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Introduction
Auto-aggressive effector T cells have been implicated in the development of cell-mediated
autoimmune diseases including Multiple Sclerosis and type 1 diabetes. More specifically,
IFN-γ-producing Th1 cells have long been associated with the pathogenesis of many organ-
specific autoimmune diseases as IFN-γ was found to be present at the site of tissue
inflammation at the peak of disease and Th1 cells were able to transfer disease. However, it
was later found that IFN-γ-deficient mice were not resistant but highly susceptible to many
organ-specific autoimmune diseases, raising the possibility that effector T cells other than
Th1 cells were responsible for inducing autoimmunity. With the discovery of IL-17-
producing Th17 cells, this puzzle is beginning to unravel. Emerging data suggest that Th17
cells are highly auto-pathogenic and can induce tissue inflammation and autoimmune
disease. This raises the issue of what role, if any, Th1 cells play in the induction of tissue
inflammation and autoimmune disease. Do they inhibit autoimmune tissue inflammation and
is this the reason why IFN-γ−/− mice have exacerbated disease or do they cooperate with
Th17 cells to promote tissue inflammation? Akin to Th1 and Th2 cells, Th17 cells are
differentiated by specific cytokines, activate a distinct set of transcription factors, and are
characterized by a unique cytokine signature, which includes IL-17, IL-21 and IL-22. In this
review, we will discuss the respective roles of the Th1 and Th17 subsets in the context of
autoimmune inflammatory responses.

1-Th1/Th2 differentiation and function
Mosmann and colleagues initially proposed that CD4+ T cells can be subdivided into 2
independent subsets, T helper 1 (Th1) and T helper 2 (Th2), each characterized by distinct
effector functions and specific cytokine profiles [1]. Th1 cells produce large quantities of
interferon (IFN)-γ and are predominantly involved in the clearance of intracellular
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pathogens through the activation of macrophages and induction of immunoglobulin class
switching to complement-fixing antibodies. Th2 cells are characterized by the production of
interleukin 4 (IL-4), IL-5, IL-13 and IL-25 and participate in the elimination of extracellular
pathogens and parasites through the induction of immunoglobulin class switching to IgG1
and IgE, respectively. Th1 cells are also involved in cell-mediated and delayed-type
hypersensitivity responses while Th2 cells have been associated with allergic responses.

The differentiation of effector Th cells is initiated by combined signals from the TCR, co-
stimulatory molecules, cytokine receptors and lineage-specific transcription factors. The
differentiation of Th1 cells is initiated by activation of T cells in the presence of IFN-γ. This
leads to the activation of STAT-1 and the Th1 specific transcription factor T-bet. T-bet
induces IFN-γ production and allows responsiveness to IL-12 via the expression of the
IL-12Rβ2 chain. Engagement of IL-12 receptor by IL-12 induces the phosphorylation of
STAT-4 which further cooperates with T-bet to transactivate the IFN-γ gene. A positive
feedback loop then ensues wherein the increased IFN-γ further up-regulates T-bet and thus
strengthens Th1 commitment. The differentiation of Th2 cells is induced by IL-4 and
governed by the Th2 specific transcription factor GATA-3. Engagement of the IL-4 receptor
leads to the phosphorylation of STAT-6 which binds to the IL-4 promoter and further
induces IL-4 production, thus establishing a positive feedback loop to increase Th2
differentiation.

2-Th1 cells and organ-specific autoimmunity
Th1 cells have been implicated in the development of organ-specific autoimmune diseases
[2]. More specifically, in organ-specific T cell driven autoimmune diseases, Th1 cells were
described to be the pathogenic subset whereas Th2 cells were reported to exert inhibitory
effects [3]. Several observations led to this conclusion: 1) The adoptive transfer of lines or
clones exhibiting a Th1 phenotype can induce experimental autoimmune encephalomyelitis
(EAE), an autoimmune disease of the central nervous system (CNS), 2) Th1 specific
cytokines such as IFN-γ are present in CNS inflammatory lesions at the peak of EAE but
decrease during remission; 3) Th cells invading the CNS at the peak of EAE express IFN-γ
[4–6] and 4) treatment of mice with IL-12 aggravates collagen-induced arthritis (CIA),
another organ-specific autoimmune disease [7]. The fact that mice deficient for the
transcription factors important for the differentiation of Th1 cells, such as T-bet and
STAT-4, are resistant to the development of EAE further supports an important role for Th1
cells and Th1-associated cytokines in organ specific autoimmunity. Indeed, in T-bet
deficient mice, Th1 cells cannot be generated and these mice are resistant to the induction of
several organ-specific autoimmune diseases [8, 9]. In some but not all instances, the
protection from disease in T-bet−/− mice is associated with a significant up-regulation of
Th2-like cytokines (IL-4, IL-5 or IL-10).

