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A new subtype of CD4+ T lymphocytes characterized by the production of interleukin 17, i.e., TH17 cells, has been recently
described. This novel T cell subset is distinct from type 1 and type 2 T helper cells. The major feature of this subpopulation is to
generate significant amounts of pro-inflammatory cytokines, therefore appearing to be critically involved in protection against
infection caused by extracellular microorganisms, and in the pathogenesis of autoimmune diseases and allergy. The dynamic
balance among subsets of T cells is important for the modulation of several steps of the immune response. Disturbances in this
balance may cause a shift from normal immunologic physiology to the development of immune-mediated disorders. In
autoimmune diseases, the fine balance between the proportion and degree of activation of the various T lymphocyte subsets can
contribute to persistent undesirable inflammatory responses and tissue replacement by fibrosis. This review highlights the
importance of TH17 cells in this process by providing an update on the biology of these cells and focusing on their biology and
differentiation processes in the context of immune-mediated chronic inflammatory diseases.
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Introduction
Early studies by Mosmann et al. (1) have demonstrated
that CD4+ T cells could polarize into two different subsets,
T helper 1 (Th1) and T helper 2 (Th2), based on the profile
of the cytokines secreted (1). Later on, several investigators highlighted the existence of a neutral subset, Th0,
able to produce either Th1 or Th2 cytokines. It is becoming
increasingly clear that antigenic stimulation and the peculiar intrinsic characteristics of the milieu induce naive T
cells to proliferate and differentiate into different effector T
cell subsets with specific features such as cytokine production and functional properties (2).
Th1 cells are mainly characterized by the production of
large quantities of interferon-gamma (IFN-γ), while Th2
cells secrete interleukin (IL)-4, IL-5, and IL-13. Th1 cells
are the main agents in delayed type hypersensitivity immune response through activation of macrophages, and
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are crucial to host defense against intracellular pathogens.
In contrast, Th2 cells are more efficient in mounting humoral immune responses, triggering the production of
antibodies and promoting eosinophil infiltration. Th2 responses are important to limit extracellular pathogens and
can also counterbalance Th1 immune responses. Th0
cells can differentiate into Th1 or Th2 subsets at very early
stages of cell activation. Since Th1 cells are fully capable
of secreting cytokines, they can in turn inhibit Th2 cell
differentiation and vice versa. Several regulatory molecules are involved in this process, such as cytokines,
cytokine receptors and transcription factors, ultimately leading to epigenetic modifications in the target T cells (Figure 1).
The control of immune responses is important for proper
functioning of the immune system and necessary to avoid
immunopathology, largely manifesting as allergic and autoimmune diseases. In human autoimmunity, the Th1 immune responses have been traditionally associated with
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the induction and progression of disease. However, this
paradigm has been recently challenged following the observation in mouse models that the absence of IFN-γ
signaling does not constitute resistance to the development of autoimmunity; on the contrary, these animals are
even more susceptible to these diseases. These observations have called the interplay of Th1 cells and autoimmune diseases into question, pointing to the possible
existence of additional T cell subtypes, which differ from
the Th1 subpopulation and are able to induce and perpetuate local inflammation and autoimmunity.

TH17: An overview
The initial studies on TH17 cells have involved reports
on Borrelia burgdorferi infection in animal models. Stimulation with sonicates and synthetic antigens of the bacteria

induced IL-17 production by T cells, independently of the
production of Th1 and Th2 cytokines. The same pattern of
IL-17 secretion was induced by the BCG strain of Mycobacterium bovis (3). Further evidence that led to the discovery of this cell population came from studies in autoimmune murine models, namely rheumatoid arthritis (RA)
and multiple sclerosis models (MS) (4,5). The cumulative
evidence about the existence of a distinct subset of T cells
characterized by the secretion of large amounts of IL-17
has led to the proposal of a third lineage of Th cells
designated TH17 cells (6,7).
IL-17 (also known as IL17A) and IL-17F cytokines are
members of the IL17 family, which encompasses potent
inducers of inflammation, promoting cellular infiltration and
the production of several pro-inflammatory cytokines and
chemokines. IL-17 binds to and signals through IL17 receptor A (IL-17RA), a member of the IL17R family that is
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Figure 1. Schematic representation of naive CD4 T cells under different stimuli and possible differentiation pathways. IFN-γ =
interferon gamma: IL = interleukin; TGF-β = transforming growth factor beta; Th1, Th2 = T helper cells 1 and 2; TREG = regulatory T
cells; M-CSF and GM-CSF = macrophage and granulocyte-macrophage colony-stimulating factor; LB = B lymphocytes.
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largely expressed by epithelial cells and mesenchymal
cells such as endothelial cells and fibroblasts. The genes
that encode IL-17 and IL-17F are located on the same
chromosome in both mice and humans. The majority of
studies on the subject have focused on IL-17 or IL-17A. It
is known that IL-17F has pro-inflammatory characteristics
similar to those of IL-17, albeit with weaker activity than the
homologous IL-17A. Some studies in humans have proposed a possible function of IL-17F in the physiopathology
of human asthma. The present review will focus mainly on
IL-17 since it is the major cytokine produced by TH17 cells,
but the IL-17 family members also comprise IL-17B, IL17C, IL-17D, and IL-17E (also known as IL-25) secreted by
a large number of cells (8).
With the discovery of TH17 cells, many questions
about the physiopathology of certain chronic inflammatory
diseases can now be better understood, since the mechanism of such immune responses did not fit under the Th1
or Th2 paradigm. The neutralization of IL-17, without interfering with the Th1 effective pathway, is capable of offering
full recovery from some murine autoimmune diseases,
such as collagen-induced arthritis (CIA) and experimental
autoimmune encephalitis (EAE) (5,9). The effectiveness of
such an approach could be achieved when the treatment is
administered during priming or even when the disease is
already established (5,9). Recently, other studies have
associated the participation of TH17 cells in the pathophysiology of several human inflammatory diseases, including viral hepatitis (10), asthma (11,12) and transplant
rejection (13).
The discovery of IL-23 shed light on the differentiation
route of this novel T cell phenotype. This cytokine is a
dimer composed of the subunits IL-12p40 and IL-23p19.
While the IL-12p40 subunit is a common chain for IL-12
and IL-23, the IL-23p19 and IL-12p35 subunits are exclusive of IL-23 and IL-12, respectively. Mild autoimmune
manifestations have been observed in mice susceptible to
autoimmunity when knocked out for IL-12p40. In contrast,
in IL-12p35 receptor knockout animals, the development
of autoimmunity occurred normally. Taken together, these
studies indicate that IL-23, but not IL-12, is a crucial element in promoting autoimmunity. The human counterpart
of these findings comes from the observation that antibodies against the IL-12p40 subunit were effective in the
treatment of Crohn’s disease (14) and showed good results in clinical trials with patients with MS and psoriasis
(15,16).
Although IL-23 is fundamental for survival and for terminal differentiation of TH17 cells, its exact function in the
induction of these cells has yet to be fully understood. This
is partly due to the absence of the IL-23 receptor in the
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naive T cells, and its expression only in activated cells.
Thus, only previously activated or memory T cells become
susceptible to the action of IL-23 and as such, amenable to
differentiate into TH17 cells (17). Different alternative factors of differentiation for TH17 cells have been identified.
Three independent studies directly addressed this issue
by reporting TGF-β and IL-6 as the main cytokines able to
induce the differentiation of naive T cells into TH17 lymphocytes (18-20). Sutton et al. (21) also reported on the
importance of IL-1 and IL-23 as differentiation factors and
as survival promoters in murine studies. Evans et al. (22)
reported that the induction of TH17 cells is mediated by
cell-cell contact with Toll-like receptor-activated monocytes in the context of T cell receptor ligation.
A recent study has added further complexity to the
understanding of the TH17 induction pathway and its function. In a mouse model, McGeachy et al. (23) showed that
TH17 cells produce IL-17 in the presence of IL-6 and TGFβ, but they do not have pathogenic potential in vivo, even
with a high production of IL-17. Apparently, this in vivo
behavior was due to their capacity to also produce IL-10
that has modulatory effects on the action of IL-17. However, TH17 cells stimulated in the presence of IL-23 also
promoted the expression of pro-inflammatory IL-17 and
chemokines, but did not produce IL-10. Thus, it seems that
IL-6 and TGF-β initiate the polarization towards TH17
cells, but these cells would be devoid of pathogenic potential in vivo unless there was the participation of IL-23
capable of providing immune inflammatory capacity to
TH17 cells (23).
Several other cytokines may interfere with the development and proliferation of TH17 cells. The neutralization of
Th1 and Th2 cytokines, such as IFN-γ and IL-4, increases
the number of IL-17-producing cells generated by stimulation with IL-23 (24). More recently, it was demonstrated
that IL-27, IL-25, and IL-13 have inhibitory functions on
TH17 development. The absence of these cytokines exacerbates inflammatory processes and increases the number of TH17 cells in an inflammatory milieu (9,25). Akin to
what has been previously observed for Th1 and Th2 cell
polarization, the presence of co-stimulatory molecules such
as CD80, CD86, OX40, and ICOS is fundamental for TH17
differentiation in the presence of IL-23 (24).
As mentioned earlier, TH17 cells have an important
function in protecting against infection by extracellular
microorganisms due to their ability to secrete pro-inflammatory effector cytokines such as IL-21, IL-22, and IL-26,
as well as smaller quantities of IL-6 and TNF-α (Figure 2).
The continuous balance among T cell subsets during
the course of pathology is of primordial importance to
define the outcome of the disease. Specific transcription
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In the last 3 years, many studies have demonstrated
the importance of TH17 cells in the pathogenesis of autoimmune inflammatory diseases, basically showing its pathogenic function. In a more recent study, it was shown that
IL-17 also contributes to the formation of lymph node
germinative centers and to the production of autoantibodies in mice with lupus-like disease (29). In murine models
of colitis, significant reduction in the migration of neutrophils to the colon and reduced amounts of CXC chemokines were achieved in IL-17R knockout mice, or by blocking IL-17R using IL-17R-Ig fusion protein, thereby demonstrating the critical role of IL-17 and IL-17R signaling in gut
inflammation (30). The blockage of IL-23 was effective in
preventing colitis by inhibiting IL-17 and IL-6 production in
IL-10-deficient mice (31). Finally, another study of a colitis
model showed that IL-23 acts as an effector cytokine within
the innate intestinal immune system by inducing intestinal
inflammation in response to activation through CD40. The
treatment with anti-IL-23 was able to prevent IL-17 production and development of colitis independently of the action
of T cells, since the disease was reproduced in T celldeficient mice. All of these data suggested the possible
contribution of other cells, such as non-conventional lymphocytes, as a source of IL-17 (11).

Distinctive characteristics of human TH17
cells
The current concepts on the differentiation of TH17
cells have been drawn from murine models. Given the
importance of the cytokine members of the IL-17 family in
the pathogenesis of some human diseases, it is of fundamental importance to understand how this family is expressed in human T cells, especially in conditions that
could make a human naive T cell differentiate into a TH17
cell subset. The initial studies evaluating the induction of
IL-17 production by human lymphocytes showed that this
differentiation pathway is dependent on activation signaling through the T cell antigen receptor in the presence of
appropriate co-stimulation, associated with the presence
of IL-23 (32). However, these studies have not taken into
consideration the stage of maturation of these cells, i.e.,
whether they were naive or memory cells.
An interesting aspect of human T helper cells is their
great plasticity for differentiation compared with their murine counterparts. IL-17-producing T cells are promptly
identified in populations of memory CD4+ T lymphocytes in
humans although their commitment to the TH17 specific
lineage is less clear since in humans these cells produce
both IL-17 and IFN-γ. In addition, unlike the TH17 murine
cells that are easily induced by the combination of TGF-β
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and IL-6 cytokines, this combination is completely inefficient in generating human TH17 cells. On the other hand,
some studies in humans have shown that IL-23, in the
presence of IL-1, is effective in promoting the production of
IL-17 by T lymphocytes (33), probably by the concomitant
action of TGF-β present in the bovine fetal serum of the
medium used in the experiments.
Two recent studies evaluating naive T cells from human umbilical cord showed that the presence of TGF-β is
essential to induce the RORyt transcription factor, and in
the presence of IL-23 and IL-1, combined with inflammatory cytokines such as IL-6, IL-21 and TNF-α, they acquired the capacity to produce IL-17 at optimal levels.
These cells could also produce several other inflammatory
cytokines such as IL-21, IL-22, IL-6, TNF-α, and IFN-γ. The
cytokine profile produced by human TH17 cells seems to
be also influenced by other mediators present in the culture (34-36).
There are several studies of human diseases suggesting an important role for IL-17 in the pathogenesis of
human inflammatory and autoimmune diseases. IL-17 is
involved in the inflammatory response observed in exacerbation episodes of IgA nephropathy by stimulating the
release of pro-inflammatory cytokines from peripheral blood
monocytes (37). In human renal biopsy samples, scattered
IL-17 antigen was found in borderline acute renal rejection
and could be used as a predictive parameter for subclinical
renal allograft rejection in the future (13).
TH17 has been implicated in host defense against a
number of microorganisms. IL-17 promotes expansion
and recruitment of innate immune cells such as neutrophils, and also cooperates with TLR ligands, IL-1β, and
TNF-α to enhance inflammatory reactions. It also stimulates the production of β-defensins and other antimicrobial
peptides. Its receptor, IL-17RA, is ubiquitously expressed
and shares many features with classical innate immune
receptors. Their intracellular tail motif signaling converges
to a common inflammatory transcription pathway (38).
Full comprehension of the mechanisms of polarization
of T helper lymphocytes in humans is essential to gain a
better understanding of the physiopathological mechanisms of diseases and for the development of future approaches to their treatment.

