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Summary

Multiple sclerosis (MS) is a demyelinating inflammatory disorder of the
central nervous system (CNS), which involves autoimmune responses to
myelin antigens. Studies in experimental autoimmune encephalomyelitis
(EAE), an animal model for MS, have provided convincing evidence that T
cells specific for self-antigens mediate pathology in these diseases. Until
recently, T helper type 1 (Th1) cells were thought to be the main effector T
cells responsible for the autoimmune inflammation. However more recent
studies have highlighted an important pathogenic role for CD4+ T cells that
secrete interleukin (IL)-17, termed Th17, but also IL-17-secreting gd T cells in
EAE as well as other autoimmune and chronic inflammatory conditions. This
has prompted intensive study of the induction, function and regulation of
IL-17-producing T cells in MS and EAE. In this paper, we review the contri-
bution of Th1, Th17, gd, CD8+ and regulatory T cells as well as the possible
development of new therapeutic approaches for MS based on manipulating
these T cell subtypes.
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Introduction

Multiple sclerosis (MS)

MS is a chronic, progressive inflammatory disorder of the
brain and spinal cord. The inflammatory plaque, whether
determined histopathologically or using magnetic resonance
imaging (MRI), is the pathological hallmark of MS [1].
Studies demonstrating the presence of inflammatory cells
and their products in the brain lesions of MS patients, in
addition to reports from animal models, has led to the gen-
erally accepted hypothesis that disease is mediated by patho-
genic T cell responses against myelin antigens, followed by a
broader neurodegenerative process [2]. The autoreactive T
cells migrate across the blood–brain barrier (BBB) and
mediate damage against the central neurones and their
myelin sheaths, in particular, but also their axons. The key
morphological feature of MS is primary demyelination of
nerve axons leading to signal conduction block or conduc-
tion slowing at the site of demyelination. Neurological symp-
toms develop when conduction block occurs simultaneously
in a significant proportion of fibres within a given pathway
[3]. During clinical recovery, inflammation and oedema in
the central nervous system (CNS) resolves and it is thought

that there is restoration of CNS conduction due to glial
ensheathment and remyelination. In contrast, axonal loss is
irreversible and is most probably an important cause of neu-
rological dysfunction in chronic MS.

The most common form of MS, termed relapsing–
remitting MS (RRMS), is associated with acute inflamma-
tory episodes resulting in a reduction in neurological
function. Patients may experience some recovery between
relapses, but 80% of patients with RRMS evolve to a more
progressive form, termed secondary progressive MS (SPMS),
which is associated with gradual loss of neurological func-
tion and ascending paralysis and is thought to be indepen-
dent of inflammation.

Currently available therapies for MS are aimed primarily
at reducing the number of relapses and slowing the progres-
sion of disability. The standard immunomodulatory thera-
pies (IMTs) include interferon (IFN)-b and glatiramer
acetate. However, these are only modestly effective first-line
therapies, and about one-third of RRMS patients on IMTs
will develop recurrent relapses and/or an increase in sus-
tained disability; others can develop neutralizing antibodies
to IFN-b. Patients who are truly suboptimal responders
to first-line IMTs are considered currently for treatment
with natalizumab as the first-choice second-line therapy.
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Natalizumab (Tysabri) is a humanized monoclonal antibody
that targets the a4-chain of a4b1 integrin (VLA-4), and
inhibits leucocytes binding to vascular cell adhesion mol-
ecule (VCAM)-1 and fibronectin and thus reduces leucocyte
traffic across the BBB. The efficacy of natalizumab is signifi-
cantly greater than the first-line therapies, emphasizing the
importance of leucocyte trafficking in the pathogenesis of
MS [4].

Experimental autoimmune encephalomyelitis (EAE)

EAE is a demyelinating disease of the CNS that shares clini-
cal and pathological features with MS and is used as a
model for the human disease. EAE is induced in susceptible
animals by immunization with one of a number of myelin
antigens emulsified in complete Freund’s adjuvant (CFA)
[5]. EAE is mediated by myelin-specific T cells, which are
activated in the periphery and translocate into the CNS
followed by permeabilization of the BBB [6,7]. Upon enter-
ing the CNS, the T cells are reactivated by local and infil-
trating activated antigen-presenting cells (APC), which
present major histocompatibility complex (MHC) class
II-associated peptides, resulting in subsequent inflamma-
tory processes and eventually in demyelination and axonal
damage. Depending upon the immunization protocol and
background of mice used, EAE can take an acute, chronic
progressive or relapsing–remitting course [8]. EAE can also
be induced by adoptive transfer of activated myelin-specific
CD4+ T cells from mice with EAE into naive recipient mice
[9]. The EAE model has provided a useful tool for devel-
oping a better understanding of the inflammatory pro-
cesses throughout the course of disease, and has been
invaluable for the development of new therapies against
MS, including glatiramer acetate [10] and natalizumab
[11]. However, there are differences between MS and EAE,
and these have been highlighted by the fact that certain
therapies have had opposite outcomes in these two diseases.
For example, administration of interferon (IFN)-g or anti-
tumour necrosis factor (TNF) was protective in EAE, but
exacerbated MS.