However, the concept of Th1 cells being exclusively responsible for driving autoimmune
tissue damage was challenged when it became clear that a reduction in IFN-γ signaling
(using either IFN-γ deficient mice or by blocking IFN-γ) did not protect mice from EAE or
CIA but rather resulted in more severe disease [10, 11]. Similar results were obtained in
mice deficient in molecules critically involved in the differentiation and stabilization of the
Th1 phenotype such as IL-12p35 and IL-12Rβ2 [12–16]. Furthermore, exaggerated Th2
responses were not detected in these studies, implying the involvement of another type of
effector T cell.
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3- Discovery of IL-23, a member of the IL-12 family of heterodimeric
cytokines

IL-12, a key cytokine in the development of Th1 cells, is a heterodimeric cytokine
composed of two subunits, p35 and p40. Our understanding of the role of Th1 cells in
autoimmunity was further challenged when it was shown that IL-12p35−/− mice were
susceptible to EAE or CIA whereas IL-12p40−/− mice were resistant to the development of
EAE. [12,17–19]. This problem was resolved when it was shown that IL-23 was comprised
of a unique p19 subunit and the p40 chain of IL-12. Interestingly, loss of IL-12p40 or
IL-23p19 resulted in complete resistance to EAE suggesting that it is IL-23 and not IL-12
that is necessary for the induction of EAE and potentially other autoimmune diseases. These
results further supported the concept that IL-12 and Th1 cells per se were dispensable for the
development of autoimmunity and specifically EAE.

Later it was found that IL-23 could drive the expansion of an IL-17-producing T cell
population subsequently termed Th17 cells, which could induce more severe EAE upon
adoptive transfer than IL-12-driven Th1 cells [20]. Furthermore, when IL-23 is not available
to maintain and expand a population of already primed Th17 cells, EAE is markedly
attenuated [18, 21]. In addition, the resident microglial cells and infiltrating macrophages
during an autoimmune reaction in the CNS produce IL-23 [18], suggesting that IL-23 may
function in situ to sustain a population of pathogenic Th17 cells. Together, these
observations established strong, although to some extent indirect, evidence that Th17 cells
were necessary for the development of EAE. Thus, it was proposed that IL-23 is not only
required to shape a stable Th17 population in the secondary lymphoid tissue but also to
maintain a pathogenic Th17 population at the site of inflammation.

4- Differentiation of Th17 cells
IL-23 was first thought to be a key mediator in the induction of Th17 cells mainly because it
was shown to expand Th17 cells in vitro. Furthermore, p19 deficient mice have a profound
defect in Th17 cells [19]. However, since IL-23 receptor is not expressed on naïve T cells,
IL-23 cannot act on naïve T cells to induce their differentiation into Th17 cells. Indeed, three
independent studies recently demonstrated that the combination of the acute phase protein
IL-6 together with TGF-β induces the differentiation of Th17 cells from naïve T cells both in
vitro and in vivo [22–24]. Once induced, Th17 cells produce large quantities of IL-17, IL-22,
IL-21 and express IL-23 receptor.

IL-17 was first cloned in 1993 [25] and 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 [26, 27]. 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 [28]. IL-17 production has also been associated with memory CD4+ T cells.
IL-17A and IL-17F have pro-inflammatory properties and act on a broad range of cell types
to induce 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 [29]. Furthermore, IL-17 can activate osteoclasts and therefore
induce bone resorption [30].

Th17 cells are also the highest producers of IL-21, a member of the IL-2 family of
cytokines. IL-21 also plays an important role in Th17 development in that IL-21 together
with TGF-β further amplifies Th17 differentiation. In fact IL-6 or IL-21 can induce Th17
cells to produce more IL-21 [31–33] and disruption of the IL-21 pathway results in reduced
Th17 differentiation [32, 33]. Altogether, current data suggest that IL-6 can induce IL-21
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production from IL-17-producing T cells and IL-21 then functions in an autocrine self-
amplification loop to increase the Th17 response. Furthermore, both IL-6 and IL-21 can up-
regulate the expression of IL-23 receptor on Th17 cells.

