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Interplay between pathogenic Th17 and regulatory T cells
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Autoimmune diseases arise from a break in tolerance toward self-antigens and are characterised by the
development of pathogenic T cell populations infiltrating the target organ. Regulatory T cells play an
important role in maintaining self-tolerance through their inhibitory functions on effector T cells. The usage of
ex vivo-generated regulatory T cells (Treg) has been regarded as a potentially attractive therapeutic approach
for autoimmune diseases. However, the dynamics of Treg in autoimmunity are not well understood. Here, we
summarise our published findings on the interplay between Treg and Th17 effector cells in vivo during
experimental autoimmune encephalomyelitis (EAE), an animal model for multiple sclerosis. We have
developed Foxp3gfp ‘‘knock-in’’ mice and myelin oligodendrocyte glycoprotein (MOG)35–55/IAb (MHC class
II)-tetramers to track autoantigen-specific Treg in vivo during EAE. On immunisation with MOG, Treg cells
were detected in the central nervous system (CNS) as early as day 10. However, at the onset of disease, the
accumulation of MOG-specific effector T cells (T-eff) largely prevailed. Subsequently, during remission T-eff
rapidly contracted whereas a highly suppressive Treg population persisted in the CNS. The interplay between
effector Th17 and Treg extend beyond their functions in vivo as we and others have identified the factors
responsible for Th17 differentiation. While TGF-b is a critical differentiation factor for Treg cells, IL6
completely inhibits the generation of Treg cells induced by TGF-b. Instead, IL6 and TGF-b together induce the
differentiation of pathogenic Th17 cells. Our data demonstrate a dichotomy in the generation of Th17 cells
that induce autoimmunity and Treg cells that inhibit autoimmune tissue injury.

C
D4 CD25+ regulatory T cells (Treg) are critical for the
control of autoimmunity and tissue injury.1 These CD4
CD25+ Treg cells are generated in the thymus, presumably

by moderately high affinity interaction of developing auto-
reactive T cell receptor (TCR)-bearing T cells with self-antigens
presented in the thymus.2 Once generated, the Treg cells are
seeded to the peripheral immune compartment where they
regulate activation and effector functions of autopathogenic T
cells throughout the life of an individual. The existence of CD4
CD25+ Treg cells in humans3 and their role in the regulation of
human autoimmune diseases have been suggested as well.4 5

The potential role of this subset of T cells in multiple sclerosis
(MS) has recently been analysed. CD4 CD25+ Treg cells are
present at a lower frequency in patients with MS and are
defective in their suppressor functions in vitro.6 FOXP3 is a
transcription factor that is specifically expressed in CD4 CD25+

Treg cells.7 Its expression is crucial for their anergic phenotype
in vitro and their suppressor function.8 Recently, we have
generated Foxp3gfp ‘‘knock-in (KI)’’ mice on the C57BL/6
background in which Foxp3 expressing Treg cells can be
tracked in vivo by the expression of the green fluorescent
protein (GFP). We have also engineered a myelin oligoden-
drocyte glycoprotein (MOG)35–55/IAb tetramer to identify MOG-
specific effector T cells (T-eff) and Treg cells in vivo. Combining
these two technologies, we have now studied the interaction
and the function of MOG35–55-specific pathogenic and regula-
tory T cells during experimental autoimmune encephalomyeli-
tis (EAE). We show that MOG35–55/IAb tetramer-reactive
FOXP3/GFP+ T cells exist in vivo and can readily traffic to the
central nervous system (CNS) where they rapidly develop
suppressive properties. Whereas the number and cytokine
phenotype of the FOXP3/GFP+ Treg cells do not dramatically
change in the peripheral immune compartment, there is a
remarkable change in the frequency and the functional
phenotype of the Treg cells in the CNS during experimental
autoimmune encephalomyelitis (EAE), which particularly
coincides with the clinical recovery from disease.9

MYELIN ANTIGEN-SPECIFIC TREG CELLS CAN BE
EXPANDED IN THE PERIPHERAL IMMUNE
COMPARTMENT BY IMMUNISATION WITH MOG35–55

While Treg populations can be detected during the development
of an immune response, it is not known whether autoantigen-
specific Treg cells are expanding in vivo following immunisa-
tion with encephalitogenic myelin antigens. To address this
question, we used Foxp3gfp KI mice along with MOG35–55/IAb

tetramers and tracked FOXP3/GFP– T cells (T-eff) and FOXP3/
GFP+ T cells (Treg) based on their myelin antigen specificity. Ex
vivo staining of splenocytes with MOG35–55/IAb tetramers
9 days after immunisation revealed a consistent frequency of
5% of tetramer-reactive CD4 GFP– T-eff cells and 0.5% of
tetramer-reactive CD4 GFP+ Treg cells (fig 1). The isolation of T
cells from the brain of Foxp3 GFP KI mice immunised with
MOG35–55 demonstrated that, in contrast to the periphery, there
was a big change in the numbers of T-eff and Treg cells in the
CNS of these animals. However, it was not clear what
percentage of these cells were antigen-specific and how this
might correlate with the clinical disease course.