T helper type 1 (Th1) and Th17 cells

Th1 cells were thought originally to be the main pathogenic
T cells in EAE and MS. This conclusion was based partly
on the observation that IL-12p40-defective (IL-12p40-/-)
mice were resistant to EAE, because IL-12 is required for
differentiation of Th1 cells. Furthermore, treatment of
MS patients with IFN-g exacerbated disease [12]. How-
ever, IFN-g-/- or signal transducer and activator of
transcription-1 (STAT1)-/- mice lacking Th1 cells were
found to develop more severe EAE [13,14]. These paradoxes
were resolved partly following the discovery of IL-23, which
is related structurally to IL-12. IL-23 shares the p40 chain
with IL-12, which is associated with either a separate p19 or

p35 chain for IL-23 and IL-12, respectively. IL-23p19-/-, like
the IL-12p40-/-, mice were found to be resistant to EAE,
whereas IL-12p35-/- mice were susceptible [15]. IL-23 was
shown to be necessary to drive the induction or expansion
of CD4+ T cells that secrete IL-17, termed Th17 cells [16].
Th17 cells have now been defined as a distinct subset of
CD4+ T cells, which produce IL-17A, IL-17F, IL-21, IL-9,
IL-22 and TNF-a, promote inflammation and are patho-
genic in many autoimmune disorders (Fig. 1) [17]. Initial
reports suggested that TGF-b and IL-6 were required for
differentiation of murine Th17 cells, whereas IL-23 is
required for their expansion [18]. However, it now appears
that TGF-b functions to suppress Th1 and Th2 cells, the
products of which can inhibit the differentiation of Th17
cells [19]. Although not yet resolved fully, it seems that
IL-23 may not be required for lineage commitment, but is
essential for further Th17 development. Furthermore, IL-1
signalling is required for Th17 development in vivo;
IL-1RI-/- mice have defective Th17 responses and are resis-
tant to the induction of EAE [20]. IL-1, IL-6, IL-21, IL-23
and TGF-b have all been shown to play a role in the differ-
entiation of human Th17 cells in vitro [21–23]. However, it
has been shown recently that TGF-b is dispensable for the
differentiation of human Th17 cells; although analogous to
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Fig. 1. The differentiation and regulation of CD4+ T cell subsets.

Naive T cells primed by antigen-presenting cells (APC) such as

dendritic cells (DC) can differentiate into T regulatory-1 (Tr1)/T

helper type 3 (Th3), Th1, Th2 or Th17 cells depending upon the

cytokine environment. Priming in the presence of interleukin

(IL)-10/transforming growth factor (TGF)-b, IL-12, IL-4 or

combinations of IL-6/IL-1/IL-23 promotes the differentiation of

Tr1/Th3, Th1, Th2 or Th17 cells, respectively [113]. Th17 cells can be

regulated negatively by Th1 or Th2 cells. Tr1 and Th3 cells secrete

IL-10 and TGF-b which can suppress effector cell responses, primarily

by suppressing APC function. Natural regulatory T cells (Treg) cells are

derived from the thymus (although they may also be converted in the

periphery) and can suppress effector T cell responses directly or via

the APC [72].
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the situation in mice, it favours their expansion indirectly
relative to Th1 cells [24].