TH17 cells in human autoimmune diseases
Some of the TH17 cell products are found at higher
levels in affected tissues in human diseases and in their
respective animal models (Table 1). The essential function
of this T cell subset in the induction and development of
murine autoimmune diseases has been confirmed and its
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Table 1. Role of TH17 in human diseases and mouse models.
Disease

Rheumatoid arthritis
Multiple sclerosis
Systemic lupus erythematosus
Systemic sclerosis
Inflammatory bowel disease
Ankylosing spondylitis
Hepatitis
Asthma
Contact hypersensitivity
Psoriasis
Kidney transplant

TH17 related cytokines

References

IL-17

IL-21

IL-22

Mouse

Human

Pathogenic
Pathogenic
Pathogenic?
Pathogenic
Protective (acute)
Pathogenic (chronic)
Pathogenic?
None
Protective (effector)
Pathogenic (priming)
Pathogenic
Pathogenic
Pathogenic

Pathogenic
Pathogenic
Pathogenic
ND
ND

ND
ND
ND
Pathogenic
ND

4,27,28
5,33
29
24
11,30,31

43,39-45
51,52
48
53
54

ND
ND
Protective

ND
Protective
ND

None
10
11,12

55
None
8

ND
ND
ND

ND
Pathogenic
ND

None
None
13

59
36,50,55
13

ND = not determined.

actual role in human autoimmune diseases is now supported by a body of favorable evidence.
Studies on the participation of TH17 cells in RA have
redirected the focus of attention, hitherto limited only to
Th1 cells. The products of TH17 cells, such as IL-17 and
IL-23, are present in the serum, synovial fluid and synovial
tissue of the majority of patients with RA, while they are
absent in osteoarthritis (39-41). Under normal conditions,
IL-17 is undetectable or detected at very low levels in the
serum of healthy controls. However, high levels of this
cytokine were detected in serum and synovial fluid in two
studies evaluating patients with RA (40,42). IL-17-producing clones were recoverable from effector T cells of synovial tissue of patients with RA (43).
Peripheral blood T cells from patients with RA, co-incubated with synovial fibroblasts in the presence of type II
collagen, induced the production of IL-15, TNF-α, and IL-18
by the synovial cells. In turn, T cells produced high levels of
IL-17 and IFN-γ in response to these cytokines (40).
IL-17 also stimulates an increased production of IL-6,
promotes cartilage destruction, inhibits the synthesis of
collagen, and induces bone re-absorption in patients with
RA (44,45). Synovial fibroblasts from RA patients treated
in vitro with IL-17 produce IL-6 and IL-8 and increase gene
expression for chemokines and metalloproteinases. These
cells participate in the perpetuation of joint inflammation as
dynamic partners in a mutual activation feedback via secretion of cytokines and chemokines that stimulate each
other (24). Patients in the initial stages of inflammatory
arthritis progressing to the development of RA have a
distinct transitional profile of cytokines characterized by
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the production of IL-2, IL-4, IL-13, IL-17, and IL-15 in
synovial fluid. Interestingly, this Th2/TH17 cytokine profile
can no longer be observed at later stages of the disease
(46). A recent 2-year prospective study also reported the
same behavior of cytokine profile at the beginning of the
disease (47). These studies support the idea that T cells
play a distinct role in the early stages of the disease,
emphasizing the action of IL-17 and other cytokines not
directly linked to TH17 cells. This initial response differs
from that occurring in late stages of disease, which are
characterized by a predominantly Th1-driven inflammatory response. It is worth emphasizing that in the cited
study the authors described a positive correlation of mRNA
levels of the cytokines produced by TH17 cells, such as IL1, TNF-α and IL-17, with progression of articular damage.
Other studies on different autoimmune diseases such
as systemic lupus erythematosus (48), psoriasis (36,49,50),
multiple sclerosis (51,52), systemic sclerosis (53), bowel
inflammatory disease (54), ankylosing spondylitis (55),
and juvenile idiopathic arthritis (56) have demonstrated
the presence of high levels of IL-17 and other cytokines
related to its pathway in serum and tissues.
Patients with bowel inflammatory disease have high
expression of IL-17 mRNA and protein at the intracellular
level in intestinal mucosa compared to normal controls or
patients with infectious or ischemic disease (54). Annunziato
et al. (17) demonstrated the presence of CCR6+ IL-23R+
IL-17-producing cells and/or polyfunctional IL-17/IFN-γ producing cells in the intestine of patients with Crohn’s disease. In the same study, higher serum levels of IL-17
correlated with disease exacerbation (17).
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High levels of IL-17 were detected in the skin of patients with psoriasis and this cytokine was able to induce
the expression of adhesion molecules and pro-inflammatory cytokines in human keratinocytes (49). Liang et al.
(50) showed that IL-22 was also found at high levels in the
skin of patients with psoriasis and contributed, in synergy
with IL-17, to the induction of proteins associated with the
cellular processes of differentiation and proliferation in this
disease (50). In another study, Wilson et al. (36) demonstrated that some cells from the skin of patients with
psoriasis expressed IL-23R, IL-17A, IL-17F, IL-26, CCL20,
and the RORyt transcription factor, suggesting the presence of TH17 in the skin of these patients. This study also
showed that IL-1 and IL-23 are important for the differentiation of these cells (36).
In a recent study, Kebir et al. (51) reported on the
expression of receptors for IL-17 and IL-22 at the bloodbrain barrier level of MS lesions and demonstrated that IL17 and IL-22 contributed in vitro to the changes in the
blood-brain barrier architecture. In addition, in vitro studies
with human cells showed that TH17 lymphocytes can
efficiently cross this barrier and kill neurons by the release
of granzyme B, promoting inflammation of the central
nervous system and infiltration of further inflammatory
cells (51). Tzartos et al. (52) found high levels of IL-17
mRNA (in situ hybridization) and protein (immunohistochemistry) in lymphocytes, astrocytes, and oligodendrocytes located in areas of active injury to the central nervous
system in patients with MS. They also observed a higher
frequency of CD4+IL-17+ and CD8+IL-17+ T lymphocytes in
areas of active lesion (73%) compared to inactive lesions
(17%) of the brain. These observations suggest that both
CD4+ cells and CD8+ IL-17-producing T cells play an
important role in MS pathophysiology (52). Figure 3 depicts a schematic view of the possible participation of TH17
cells in the pathophysiology of MS.
Many of the molecules currently being focused on for
therapeutic targeting in the treatment of autoimmune diseases are directly or indirectly associated with the TH17
axis. Particularly noteworthy are IL-17 and GM-CSF, soluble
mediators of inflammation targeted in clinical studies and
even for immunobiological use in clinical practice such as
TNF-α, IL-6 and IL-1 blockers that could be a product or an
inducer factor for TH17 subset development. Phase I clinical
studies with antibodies against the IL-12p40 subunit (a
common chain of the IL-12 and IL-23 receptor) in patients
with psoriasis and MS have shown good “tolerance” and
positive response, yielding improvements in clinical and
laboratory parameters (15,16). A multicenter phase II study
with an anti-IL-17 monoclonal antibody (AIN45-7) is currently underway in patients with Crohn’s disease and psoria-
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sis resistant to conventional therapies. These trials will help
to better understand the relevance of TH17 cells in the
pathogenesis of these diseases and to evaluate whether
anti-IL-17 therapy will result in greater efficiency and safety
benefits over conventional treatment strategies.

Final considerations
High levels of IL-17 and other inflammatory mediators
of the TH17 pathway have been observed in several
human autoimmune disorders and in related animal models. However, these results must be interpreted with caution. It is important to identify the cellular source of IL-17
and related cytokines in humans. Despite the focus on IL17-producing CD4+ T cells, other lymphocyte subsets might
have similar capacity, such as NKT cells, γδ T lymphocytes
and CD8+ T lymphocytes, all with the capacity to produce
IL-17 under certain circumstances (57-59).
Although the necessary conditions for induction of naive
T cells producing IL-17 may seem clear, the memory T cells
are the major source of this cytokine in humans. For this
latter T cell population, the presence of IL-23 is not necessary for induction of IL-17 since a regular T cell antigen
receptor stimulus and appropriate activation of co-stimulating molecules seem to suffice. In contrast to observations in
mice, human TH17 cells also produce IFN-γ, and are thus
considered to be “double positive”. Perhaps because of the
novelty of this new subset of T lymphocytes, no specific
phenotypic surface marker for TH17 has yet been identified.
At this time, the expression of the receptor for IL-23 and the
chemokine receptor CCR6 has been used to purify IL-17+IFN-γ+ T cells (34,36). Despite the advances made to date by
studies in murine TH17 cells, human CD4+ T cells seem to
behave with a much greater plasticity and are thus less
“terminally differentiated”.
Further research on the basic biology of human TH17
cells is necessary, including aspects of epigenetic regulation of the locus for IL-17 cytokines and other inflammatory
mediators of this lymphocyte subset. Recently, it has been
shown that human CD4posCD25highCD27posCD45RAneg
Foxp3pos regulatory T cells also possess an effector differentiation program resulting in IL-17 production (60).
The TH17 element adds complexity to the traditional
concepts of immune regulation, but at the same time helps
in the understanding of issues related to immune response
such as cell differentiation, inflammatory response and its
soluble mediators as well as specific prevailing gene patterns in each one of them. The ordination of cellular subsets into categories and families facilitates the understanding of inflammatory processes in different diseases
and/or at different stages of chronic diseases.
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Commentary
Interleukin-17—Extended Features of a Key Player in
Multiple Sclerosis

Ralf Gold, M.D.,* and Fred Lühder, Ph.D.†
From the Department of Neurology,* University of Bochum,
Bochum, Germany; and the Institute for Multiple Sclerosis
Research,† University of Goettingen, Goettingen, Germany

Although multiple sclerosis (MS) is the most common
neurological disease of young adults, afflicting hundreds
of thousands of people worldwide, its pathogenesis is still
only incompletely understood. There seems to be substantial heterogeneity in disease mechanisms, but in the
majority of cases an autoimmune origin or at least a decisive
autoimmune component is postulated. Therefore, pathogenetic research focuses on different players programmed by
the immune system. In this issue of The American Journal of
Pathology Tzartos and colleagues1 extend previous findings
about the role of the effector cytokine interleukin (IL)-17 in
human disease. IL-17 has recently joined the club of molecules considered as important immunological players for
inflammation in the nervous system.
In the past a multitude of studies has addressed the
role of the so-called type 1 and type 2 cytokines for
adaptive immune responses in MS and its corresponding
animal model, experimental autoimmune encephalomyelitis (EAE). The general notion has included that a type 1
response (with CD4 T cells of helper type 1, TH1 cells)
represents a proinflammatory, destructive immune reaction whereas a type 2 response (with TH2 cells) reflects a
modulatory, nonpathogenic immune reaction and can
even protect from autoimmune disease caused by TH1dependent mechanisms.2 Study in experimental systems
has suggested that TH1 and TH2 cells represent terminally differentiated lineages. Critical effector cytokines in
a TH1 response are interferon-␥ and tumor necrosis factor-␣, which are both implicated in mediating disease
pathology in MS and EAE. T-bet, STAT4, and STAT1 are
TH1-associated transcription factors. Similarly a TH2 response is characterized by cytokine secretion of IL-4,
IL-5, and IL-13 and the transcription factor STAT6.
Because MS and especially EAE were originally considered as TH1-mediated autoimmune diseases, IL-12
secreted by antigen-presenting cells has commonly
been implicated as the critical upstream cytokine for the
underlying TH1 response, the presence or absence of
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which determines the character of an evolving immune
reaction.3 This view was later revised when it was realized that indeed IL-12 knockout mice (which lack the
specific p35 subunit and not the p40 subunit shared by
IL-12 and IL-23) are highly susceptible to EAE induction
whereas IL-23 was discovered to be the upstream modulator of the pathogenic signaling pathways.4 Because
IL-23 is crucially involved in the expansion of cells producing IL-17, this view converged with the discovery that
IL-17 is produced by TH cells that are distinct from the
traditional TH1 and TH2 cell subsets and were thus designated as TH17 cells.5 Requirements for TH17 cell differentiation were first defined in experimental models
(Figure 1). Here, it was shown in parallel by several
groups that a combination of IL-6 and transforming
growth factor-␤ is required and that differentiated TH17
cells are maintained and expanded by IL-23, which is
unable to drive TH17 differentiation of naı̈ve T cells by
itself.6,7 Besides IL-17A and IL-17F, these cells produce
IL-6, IL-21, IL-22, tumor necrosis factor-␣, and granulocyte macrophage-colony stimulating factor.8,9 At the molecular level the transcription factor ROR␥T (or the human
RORC variant 2 ortholog) serves as the master switch.10
Additionally, STAT3, which is activated by IL-6 and IL-21,
acts in concert with ROR␥T.11 Very recent data show that
the interferon regulatory factor- 4 also seems to be critically involved, because Irf-deficient mice fail to produce
IL-17.12 In contrast, the transcriptional master switch for
TH1 cells, T-bet, seems to antagonize TH17 differentiation as does STAT1. The TH1- and TH2-associated
STAT4 and STAT6, respectively, are not involved in TH17
differentiation.12 In the presence of transforming growth
factor-␤ without IL-6 stimulation, there occurs differentiation to regulatory T cells, and it could be convincingly
shown that this population originates from the same precursor cells.7 These cells are able to regulate TH17 cells,
as they do for TH1 and TH2 cells, pointing to a reciprocal
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Figure 1. Molecules involved in the differentiation of murine TH17 cells.
Several positive and negative feedback loops are involved, indicated by ⫹
and ⫺, respectively. Dashed arrows indicate pathways with limited evidence. See text for details and abbreviations.

development and a functional dichotomy between these
CD4 T-cell subtypes, depending on the state of the innate
immune system, the cytokine micromilieu, and therefore the
functional needs. Thus, this rapidly emerging set of data
clearly demonstrates that TH17 cells are indeed a T-helper
cell subpopulation distinct in differentiation and function
from the TH1 and TH2 subsets described previously.
IL-17 itself is a crucial effector cytokine with potent
proinflammatory effects. It induces the expression of
other proinflammatory cytokines such as tumor necrosis
factor-␣ and chemokines, attracts neutrophilic leukocytes, and enhances the maturation of dendritic cells.13
In the context of acquired immunity, IL-17-producing
cells synergize for the control of a variety of bacterial and
fungal infections at mucosal surfaces, and IL-17 and
IL-22 cooperatively enhance the expression of antimicrobial peptides.8 Beyond this invaluable contribution to
host defense, IL-17-producing cells are thought to be
essential inflammatory mediators in autoimmune diseases such as collagen-induced arthritis, colitis, psoriasis, and EAE. We and others have previously observed
that TH17 cells in EAE are CD4 cells and that they are
present both in the immune periphery and in the inflamed
central nervous system in EAE induced by the MOGpeptide 35-55 in C57.BL/6 mice14 and in PLPp-induced
EAE in SJL mice.15 Moreover, neutralization of IL-17 ameliorates clinical disease,16 a finding that is paralleled by
reduced EAE severity in IL-17-deficient animals.17 It
could also be demonstrated that immature TH17 cells
exist in the thymus of mice.18 An interesting new observation is that pertussis toxin, which is widely used as
adjuvant for EAE induction in combination with PLP and
incomplete Freund’s adjuvant, is able to induce PLPspecific IL-17-producing CD4 T cells in the periphery.19
Therefore, stimulation of the innate immune system with
unrelated environmental pathogens can drive the adaptive immune system toward TH17 differentiation, which in
turn can support organ-specific autoimmunity provided
that the organism is genetically prone for the development of autoimmunity.
All these experimental analyses concerning IL-17 in
mice and EAE focused on CD4 T cells, whereas little is

