaction in the induction of immunopathology.
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Figure 1. Differentiation and effector cytokines of T helper cell subsets
Th1, Th17, and Th2 cells constitute different T helper cell subsets with different cytokine
signatures. The induction of the various T helper cell subsets requires different cytokine stimuli
to induce distinct transcriptional programs. Other cytokines are necessary to stabilize the
transcriptional phenotype (For details see text). Cross-inhibition of Th17 cell development by
Th1 and Th2 associated cytokines has been shown in vitro and in vivo.
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Figure 2. Development of tissue inflammation driven by Th17 cells
Antigen specific T cells are primed in secondary lymphoid tissue and driven into the Th17
developmental pathway in the presence of IL-6 and TGF-β. Sources of TGF-β are other T cells
like Foxp3-expressing regulatory T cells (Treg) or Th3 cells. Similarly, antigen specific T cells
are committed to the Th1 subset in the presence of IFN-γ and IL-12. Activated Th17 cells are
among the first to infiltrate the target organ. By induction of chemokines, secondary waves of
inflammatory cells like mononuclear cells and Th1 cells are attracted into the inflamed tissue.
Both IL-17 produced by Th17 cells and IFN-γ produced by Th1 cells may act on myeloid cells
to induce their effector functions that eventually lead to tissue damage. Whereas Th17 cells
are prone to apoptosis, Th1 cells might finally be suppressed by T-reg cells that accumulate in
the target organ and thus induce the resolution of inflammation.
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Table 1

Effector functions of T helper cell subsets

Th cell subset Function

Th1 Host defense against intracellular pathogens

Organ-specific autoimmunity

Th2 Host defense against extracellular pathogens and parasites

Allergy

Asthma

Th17 Host defense against certain pathogens (Klebsiella, Citrobacter,
Borrrelia, Fungi)

Tissue inflammation

Organ-specific autoimmunity
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