A number of studies have highlighted the central role of
Th17 cells in the development and pathogenesis of EAE.
Langrish et al. demonstrated that proteolipid protein (PLP)-
specific T cells cultured in the presence of IL-23 generated
Th17 cell lines that induced EAE following passive transfer
into naive SJL mice, whereas Th1 cells lines generated by in
vitro culture with IL-12 failed to induce EAE [16]. Further-
more, administration of neutralizing anti-IL-17 antibody
reduced the severity of EAE, while blocking IFN-g exacer-
bated disease [16]. Similarly, neutralization of IL-17 in
the myelin–oligodendrocyte–glycoprotein (MOG)-induced
EAE model during the course of the disease improved clini-
cal symptoms modestly [25]. In one study IL-17-/- mice had
very mild EAE, with delayed-onset, reduced disease scores
and early recovery [26]. However, in another study deletion
of IL-17F and simultaneous blockade of IL-17A, which are
both related Th17 signature cytokines, had only very mar-
ginal benefit [27]. The almost complete and partial reduc-
tion in symptoms of EAE observed with blockade of IL-23
and IL-17, respectively, suggested that other Th17-derived
cytokines might also be involved, although IL-21 and IL-22
appear to be dispensable [28,29]. However, neutralization of
IL-9 attenuated EAE, suggesting a role for IL-9 in mediating
Th17-mediated diseases [30]. Although there are some con-
tradictory data on the relative importance of IL-17 and
other Th17-derived cytokines in EAE, the consensus view
that is emerging is that the IL-17 family of cytokines have a
clear pathogenic role in EAE and MS. Although early studies
on Th17 cells dismissed a role for Th1 cells, recent studies
have suggested that both cell types may play distinct roles in
pathology. It has been reported that adoptive transfer of
highly purified Th1 could induce EAE, whereas Th17 cells,
devoid of IFN-g-producing cells, could not induce disease
[7]. It was suggested that only Th1 cells could access the
CNS initially, and that this facilitated subsequent recruit-
ment of Th17 cells [7]. Evidence that recruited host Th17
cells contributed to disease was provided by the demonstra-
tion that the incidence of disease was lower in IL-17-/- com-
pared with wild-type mice following transfer of Th1 cells
[31].

Interestingly, although Th1 or Th17 cells can induce EAE,
both the clinical signs and pathological features may differ.
IL-12-polarized T cells promoted expression of monocyte
attracting chemokines and macrophage-rich infiltrates into
the spinal cord, whereas IL-23-polarized T cells activated
neutrophil-attracting chemokines and promoted neutro-
phils, especially in the brain [32]. In another model, IL-17
was again shown to promote CD4 T cell infiltration into the
brain parenchyma, which resulted in a clinically atypical EAE
[33]. Thus, both Th1 and Th17 cells may play complemen-
tary roles in the pathogenesis of EAE. It is not clear how this
might relate to a role of Th17 cells in MS, where the infil-
trating T cells and monocytes predominate.

T cells producing both IL-17 and IFN-g, which express
T-box expressed in T cells (Tbet) and retinoid-related
orphan receptors (ROR)gt, are also recruited to the CNS
during EAE, and transferred Th17 cells can switch to IFN-g
production, indicating that there is plasticity within these
populations [34,35]. It has also been suggested that the
expression of Tbet defines the encephalogenicity of T cells
rather than their cytokine profile [36], and inhibition of Tbet
was shown to ameliorate EAE by inhibiting both Th1 and
Th17 cells [37].

While most researchers favour a role for IL-23 in
expansion of Th17 cells or stabilization of the Th17 phe-
notype, a recent report showed a similar course of EAE fol-
lowing transfer of MOG-specific T cells into either wild-
type or IL-23-/- mice, suggesting that IL-23 was required
only for the induction but not effector phase of disease
[38]. It also appears that the function of IL-23 may extend
beyond the activation of Th17 cells and this might explain
the different levels of susceptibility in IL-23-/- and IL-17-/-

mice. It was demonstrated that IL-23 is required for the
homing of MOG-specific T cells to the CNS during EAE,
but not for their expansion in peripheral organs [39]. The
importance of CNS homing in the development of EAE
was confirmed by the fact that deficiency in C-C type
chemokine receptor 6 (CCR6), a chemokine receptor
expressed on Th17 cells, conferred resistance to EAE,
although CCR6-/- mice still developed peripheral Th17
responses. Susceptibility was restored by transfer of wild-
type cells, after which effector cells were recruited indepen-
dently of CCR6 [40].