yet known about CD8 T cells. The report in this issue of
the AJP by Tzartos and colleagues1 adds some new
interesting observations concerning the human disease.
A systematic analysis of IL-17-positive cells in the brains
of MS patients revealed a significant increase in the
number of IL-17⫹ T cells in the active rather than the
inactive areas of MS lesions. Importantly, CD8 T cells
were positively immunostained for IL-17 at frequencies
similar to those of CD4 T cells in MS tissues. In recent
years our view of effector-cell populations in MS has been
revised. Whereas EAE models with their intrinsical bias
toward CD4 T cells20 have influenced our previous therapeutic strategies, the failure of CD4-directed therapies
in MS21 and the clonal expansion of CD8 T cells in MS
lesions and cerebrospinal fluid22 may identify the true
bad guy in the inflamed brain. CD8 T cells came into the
focus of MS research when it was demonstrated that
CD8⫹ T cells are more frequent in chronically inflamed
MS plaques compared with CD4⫹ T cells and that neurons are able to up-regulate MHC I molecules after exposure to interferon-␥, which renders them vulnerable to
cytotoxic T-cell attack.23 Furthermore, axonal damage in
MS lesions correlates with the number of CD8 T cells but
not with TH subsets. The linkage between CD8 T cells
and IL-17 as a crucial effector cytokine, which is described here, adds an important piece of data for future
approaches in MS. Also, these findings corroborate previous microarray analyses of MS lesions obtained at autopsy that demonstrated highly increased transcripts of
IL-17.24 Unfortunately, there exist only very few CD8 Tcell-based EAE models at the moment. It would be of
great interest to further develop such models to elucidate
the contribution of CD8 T cells also in light of the potential
role of IL-17 as an effector cytokine in cytotoxic T cells.
Another exciting finding was the fact that IL-17 immunoreactivity could also be detected in astrocytes and
oligodendrocytes in active areas of MS plaques. Previously, IL-17 had been found to be expressed in human
astrocyte cultures and shown to be up-regulated by tumor necrosis factor-␣ and IL-1␤.25 Additionally, IL-17positive astrocytes were found in human and rat brains
with acute cerebral ischemia. Therefore, it seems likely
that astrocytes (and perhaps oligodendrocytes) can be
forced to produce IL-17 under the influence of activating
stimuli such as ischemic stress or inflammatory cytokines. This can well be one source, besides infiltrating
TH17 cells, for the elevated IL-17 levels found in the
cerebrospinal fluid of patients with opticospinal MS.26
The biological role of this extra T-cell IL-17 remains unclear at the moment, but one can envision a proinflammatory amplification loop resulting in the brain. Future
investigations should aim at identifying how such intense
inflammation can be terminated, eg, by negative feedback loops.
Because it becomes increasingly clear that IL-17 is an
essential player in MS, possibilities for therapeutic intervention are warranted. This, however, does not seem to be an
easy task. In the absence of IL-6, FoxP3-positive regulatory
T cells are educated,7 which can modulate inflammation.
Indeed, a functional deficit but not a reduction in absolute
numbers of regulatory T cells was demonstrated in MS
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Multiple sclerosis is a T cell-mediated demyelinating disease of the central nervous system. Interleukin-17-producing T helper
cells, named Th17 cells, represent a novel CD4+ T cell effector subset involved in the response against extracellular pathogens.
In addition, Th17 cells are pathogenic in several animal models of autoimmune disease, including the animal model for multiple
sclerosis, but their function in multiple sclerosis remains to be elucidated. In this study, we analysed the frequency and the
phenotype of Th17 cells in the cerebrospinal fluid and peripheral blood of multiple sclerosis patients. We show that the
frequency of Th17 cells is significantly higher in the cerebrospinal fluid of patients with relapsing-remitting multiple sclerosis
during relapse, in comparison to relapsing-remitting patients in remission or to patients with other non-inflammatory neurological diseases. Similarly, in patients with clinically isolated syndrome during their first neurological episode, Th17 cells are
more abundant than in clinically isolated syndrome patients with no acute symptoms. Patients with inflammatory neurological
diseases other than multiple sclerosis also showed increased frequency of Th17 cells compared to patients with no inflammatory
diseases. To assess a potential pathological impact of Th17 cells in disease, we generated T cell clones from the cerebrospinal
fluid and peripheral blood of patients with multiple sclerosis. We found that Th17 clones expressed higher basal levels of the
activation markers CD5, CD69, CD2 and human leukocyte antigen-DR as well as of the CD28-related family of co-stimulatory
molecules, when compared to Th1 clones, and confirmed these findings with ex vivo human T cells. Molecules involved in T cell
adhesion to endothelium, such as CD49d, CD6 and the melanoma cell adhesion molecule, were also more abundant on the Th17
than on the Th1 cells. Furthermore, functional assays showed that Th17 clones were more prone than Th1 clones to melanoma
cell adhesion molecule-mediated adhesion to endothelial cells, and that Th17 cells had a higher proliferative capacity and were
less susceptible to suppression than Th1 cells. Altogether our data suggest that Th17 cells display a high pathogenic potential
and may constitute a relevant pathogenic subset in multiple sclerosis.

Keywords: multiple sclerosis; T cells; IL-17
Abbreviations: CFSE = carboxyfluorescein succinimidyl ester; CIS = patient group with clinically isolated syndrome and
neurologically stable; CIS/R = patient group showing signs of their first neurological event; CTLA = cytotoxic T-lymphocyte antigen;
ICOS = inducible T-cell costimulator; IFN- = gamma interferon; IL = interleukin; MCAM = melanoma cell adhesion molecule;
PBMC = peripheral blood mononuclear cells; PD-1 = programmed death-1 receptor; RR-MS = patient group in remission phase of
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Summary
Multiple sclerosis (MS) is regarded as a T-cell–mediated

effector cell population instead. This is supported by

autoimmune disease of the central nervous system (CNS).

studies both in MS patients and in the EAE mouse model.

It has been traditionally seen as a Th1-mediated

Research in this field currently centres on the endogenous

autoimmune disease, a notion which has been largely

factors which are required for the priming and expansion

supported by studies in its animal model, experimental

of CNS–autoantigen-specific Th17 cells as well as on

autoimmune encephalomyelitis (EAE). However, evidence

exogenous factors which trigger Th17 differentiation and

has accumulated in recent years that a newly described

activation. This review tries to provide an overview of the

lineage of (autoantigen-specific) T-cells, which are

relevant literature and to summarize the current body of

characterized by the production of the inflammatory

evidence on the role of Th17 cells in CNS autoimmune

cytokine interleukin 17 (Th17) cells, might be the relevant

disease.
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Introduction: T-cell Cytokines in Autoimmunity
Over the past two decades, an intense search for key
pro- and anti-inflammatory mediators in T-cell-mediated
autoimmune disorders has been conducted.1,2 T-helper
cells (CD4+ cells) play a crucial role in initiating
autoimmune reactions. Since specific subsets of T-helper
cells drive specific and qualitatively different adaptive
immune responses, T-helper cell cytokines have been
grouped in different categories which potentially crossinhibit each other. One main classification tried to
distinguish between type-1 or Th1 cytokines (e.g. IFNg,
TNF-a or IL-2) and type-2 or Th2 cytokines (e.g. IL-4, IL-5,
IL-9, IL-10 and IL-13). In autoimmunity, a general concept
held for a long time that a Th1 response is associated
with a proinflammatory, disease-enhancing reaction,
whereas a Th2 response exerts a modulatory function
and can under certain circumstances protect against
disease. However, Th2 responses also can be involved
in the pathogenesis of inflammation mediated disorders,
including autoimmune disorders.3 In autoimmune
disorders and their animal models, IL-12 was considered
12

to play a central upstream role in regulating the
Th1/Th2 balance by providing the necessary signals for
switching towards a Th1 response and subsequent
clinical disease symptoms.4 Experimental studies in
recent years, however, have suggested by use of
cytokine knockout mice that the IL-23/IL-17 axis might
be the relevant cytokine axis and not the IL-12/Th1
axis:5–8 CD4+ T-cells which are expanded via IL-23 are
characterized by the production of IL-17.9 IL-12- and
IL-23-modulated T-cells differ in their characteristics in
regard to autoimmune disease induction and the
resulting pathology in the target organ.10

Th17 Cells as a New T-cell Lineage
and their Involvement in
Autoimmune Disease
The IL-17 cytokine family is a group of six cytokines,
IL-17A to IL-17F. IL-17 (IL-17A) is the original member of
this cytokine group.11 Th17 cells specifically express
IL-17F in addition to IL-17, both cytokines being closely
The International MS Journal 2009; 16: 12–18
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I

n 1986, Mosmann and Coffman introduced the concept of distinct
types of helper T cells, which was based on the types of cytokines that T cells
produce when they are stimulated to differentiate. They named these lymphocytes type 1 helper T cells (Th1 cells) and type 2 helper T cells (Th2 cells).1 Th1 cells
produce large quantities of interferon-γ, induce delayed hypersensitivity reactions,
activate macrophages, and are essential for the defense against intracellular pathogens (Fig. 1). Th2 cells produce mainly interleukin-4 and are important in inducing
IgE production, recruiting eosinophils to sites of inflammation, and helping to
clear parasitic infections (Fig. 1). These distinctions allowed the assignment of a
specific functional phenotype to helper T cells based on the effector cytokines that
they produce. The production of effector cytokines underlies the term “effector
helper T cells.”

Or igins a nd F unc t ions of T h 17 Cel l s

N Engl J Med 2009;361:888-98.
Copyright © 2009 Massachusetts Medical Society.

Helper T-Cell Subgroups

More recently, T cells were shown to produce cytokines that could not be classified
according to the Th1–Th2 scheme. Interleukin-17 was among these cytokines,2 and
the T cells that preferentially produce interleukin-17, but not interferon-γ or interleukin-4, were named Th17 cells.3,4 Since these T cells constitute a distinct lineage,
we now have three types of effector helper T cells: Th1, Th2, and Th175 (Fig. 1).
The mechanism of induction and the effector functions of this new class of
effector helper T cells are just beginning to be understood. Their function in clearing specific types of infectious organisms, their role in inducing inflammation,
and the molecular events that cause them to differentiate are the focus of important studies in immunology. Like Th1 and Th2 cells, Th17 cells produce a group
of distinctive cytokines — interleukin-17 (also called interleukin-17A), interleukin17F, interleukin-22, and interleukin-21 — all of which participate in orchestrating
a specific kind of inflammatory response (Table 1).
Differentiation of T h17 Cells

We will first describe Th17 cells in mice, since the first discoveries involving these
cells were made in mice. Although there are major analogies to the development of
Th17 cells in humans, some differences have been observed. Cytokines produced
by cells of the innate immune system govern the differentiation of helper T cells.
The cells of the innate immune system are the first line of defense against pathogens; their pattern-recognition receptors, which are not specific for any particular
epitope, allow them to respond to a wide variety of microbial invaders by producing
cytokines that activate T cells of the adaptive immune system. Interferon-γ and
interleukin-12 drive naive T cells into the Th1 pathway, whereas interleukin-4 initiates the differentiation of naive T cells into Th2 cells6 (Fig. 2). At the molecular
888
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Figure 1. Helper T-Cell (Th) Subgroups and Effector Functions.
The cytokine profile (including key cytokine receptors as denoted by R), the effector cell type that is activated, and
the corresponding types of infections are shown for each Th subgroup.

level, the differentiation of Th1 and Th2 cells requires lineage-specific transcription factors: Tbet for Th1 cells7 and GATA3 and c-Maf for Th2
cells.8,9 These factors activate the hallmark Th1
and Th2 cytokine genes, IFN-γ and IL-4, respectively (Fig. 2).
Interleukin-12 is also important for the differentiation of Th1 cells. It has two subunits,
p35 and p40. Another protein, p19, which has no
activity of its own, combines with the p40 subunit of interleukin-12 to form a unique hetero
dimeric cytokine called interleukin-23.10 Thus,
interleukin-12 and interleukin-23 have in common
the p40 subunit, but they also have unique subunits, p35 (interleukin-12) and p19 (interleukin23). In studies of genetically deficient mice that
specifically lacked interleukin-23 or interleukin12, the loss of interleukin-23 made the animals
highly resistant to the development of autoimmunity and inflammation, whereas the loss of
interleukin-12 did not.11,12 These results suggest
that it is not interleukin-12 and Th1 cells that are
required for the induction of autoimmune-mediated inflammation but rather interleukin-23. They
also suggest that T cells that differentiate under
the influence of interleukin-23 are key players in
n engl j med 361;9

the induction of autoimmunity. This concept is
supported by experiments in which the induction of inflammation and autoimmunity in mice
was made possible by injecting interleukin-17–
producing T cells that had been induced to differ
entiate and proliferate in vitro by interleukin-23.13
Thus, it appears that the interleukin-23–Th17
axis is a predominant pathway to the induction
of autoimmune disease.
Interleukin-23 can expand a population of
Th17 cells in vitro even when they are rendered
genetically deficient in the master transcription
factors of Th1 and Th2 cells3,4; this observation
confirms that Th17 cells are a lineage that is
distinct from Th1 and Th2 cells. The finding
that interleukin-23 is a differentiating cytokine
for Th17 cells poses a major conceptual problem,
however, because naive T cells do not express
receptors for interleukin-23; thus, highly purified naive T cells cannot differentiate into Th17
cells in the presence of interleukin-23.14
The problem took a new turn when three independent groups simultaneously discovered that
a combination of transforming growth factor β
(TGF-β) plus interleukin-6 induced the differentiation of naive T cells into Th17 cells.14-16 This
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Table 1. Sources and Functions of Key Cytokines.*
Cytokine

Main Cell Source

Function

Interferon-γ

Th1 cells, natural killer cells,
natural killer T cells

Cell-mediated immunity; control of intracellular pathogens; in
hibition of Th17 pathway

Interleukin-1

Monocytes, other cells

Proinflammatory cytokine; induction of Th17 cells

Interleukin-4

Th2 cells, natural killer T cells

Antibody-mediated immunity; control of parasitic infections;
antiinflammatory effect by inhibition of interleukin-1, TNF,
and interleukin-6 production by monocytes; inhibition of
Th17 pathway

Interleukin-6

Monocytes, other cells

Induction of acute-phase proteins; effects on B cells; induction
of Th17 cells

Interleukin-8

Monocytes, other cells

Major chemokine for neutrophils

Interleukin-12

Monocytes, dendritic cells

Induction of Th1 pathway; acts in synergy with interleukin-18

Interleukin-17

Th17 cells, natural killer cells,
natural killer T cells

Proinflammatory cytokine; control of extracellular pathogens;
induction of matrix destruction; synergy with TNF and inter
leukin-1

Interleukin-18

Monocytes, dendritic cells

Induction of Th1 pathway; acts in synergy with interleukin-12

Interleukin-21

Th17 cells

Amplification of Th17 pathway in autocrine fashion

Interleukin-22

Th17 cells

Induction of epithelial-cell proliferation and of antimicrobial
proteins in keratinocytes

Interleukin-23

Monocytes, dendritic cells

Th17 expansion and stabilization

Interleukin-25

Th2 cells

Interleukin-17 family member; induction of Th2-associated cyto
kines; inhibition of interleukin-1 and interleukin-23

TGF-β

Many cells

Induction of Foxp3+ regulatory T cells in the absence of inter
leukin-6; together with interleukin-6, interleukin-21, and
interleukin-1β, induction of Th17 cells

TNF

Monocytes, dendritic cells

Proinflammatory cytokine; acts synergistically with interleukin-17

* TGF-β denotes transforming growth factor β, and TNF tumor necrosis factor.

finding was surprising, since TGF-β had been
classified as an immunosuppressive cytokine, not
as an inducer of T-cell differentiation. Furthermore, naive T cells that are exposed to TGF-β
alone express forkhead box P3 (Foxp3), the master transcription factor that induces regulatory
T cells — T cells that suppress inflammation
and inhibit autoimmunity.17 A relevant finding is
that interleukin-6 is a potent inhibitor of TGF-β–
driven induction of Foxp3+ regulatory T cells.16
Interleukin-6 not only suppresses the generation
of these cells, but together with TGF-β, it also
forces naive T cells to express interleukin-17 and to
become Th17 cells. Thus, Th17 cells and Foxp3+
regulatory T cells are reciprocally related: TGF-β
induces naive T cells to develop into suppressor
regulatory T cells, whereas interleukin-6 switches
the transcriptional program initiated by TGF-β
in a way that induces the development of Th17
cells.
Th17 cells express a unique transcription fac890
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tor, ROR-γt,18 which induces transcription of the
IL-17 gene in naive helper T cells and is required
for the development of interleukin-17 producing
cells in the presence of interleukin-6 and TGF-β.19
ROR-γt must act in cooperation with other transcription factors, including ROR-α, signal transducer and activator of transcription 3 (STAT3),
IRF-4, and runt-related transcription factor 1
(Runx1), for full commitment of precursors to the
interleukin-17 lineage.20-23 Activation of ROR-γt
also causes expression of the receptor for interleukin-23, indicating that interleukin-23 acts on
T cells that are already committed to the Th17
lineage. Exposure of developing Th17 cells to
interleukin-23 not only enhances the expression
of interleukin-17 but also induces interleukin-22
and suppresses interleukin-10 and interferon-γ,
which are not normally associated with the Th17
phenotype.24 Thus, interleukin-23 is essential for
stabilizing the Th17 phenotype.
The interferon-γ and interleukin-4 produced
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Figure 2. Differentiation of Mouse Th17 Cells.
Naive mouse T cells can differentiate into one of three effector helper T-cell (Th) subgroups. Each pathway is under
the control of a different set of cytokines. The Th17 pathway is under the control of transforming growth factor β
(TGF-β) plus interleukin-6 and interleukin-1 or TGF-β plus interleukin-21 followed by interleukin-23. This pathway is
inhibited by interferon-γ and interleukin-4. The transcription factor (T-bet, ROR-γt, or GATA3) characteristic of each
pathway is shown. R denotes receptor.