The maintenance of already committed Th17 cells in vitro requires IL-23 [24] which
supports a role for IL-23 not in the differentiation but rather in the expansion/stabilization of
Th17 cells. However, the mechanisms by which IL-23 induces expansion/stabilization of
Th17 cells are not clear. Therefore, there are three distinct steps in the development of Th17
cells: induction, amplification and stabilization, in which three distinct cytokines (IL-6,
IL-21 and IL-23) are operational.

Analogous to Th1 and Th2 development, Th17 development relies on the action of a lineage
specific transcription factor, the orphan nuclear receptor RORαt [34]. The loss of RORαt in
T cells abrogates the development of myelin specific Th17 cells and the development of
EAE in mice immunized with myelin antigens [34]. A recent study further demonstrated that
the orphan nuclear receptor RORα acts synergistically with RORαt to promote Th17
differentiation [35]. Consistent with the role of IL-6 in the differentiation of Th17 cells,
STAT-3 has also been shown to be crucial in the generation of Th17 cells [36, 37].

5- Regulation of Th17 cells
An interesting aspect in the regulation of Th17 cells is their reciprocal developmental
relationship with induced Foxp3+ Tregs. Foxp3 is a transcription factor specifically
expressed in Tregs and necessary for their function [38–40]. In vitro, it is clear that TGF-β
induces Foxp3 in naïve T cells and is necessary for the maintenance of already existing
Tregs. We suggested that there is a reciprocal relationship between Foxp3+ Tregs and Th17
cells, in that TGF-β induces Foxp3+ T cells and IL-6 acts as a switch factor that re-directs T
cell differentiation from the “default” Treg pathway into the Th17 pathway. Interestingly,
IL-2, which signals through STAT-5 and is an important growth factor for Th1 and Th2
cells and is indispensable for the maintenance of Foxp3+ Tregs in the peripheral immune
compartment, inhibits the differentiation of Th17 cells [21]. Accordingly, IL-2 deficient and
STAT-5 deficient CD4+ T cells exhibit a strong propensity to differentiate into Th17 cells
[41]. Similarly, retinoic acid potentiates Treg differentiation and inhibits Th17 cells [42]. All
of these observations are in line with the hypothesis that Tregs and Th17 cells are related
both in their induction and differentiation. At a molecular level, emerging data suggest that
the lineage specific transcription factors Foxp3 (Tregs) and RORαt (Th17) bind to each other
and may antagonize each other’s function.

The reciprocal relationship between Th17 and Tregs is relevant in vivo since IL-6 deficient
mice have an increased proportion of Foxp3+ Tregs in the peripheral repertoire [43].
Moreover, Th17 differentiation is defective in Il6−/− mice and the fraction of Foxp3+ Tregs
in the CD4+ T cell compartment further increases after immunization with myelin antigen in
complete Freund’s adjuvant. Thus, the resistance of Il6−/− mice to EAE is due to an immune
response in which antigen-specific Tregs are expanded at the expense of the generation of
pro-inflammatory Th17 cells [43]. Similarly, CD4−DNTGFβRII mice, which express a
dominant negative mutant of the TGF-β receptor [21] do not develop a competent Th17
response and are resistant to the development of EAE. On the other hand, transgenic mice
which express TGF-β under the IL-2 promoter produce TGF-β upon ex vivo stimulation and
develop Th17 cells in vivo under inflammatory conditions and elevated concentrations of
IL-6. The increased number of Th17 cells in these animals resulted in the exacerbation of
EAE [22]. These data support that there is a reciprocal developmental pathway between
Foxp3+ Tregs and Th17 cells and that IL-6 might be a major switch factor for the generation/
expansion of Tregs and Th17 cells. At present, it is not yet resolved whether the high fraction
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of Foxp3+ Tregs in Il6−/− mice is due to expansion of already existing natural Tregs or de
novo conversion of Tregs in the peripheral immune compartment.