The relative roles of Th1 and Th17 cells in MS and other
human autoimmune diseases are still not clear. Th17 cells
have been detected in tissues from a variety of human
autoimmune and inflammatory disorders, including
Crohn’s disease, systemic lupus erythematosus (SLE), rheu-
matoid arthritis and psoriasis (reviewed in [41]). IL-17 and
IFN-g production by T cells have been associated with
disease activity in MS patients, and are also expressed in
brain lesions. Microarray analyses have detected IL-17
expression in MS brain lesions [42,43], and enrichment of
IL-17 producing cells, which included glial cells, CD4+ and
CD8+ T cells, were identified in the active rather than inac-
tive areas of MS brain lesions [44]. Elevated frequencies of
IL-17-producing cells have been associated with disease
activity in the peripheral blood of MS patients [45,46].
However, it has also been reported that although IL-17 and
IFN-g were elevated during very early in disease, enhance-
ment of IFN-g alone was associated with relapse [47].
Human Th17 cells migrate more efficiently than Th1 cells
(based on an in vitro BBB migration assay), and display
cytotoxic activity against neurones [48]. Interestingly, a
recent study has identified an enrichment of T cells
expressing both IL-17 and IFN-g in MS brain tissue, sug-
gesting that IL-17+ IFN-g+ T cells may be involved in
pathology [49].

T cells in MS and EAE
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Clearly, much of the focus in recent literature has been
on the relative role of Th17 and Th1 cells in EAE and MS;
however, as reviewed above this question is not clear-cut
and still far from being resolved. While EAE can be induced
by adoptive transfer of either Th1 or Th17 cells, there
appears to be no absolute requirement for either of the Th1
or Th17 signature cytokines. The instability of the Th17
phenotype has, no doubt, contributed to the difficulties in
defining the role of Th17 cells. On the other hand, IL-23,
IL-6 and IL-1 are required for the differentiation and
expansion of Th17 cells and development of EAE, as is the
expression of Tbet (Table 1). Although the precise role of
these factors in EAE is still not clear, the evidence from
knock-out mice and antibody therapy suggests that they
contribute to pathology. Studies in MS patients and normal
human donors have provided evidence that Th1 and Th17
cells are active or expanded during diseases, but their
contribution to pathology has, understandably, been more
difficult to define.

CD8
+ T cells

MS has been viewed historically as a CD4+ T cell-mediated
autoimmune disease, due in part to the genetic association of
MS with MHC class II alleles; however, an association with
MHC class I alleles has also been reported [50]. Further-
more, the frequency of CD8+ T cells is greater than that of
CD4+ T cells in inflamed plaques, and CD8+ T cells show
oligoclonal expansion in plaques, CSF and blood, all sugges-
tive of a pathogenic role in MS [51].

A few studies involving cell transfer have suggested that
CD8+ T cells are pathogenic in EAE (reviewed in [52].
However, there is also evidence of a regulatory role for CD8+

T cells in EAE; EAE is more severe in mice deficient in or
depleted of CD8+ T cells and disease severity has been cor-
related inversely with the frequency of CD8+ T cells [52]. A
recent study demonstrated that CD8+ regulatory T cells (Treg)
cells suppressed EAE via a TGF-b-dependent mechanism
[53].

Table 1. Experimental evidence of a role for T helper type 1 (Th1) and Th17 cells in experimental autoimmune encephalomyelitis (EAE).

Molecule/cell type* Manipulation† Background‡ Induction method§ Effect on EAE¶ Reference

IL-12p40 Genetic deletion C57BL/6 MOG/CFA Resistant [15]

IL-12p35 Genetic deletion C57BL/6 MOG/CFA Susceptible [15]

IL-23p19 Genetic deletion B6¥129 MOG/CFA Resistant [15,38]

IL-23p19 a-IL-23p19 pre-onset SJL PLP/CFA Resistant [114]

IL-23p19 a-IL-23p19 post-onset SJL PLP/CFA Prevented relapse [114]

IL-23p19 Genetic deletion (recipient only) C57BL/6 WT T cell transfer Susceptible [38]

IL-23p19 Genetic deletion (donor only) C57BL/6 p19-/- T cell transfer Delayed-onset reduced severity [38]

IL-6 Genetic deletion 129Sv¥C57BL/6 MOG/CFA Resistant [115]

IL-6R T cell conditional deletion

of gp130

C57BL/6 MOG/CFA Resistant [116]

IL-1R Genetic deletion C57BL/6 MOG/CFA Resistant [20]

IFN-g Genetic deletion B10.PL MBP/CFA Increased mortality delayed

resolution?