by Th1 and Th2 cells, respectively, amplify the
differentiation of these cells in an autocrine loop.
Interleukin-17, by contrast, is neither a growth
factor nor a differentiation factor for Th17 cells;
thus, it cannot amplify Th17 responses. However,
a member of the interleukin-2 cytokine family
— interleukin-21, which is produced in large
amounts by mature Th17 cells — can, together
with TGF-β, amplify Th17-cell differentiation25‑27
(Fig. 2); in the absence of interleukin-21, the expansion of Th17 cells is defective. In short, there
is also an autocrine loop for Th17 cells, but in this
loop, TGF-β and interleukin-21 are major factors.
Human T h17 Cells

Initially, TGF-β plus interleukin-6 were not considered to be differentiation factors for human
Th17 cells. On the contrary, it was thought that
the generation of human Th17 cells from naive
precursors was inhibited by TGF-β and promoted by interleukin-6 plus interleukin-1β.28,29 The
studies underlying these ideas, however, did not
use genuinely naive T cells as a starting populan engl j med 361;9

tion and did not control for endogenous sources
of TGF-β such as serum and platelets. When naive
T cells from cord blood were cultured in serumfree medium, the generation of Th17 cells as a
result of the interaction between TGF-β and an
“inflammatory” cytokine was confirmed in human T cells.30,31 It appears that TGF-β plus interleukin-21,30 TGF-β plus a combination of interleukin-6 and interleukin-23, or interleukin-6 plus
interleukin-2131 can induce the expression of
ROR-c, the human counterpart of murine ROR-γt
(Fig. 3).
As with Th1 and Th2 cells, no single surface
marker is specific for Th17 cells. However, coexpression of the chemokine receptors CCR4 and
CCR632 or expression of CCR2 in the absence of
CCR533 appears to define human Th17 cells.
(Chemokines induce chemotactic responses in
neighboring cells that display receptors for
chemokines, of which there are four main types:
CXC, CC, CX3C, and XC.) Some memory helper
T cells produce both interferon-γ and interleukin-17,34 and these cells express CXCR3 in addi-
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might better control inflammation and might
Molecules involved in the induction of Th17
even restore the function of regulatory T cells90,91 cells and their effector functions (i.e., interleu(see figure in the Supplementary Appendix, avail- kins 6, 17, 21, 22, and 23) have been identified,
able with the full text of this article at NEJM.org). and this knowledge will allow the rational development of strategies for modulating Th17 cells.
The reciprocal relationship between regulatory T
C onclusions
cells and Th17 cells suggests possibilities for
In 1995, the newly discovered interleukin-17 was shifting the balance between them in a manner
thought to be of minimal importance because it that restores the function of regulatory T cells in
lacked immediate effects on T cells and B cells.57 autoimmune diseases.
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Th17: the third member of the effector T cell trilogy
Estelle Bettelli, Thomas Korn and Vijay K Kuchroo
T helper responses have now grown to include three T cell
subsets: Th1, Th2 and Th17. Th17 cells have recently emerged
as a third independent T cell subset that may play an essential
role in protection against certain extracellular pathogens.
However, Th17 cells with specificity for self-antigens are highly
pathogenic and lead to the development of inflammation and
severe autoimmunity. A combination of TGF-b plus IL-6 and the
transcription factors STAT3 and RORgt were recently
described to be essential for initial differentiation of Th17 cells
and IL-23 for the later stabilization of the Th17 cell subset. Here,
we introduce another player IL-21 produced by Th17
themselves, which plays an important role in the amplification
of Th17 cells. Thus, Th17 cells may undergo three distinct steps
of development: differentiation, amplification and stabilization
in which distinct cytokines play a role.
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Th17 cells require specific cytokines and transcription
factors for their differentiation. While the function of
these cell subtypes is not completely elucidated, emerging data suggest that Th17 cells may play an important
role in host defence against extracellular pathogens,
which are not efficiently cleared by Th1-type and Th2type immunity. While these subsets have specific effector
functions in clearing infections, dysregulated expansion
of CD4+ Th effector T cells causes immunopathology.
Excessive Th1 responses are associated with various
autoimmune and inflammatory disorders, whereas
enhanced Th2 cytokine production is involved in atopic
diseases, including allergies and asthma. Accumulating
data suggest that Th17 are highly pro-inflammatory and
that Th17 cells with specificity for self-antigens lead to
severe autoimmunity in various animal models. Here, we
review the factors that are required for the differentiation,
amplification and stabilization of Th17 cells including
transcription factors that are important for their generation. Furthermore, the functions of Th17 in normal
immune responses as well as their role in inducing autoimmunity will be discussed.
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Introduction
CD4+ T cells play an important role in the initiation of
immune responses by providing help to other cells and by
taking on a variety of effector functions during immune
reactions. Upon antigenic stimulation, naive CD4+ T cells
activate, expand and differentiate into different effector
subsets termed T helper (Th) 1, Th2 and Th17 and are
characterized by the production of distinct cytokines and
effector functions. Th1 cells produce interferon-g (IFNg) and lymphotoxin (LT) and can mobilize the cellular
arm of the immune system to combat intracellular pathogens. Th2 cells secrete IL-4, IL-13 and IL-25, which are
essential for the generation of appropriate classes of
antibodies and for the elimination of extracellular pathogens [1]. The identification of the IL-17 family of cytokines as well as the IL-23-mediated expansion of IL-17producing T cells uncovered a new subset of Th cells
designated as Th17 cells. Similar to Th1 and Th2 cells,
Current Opinion in Immunology 2007, 19:652–657

The IL-23/Th17 axis
The IL-17 cytokine family is a recently discovered group of
cytokines, which includes six members: IL-17A, B, C, D,
IL-17E (or IL-25) and IL-17F [2,3]. IL-17, (IL-17A) the
original member of this family, was first identified in 1995
[4]. While IL-25 is mainly produced by Th2 cells [3],
different cell types including T cells, gD T cells, NK cells
and neutrophils produce IL-17A and IL-17F [2]. In CD4+
T cells, IL-17A is specifically expressed in a subset of T
cells called Th17 for which it became the hallmark cytokine [5]. However, it is now becoming clear that Th17
cells also produce IL-17F, IL-21 and IL-22 [6,7,8,9]. In
this subset, as well as other cell types, IL-17F is coexpressed with IL-17A, suggesting that IL-17A and IL17F might co-ordinately mediate their effector functions.
This is further strengthened by the fact that IL-17A and
IL-17F can also form heterodimers [10,11] and thus may
work together to induce effector immune responses. However, subtle discordant expression of IL-17A and IL-17F in
certain cell types also points to potentially different functions of these two cytokines. Therefore, IL-17A and F may
act both independently and synergistically.
Activation of T cells in the presence of IL-23, a member
of the IL-12 cytokine family, led to the expansion of IL17-producing T cells [12] and resulted in the identification of the Th17 cell subset [5]. IL-23 is a heterodimeric cytokine formed by a p40 chain, which is shared
with IL-12 and a unique p19 chain. It signals through a
www.sciencedirect.com
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receptor complex consisting of the IL-12Rb1 chain and
the IL-23-specific subunit IL-23R [13]. Despite the similarities between their protein structures and their receptors, it quickly became apparent that IL-23 effects were
different from those mediated by IL-12. Upon immunization, p19-deficient mice mount normal Th1 responses
but exhibit profound defects in the generation of IL-17producing cells [14,15], suggesting that IL-23 induces
the development of Th17 cells, which was confirmed by
expanding Th17 cells in the presence of IL-23. However,
later studies showed that IL-23 is not the differentiation
factor for Th17 cells [16,17,18] but probably acts on
previously differentiated Th17 cells to induce expansion
and/or stabilization of the Th17 phenotype [16].

Functions of IL-17 and Th17 responses during
infection
To date, the majority of reports have focused on three
cytokines of the IL-17 family: IL-17A, IL-17E and IL17F. The major function of these three members is to
chemoattract different cell types through the induction of
other cytokines and chemokines [2]. IL-25 (IL-17E)
induces the expression of Th2-type cytokines and chemokines such as RANTES and Eotaxin-1 and plays a role
in Th2-type allergic responses [3]. Both IL-17A and
IL-17F have pro-inflammatory properties 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 [2]. The functional
analysis of IL-17 has suggested an important and unique
role for this cytokine in host protection against specific
pathogens. The production of IL-17 and the recruitment
of neutrophils seem important in host protection against
Gram-negative bacteria and fungal infections. IL-17Rdeficient mice are highly susceptible to infection with
the extracellular pathogen Klebsiella and the fungus
Candida [19,20].
In addition, the preferential production of IL-17 by T
cells during infection with Klebsiella pneumonia [19,21],
Bacteroides fragilis [22], Borrelia burgdoferi, Mycobacterium
tuberculosis [23] and fungal species [24] suggests that
Th17 responses are triggered by specific pathogens and
are required for their clearance. In addition to neutrophils, IL-17 might also dictate the migration of other
important effector cell types during infection. In support
to this hypothesis, pathogen-specific Th17 cells generated during mycobacterial infection induce the expression of CXCL9, CXCL10 and CXCL11, which attract
IFN-g-producing CD4+ Th1 cells to the lung in order to
control the infection [25].

Role of Th17 subset in autoimmunity
In addition to infections, IL-17 and Th17 cells play a very
important role in the induction and propagation of autowww.sciencedirect.com

immunity in animal models and they also have a potential
role in human autoimmune diseases. IL-17 expression has
been detected in the target tissue during the progression
of various human autoimmune diseases such as multiple
sclerosis, rheumatoid arthritis and psoriasis [26]. Consistent with these observations, IL-17-deficient mice [27] or
mice treated with an IL-17R antagonist [28] are resistant
to the development of adjuvant-induced arthritis. Similarly, IL-17-deficient animals develop experimental
autoimmune encephalomyelitis (EAE) with delayed
onset and reduced severity [29]. Furthermore, 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
[5,30]. These data support the idea that IL-17 is involved
in the pathogenesis of several autoimmune diseases in
mice and possibly also in humans.
The importance of the Th17 subset in autoimmune
diseases was first demonstrated in mice deficient in the
p19 chain of IL-23. These mice had similar numbers of
IFN-g-producing T cells as wildtype mice but showed a
dramatic decrease in IL-17-producing T cells and were
resistant to the development of EAE and collageninduced arthritis [14,15]. Furthermore, the transfer of
myelin-specific Th17 cells could induce very potent EAE
in SJL mice [5]. While many animal models of autoimmune diseases were previously thought to be mediated
exclusively by Th1 type responses [31], these experiments highlighted the importance of the IL-23/Th17
axis in the pathogenesis of these diseases. Therapeutic
neutralization of IL-23 can prevent EAE relapses and
decrease CNS expression of IL-17 and IFN-g [32]. In
addition, the transfer of encephalitogenic T cells in p19deficient animals or wildtype mice induced similar disease showing that disease can progress in the absence of
IL-23 [33]. However, Th1 cells from p19-deficient mice
were not as encephalitogenic as those from wildtype
animals [33]. These results not only are consistent with
the role of IL-23 in the maintenance of the Th17 subset
but also suggest that elimination of the Th17 response
might impair the function or migration of antigen-specific
Th1 cells.

Th17 lineage specific program
The differentiation of effector T cells is initiated by
signals from the TCR, co-stimulatory molecules and
cytokine receptors. Th1 and Th2 differentiation is
initiated by activation of T cells in the presence of
IFN-g or IL-4, respectively. These integrated signals
then induce the expression of lineage-specific transcription factors that drive Th cell differentiation. Transcription factors T-bet, STAT1 and STAT4 specify Th1 cell
fate, whereas GATA-3 and STAT6 govern Th2 cell
differentiation [34]. These transcription factors are however not required for the differentiation of Th17 subsets
[16,35], and their ablation has so far shown little effect
Current Opinion in Immunology 2007, 19:652–657
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stabilization where TGF-b plus IL-6 induce differentiation of Th17 cells, IL-21 amplifies the frequency of
Th17 cells and IL-23 stabilizes the phenotype of previously differentiated Th17 cells. Loss of any one of the
members in the pathway (IL-6, IL-21 or IL-23) severely
limits the Th17 response.
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IL-17 Plays an Important Role in the Development of
Experimental Autoimmune Encephalomyelitis1
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T