To answer this question, MOG35–55/IAb tetramer staining was
performed on CNS-derived mononuclear cells. Consistent with
the current pathogenic concept of MOG-induced EAE, the
frequency of MOG35–55-specific T-eff cells (MOG35–55/IAb

tetramer+FOXP3–) was very high at the disease peak and
dropped dramatically during recovery (fig 2). Similarly to the
frequency observed in the periphery, 0.5% of all CD4 cells were
MOG35–55-specific Treg cells (MOG35–55/IAb tetramer+FOXP3+)
at the peak of the disease. However, as the clinical signs
improved during recovery, the frequency of MOG35–55-specific
Treg cells increased to close to 1% of all CNS-derived CD4 cells.
The decreased frequency of effector T cells relative to regulatory

Abbreviations: EAE, experimental autoimmune encephalomyelitis; MOG,
myelin oligodendrocyte glycoprotein; MS, multiple sclerosis; T-eff, effector
T cells; Treg, regulatory T cells
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T cells was reflected by the absolute numbers of each
population and there was a dramatic drop in the number of
MOG35–55/IAb tetramer+ T-eff cells when the animals proceeded
from maximum disease to recovery (fig 2). In contrast, the
number of the myelin-specific Treg cells in the CNS remained
constant or even slightly increased during the transition from
peak to clinical recovery. Indeed, the ratio of MOG35–55-specific
Treg and T-eff cells in the CNS was 1:24 and 1:17 at the onset
and peak of EAE, but changed to 1:2 at the beginning of
recovery. No other lymphoid tissue (including the peripheral
blood) showed similar high frequencies of myelin-specific Treg
cells. Thus, myelin-specific Treg cells target the CNS and
accumulate in the CNS where they constitute a stable pool of
CNS-residing regulatory cells. Therefore, there is a particularly
accurate correlation between the clinical course of EAE and the
ratio of MOG35–55-specific Treg and T-eff cells from the CNS,
but not from the draining lymph nodes. Furthermore, when
analysing the dynamics of cytokine production during the
course of disease, we observed that Treg cells from the CNS
produced large quantities of IL10 immediately preceding the
clinical recovery, a phenomenon that was not observed in any
lymphoid compartment but the CNS. Thus, the ratio between T-
eff and Treg cells within the CNS infiltrates and the presence of
IL10-producing Treg cells in CNS was closely correlated with
the initiation of clinical remission. The dynamics and pheno-
type of Treg cells in the peripheral lymphoid compartment
including the draining lymph nodes strikingly lacked this clear
correlation.

As soon as tolerance is broken, massive expansion of
autoreactive T cells and evasion into the target tissue occur.
We illustrate that myelin-specific Treg cells, very much like T-
eff cells, migrate to the target organ with only negligible delay.
It is very likely that engagement of their myelin-specific TCR
relocates Treg cells to the CNS and is also essential for their re-
activation in situ. There is evidence that natural Treg cells
might not perform bystander suppression, but compete with T-
eff cells for the same autoantigen.10 11

ROLE OF TH17 CELLS IN AUTOIMMUNITY
Th17 cells represent a new subset of T helper cells, which
mainly produce IL17A and IL17F, IL22 and, to a lesser extent,
TNFa. The first report on IL17-producing CD4 T cells came from
a study of in vitro-primed TcR transgenic T cells where the
addition of Borrelia burgdorferi lysate induced IL17 production.12

However, in the last 3 years the outstanding importance of
Th17 cells has most convincingly been demonstrated in the
pathogenesis of organ-specific autoimmune diseases. This was
paradigm changing, since previously Th1 cells had been
regarded as the pathogenic cells driving autoimmune tissue
damage.13 This concept was challenged when it became clear
that IFNc and IFNc-receptor deficient mice, as well as mice that
lack other molecules involved in the differentiation and
stabilisation of the Th1 phenotype like IL12p35, IL12 recep-
tor-b2 and IL18, were not protected from EAE, but developed
more severe disease.14–18 Furthermore, it was shown that IL23
and not IL12 was crucial for mounting an autopathogenic T cell
response in the CNS,19 suggesting that Th1 might be dispen-
sable for the development of organ-specific autoimmune
diseases. Finally, the observations that Th17 cells were more
potent than Th1 cells in transferring EAE to naive wild-type
host animals20 suggested that Th17 cells might be responsible
for the induction of tissue-specific autoimmunity. IL17 is directly
involved in cartilage and bone destruction as observed in an
experimental model for human rheumatoid arthritis.21 Similarly,
IL17-deficient animals develop experimental autoimmune ence-
phalomyelitis (EAE) with delayed onset and diminished severity.22