[13]

Tbet Genetic deletion C57BL/6 MOG/CFA Resistant [14]

STAT1 Genetic deletion C57BL/6 MOG/CFA Increased severity [14]

IL-17 Genetic deletion C57BL/6 MOG/CFA Delayed-onset reduced severity [26,27]**

IL-25 Genetic deletion C57BL/6 MOG/CFA Accelerated-onset enhanced

severity

[117]

IL-21/IL-21R Genetic deletion C57BL/6 MOG/CFA Susceptible [28]

IL-22 Genetic deletion C57BL/6 MOG/CFA Susceptible [29]

IL-9/IL-9R Neutralization/genetic deletion C57BL/6 MOG/CFA Delayed-onset/attenuated

disease

[30]

Th1 Adoptive transfer C57BL/6 Th1 transfer Induced disease [7]

Th1 Adoptive transfer SJL Th1 transfer Failed to induce disease [16]

Th1 Adoptive transfer SJL Th1 transfer Induced disease [32]

Th17 Adoptive transfer C57BL/6 Th17 transfer Failed to induce disease [7]

Th17 Adoptive transfer SJL Th17 transfer Induced disease [16,32]

*Molecule or cell type of interest that was manipulated in each study. †Approaches taken to manipulate cells or molecules include gene

deletion, administration of neutralizing antibody or adoptive transfer of T cell lines. ‡Mouse strain background. §Methods used to induce EAE

include active induction with myelin-antigens plus complete Freund’s adjuvant (CFA) or passive induction by adoptive transfer of T cell lines. ¶Effect

of manipulation on the clinical symptoms of EAE. **Found only marginal contribution after deletion of interleukin (IL)-17A and IL-17F.

IFN: interferon; MOG: myelin–oligodendrocyte–glycoprotein; PLP: proteolipid protein; STAT1: signal transducer and activation of transcription-1;

WT: wild-type.
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gd T cells

gd T cells are thought to provide a first line of defence against
infection, especially at mucosal sites, through the production
of IFN-g. gd T cells directly recognize ligands induced by
stress, inflammation or infection, including non-peptide
antigens, alkylamines, phosphoantigens, heat-shock proteins
and non-classical MHC class I molecules, such as MHC class
I chain-related molecule (MIC A) and MIC B. gd T cells can
act as a source of innate cytokine and have the potential to
influence adaptive immune responses.

For the last 10–15 years gd T cells have been thought to
play a role in both MS and EAE. Clonally expanded gd T cells
were found in acute MS brain lesions [54] and in the cere-
brospinal fluid of MS patients with recent disease onset [55],
suggesting that gd T cells contribute to neuroinflammation.
In the EAE model, however, both protective [56–58] and
pathogenic [59–63] roles have been ascribed to gd T cells. A
number of factors might explain some of the conflicting
results in these studies, which have used a number of differ-
ent mouse strains in combination with either depleting anti-
bodies or genetic manipulation of gd T cells. First, it has been
suggested the UC7-13D5 anti-gd antibody which accelerates,
rather than depleting, the onset of EAE, may activate gd T
cells by cross-linking the receptor [56]. Secondly, the fre-
quency of gd subtypes varies between mouse strains, and as
different functions have been ascribed to various subtypes,
this could account for many of the discordant results in
different mouse strains. Finally, the Tcrd-/- mice used in
some studies are deficient only in the d T cell receptor (TCR)
gene and thus the gd T cells are still present, although unable
to respond to TCR stimulation [64]. This suggests that
TCR-independent activation of gd T cells could still occur in
these mice, potentially confounding the interpretation of
experiments.

It has been shown recently that IL-17 is produced by gd
T cells as well as ab T cells during infection [65,66], raising
the possibility that gd T cell-derived IL-17 may contribute
to CNS pathology in EAE and MS. Indeed, recent data
from our laboratory have shown that IL-17-producing gd T
cells are present at high frequency in the brains of mice
with EAE [67]. Furthermore, disease was less severe in
Tcrd-/- mice, supporting a pathogenic role for gd T cells.
MOG-specific IL-17 production by conventional T cells
was reduced in Tcrd-/- mice, and this was consistent with
the demonstration that gd T cell-derived IL-17 promoted
further IL-17 production by CD4+ T cells [67]. gd T cells
were shown to produce IL-17 in response to IL-1 and IL-23
in the absence of TCR engagement, and these cells
increased susceptibility to EAE. Thus, in addition to being
an important source of IL-17 early in the EAE disease
course, gd T cells also served to amplify IL-17 production
by CD4+ T cells [67]. Overall, the consensus from the
various studies suggests a pathogenic role for gd T cells in
EAE, particularly early in the disease course, although they

may also have a regulatory role during disease resolution in
some models [57,58,67].