he cytokine IL-17 can activate the expression of a variety
of proinflammatory cytokines, chemokines, and cell adhesion molecules throughout a wide range of cell types,
including macrophages, dendritic cells, T cells, synovial cells, and
endothelial cells (1). Augmented expression of this cytokine is
observed in patients with various diseases, such as rheumatoid
arthritis (RA)6 (2), systemic lupus erythematosus (3), Behcet’s disease (4), allograft rejection (5), nephritic syndrome (6), asthma (7),
and multiple sclerosis (MS) (8), suggesting the involvement of
IL-17 in the development of these diseases. We have also demonstrated the contribution of IL-17 to the development of allergic and
autoimmune diseases in mice, including contact dermatitis, airway
inflammation, and arthritis (9 –11). IL-17 also plays an important
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role in the host defense mechanisms protecting against Klebsiella
pneumoniae infection (12). However, the role of IL-17 has only
been elucidated in a few diseases and the role of this cytokine in
the pathogenesis of most diseases remains largely unknown.
IL-17 is produced by a variety of cell types. A subset of Th0 and
Th1 cell clones, but not Th2 cell clones, that were established from
the synovial tissues of RA patients produced IL-17 (13). A number
of Th0, Th1, and Th2 clones established from patients with allergic
contact dermatitis also produce this cytokine (14). IL-17 is also
produced by TNF-␣- and/or GM-CSF-producing CD4⫹ T cells
isolated from the synovial fluid of patients with Lyme arthritis,
which exhibit neither a Th1 nor a Th2 phenotype (15). Eosinophils
from patients with asthma are also reported to produce this cytokine (16). Both lung neutrophils from mice treated with LPS and
CD8⫹ T cells derived from mice infected with Klebsiella pneumoniae are producers of IL-17 (17, 18). Thus, the producer cells of
IL-17 differ in a manner dependent on the disease.
Experimental autoimmune encephalomyelitis (EAE), a rodent
model of human MS, is induced by immunization of mice with
encephalitogenic myelin Ags in the presence of adjuvants. EAE
pathogenesis is characterized by inflammation of the CNS associated with demyelination and the infiltration of inflammatory cells
including neutrophils and encephalitogenic myelin Ag-specific
CD4⫹ T cells. In MS patients, IL-17 mRNA and protein are increased in both brain lesions and mononuclear cells isolated from
blood and cerebrospinal fluids (8, 19). IL-17 is also increased in
lymphocytes derived from mice with EAE (20). Although these
observations suggest that IL-17 may contribute to the development
of MS and EAE, the precise role of this cytokine in the pathogenesis of these diseases is still poorly understood.
In this report, we have investigated the role of IL-17 in the
development of the EAE using IL-17⫺/⫺ mice. We demonstrated
that the development of EAE was markedly suppressed in IL17⫺/⫺ mice. We also determined that IL-17 was important for the
optimal activation of myelin oligodendrocyte glycoprotein
0022-1767/06/$02.00
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IL-17 is a proinflammatory cytokine that activates T cells and other immune cells to produce a variety of cytokines, chemokines,
and cell adhesion molecules. This cytokine is augmented in the sera and/or tissues of patients with contact dermatitis, asthma, and
rheumatoid arthritis. We previously demonstrated that IL-17 is involved in the development of autoimmune arthritis and contact,
delayed, and airway hypersensitivity in mice. As the expression of IL-17 is also augmented in multiple sclerosis, we examined the
involvement of this cytokine in these diseases using IL-17ⴚ/ⴚ murine disease models. We found that the development of experimental autoimmune encephalomyelitis (EAE), the rodent model of multiple sclerosis, was significantly suppressed in IL-17ⴚ/ⴚ
mice; these animals exhibited delayed onset, reduced maximum severity scores, ameliorated histological changes, and early
recovery. T cell sensitization against myelin oligodendrocyte glycoprotein was reduced in IL-17ⴚ/ⴚ mice upon sensitization. The
major producer of IL-17 upon treatment with myelin digodendrocyte glycopritein was CD4ⴙ T cells rather than CD8ⴙ T cells,
and adoptive transfer of IL-17ⴚ/ⴚ CD4ⴙ T cells inefficiently induced EAE in recipient mice. Notably, IL-17-producing T cells were
increased in IFN-␥ⴚ/ⴚ cells, while IFN-␥-producing cells were increased in IL-17ⴚ/ⴚ cells, suggesting that IL-17 and IFN-␥
mutually regulate IFN-␥ and IL-17 production. These observations indicate that IL-17 rather than IFN-␥ plays a crucial role in
the development of EAE. The Journal of Immunology, 2006, 177: 566 –573.
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Autoreactive effector CD4+ T cells have been associated with the pathogenesis of autoimmune disorders. Early
studies implicated the interferon (IFN)-γ-producing T helper (Th)1 subset of CD4+ cells as the causal agents in the
pathogenesis of autoimmunity. However, further studies have suggested a more complex story. In models thought to
be driven by Th1 cells, mice lacking the hallmark Th1 cytokine IFN-γ were not protected but tended to have enhanced
susceptibility to disease. Identification of the IL-17-producing CD4+ effector cell lineage (Th17) has helped shed light
on this issue. Th17 effector cells are induced in parallel to Th1, and, like Th1, polarized Th17 cells have the capacity
to cause inflammation and autoimmune disease. This, together with the finding that deficiency of the Th17-related
cytokine IL-23 but not the Th1-related cytokine IL-12 causes resistance, led to the notion that Th17 cells are the chief
contributors to autoimmune tissue inflammation. Nevertheless, mice lacking IL-17 are not protected from disease
and display elevated numbers of IFN-γ-producing CD4+ T cells, and, in some cases, lack of IFN-γ does confer
resistance. Recent studies report overlapping as well as differential roles of these cells in tissue inflammation, which
suggests the existence of a more complex relationship between these two effector T-cell subsets than has hitherto
been suspected. This review will attempt to bring together current information regarding interaction, balance, and
collaborative potential between the Th1 and Th17 effector lineages.
Keywords: autoimmune disease; inflammation; Th1; Th17

Introduction
Autoreactive effector CD4+ T cells have been associated with the pathogenesis of several autoimmune
disorders, including multiple sclerosis, Crohn’s disease, and rheumatoid arthritis. Exactly 20 years ago,
Mosmann and colleagues introduced the paradigmshifting concept that effector CD4+ T cells were
subdivided into two subsets, T helper (Th)1 and
Th2, on the basis of their functions and signature
cytokine profiles. Th2 cells, which produce the cytokines IL-4, IL-5, and IL-13, are involved in allergic responses and the clearance of extracellular
pathogens, such as worms.1 IFN-␥ -producing Th1
cells, on the other hand, contribute to the elimination of intracellular pathogens and are involved
in cell-mediated and delayed-type hypersensitivity
responses.1 In earlier studies, Th1 cells were implicated as the causal agents in the pathogenesis of
autoimmunity as these cells possessed the ability to

transfer disease and elevated levels of IFN-␥ were
detected in vivo in areas of inflammation.
However, studies in several autoimmune disease
models suggested a more complex story. Mice genetically deficient in IFN-␥ not only were not protected
but also exhibited enhanced susceptibility in many
models of autoimmunity.2–4 The identification of
Th17 cells, a CD4+ T-cell subset that produces IL17, has helped to shed some light on this apparent
paradox. These cells, like Th1 cells, have the capacity
to cause T-cell-mediated inflammation and autoimmune disease. Moreover, the Th17 response is remarkably elevated in mice lacking IFN-␥ . However,
we have recently reported that in experimental autoimmune uveitis (EAU), a model for human posterior uveitis, mice lacking IL-17 are also not protected
and display elevated numbers of IFN-␥ -producing
CD4+ T cells.5,6 This raises the questions, what is
the relationship between Th1 and Th17 cells? Might
they cooperate with one another to propagate the
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phenotype may have an important regulatory function. CNS-derived regulatory T cells (Tregs) were
only able to suppress encephalitogenic effector
T cells recovered just prior to EAE resolution.54
Because Th1 cells appear to be the dominant
population just before the recovery process of
EAE and appear to be more susceptible to Tregmediated suppression than Th17,79 such conversion
of pathogenic Th17 cells into Th1 cells may represent a mechanism permitting resolution of disease. Plasticity of Th17 cells may also play a role
in antitumor immunity. A recent study reported
that adoptively transferred Th17 cells were superior
to Th1 cells at inducing melanoma tumor regression. Unexpectedly, the enhanced antitumor effect
was completely dependent on IFN-␥ production by
these cells. While not definitively excluding collaboration between the lineages as a factor, this finding
may potentially implicate Th17 to Th1 conversion
as an important step in the antitumor activity of
Th17 effector cells.86,87
Concluding remarks
It has become clear that the relationship between the
Th1 and Th17 lineages is much more intertwined
and complex than was initially appreciated. While
there is clear evidence that they counter-regulate
each other, there is also increasing evidence of cooperation and even dependency between these two
responses in effecting pathology. In view of the evidence that each response has the capacity to cause
autoimmune disease independently of the other and
that both may collaborate during an inflammatory
response, efficient specific targeting of either Th1
or Th17 cells may prove potentially therapeutic for
patients suffering from autoimmune diseases. However, because these responses may also regulate one
another, it is conceivable that targeting one may
cause an exacerbation of the other, leaving disease
progression unaffected or even worsened. Alternatively, these studies may provide a case for the future
development of therapies targeting both lineages.
Better understanding of the ways in which Th1
and Th17 responses interact is essential for understanding disease pathogenesis and for determining
appropriate therapeutic targets for autoimmunemediated inflammatory diseases.
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Abstract
Background: Interleukin-17A (IL-17A) is the founding member of a novel family of inflammatory
cytokines that plays a critical role in the pathogenesis of many autoimmune diseases, including multiple
sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE). IL-17A signals
through its receptor, IL-17RA, which is expressed in many peripheral tissues; however, expression of IL17RA in the central nervous system (CNS) and its role in CNS inflammation are not well understood.
Methods: EAE was induced in C57Bl/6 mice by immunization with myelin oligodendroglial glycoprotein.
IL-17RA expression in the CNS was compared between control and EAE mice using RT-PCR, in situ
hybridization, and immunohistochemistry. Cell-type specific expression was examined in isolated
astrocytic and microglial cell cultures. Cytokine and chemokine production was measured in IL-17A
treated cultures to evaluate the functional status of IL-17RA.
Results: Here we report increased IL-17RA expression in the CNS of mice with EAE, and constitutive
expression of functional IL-17RA in mouse CNS tissue. Specifically, astrocytes and microglia express IL17RA in vitro, and IL-17A treatment induces biological responses in these cells, including significant
upregulation of MCP-1, MCP-5, MIP-2 and KC chemokine secretion. Exogenous IL-17A does not
significantly alter the expression of IL-17RA in glial cells, suggesting that upregulation of chemokines by
glial cells is due to IL-17A signaling through constitutively expressed IL-17RA.
Conclusion: IL-17RA expression is significantly increased in the CNS of mice with EAE compared to
healthy mice, suggesting that IL-17RA signaling in glial cells can play an important role in autoimmune
inflammation of the CNS and may be a potential pathway to target for therapeutic interventions.
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Th17 Cells and Autoimmune
Encephalomyelitis (EAE!
MS)
Toshimasa Aranami1 and Takashi Yamamura1
ABSTRACT
Multiple sclerosis (MS) is a CD4+ T cell-mediated autoimmune disease affecting the central nervous system. It
was largely accepted that Th1 cells driven by IL-12 were pathogenic T cells in human MS and experimental
autoimmune encephalomyelitis, an animal model of MS. Recent data have established that IL-17-producing
CD4+ T cells, driven by IL-23 and referred to as Th17 cells, play a pivotal role in the pathogenesis of EAE. A
combination of TGF-β and IL-6 induce Th17 cell lineage commitment via expression of transcription factor
RORγt. Th17 cells and induced Foxp3+ T regulatory cells are in reciprocal position in the T cell lineage commitment governed by TGF-β and IL-6. The vitamin A metabolite retinoic acid is involved in this process via TGF-β
dependent induction of Foxp3. We have demonstrated that human Th17 cells could be identified as CCR2+
CCR5− memory CD4+ T cells. It is becoming clear that IL-23!Th17 axis also plays an important role in the
pathogenesis of various human autoimmune diseases including MS. Additionally, accumulating evidences
raise a possibility that CCR2 on Th17 cells may be a therapeutic target in MS.

KEY WORDS
autoimmune disease, EAE, IL-17, MS, Th17 cells

INTRODUCTION
Naïve CD4+ T cells begin a process of differentiation
into effector T cells upon stimulation with specific antigens.1 Th1 effector cells produce IFN-γ and TNF-α,
while Th2 effector cells produce IL-4, IL-5, and IL-13.2
Th1 differentiation requires IL-12 and the transcription factors STAT4, STAT1, and T-bet.3,4 Th2 differentiation requires IL-4 and the transcription factors
STAT6 and GATA3.5 Th1 cells command the cellular
immunity to clear intracellular pathogens, whereas
Th2 cells lead the humoral immunity to control parasitic infections. However, dysregulated responses of
effector T cells cause various immunopathological
conditions. Namely, Th1 cells are thought to be involved in organ-specific autoimmune diseases, while
Th2 cells may play important roles in allergy.
Multiple sclerosis (MS) is a chronic inflammatory
disease affecting the central nervous system (CNS)
white matter.6 Activation of autoreactive CD4+ T cells
specific for myelin antigens and differentiation to Th1
effectors were thought to be crucial for the development of this disease. This widely accepted theory
1Department

of Immunology, National Institute of Neuroscience,
National Center of Neurology and Psychiatry, Tokyo, Japan.
Correspondence: Takashi Yamamura, Director, Department of Immunology, National Institute of Neuroscience, National Center of
Neurology and Psychiatry, 4−1−1 Ogawahigashi, Kodaira, Tokyo
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about pathology of MS was based on data from experimental autoimmune encephalomyelitis (EAE), a
rodent model of MS. However, the functional role of
Th1 cells in EAE has been reconsidered upon the discovery of Th17 cells.

PARADIGM SHIFT FROM TH1 TO TH17
It was previously believed that Th1 cells were pathogenic T cells in EAE because myelin-specific T cells
produced large amount of IFN-γ but not IL-4 upon recall response to an immunized myelin antigen.7 Since
IL-12 was essential for the development of Th1mediated immunity,8 blocking IL-12 signaling was expected to ameliorate EAE. IL-12 is a heterodimeric
cytokine composed of p35 and p40 subunit.9 Using IL12p40 and p35-deficient mice, however, it was shown
that p35-deficient mice were susceptible, but p40deficient mice were resistant to EAE.10 The puzzle regarding pathogenesis of IL-12!
Th1 response in EAE
was resolved in 2003 by Cua et al using IL-23p19deficient mice.11 IL-23 is a heterodimeric cytokine
that share IL-12p40 subunit with IL-12 and possess a
unique p19 subunit.9 They demonstrated that IL-23p
187−8502, Japan.
Email: yamamura@ncnp.go.jp
Received 3 December 2007.
!2008 Japanese Society of Allergology
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19 and IL-12p40, but not IL-12p35, were essential for
the development of EAE.
Researching the mechanism underlying the essential role of IL-23 has revealed that autoreactive CD4+
T cells producing IL-17 were not induced in IL-23deficient mice in EAE and collagen-induced arthritis
(CIA).12,13 IL-17 (IL-17A) is a member of IL-17 family
(IL-17A-F)14,15 and stimulates various types of cells,
such as epithelial cells, endothelial cells and fibroblasts to produce proinflammatory cytokines and
chemokines.16-18 Furthermore, Th17 cells activated in
the presence of IL-23 in vitro exhibited a higher capacity to transfer EAE than Th1 cells activated in the
presence of IL-12.12 These results demonstrate that
IL-23!
Th17 axis rather than IL-12!
Th1 axis is important for the development of EAE and CIA.19,20

REGULATION OF TH17 DIFFERENTIATION
Various in vitro differentiation systems have confirmed that IL-17 producing T cells were a distinct linage cells from Th1 or Th2 cells since differentiation
of IL-17 producing T cells was promoted with blocking IFN-γ or IL-4 signaling.21,22 Subsequently, it has
been shown that a combination of transforming
growth factor-β (TGF-b) and IL-6 induces differentiation of Th17 cells very efficiently (Fig. 1).23-25 When
naïve CD4+ T cells are stimulated in the presence of
TGF-β, CD4+ Foxp3+ cells, but not IL-17-producing
cells, are induced. Addition of TGF-β and IL-6 to naïve
CD4+ T cells during the stimulation completely abrogates expression of Foxp3 and results in concomitant
expression of IL-17 from these T cells, suggesting
that reciprocal relationship between Th17 cells and
induced T regulatory (iTreg) cells.24 The vitamin A
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metabolite retinoic acid is involved in this reciprocal
differentiation of iTreg and Th17 cells via TGF-β dependent induction of Foxp3.26,27 The importance of
TGF-β and IL-6 in the differentiation of Th17 cells has
been further confirmed in vivo using IL-6 deficient
mice and mice expressing a dominant negative form
of the TGF-β receptor II.28,29 Although IL-23 plays no
apparent role in Th17 lineage commitment, it seems
to be required for promoting survival and!
or proliferation of these cells in vivo.23,25 Furthermore, it has
been established that IL-21, which is produced preferentially by Th17 but not Th1 cells, is important for
Th17 differentiation.29,30
CD4+ T cell lineage commitment is regulated by
specific transcription factors. Namely, Th1 differentiation requires STAT1, STAT4, and T-bet, whereas
STAT6, c-maf, and GATA-3 act to promote Th2 cytokine production.3-5 Regarding Th17 cell differentiation, retinoic acid-related orphan nuclear receptor
(ROR)γt is the key transcription factor that orchestrates the differentiation of Th17 cell lineage.31
RORγt-deficient CD4+ T cells produce no IL-17 in response to TGF-β and IL-6. Ectopic expression of
RORγt induces transcription of IL-17 in naïve CD4+ T
cells. STAT3, activated by IL-6 or IL-23, is also an essential transcription factor in Th17 cell differentiation
via regulating RORγt.32 In addition, Interferon regulatory factor 4 (IRF4), which has been recognized to be
essential for Th2 cell differentiation, is also involved
in the regulation of RORγt and differentiation of Th17
cells.33 Among other signaling pathways IL-2 signaling via STAT5 and IL-27 signaling via STAT1 constrain Th17 cell development.34-37
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Th1, Th17, and Th9 Effector Cells Induce Experimental
Autoimmune Encephalomyelitis with Different Pathological
Phenotypes1
Anneli Jäger,* Valérie Dardalhon,† Raymond A. Sobel,‡ Estelle Bettelli,2,3† and
Vijay K. Kuchroo3*