In addition, administration of an IL17-blocking antibody in mice
immunised with a myelin antigen prevents chemokine expres-
sion in the brain and the subsequent development of EAE.20 23

Collectively, these data corroborate the importance of Th17 cells
for the induction of autoimmune tissue inflammation.

THE DIFFERENTIATION OF TH17 CELLS
While a clear role of IL23 and Th17/IL17 had been established,
the factors that were necessary for their development from

Figure 1 Antigen-specific Treg cells are
expanded upon immunisation with MOG35–

55 lymph node cells and splenocytes were
isolated from unimmunised Foxp3gfp.KI-
mice or from Foxp3gfp.KI-mice that had
been sensitised in vivo with MOG35–55/CFA
or OVA323–339/CFA 8 days before. The cells
were stained with MOG35–55/IAb tetramers.
Live (7AAD–) CD4 T cell populations are
shown. The numbers in each quadrant
represent percentages.
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naive T cells had remained elusive. While early studies had
suggested that IL23 could drive their differentiation, it quickly
became clear that this cytokine was important for the Th17
subset but did not act on naive T cells. Three independent
studies independently observed that a combination of the pro-
inflammatory cytokine IL6 and TGF-b could induce the
differentiation of Th17 cells from naive T cells in vitro.24–26 The
importance of TGF-b and IL6 for this process in vivo has been
shown as well. We have demonstrated that mice, which express
TGF-b under the CD2 promoter, produce TGF-b on stimulation
ex vivo, but developed Th17 cells in vivo under inflammatory
conditions and elevated concentrations of IL6. The increased
number of Th17 cells in these animals resulted in the
exacerbation of EAE. The analysis of IL6-deficient animals also
points to an important role of IL6 in the differentiation of Th17
cells since these animals are resistant to the development of
EAE and do not develop a competent Th17 cell response.25

Therefore, under inflammatory conditions and constant sur-
veillance by regulatory mechanisms, IL6 and TGF-b appear to
be key cytokines for the differentiation of Th17 cells in vivo
(fig 3).

Taken together, there is a functional antagonism between
Th17 and Treg cells, and there is a dichotomy in their
generation as well. Treg cells and Th17 effectors arise in a
mutually exclusive fashion, depending on whether they are
activated in the presence of TGF-b or TGF-b plus IL6. At the
steady-state level or in the absence of any inflammatory insult,
TGF-b produced in the immune system will suppress the
generation of effector T cells and induce Foxp3+ regulatory T
cells, and thereby maintain self-tolerance. However, on infec-
tion or inflammation, IL6 produced by the activated innate
immune system suppresses the generation of TGF-b2induced
Treg cells and induces a pro-inflammatory T-cell response
predominated by Th17 cells (fig 3). Although IL6 plays a critical
role in the development of the Th17 response and the inhibition
of Treg functions, we also believe that additional control steps
must exist during this process and that other cytokines might
participate in Th17 differentiation.25 27

In the natural course of MOG35–55-induced EAE, the number
of Th17 cells producing CD4 T cells in the CNS peaks earlier
than Th1 cells and it is known that many chemokine genes are
targets of IL17.9 In the current understanding, antigen-specific
priming of encephalitogenic T cells as well as their commitment
to a certain T helper cell lineage happens in secondary lymphoid

tissue outside the CNS. Myelin-specific T cells then traffic to the
CNS where they are re-activated.28 29 The efficiency of the
activation in situ, and maintenance within the target tissue as
well as the acquisition of further effector functions is governed
by recognition of the cognate antigen within the CNS. Thus, a
selected population of effector T cells is accumulating in the
CNS. Based on this hypothesis, Th17 cells may infiltrate the
target tissue first and prepare the ground for the infiltration of
Th1 cells. However, in order to drive severe tissue inflamma-
tion, the Th17 cells response must not be too short-lived.
Indeed, when IL23 is not available in order to maintain and
expand a population of already primed Th17 cells, EAE is
severely attenuated or even abrogated.19 This suggests that
IL23p19 is required to shape a stable Th17 cell population in the
secondary lymphoid tissue, and also to maintain – at least
temporarily – an encephalitogenic Th17 population in the CNS.

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