Treg

Treg cells include both natural and adaptive (also termed
inducible) Treg cells. Natural Treg (nTreg) cells express cell
surface CD25 and the transcription factor forkhead box P3
(FoxP3), which is essential for directing regulatory function
[68,69]. nTreg cells were identified originally through their
function in controlling autoimmunity by mediating immu-
nological tolerance to self-antigens [70]. Adaptive Treg cells,
including T regulatory-1 (Tr1), Th3 and various subsets of
CD8+ Treg cells, are derived in the periphery from uncommit-
ted naive T cells stimulated by antigen under the influence of
the immunosuppressive cytokines IL-10 and TGF-b, but also
retinoic acid (RA). Tr1 cells exert their suppressive function
primarily via IL-10 secretion [71], whereas Th3 cells secrete
high levels of TGF-b.

Fully differentiated nTreg cells are derived from the
thymus, when CD4 T cells with higher than normal affinity
for self-antigens are selected positively [72]. Such self-
antigen-specific nTreg cells are thought to play a dominant
role in preventing autoimmunity, whereas inducible Treg cells
are more likely to be generated in response to foreign anti-
gens during infection. However, the lines between natural
and inducible Treg cells are somewhat blurred by the fact that
peripheral conversion of nTreg cells can also occur, especially
under the influence of TGF-b and RA (reviewed in [73]).
Furthermore, although suppression involving IL-10 and
TGF-b are the hallmark of inducible Treg cells, the suppres-
sive function of nTreg cells in vivo is often cytokine-
dependent. Therefore, the lack of markers, apart from IL-10
or TGF-b secretion, to identify Tr1 or Th3 cells, respectively,
can hamper the interpretation of many experiments. Studies
on human Treg cells, particularly those in disease settings, can
be compromised by the fact that many Treg cell markers,
including CD25 and FoxP3, may be up-regulated on acti-
vated effector cells. For this reason, CD127lo is now often
used in addition to CD25 and FoxP3 to identify human nTreg

cells [74].
There is no doubt that the various types of Treg cells play a

crucial role in maintaining immune homeostasis, and both
natural and adaptive Treg cells are likely to regulate autoim-
mune inflammation during MS and EAE (Fig. 2). Potentially
autoreactive T cells specific for myelin antigens are present in
healthy individuals, suggesting that these cells are con-
strained by regulatory mechanisms which may be impaired
in MS. Indeed, Tr1 responses have been shown to be reduced
in MS patients, reflected in reduced levels of IL-10 [75,76].
While there have also been reports of reduced frequency of
nTreg cells in MS patients [77], the majority of studies have
found a similar frequency to that observed in normal indi-
viduals [78,79]. One study found a reduced frequency of
nTreg cells in RRMS but not in SPMS [80], perhaps reflecting

T cells in MS and EAE
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the fact that inflammation is thought to play a role in RRMS,
but not in the progressive phase. Interestingly, an increased
frequency of CD25+ FoxP3+ nTreg cells has been found in the
CSF but not the blood of MS patients [78].

While there appears to be no numerical deficit in Treg cells
in MS, a number of functional studies using in vitro suppres-
sion assays have documented impairments in Treg cells from
MS patients [77–79,81–87], which was reversed after therapy
with IFN-b [86,88], glatiramer acetate [89] or steroids [90].
The discrepancy between the studies on Treg cells from MS
patients may be due, at least in part, to the fact that Treg cell
markers, such as CD25 and FoxP3, can be induced on effec-
tor T cells after activation and may therefore confound both
phenotypic and functional studies in inflammatory settings.
In the case of functional studies, sorting on the basis of
CD25hi alone could have led to the inclusion of activated
effector T cells, which would reduce the suppressive effect of
the regulatory population. Indeed, a more recent and very
thorough study by Michel et al. revealed that when CD127lo

was used in addition to CD25 to sort Treg cells, there was no
reduction in the suppressive function of Treg cells from MS
patients compared with controls [91]. The functional studies
employed proliferation and/or production of IFN-g as read-
outs for suppression of responder T cells, but did not
examine the ability of Treg cells from MS patients to suppress

IL-17 production by responder T cells. However, we have
shown recently that a subset of Treg cells expressing CD39
were able to suppress both IFN-g and IL-17 in healthy con-
trols; however, CD39+ Treg cells from RRMS patients had an
impaired ability to suppress IL-17 [92], suggesting that there
is defective regulation of IL-17 by nTreg cells from these
patients.