E

xperimental autoimmune encephalomyelitis (EAE)4 has
long served as an animal model for human multiple sclerosis (MS). Both diseases are characterized by inflammation and demyelination of the CNS. The histopathologic patterns of
MS lesions are heterogeneous and vary among patients and during
different stages of the disease. In acute and relapsing-remitting
MS, lymphocytic infiltrates form perivascular cuffs that consist of
T cells, activated macrophages, and microglia. In these lesions,
emerging classical focal plaques are characterized by demyelination, axonal injury, and axonal loss in the white matter of the CNS.
In some patients there is complement deposition in the lesions,
suggesting the involvement of B cells and Abs in disease patho-
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genesis. Moreover, in some patients with very severe and rapidly progressive disease, lymphoid follicle-like structures that
contain B cells, plasma cells, T cells, and dendritic cells have
been observed in the leptomeninges (1). These ectopic germinal
centers might orchestrate ongoing inflammation and tissue destruction within the target tissue (2). The mechanisms leading to
the formation of the different types of inflammatory MS lesions
are not clear.
It is well established that myelin-reactive T cells are crucial for
the induction of EAE (3). Earlier studies showed that myelin-Agspecific T cells with a Th1 phenotype transfer EAE, whereas Th2
cells were found to be incapable of transferring EAE (4 – 6).
Driven by the cytokine IL-12, Th1 cells secrete large amounts of
IFN-␥, a cytokine that has been detected in inflammatory CNS
lesions and is known to activate macrophages (4). These studies
suggest that IFN-␥ and Th1 cells are essential initiators of EAE
development; other studies, however, showed that IFN-␥-deficient
mice were not resistant but were in fact more susceptible to EAE
(7), thus questioning the role of IFN-␥ and Th1 cells in EAE
pathogenesis.
More recently, another subset of T cells, called Th17 cells, has
been identified. Distinct from Th1 and Th2 cells, Th17 cells are
generated from naive T cells by TGF-␤ and IL-6 (8, 9) and are
expanded and stabilized further by IL-23. Th17 cells produce IL17A, IL-17F, IL-21, and IL-22 and have been shown to transfer
EAE. While IL-17-producing T cells expanded with IL-23 were
originally reported to be more pathogenic than IFN-␥-producing T
cells expanded with IL-12 (10), another report found that only Th1
cells, but not Th17 cells, induce EAE (11). These conflicting observations might be due to differences in the capacity of Th1 vs
Th17 cells to induce EAE. However, since each of these studies
used a different T cell differentiation protocol and T cells of different TCR specificity, the conflicting data might be due to variations in the cytokine profiles of the T cell subsets or to different
Ag specificities of the effector T cells.

Downloaded from http://www.jimmunol.org/ at Wayne State University on December 8, 2013

Experimental autoimmune encephalomyelitis (EAE) is a model of human multiple sclerosis induced by autoreactive Th cells that
mediate tissue inflammation and demyelination in the CNS. Initially, IFN-␥-producing Th1 cells and, more recently, IL-17producing Th17 cells with specificity for myelin Ags have been implicated in EAE induction, but whether Th17 cells are encephalitogenic has been controversial. Moreover, a new effector T cell subset, Th9 cells, has been identified; however, the ability of this
T cell subset to induce EAE has not been investigated. Here, we have developed protocols to generate myelin oligodendrocyte
glycoprotein-specific Th17, Th1, Th2, and Th9 cells in vitro, so that we could directly compare and characterize the encephalitogenic activity of each of these subsets upon adoptive transfer. We show that myelin oligodendrocyte glycoprotein-specific Th1,
Th17, and Th9 cells but not Th2 cells induce EAE upon adoptive transfer. Importantly, each T cell subset induced disease with
a different pathological phenotype. These data demonstrate that different effector T cell subsets with specificity for myelin Ags can
induce CNS autoimmunity and that the pathological heterogeneity in multiple sclerosis lesions might in part be due to multiple
distinct myelin-reactive effector T cells. The Journal of Immunology, 2009, 183: 7169 –7177.
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Summary
Autoreactive T cells are thought to play an essential role in the pathogenesis of multiple sclerosis (MS). We examined the stimulatory effect of
human myelin basic protein (MBP) on mononuclear cell (MNC) cultures
from 22 patients with MS and 22 sex-matched and age-matched healthy
individuals, and related the patient responses to disease activity, as indicated by magnetic resonance imaging. The MBP induced a dose-dependent release of interferon-c (IFN-c), tumour necrosis factor-a (TNF-a)
and interleukin-10 (IL-10) by patient-derived MNCs. The patients’ cells
produced higher amounts of IFN-c and TNF-a, and lower amounts of
IL-10, than cells from healthy controls (P < 003 to P < 004). Five
patients with MS and no controls, displayed MBP-induced CD4+ T-cell
proliferation. These high-responders exhibited enhanced production of
IL-17, IFN-c, IL-5 and IL-4 upon challenge with MBP, as compared with
the remaining patients and the healthy controls (P < 0002 to P < 001).
A strong correlation was found between the MBP-induced CD4+ T-cell
proliferation and production of IL-17, IFN-c, IL-5 and IL-4 (P < 00001
to P < 001) within the patient group, and the production of IL-17 and
IL-5 correlated with the number of active plaques on magnetic resonance
images (P = 004 and P = 0007). These data suggest that autoantigendriven CD4+ T-cell proliferation and release of IL-17 and IL-5 may be
associated with disease activity. Larger studies are needed to confirm this.
Keywords: CD4+ T cells; interleukin-17; multiple sclerosis; myelin basic
protein; T helper type 17 cells

Introduction
Autoreactive T cells play a central role in multiple sclerosis (MS) (reviewed in ref. 1). Their attack on the white
matter of the central nervous system leads to multiple
demyelinating lesions. Myelin basic protein (MBP) is considered to be a self-antigen of major importance in this
process. The initiating event in the activation of autoreactive CD4+ T cells is the presentation of self-peptides by
antigen-presenting cells. Traditionally, dendritic cells and
macrophages, both of which are derived from monocytes,
are viewed as the key players in this respect (reviewed in

ref. 1). However, B cells may also play an important role
as antigen-presenting cells in MS, as demonstrated in
experimental autoimmune encephalomyelitis (EAE) in
both rats2,3 and mice.4
Naive CD4+ T helper (Th) cells may develop into different committed helper cell subsets characterized by
distinct cytokine profiles,5 interferon-c (IFN-c) and interleukin-4 (IL-4) being the signature cytokines of Th1 and
Th2 cells, respectively. Moreover, a subset of memory
CD4+ T cells (Th17 cells) producing IL-17 under the
influence of IL-6, IL-23 and transforming growth factor-b
(TGF-b) has been described in mice.6,7 Recently, human

Abbreviations: CD, cluster of differentiation; CFSE, 5,6-carboxyfluorescein-diacetate-succinimidyl-ester; EAE, experimental
autoimmune encephalomyelitis; EDSS, Expanded Disability Status Scale; HR, high-responder; IFN-c, interferon-c; IL,
interleukin; MBP, myelin basic protein; MNC, mononuclear cell; MRI, magnetic resonance imaging; MS, multiple sclerosis; PLP,
proteolipid protein; TGF-b, transforming growth factor-b; TNF, tumour necrosis factor; Tr1, type 1 regulatory cells.
 2008 The Authors Journal compilation  2008 Blackwell Publishing Ltd, Immunology, 125, 161–169
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Abstract: Until recently, autoimmune diseases had been categorized as either Th1- or
Th2-mediated diseases. However, the discovery of a novel subset of helper T cells producing
interleukin (IL)-17, ie, Th17 cells, changed this paradigm. Currently, IL-17 and Th17 cells
are implicated in many autoimmune diseases, such as rheumatoid arthritis, psoriasis, multiple
sclerosis, and inflammatory bowel diseases. Such conclusions were initially drawn from
observations in animal models of autoimmune diseases, and accumulating data from clinical
research also support the involvement of IL-17 in human diseases as well. Reagents targeting
Th17-related molecules have been under clinical investigation for some diseases but have
not always been effective in controlling disease activity. Consistent with this, it has become
evident that there are substantial differences in the development of Th17 cells and in the way
they function in autoimmune diseases between humans and experimental animals. Thus, further
investigation is needed before we can draw any conclusions about the importance of IL-17 and
Th17 cells in human autoimmune diseases.
Keywords: IL-17, Th17, rheumatoid arthritis, multiple sclerosis, Crohn’s disease, psoriasis
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The introduction of biologicals for treatment of autoimmune disorders has dramatically changed the prognosis of these diseases. However, there are patients who are
refractory to this treatment, and the frequency of patients who achieve drug-free
remission is very low. This might indicate limitation of the current therapy targeting
nonspecific inflammatory cytokines, such as tumor necrosis factor-alpha (TNFα).
Therefore, development of a novel treatment strategy targeting molecules or cells that
are closer to the etiology of autoimmune diseases is desired. Until recently, it was
widely accepted that autoimmune diseases are categorized as Th1- or Th2-mediated
diseases. The former includes Crohn’s disease (CD), psoriasis, rheumatoid arthritis
(RA), and multiple sclerosis (MS), while the latter includes asthma, systemic lupus
erythematosus (SLE), and ulcerative colitis (UC). However, the Th1/Th2 paradigm
of autoimmune diseases included substantial discrepancies and was questioned by the
discovery of a novel helper T cell subset, ie, Th17 cells, producing interleukin (IL)-17,
firstly in mice, and a couple of years later in humans. Currently, many autoimmune
diseases are believed to be Th17-mediated diseases, because the biologic functions
of IL-17 are consistent with the chronic and destructive nature of inflammation. This
review introduces accumulating evidence on the roles of IL-17 and Th17 cells in
human autoimmune diseases.
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were clearly different from what was shown two decades ago,
ie, blocking TNFα in a similar culture system completely
suppressed inflammatory cytokine production.97 Therefore,
the importance of IL-17 in the pathogenesis of human RA
could differ from that in animal models and remains an open
question.

Multiple sclerosis
MS is an inflammatory demyelinating disease of the central
nervous system. Experimental autoimmune encephalomyelitis
(EAE) is an animal model of multiple sclerosis (MS) and is a
prototype of T cell-mediated autoimmune disease. Thus, EAE
is induced by either active immunization with myelin antigen
or by adoptive transfer of myelin antigen-primed T cells,
which enables us to address T cell functions easily. In fact,
the importance of IL-23 in autoimmune inflammation was
first demonstrated in this model,98 which led to the discovery
of Th17 cells. However, the importance of the Th1 response
in the pathogenesis of EAE was reevaluated more recently.
While adoptive transfer of myelin-specific Th17 cells induced
EAE characterized by neutrophil infiltration, Th1 cells transferred EAE with a macrophage-rich infiltrate.99 Expression
of T-bet, irrespective of Th1 or Th17, was important for
encephalitogenicity.100 Furthermore, it was shown that IL-17,
IL-17F, and IL-22 were dispensable for the development of
EAE,101,102 although there are also conflicting results.34 Thus,
both Th1 and Th17 cells can be pathogenic in EAE.
Relatively few data are available on the involvement
of IL-17 in the pathogenesis of human MS compared with
mouse EAE or other human diseases, likely due to the difficulty in obtaining lesion samples. An increased frequency of
mononuclear cells expressing IL-17 mRNA in the blood and
spinal fluid of MS patients was reported.103 Transcriptional
profiling of the genes expressed in MS lesions also demonstrated upregulation of IL-6 and IL-17.104 Ishizu et al reported
increased levels of IL-17 and IL-8 in the spinal fluid of patients
with the opticospinal form of MS, in which neutrophil infiltration is more prominent than in conventional MS.105 The
frequency of Th17 cells but not Th1 cells in the peripheral
blood was significantly increased in active MS patients.106 In
another report, the frequency of Th17 cells in the spinal fluid,
but not in peripheral blood, was increased during relapse.107
Histologic analysis also showed expression of IL-17 in active
lesions.108 As for IL-23, peripheral blood monocyte-derived
dendritic cells from MS patients had increased expression
of IL-23p19.109 IL23p19 as well as IL-12/23p40 was also
detected in active MS lesions.110 Although these results
suggest the involvement of Th17 cells in the pathogenesis
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of human MS, there have also been reports showing the
predominance of Th1 cells in myelin-specific T cells.111,112
The genetic association of MS with IL23R polymorphism is
controversial.113–116 In addition, it was observed that exacerbations of MS in patients treated with altered peptide ligand
were associated with an increased Th1 response.117 MS was
also exacerbated in patients treated with IFNγ.118 Thus, similar
to the case of mouse EAE, Th17 cells may not be the only
pathogenic CD4 T cells in human MS.