Th1 and Th2 cells cross-inhibit each other’s differentiation. Similarly, the hallmark
cytokines of Th1 and Th2 cells, IFN-γ and IL-4, inhibit the IL-23-driven expansion of Th17
cells [44, 45]. T-bet can also negatively regulate Th17 cells [46, 47]. Moreover, IL-27, a
heterodimeric cytokine composed of Epstein–Barr virus-induced gene 3 (EBI3) and a p28
chain, has been demonstrated to be a negative regulator of Th17 cell development. IL-27
belongs to the IL-12 family of heterodimeric cytokines and 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 of the IL-6 receptor [48,
49]. 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. Hence, IL-27 receptor deficient mice exhibit increased
immunopathology in EAE and chronic Toxoplasmosis [50, 51]. IL-25 (IL-17E), which is
produced by myeloid cells and by Th2 cells, also down-regulates Th17 responses. Indeed,
Il25−/− mice are highly susceptible to EAE due to an enhanced Th17 response. Conversely,
treatment with recombinant IL-25 or IL-25 delivered by a viral vector system is sufficient to
suppress EAE in wild type mice [52]. Although IL-25 is produced by activated Th2 cells,
resident cells of the innate immune system, such as microglia, are believed to be the major
source of IL-25 in the CNS. IL-25 inhibits Th17 responses indirectly by inducing IL-13,
which decreases the production of IL-23, IL-1 and IL-6 in antigen presenting cells [52].
Most likely, the identification of new cytokines as well as the description of new functions
for already known cytokines will further improve our understanding of the regulation of
Th17 cells.

6- Th1, Th17 and autoimmunity
Since IL-17 was recognized to be increased in human autoimmune diseases like Multiple
Sclerosis [53, 54], rheumatoid arthritis [55], and psoriasis [56] 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 [57]. Indeed, 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. In fact, Th17 cells have been shown to be more
potent than Th1 cells in inducing disease [20]. While the relative role of Th1 and Th17 cells
in disease is currently a matter of debate, the most likely scenario is that both cell types are
involved. However, to date, it is not clear how Th1 and Th17 cells interact with each other
and promote autoimmune tissue injury. In the natural course of EAE, we have observed that
both Th1 and Th17 cells infiltrate the CNS together with Foxp3+ Treg cells, but it was clear
that the Th17 cells in the CNS peaked earlier than the Th1 cells [43]. Interestingly, we have
found that CNS-derived Treg cells are not effective in controlling effector T cells recovered
from the site of tissue inflammation [20]. However, effector T cells recovered during the
recovery phase are suppressible by CNS-derived Tregs [43]. Since Th1 effector cells
dominate just prior to the recovery phase of disease, it is an intriguing hypothesis that Th1
effector populations might be more easily controlled by Tregs than Th17 effector cells.
Therefore, the sequential change in the composition of T effector populations may promote
efficient Treg-mediated suppression in the target organ. Based on these data and the
observations that we have made, we speculate that such a pattern of T helper cell dynamics
drives immunopathology and immunoregulation in organ-specific autoimmunity.

A further wrinkle in the Th1 vs Th17 debate is the observation that a considerable
population of cells secreting both IL-17 and IFN-γ can consistently be detected in vivo in the
inflamed CNS. This observation may indicate the existence of a transitional cell that
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expresses both IFN-γ and IL-17 in vivo. Some reports propose that lineage commitment of T
helper cells may be occurring in the CNS and that CNS-derived antigen presenting cells
might have the capacity to differentially activate and possibly further differentiate Th17
cells, Th1 cells and Treg cells depending on the phase of EAE [58].

A working model for the role of Th1 and Th17 cells in the induction of organ-specific
autoimmune disease is that Th17 cells constitute the first wave of effector T cells migrating
to the CNS and orchestrate the recruitment of further waves of effector T cells, particularly
Th1 cells. In support of this model, IL-17 is an inducer of MCP-1 [44], a chemokine that
plays a prominent role in the recruitment of mononuclear cells to the CNS [59].
Furthermore, through the induction of IP-10, Th17 cells might drive the migration of Th1
cells that express the IP-10 receptor CXCR3 [60] into inflamed tissue. Thus there may be a
specific temporal sequence of various T helper cell subsets infiltrating the CNS (Figure 1).
Support for this idea comes from studies of the T cell response against Mycobacterium
tuberculosis. Using specific vaccination strategies against infection with M. tuberculosis, it
has been recognized that the elicitation of an early Th17 response is essential in promoting a
delayed and sustained Th1 response that finally controls the pathogen [61].

In summary, Th17 cells orchestrate tissue inflammation by inducing proinflammatory
cytokines (IL-6, IL-1 and TNFα) and chemokines which recruit Th1 cells to the target tissue.
Although functional Treg cells accumulate in the target tissue, they are not efficacious due to
the overwhelming amounts of pro-inflammatory cytokines, such as IL-6, which protect
effector T cells from the suppressive effects of Treg cells. Therefore, boosting Treg cells
together with controlling tissue inflammation may provide the most effective strategy for
controlling tissue inflammation and treating autoimmune disease.
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Figure 1.
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