Adoptive transfer and depletion experiments in mice have
provided more definitive evidence that Treg can control the
development and severity of EAE. Early studies in transgenic
mice expressing TCR specific for myelin antigen, that
develop spontaneous EAE, revealed that non-transgenic
CD4+ T cells could prevent spontaneous disease, suggesting a
role for CD4+ Treg cells [93,94]. In MOG-induced EAE trans-
fer of CD4+CD25+ T cells reduced disease severity, and these
cells were shown to be capable of suppressing MOG-specific
T cell responses in vitro [95]. The protective effects of
CD4+CD25+ Treg cells appear to be mediated by IL-10, as Treg

cells from IL-10-/- failed to confer protection [96]. However,
we have found that regulatory responses induced by helm-
inth infection suppress MOG-specific Th17 responses and
protect against EAE by a TGF-b-dependent mechanism [97].
In the PLP-induced model, the susceptibility of different
mouse strains to EAE correlates inversely with the frequency
of PLP-specific CD4+CD25+ Treg cells [98]. Furthermore,

Fig. 2. Migration and effector function of T cells in the central nervous system (CNS) during experimental autoimmune encephalomyelitis (EAE).

After immunization with myelin antigens, complete Freund’s adjuvant (CFA) and pertussis toxin, dendritic cells (DC) are activated in the lymph

nodes by Toll-like receptor (TLR) agonists within the mycobacterium tuberculosis component of CFA, and present myelin antigen to naive T cells.

The activated myelin-specific T cells enter the bloodstream and traffic to and enter the CNS. Breakdown of the blood–brain barrier (BBB) occurs,

allowing recruitment of other inflammatory cells into the CNS. T cells entering the CNS encounter their cognate myelin antigens and become

reactivated by local APC. T cells expand and release inflammatory mediators which help recruit other immune cells to the site of inflammation.

Activation of local microglial cells and infiltrating cells results in production of proteases, glutamate, reactive oxygen species and other cytotoxic

agents which promote myelin breakdown. Damage to the myelin sheath surrounding axons is followed by axonal damage and neurological

impairment.
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depletion of CD25+ cells rendered the resistant B10 mice
susceptible to EAE [98] and increased susceptibility to sub-
optimally induced EAE [99]. These studies suggest that Treg

cells influence the susceptibility to and threshold of disease
in the EAE models. While this review has focused largely
upon nTreg cells, it should be noted that IL-10 or TGF-b-
secreting CD4+ adaptive Treg cells, as well as CD8, gd T
cells and natural killer (NK) T cells, also have regulatory
activity and may help constrain pathogenic T cells in EAE
and MS.

Interplay between Treg and effector T cells

In addition to their influence on susceptibility of the host to
demyelinating disease, Treg cells also appear to play a role in
mediating the recovery from actively induced EAE, which is
usually self-limiting. Treg cells accumulate in the CNS during
the recovery phase [100–102], and their depletion inhibits
recovery [102]. Recovery has been associated with
induction/activation of TGF-b [103] and IL-10 [102]. IL-10
may be derived from both nTreg cells as well as FoxP3- CD4+

T cells, including Tr1 cells [102]. It has also been shown that
neurones may be capable of converting effector T cells to Treg

cells via a TGF-b-dependent mechanism [101]. Interestingly,
Korn et al. demonstrated that, although Treg cells were
present in the CNS at the peak of disease, they were incapable
of suppressing CNS-derived effector T cells [100]. This was
attributed to the fact that the effector T cells were resistant to
suppression as a result of their highly inflammatory milieu.
Taken together, these studies suggest that autoimmune
inflammation depends upon a fine balance between regula-
tory and inflammatory responses, so that during the onset
and peak of disease inflammatory responses dominate but
then contract in favour of Treg cells during resolution.
Indeed, in MS, relapse and remission have been correlated
with relative decreases and increases in the frequency of Treg

cells. Thus, it will important for future studies to determine
the factors that control the balance between Treg and effector
T cells (Teff).

Studies in the passive EAE model have shown that the
inflamed CNS drives specifically the proliferation of Treg cells
[104]. Treg cells were found to accumulate in the CNS but not
in the lymphoid organs, and were derived from expansion of
existing host Treg cells rather than conversion of non-Treg cells
[104]. Consistent with this Korn et al., using cell transfer
from FoxP3-GFP mice, showed that Treg cells in the CNS were
expanded from pre-existing Treg cells rather than converted
from non-Treg cells [100]. This is in contrast to an earlier
study suggesting that Treg cells could be converted in the CNS
[101]. Interestingly, CNS-derived Treg cells were able to sup-
press MOG-specific IFN-g but not IL-17 [104], suggesting
that Th17 cells might be more resistant to suppression. Alter-
natively, these results might be explained by the recent obser-
vation that FoxP3+ Treg cells can produce IL-17, thereby
masking any suppressive effect on Th17 cells. We demon-