Current therapies for autoimmune
diseases and effect on IL-17
or Th17 cells
The treatment strategy and prognosis of autoimmune disease
have greatly changed since the introduction of biologic
agents, firstly anti-TNFα mAb for RA. Thereafter, anti-IL-6
and anti-CD20 mAbs and soluble CTLA4-Ig have been demonstrated to be highly effective in RA and are now available
worldwide.119 TNFα blockers have also been used in the treatment of CD and psoriasis.120,121 However, biological-based
therapy is sometimes unsuccessful, even when a beneficial
effect is expected. For example, blocking TNFα exerted
deleterious effects on MS,122 although local TNFα production
was shown to be increased in active MS,123 and TNFα has
various biologic activities that can explain the pathogenesis
of MS.124 In addition, blocking TNFα was effective in the
animal model of MS and EAE,125 and TNFα-deficient mice
were less susceptible to EAE.126 These findings remind us of
an important lesson, ie, the pathogenesis of animal models
and real human diseases are not necessarily identical.
There have been studies addressing the effects of current
therapies on Th17 responses. Kageyama et al observed a
significant decline in the level of IL-23 in the serum of RA
patients after treatment with anti-TNFα mAb, which was significantly correlated with improved disease activity, although
the level of IL-17 was unaffected.127 Yue et al reported, however, that the percentage of Th17 cells in peripheral blood
tended to decrease after treatment with another antibody
against TNFα.128 It was also shown in psoriasis patients that
TNFα inhibition reduced local expression of Th17-related
molecules, including IL-23, IL-22, IL-17, CCL20, and
β-defensin 4.129 These results suggest a downregulatory role
of TNFα blockers on Th17 responses in vivo, either directly
or indirectly as the result of reduced inflammation. A mAb
against IL-6 receptor also effectively controls disease activity in RA.130 Because IL-6 was shown to be involved in the
development of Th17 cells, an animal study anticipated that
Th17 cells are one of the targets of therapy.131 On the other
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T helper type 1 and 17 cells determine efficacy of
interferon-β in multiple sclerosis and experimental
encephalomyelitis
Robert C Axtell1, Brigit A de Jong1–3, Katia Boniface4, Laura F van der Voort3, Roopa Bhat1, Patrizia De Sarno5,
Rodrigo Naves6, May Han1, Franklin Zhong1, Jim G Castellanos1, Robert Mair1, Athena Christakos1,
Ilan Kolkowitz1, Liat Katz1, Joep Killestein3, Chris H Polman3, René de Waal Malefyt4, Lawrence Steinman1 &
Chander Raman6
Interferon-b (IFN-b) is the major treatment for multiple sclerosis. However, this treatment is not always effective. Here we
have found congruence in outcome between responses to IFN-b in experimental autoimmune encephalomyelitis (EAE) and
relapsing-remitting multiple sclerosis (RRMS). IFN-b was effective in reducing EAE symptoms induced by T helper type 1
(TH1) cells but exacerbated disease induced by TH17 cells. Effective treatment in TH1-induced EAE correlated with increased
interleukin-10 (IL-10) production by splenocytes. In TH17-induced disease, the amount of IL-10 was unaltered by treatment,
although, unexpectedly, IFN-b treatment still reduced IL-17 production without benefit. Both inhibition of IL-17 and induction
of IL-10 depended on IFN-g. In the absence of IFN-g signaling, IFN-b therapy was ineffective in EAE. In RRMS patients, IFN-b
nonresponders had higher IL-17F concentrations in serum compared to responders. Nonresponders had worse disease with more
steroid usage and more relapses than did responders. Hence, IFN-b is proinflammatory in TH17-induced EAE. Moreover, a high
IL-17F concentration in the serum of people with RRMS is associated with nonresponsiveness to therapy with IFN-b.

IFN-β is widely prescribed for the treatment of RRMS. However,
only about two thirds of patients with RRMS respond to treatment1.
Furthermore, IFN-β can exacerbate symptoms in some individuals2.
Therefore, we analyzed how cytokine networks, particularly the TH1
and TH17 pathways, influence IFN-β therapy in RRMS and in EAE.
There are many purported mechanisms of action of IFN-β in MS3–8.
IFN-β reduces TH1 pathologies by blocking the proinflammatory
properties of IFN-γ and IL-12 (refs. 6,7). IFN-β also inhibits differentiation of TH17 cells5,8,9. Besides inhibition of inflammation,
IFN-β leads to increased production of the regulatory cytokines IL-10,
IL-27 and IL-4 (refs. 4,8,10). However, a full understanding of why
IFN-β therapy works in some people with RRMS and not in others
is still unknown.
RESULTS
IFN-b blocks mouse TH17 differentiation
First, we analyzed the effect of IFN-β on TH17 differentiation of mouse
CD4+ T cells stimulated with IL-6, transforming growth factor-β
(TGF-β) and antigen-presenting cells (APCs)11. IFN-β reduced TH17
differentiation (Fig. 1a). This decrease in TH17 differentiation was not
due to inhibition of T cell proliferation (data not shown).

In mice, IL-23 has a key role in driving effector and memory TH17
cell function11–14. However, naive cells respond weakly to IL-23 and
require IL-6 and TGF-β to produce IL-17 (refs. 11,12). We found that
IFN-β decreased IL-17 production in naive CD4+ T cells stimulated
with IL-6 and TGF-β in the presence of APCs (Fig. 1b). Similarly,
IFN-β attenuated IL-17 in effector and memory cells stimulated with
either IL-6 and TGF-β or IL-23 alone (Fig. 1b). This indicates that
IFN-β decreases early and late stage TH17 differentiation.
IFN-β signaling activates assembly of the interferon-stimulated
gene factor-3 (ISGF-3) complex, comprised of signal transducer
and activator of transcription-1 (STAT1), STAT2, interferon
regulatory factor-9 (ref. 15). We found that IFN-β failed to suppress TH17 differentiation of Stat1−/− mouse CD4+ T cells, implying that suppression of the T H17 response is mediated by ISGF-3
signaling (Fig. 1c).
IFN-b requires IFN-g to inhibit mouse TH17 differentiation
Several studies have shown cross-talk between the IFN-β and IFN-γ
signaling pathways16–18; however, IFN-γ–dependent IFN-β signaling
has not been elucidated in CD4+ T cells. IFN-β or IFN-γ alone induced
STAT1 activation in CD4+ T cells (Supplementary Fig. 1a). STAT1
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Interleukin-17 Production in Central Nervous SystemInfiltrating T Cells and Glial Cells Is Associated with
Active Disease in Multiple Sclerosis

John S. Tzartos,*† Manuel A. Friese,†‡
Matthew J. Craner,§ Jackie Palace,†
Jia Newcombe,¶ Margaret M. Esiri,* and
Lars Fugger†‡储
From the Departments of Neuropathology * and Clinical
Neurology,† John Radcliffe Hospital, and the Medical Research
Council Human Immunology Unit,‡ the Neurosciences Group,§
Weatherall Institute of Molecular Medicine, John Radcliffe
Hospital, University of Oxford, Oxford, United Kingdom;
NeuroResource,¶ University College London, Institute of
Neurology, London, United Kingdom; and the Department of
Clinical Immunology,储 Aarhus University Hospital, Skejby
Sygehus, Denmark

Recent findings in the animal model for multiple sclerosis (MS), experimental autoimmune encephalomyelitis, implicate a novel CD4ⴙ T-cell subset (TH17),
characterized by the secretion of interleukin-17 (IL17), in disease pathogenesis. To elucidate its role in
MS, brain tissues from patients with MS were compared to controls. We detected expression of IL-17
mRNA (by in situ hybridization) and protein (by immunohistochemistry) in perivascular lymphocytes as
well as in astrocytes and oligodendrocytes located in
the active areas of MS lesions. Further, we found a
significant increase in the number of IL-17ⴙ T cells in
active rather than inactive areas of MS lesions. Specifically, double immunofluorescence showed that IL-17
immunoreactivity was detected in 79% of T cells in
acute lesions, 73% in active areas of chronic active
lesions, but in only 17% of those in inactive lesions
and 7% in lymph node control tissue. CD8ⴙ , as well as
CD4ⴙ , T cells were equally immunostained for IL-17
in MS tissues. Interestingly, and in contrast to lymph
node T cells, no perivascular T cells showed FoxP3
expression, a marker of regulatory T cells, at any
stage of MS lesions. These observations suggest an
enrichment of both IL-17ⴙCD4ⴙ and CD8ⴙ T cells in
active MS lesions as well as an important role for IL-17
in MS pathogenesis, with some remarkable differences from the experimental autoimmune encephalomyelitis model. (Am J Pathol 2008, 172:146 –155; DOI:
10.2353/ajpath.2008.070690)
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Multiple sclerosis (MS) is the most common chronic inflammatory demyelinating disease of the central nervous
system (CNS). Animal and human studies have shown
that T cells and inflammatory cytokines play an important
role in MS lesion pathogenesis.1 Therefore, pathologically distinct areas in the brain can be characterized as
acute, chronic active and inactive lesions, depending on
the degree of mononuclear cell infiltrates and level of
destruction of myelin sheaths.
For many years, it was widely accepted that MS is a
CD4⫹ T-helper 1 (TH1)-mediated disease.2 These TH1
cells are differentiated in response to the cytokine interleukin (IL)-12 and are themselves characterized by their
expression of the proinflammatory cytokine interferon-␥.
Most of this thinking originated from the results obtained
from the animal model of MS, experimental autoimmune
encephalomyelitis (EAE).2 However, these views were
also first challenged in EAE by the finding that IL-12
knockout mice cannot generate TH1 cells, but are still
susceptible to EAE, whereas IL-23 knockout mice are
not.3 In addition to IL-6 and transforming growth factor-␤,
the cytokine IL-23 helps to expand a subpopulation of TH
cells that specifically express the cytokines IL-17, IL-6,
tumor necrosis factor-␣,3 and IL-224 (TH17) and that have
since been shown to play a crucial role in EAE.3 By
contrast, naı̈ve T cells receiving only transforming growth
factor-␤, IL-2, and retinoic acid signals differentiate into
the distinct CD4⫹CD25⫹FoxP3⫹ regulatory T-cell population at the expense of TH17 cells.5,6 When the TH17
cells were depleted from the T-cell population obtained
from EAE mice, the remaining T cells no longer induced
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the lean and obese states? What tissue-specific
differences exist for this partnership? And how
do chemical chaperones, which improve glucose tolerance and insulin action in diabetic
ob/ob mice through a postulated enhancement of protein folding, influence this new
pathway11?
The new link between the insulin signaling and the ER stress pathways suggests that
p85 offers a new therapeutic target for obesity
and type 2 diabetes. In future studies, it will

16. Wekerle2010
be important to delineate the role of the XBP1s–p85 partnership in metabolism, as well as
to elucidate the full mechanistic details for p85
control of the UPR.
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Molecular oracles for multiple sclerosis therapy
© 2010 Nature America, Inc. All rights reserved.

Hartmut Wekerle & Reinhard Hohlfeld
Fewer than half of patients with multiple sclerosis respond to interferon-b, one of the most widely prescribed
therapies. The discovery that different subtypes of T cells may be involved in disease development in each affected
individual suggests that it may be possible to predict therapeutic success by determining a patient’s cytokine profile
(pages 406–412).
Until recently, the diagnosis of multiple sclerosis, an autoimmune disease that targets the central nervous system, was a devastating verdict.
People commonly associated multiple sclerosis with the inevitable decay of body functions
without effective therapy. Fortunately, the past
ten years have brought fresh hope. We know
now that multiple sclerosis takes a relatively
benign course in a substantial number of
affected individuals. In addition, several drugs
have been licensed that markedly attenuate the
course and severity of this disease, and more
are just around the corner. But these drugs do
not help all patients1.
Why are some people resistant to some
drugs? And is there a way to predict clinical
outcome before starting treatment? One of
the well-known causes of drug resistance in
multiple sclerosis is the formation of antibodies against the applied drug. But some patients
fail to respond to particular drugs even in the
absence of such antibodies.
In this issue of Nature Medicine, Axtell et al.2
explore another reason for drug resistance,
namely the differences in disease mechanisms
among people with the disease. They find
that the therapeutic response to interferon-β
(IFN-β), one of the standard treatments of
multiple sclerosis, varies depending on the
subtype of CD4+ T cells involved in disease
development. The findings may pave the way
Hartmut Wekerle and Reinhard Hohlfeld are at the
Max Planck Institute of Neurobiology, Martinsried
and Institute of Clinical Neuroimmunology, LudwigMaximilians University, Munich, Germany.
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for the identification of new biomarkers for the
therapeutic response to IFN-β.
Multiple sclerosis is thought to occur when
the immune system attacks myelin, the fatty
substance surrounding the nerve fibers in the
central nervous system. This autoimmune
attack eventually blocks nerve impulses that
travel to and from the brain and spinal cord.
Most people initially develop a type of multiple
sclerosis with defined bouts of worsening neurologic function—called relapses—followed by
recovery periods—called remissions. The disease may then start to progress more steadily,
entering the so-called secondary progressive
phase. Most available drugs, including IFN-β,
act best on the early relapsing-remitting phase
of the disease, preventing the disease from
progressing further. However, fewer than half
of patients with remitting-relapsing multiple
sclerosis respond to IFN-β treatment.
Axtell et al.2 examined whether the cytokine
networks regulated by IFN-β influence its
effectiveness as a therapy for remittingrelapsing multiple sclerosis2. They induced
experimental autoimmune encephalomyelitis (EAE)—an animal model of multiple
sclerosis—by transferring myelin-autoimmune
T cells of either the T helper 1 (TH1) or TH17
type into healthy mice. TH17 cells produce
IFN-γ, and TH17 cells produce IL-17A and
IL-17F as signature cytokines.
They found that both TH1 and TH17 lineages mediated disease, but TH1 cells seemed
to produce somewhat more severe EAE. In a
key experiment, treatment with recombinant
human IFN-β exacerbated TH17-mediated EAE

but dampened TH1-mediated disease (Fig. 1).
Pathological infiltrates of TH1 and TH17 cells
were reduced in number in IFN-β–treated TH1EAE spinal cords, but elevated in the TH17
counterparts.
In another set of experiments, human IFN-β
had a dampening effect in another model of EAE
induced by immunizing mice with a myelin oligodendrocyte glycoprotein peptide in adjuvant.
Being aware of the problem of limited interspecies activity of IFN-β, the authors confirmed
this effect with mouse IFN-β2. However, the
dampening effect did not occur in mice lacking
the receptor for IFN-γ. Studies in cell culture suggested that the beneficial effect of IFN-β on TH1mediated autoimmunity involves production of
the anti-inflammatory cytokine interleukin-10
(IL-10) and of IFN-γ–responsive antigen presenting cells.
AlthoughTH1 CD4+ effector T cells have
been historically viewed as the main cells
that mediate EAE, the findings of Axtell et al.2
stress the importance of both TH1- and TH17type autoimmune T cells in inflammatory
demyelinating diseases. This is consistent
with work over the past few years, primarily in
mice, suggesting a role for the TH17 subset of
CD4+ effector T cells in organ-specific autoimmune diseases. In fact, recent studies have also
shown that, at least in principle, both TH1 and
TH17 cells can mediate autoimmune disease
and potentiate each other’s effects3. One of the
distinguishing features of TH17 cells compared
to the classical TH1 CD4+ effector T cells is that
they produce different cytokines when they are
activated.
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Axtell et al.2 next asked whether their EAE
results could be extended to humans. This cannot be taken for granted, because rodent and
primate immune systems notoriously differ
in some key aspects4. For example, IFN-γ has
been deleterious in people with multiple sclerosis but protective in actively induced mouse
EAE. Furthermore, blockade of tumor necrosis
factor-α protects rodents from EAE but aggravates multiple sclerosis. And whereas the roles
of TH1 and TH17 in autoimmune diseases have
been richly documented in rodent models, evidence for the role of TH17-like cells in human
autoimmune disease, and in particular multiple sclerosis, is just emerging. For example,
TH17 cells have been shown to be present in
multiple sclerosis lesions5, blood levels of circulating TH17 cells might serve as a marker of
multiple sclerosis activity6 and IFN-β has been
shown to inhibit human TH17 cells in vitro7.
Although, for obvious reasons, it is impossible to directly test the effects of IFN-β on the
pathogenicity of TH1 and TH17 cells in subjects
with multiple sclerosis, Axtell et al.2 examined
the effect of human IFN-β on human TH1- and
TH17-like cells in vitro. They confirmed that
expression of IL-10, a cytokine whose production increases in patients with multiple sclerosis who respond to IFN-β therapy8, is induced
substantially in vitro in human TH1, but only
minimally in TH17 cells, similar to what they
found studying mouse T cells. Next, they examined a group of subjects with remitting-relapsing
multiple sclerosis according to their relapse
rates after IFN-β therapy. When they analyzed
the cytokine profiles of serum samples taken
from these subjects before IFN-β treatment,
they found that serum concentrations of both
IL-17F and endogenous IFN-β were elevated in
those who did not respond to IFN-β compared
to responders (Fig. 1).
Encouraged by the similarities in cytokine
profiles between mice and humans, Axtell et al.2
hypothesize that some patients with multiple
sclerosis who do not respond to IFN-β treatment are highly prone to TH17-like T cell
responses and that in these individuals IFN-β
enhances, rather than reduces, central nervous
system inflammation. Although this hypothesis is attractive, it needs to be tested in clinical
practice. The authors tested only 26 subjects
with remitting-relapsing multiple sclerosis
who had received IFN-β treatment for at least
12 months2. Much larger collections of patients
will have to be screened for longer periods of
time. The criteria for identifying nonresponders
also need to be refined, for example by incorporating serial brain imaging.
However, if the findings are confirmed, TH17
products such as IL-17 could serve as markers