strated that CD4+CD25+FoxP3+CD39+ Treg cells did suppress
IL-17, whereas total CD4+CD25+FoxP3+ human Treg cells
failed to suppress IL-17 by responder T cells, due to the fact
that the CD39-CD4+CD25+FoxP3+ subset produced IL-17,
which masked the suppressive effect of the Treg population as
a whole [92]. Therefore, it appears that Treg cells can suppress
Th17 cells but the suppressive Treg cells cannot be defined on
the basis of FoxP3 expression alone.

Conclusions and prospectus for new therapies

The overwhelming evidence of a role for T cells in the patho-
genesis of EAE and MS makes them an attractive target for
therapeutic intervention. Indeed, the two most commonly
used drugs used to treat MS, IFN-b and glatiramir acetate,
can increase Treg cells and IL-10 and thereby suppress proin-
flammatory T cell cytokines, although they probably also act
on other cell types. More deliberate strategies to manipulate
T cells involve either targeting inflammatory T cells or their
effector functions, or boosting the function of Treg cells. The
anti-VLA-4 antibody natalizumab, which inhibits the entry
of T cells into the CNS, is relatively effective compared to
other licensed drugs. However, because of the associated risk
of developing potentially fatal progressive multi-focal leu-
coencephalopathy, it is now available only to patients who
have failed other therapies or those with aggressive disease.

Other therapies in clinical trials include fingolimod
and alemtuzumab. Fingolimod prevents sphingosine-1-
phosphate (S1P) binding to its receptor (a process that facili-
tates the migration of lymphocytes from the lymph nodes),
thereby preventing lymphocyte recruitment from lymph
nodes to sites of inflammation. Alemtuzumab (formerly
CAMPATH-1H) kills T cells and other target cells by binds to
CD52. It selectively depletes CD4+ T cells for a median of 60
months [105]. A Phase II study, with a 2-year follow-up,
demonstrated that 85% of patients who received low-dose
and 90% who received high-dose alemtuzumab were
relapse-free compared to 60% of the patients who were
treated with IFN-b [106].

Strategies to either induce Treg cells in vivo or expand ex
vivo are also being considered for the treatment of MS. A
recent study provided proof-of-principle for nTreg cell-based
therapy in the EAE model. Transfer of myelin basic protein
(MBP)-reactive CD4+CD25+ Treg cells from TCR transgenic
mice prevented disease when given prior to immunization,
and prevented relapses when administered after the onset of
disease [107]. Of crucial importance for future therapies in
humans, the effect was seen only when relevant myelin
antigen-specific Treg cells were transferred, but not with poly-
clonal Treg cells. This could represent a significant obstacle to
the possible use of Treg therapy in MS, where the relevant
antigens are not well defined.

While clinical trials have demonstrated clearly marked
suppression of inflammatory disease activity and reduction
in disability progression, many second-line therapies for MS
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are accompanied by the risk of life-threatening complica-
tions [9]. This is partly a reflection of the global immuno-
suppressive effects of these drugs. Efforts are now focused
upon targeting Th17 cells and associated cytokines, includ-
ing anti-IL-17 antibodies and antibodies or antagonists to
cytokines that drive Th17 cells, such as IL-6 and IL-23.
Although Th17 cells are involved in protection against infec-
tion, evidence to date suggests that selective suppression of
Th17, but not Th1 cells, may confer protection against MS
without serious side effects. Antibodies against IL-17,
IL-12p40 and IL-23 are already in clinical trials for a number
of autoimmune and chronic inflammatory diseases. The
data appear very encouraging for rheumatoid arthritis and
psoriasis [108–110]. However, a Phase II trial with usteki-
numab, an IL-12/IL-23 p40 monoclonal antibody, was
not effective in preventing new lesion formation in MS
[111], although this may be attributed to the inclusion of
patients with advanced disease, and it has been suggested
that the drug may be more effective in patients with very
early disease [112]. Thus, while the IL-17/IL-23 axis is
clearly an important drug target for the treatment of MS,
its potential as a front-line therapy awaits further clinical
evaluation [113].

Disclosure

Kingston Mills is a co-founder and shareholder in Opsona
Therapeutics Ltd, a start-up company involved in the devel-
opment of anti-inflammatory drugs.
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