MS
(IFN-β nonresponders)
Elevated IL-17F and IFN-β

MS
(IFN-β responders)

Improves

No effect
Human

IFN-β treatment

Mouse

Improves

TH1 EAE
IL-17 low, IL-10 low

IL-17
IL-10

After IFN-β therapy

Worsens

TH17 EAE
IL-17 high, IL-10 low

IL-17
IL-10

Kim Caesar

© 2010 Nature America, Inc. All rights reserved.

news and views

After IFN-β therapy

Figure 1 Differential effects of IFN-β treatment in subgroups of human multiple sclerosis (ms) and
in a mouse model, experimental autoimmune encephalomyelitis (EAE). Axtell et al.2 induced EAE
by adoptively transferring myelin-autoimmune CD4+ T cells of either T helper 1 (TH1) or T helper
17 (TH17) type into healthy recipient mice. Treatment with IFN-β improved TH1-mediated EAE, but
worsened TH17-EAE. In TH1 induced EAE, splenic T cells produced low levels of the cytokine IL-17,
which remained unaffected by IFN-β treatment. In contrast, IL-10 production increased after IFN-β
treatment. In TH17-induced EAE, spleen T cells produced high amounts of IL-17, which were reduced
by IFN-β treatment, whereas initially low IL-10 production remained low. Multiplex analysis of 28
cytokines and chemokines in the serum of a panel of patients with multiple sclerosis indicated that a
subgroup of patients who do not respond to IFN-β (nonresponders) had elevated endogenous IL-17F
and IFN-β serum concentrations before treatment compared to responders.

for predicting the therapeutic success of IFN-β
therapy, perhaps in combination with other,
previously described markers, including soluble
molecules such as tumor necrosis factor–related
apoptosis-inducing ligand (TRAIL)9, as well
as altered gene expression profiles of blood
leukocytes10,11.
Each person is uniquely shaped by his or her
singular genetic and epigenetic makeup, as well
as by environmental experiences. As a result,
every patient must be considered as an individual, rather than a stereotypic case of disease,
which is the concept behind personalized medicine. But, to adapt therapies to personal needs,
we need biomarkers that can distinguish among
patients. In spite of massive efforts, the number
of biomarkers reliably predicting the response
of a patient with multiple sclerosis to a given
therapy has remained scant. So far, none of the
many candidate immunological, genetic and
neurobiological predictive markers have made
their way into routine neurological practice12.
Progress in this area is badly needed.
Prospective trials will determine whether
the detection of cytokines such as IL-17F and
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IFN-β, as proposed by Axtell et al.2, will help
select those patients who will be optimally
responsive to IFN-β treatment. If positive, the
results will be an important step forward in
personalized therapy for multiple sclerosis.
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T helper cell
From Wikipedia, the free encyclopedia
(Redirected from Effector T cells)

T helper cells (Th cells) are a sub-group of lymphocytes, a type of white blood cell, that play an
important role in the immune system, particularly in the adaptive immune system. They help the
activity of other immune cells by releasing T cell cytokines. They are essential in B cell antibody
class switching, in the activation and growth of cytotoxic T cells, and in maximizing bactericidal
activity of phagocytes such as macrophages.
Mature Th cells express the surface protein CD4 and are referred to as CD4+ T cells. CD4+ T
cells are generally treated as having a pre-defined role as helper T cells within the immune
system. For example, when an antigen presenting cell expresses an antigen on MHC class II, a
CD4+ cell will aid those cells through a combination of cell to cell interactions (e.g. CD40 and
CD40L) and through cytokines. Nevertheless, there are rare exceptions; for example, sub-groups
of regulatory T cells, natural killer T cells, and cytotoxic T cells express CD4 (although
cytotoxic examples have been observed in extremely low numbers in specific disease states, they
are usually considered non-existent). All of the latter CD4+ T cell groups are not considered T
helper cells.
The importance of helper T cells can be seen from HIV, a virus that infects CD4+ cells. Towards
the end of an HIV infection the number of functional CD4+ T cells falls, which leads to the
symptomatic stage of infection known as the acquired immunodeficiency syndrome (AIDS).
There are also some rare disorders that result in the absence or dysfunction of CD4+ T cells.
These disorders produce similar symptoms, and many of these are fatal.
Activation of naïve helper T cells
Following T cell development, matured, naïve T cells leave the thymus and begin to spread throughout
the body, including the lymph nodes. (Naïve T cells are those T cells that have never been exposed to the
antigen that they are programmed to respond to). Like all T cells, they express the T cell receptor-CD3
complex. The T cell receptor (TCR) consists of both constant and variable regions. The variable region
determines what antigen the T cell can respond to. CD4+ T cells have TCRs with an affinity for Class II
MHC, and CD4 is involved in determining MHC affinity during maturation in the thymus. Class II MHC
proteins are generally only found on the surface of specialised antigen-presenting cells (APCs).
Specialised antigen presenting cells are primarily dendritic cells, macrophages and B cells, although B
cells are the only cell group that expresses MHC Class II constitutively (at all times). Some APCs also
bind native (or unprocessed) antigens to their surface, such as follicular dendritic cells, but unprocessed
antigens do not interact with T cells and are not involved in their activation. The antigens that bind to
MHC proteins are always short peptides, 8-10 amino acids long for MHC Class I, and up to 25 or so for
MHC Class II.
Recognition (Signal 1)
During an immune response, professional antigen-presenting cells (APCs) endocytose foreign material
(typically bacteria or viruses), which undergoes processing, then travel from the infection site to the

and digest intracellular bacteria and protozoa. In addition, IFN-γ can activate iNOS to produce NOx free
radicals to directly kill intracellular bacteria and protozoa. Th1 overactivation against autoantigens will
cause Type4 delayed-type hypersensitivity. Tuberculin reaction or Type 1 diabetes belong to this category
of autoimmunity.
Th2 helper cell are the host immunity effectors against multicellular helminths. They are triggered by IL-4
and their effector cytokines are IL-4, IL-5, and IL-13. The main effector cells are eosinophils, basophils,
and mast cells as well as IgE B cells, and IL-4/IL-5 CD4 T cells. The key Th2 transcription factors are
STAT6 and GATAs. IL-5 from CD4 T cells will activate eosinophils to attack helminths. Besides, IL-4
and IgE will stimulate mast cells to release histamine, serotonin, and leukotriene to cause bronchoconstriction, intestinal peristalsis, gastric fluid acidification to expel helminths. Th2 overactivation against
autoantigen will cause Type1 IgE-mediated allergy and hypersensitivity. Allergic rhinitis, atopic
dermatitis, and asthma belong to this category of autoimmunity.[1]

Th1/Th2 Model for helper T cells. An antigen is ingested and processed by an APC. It presents fragments
from it to T cells. The upper, Th0, is a T helper cell. The fragment is presented to it by MHC2.[2] IFN-γ,
interferon γ; TGF-β, transforming growth factor β; mø, macrophage; IL-2, interleukin 2; IL-4, interleukin
4
Type 1/ Th1
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B-cell
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interferon-γ and TGF-beta. (Interleukin-2
was classically associated with Th1 cells, but
this association may be misleading; IL-2 is
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interleukin-10, interleukin-13
produced
activation.) interleukin-10 production has
been shown to be induced in activated Th1
cell[3]
Cellular immune system. Maximizes the
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Immune
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into proliferation, to induce B-cell antibody
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class switching, and to increase neutralizing
promotes the production of opsonizing
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antibodies

Other
functions

The Type 2 response promotes its own
profile using two different cytokines.
The Type 1 cytokine IFN-γ increases the
Interleukin-4 acts on helper T cells to
production of interleukin-12 by dendritic
promote the production of Th2 cytokines
cells and macrophages, and via positive
(including itself; it is auto-regulatory), while
feedback, IL-12 stimulates the production of
interleukin-10 (IL-10) inhibits a variety of
IFN-γ in helper T cells, thereby promoting
cytokines including interleukin-2 and IFN-γ
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and macrophages. The combined action of
an important cytokine associated with the
these two cytokines suggests that once the T
Type 2 response, and thus it also acts to
cell has decided to produce these cytokines,
preserve its own response.
that decision is preserved (and also
encourages other T cells to do the same).

While we know about the types of cytokine patterns helper T cells tend to produce, we understand less
about how the patterns themselves are decided. Various evidence suggests that the type of APC
presenting the antigen to the T cell has a major influence on its profile. Other evidence suggests that the
concentration of antigen presented to the T cell during primary activation influences its choice. The
presence of some cytokines (such as the ones mentioned above) will also influence the response that will
eventually be generated, but our understanding is nowhere near complete.
TH17 helper cells
TH17 helper cells mediate host immunity against extracellular bacteria and fungi. It is triggered by IL-6
and TGF beta. Its main effector cytokines are IL-6, IL1, and TNF alpha. The main TH17 effector cells are
neutrophils as well as IgM/IgA B cells, and IL-17 CD4 T cells. The key Th17 transcription factors are
STAT3 and RORg. TNF alpha can activate neutrophils to kill extracellular bacteria and fungi. Besides, Il6 can upregulate the complement system to directly kill extracellular bacteria and fungi. TH17
overactivation against autoantigen will cause type 3 immune complex and complement-mediated
hypersensitivity. Rheumatoid arthritis or Arthus reaction belong to this category.[4]
THαβ helper cells
THαβ helper cells provide the host immunity against viruses. Their differentiation is triggered by IFN
alpha/beta or IL-10. Their key effector cytokine is IL-10. Their main effector cells are NK cells as well as
CD8 T cells, IgG B cells, and IL-10 CD4 T cells. The key THαβ transcription factors are STAT1 and
STAT3 as well as IRFs. IL-10 from CD4 T cells activate NK cells' ADCC to apoptose virus-infected cells
and to induce host as well as viral DNA fragmentation. IFN alpha/beta can suppress transcription to avoid
virus replication and transmission. Overactivation of THαβ against autoantigen will cause type 2
antibody-dependent cytotoxic hypersensitivity. Myasthenia gravis or Graves' disease belong to this
category.[5]
Limitations to the Th1/Th2 model
The interactions between cytokines from the Th1/Th2 model can be more complicated in some animals.
For example, the Th2 cytokine IL-10 inhibits cytokine production of both Th subsets in humans. Human
IL-10 (hIL-10) suppresses the proliferation and cytokine production of all T cells and the activity of
macrophages, but continues to stimulate plasma cells, ensuring that antibody production still occurs. As
such, hIL-10 is not believed to truly promote the Th2 response in humans, but acts to prevent overstimulation of helper T cells while still maximising the production of antibodies.
There are also other types of T cells that can influence the expression and activation of helper T cells,
such as natural regulatory T cells, along with less common cytokine profiles such as the Th3 subset of
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a b s t r a c t
Experimental autoimmune encephalomyelitis (EAE) is a mouse model for multiple sclerosis, where disease is mediated by autoantigen-speciﬁc T cells. Although there is evidence linking CD4+ T cells that
secrete IL-17, termed Th17 cells, and IFN-c-secreting Th1 cells with the pathogenesis of EAE, the precise
contribution of these T cell subtypes or their associated cytokines is still unclear. We have investigated
the inﬁltration of CD4+ T cells that secrete IFN-c, IL-17 or both cytokines into CNS during development
of EAE and have examined the role of T cells in microglial activation. Our ﬁndings demonstrate that
Th17 cells and CD4+ T cells that produce both IFN-c and IL-17, which we have called Th1/Th17 cells, inﬁltrate the brain prior to the development of clinical symptoms of EAE and that this coincides with activation of CD11b+ microglia and local production of IL-1b, TNF-a and IL-6 in the CNS. In contrast, signiﬁcant
inﬁltration of Th1 cells was only detected after the development of clinical disease. Co-culture experiments, using mixed glia and MOG-speciﬁc T cells, revealed that T cells that secreted IFN-c and IL-17 were
potent activators of pro-inﬂammatory cytokines but T cells that secrete IFN-c, but not IL-17, were less
effective. In contrast both Th1 and Th1/Th17 cells enhanced MHC-class II and co-stimulatory molecule
expression on microglia. Our ﬁndings suggest that T cells which secrete IL-17 or IL-17 and IFN-c inﬁltrate
the CNS prior to the onset of clinical symptoms of EAE, where they may mediate CNS inﬂammation, in
part, through microglial activation.
Ó 2010 Elsevier Inc. All rights reserved.

1. Introduction
Multiple sclerosis (MS) and experimental autoimmune encephalomyelitis (EAE), an animal model for MS, are chronic demyelinating diseases of the central nervous system (CNS). During active
disease, demyelination within the CNS is associated with inﬂammatory responses that are orchestrated by inﬁltrating T cells and
endogenous glia. Both IFN-c-secreting Th1 cells and IL-17-secreting Th17 cells have been shown to have a pathogenic role in EAE
(Kroenke et al., 2008; Stromnes et al., 2008). Adoptive transfer of
MOG-speciﬁc Th1 cells can induce EAE, which is characterized by
inﬁltration of a predominantly macrophage population into the
CNS (Kroenke et al., 2008). In addition, Th1 cells promote inﬂammation within the CNS and facilitate Th17 cell inﬁltration into
EAE lesions (O’Connor et al., 2008). Autoantigen-speciﬁc Th17 cells
have been shown to transmigrate across the blood brain barrier
(BBB) and induce EAE. The inﬂammation induced by Th17 cells in
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the CNS, is characterized by neutrophil recruitment into the CNS
(Kroenke et al., 2008) and killing of neurons (Kebir et al., 2007).
Encephalitogenic T cells that invade the CNS during disease
interact with antigen presenting cells (APC), resulting in re-activation of the T cells and activation of the APC (Shrikant and Benveniste, 1996). A number of cell types including resident astrocytes
and microglia, and inﬁltrating macrophages and dendritic cells
(DC), can function as APC in the CNS (Carson et al., 2006). Microglia
constitutively express CD45, CD86 and CD40 at low levels, (Carson
et al., 1998), but expression of CD45, MHC-class II, CD80, CD86 and
CD40 is upregulated in response to inﬂammatory stimuli, thus
enhancing their ability to function as APC (Shrikant and Benveniste, 1996). Indeed the low level of expression of CD45 has been
used to distinguish between microglia and macrophages, on which
CD45 expression is high (Carson et al., 1998). It is noteworthy that
more recently CD11c expression, which is low on microglia
(Fischer and Reichmann, 2001) but high on bone marrow-derived
macrophages (Simard and Rivest, 2004), has also been used to distinguish between these cells. Moreover, it has also been shown
that T cells can induce pro-inﬂammatory cytokine production from
microglia (Dasgupta et al., 2005).
Activation of microglia and macrophages during CNS disease
leads to production of pro-inﬂammatory cytokines, such as IL-1b,

