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An interferon-γ-producing Th1 subset is the major source
of IL-17 in experimental autoimmune encephalitis
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Abstract

ThIL-17 (IL-17+/IFN-γ−) cell lines are significantly more encephalitogenic than Th1 (IL-17−/IFN-γ+) cell lines in adoptive transfer EAE
models. In actively induced EAE short ex vivo peptide stimulation identifies an IL-17+/IFN-γ+ population of CD4+ CNS-infiltrating
MOG35–55-specific Tcells, which outnumber IL-17+/IFN-γ− cells by approximately 3:1 as disease develops. A decrease in numbers of IL-17+/
IFN-γ+ cells following in vitro culture is accompanied by an increase in IL-17−/IFN-γ+ cell numbers. Together these ex vivo and in vitro
observations imply that the Th1 lineage is more encephalitogenic than is suggested by adoptive transfer of Th1 (IL-17−/IFN-γ+) cell lines which
have been terminally differentiated in vitro.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recent studies have demonstrated that the pro-inflamma-
tory cytokine IL-17 has a significant role in the development
of pathological changes that accompany central nervous
system (CNS) inflammation in experimental autoimmune
encephalitis (EAE). IL-17−/− mice have a delayed disease
onset and reduced disease severity with early recovery
(Komiyama et al., 2006), while administration of neutraliz-
ing anti-IL-17 antibodies immediately prior to the expected
onset of actively induced clinical disease in wild type ani-
mals reduces both disease incidence and severity (Langrish
et al., 2005; Park et al., 2005). IL-17 production by T cells is
dependent on IL-23, a heterodimeric cytokine composed of a
p40 subunit, shared with IL-12, and an IL-23 specific p19
subunit (Oppmann et al., 2000). Both p19−/− and p40−/−

mice are resistant to actively induced EAE (Cua et al., 2003)
and CNS-infiltrating CD4+ T lymphocytes derived from
p19−/− mice do not produce IL-17 following in vitro re-
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stimulation (Langrish et al., 2005). Additional in vitro
studies have demonstrated that IL-23 supports the differen-
tiation of a unique T cell subset, termed ThIL-17. ThIL-17
differentiation is also CD28 and ICOS dependent and occurs
independently of STAT4 or STAT6 signaling (Harrington
et al., 2005; Park et al., 2005). The ThIL-17 subset is
characterized by the production of IL-17, IL-17F, IL-6 and
TNF, but not IFN-γ, and adoptive transfer of myelin-specific
ThIL-17 cell lines produces symptomatic EAE in a dose-
dependent fashion (Langrish et al., 2005). In contrast,
adoptively transferred IL-17−/IFN-γ+ Th1 cell lines only
have a mildly encephalitogenic action (Langrish et al.,
2005). It has also been demonstrated that in certain situations
IFN-γ is a potent suppressor of IL-17 production (Harring-
ton et al., 2005; Park et al., 2005) and loss of IFN-γ-
mediated inhibition of IFN-γ− T cell proliferation (Chu
et al., 2000) accounts for the observations that IFN-γ−/−

(Ferber et al., 1996; Wensky et al., 2005), IFN-γR−/−

(Willenborg et al., 1996) and IL-12p35−/− (Becher et al.,
2002) mice develop a more severe EAE disease course than
that seen in wild type animals. Moreover, since studies in rat
models of optic nerve crush injury and spinal cord contusion
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have demonstrated that myelin-specific Th1 cell lines can
promote neural repair (Hauben et al., 2000; Moalem et al.,
1999), understanding the mechanisms that regulate IL-17
and IFN-γ production in the course of CNS inflammation is
relevant to refining immunomodulatory strategies used in the
treatment of human neurological diseases.

Some debate exists as to the degree of overlap that exists
between ThIL-17 and Th1 effector cell developmental path-
ways. In one model it is proposed that a pre-Th1 intermediate
is activated by IFN-γ or IL-27 induction of T-bet, via STAT1,
leading to upregulation of IL-12Rβ2 and IL-23R. Both IL-
12Rβ2 and IL-23R pair with constitutively expressed IL-
12Rβ1, thereby resulting in coexpression of the IL-12R and
the IL-23R. Further differentiation to a Th1 or ThIL-17
phenotype then depends upon subsequent IL-12 or IL-23
stimulation (Bettelli and Kuchroo, 2005). An alternate
hypothesis suggests that IL-17 and IFN-γ effector differen-
tiation occurs at the naïve Tcell stage. However, naïve Tcells
do not express the IL-23R (Aggarwal et al., 2003) and recent
studies show that IL-6 and TGF-β1 are also important in the
differentiation of the ThIL-17 subset (Bettelli et al., 2006;
Veldhoen et al., 2006), with IL-23R being induced by TGF-
β1 (Mangan et al., 2006). While Betelli et al., were unable to
induce differentiation of IL-17 producing T cells from naive
2D2 MOG35–55 Tg T cells (Bettelli et al., 2006), Langrish
et al., demonstrated that after 7 days in culture with anti-
CD3/anti-CD28 antibodies and rIL-23 naïve TCR-transgenic
D011.10Tg X Rag−/− cells had all transformed to a CD62Llo
phenotype and 1% of cells produced IL-17 following
stimulation with PMA/ionomycin (Langrish et al., 2005).
Similarly, Harrington et al., were able to identify 2% of
IL-17+/IFN-γ− cells after stimulation of naïve D011.10Tg
X Rag−/− T cells with OVA peptide and splenic feeder cells
in the presence of IL-23 and anti-IFN-γ antibody (Harring-
ton et al., 2005).

Further evidence suggests that IL-23 is not essential for
the priming of ThIL-17 cell differentiation. T cells derived
from the draining lymph nodes (DLN) of IL-23p19−/− mice
6 days after immunization with MOG35–55 peptide emulsi-
fied in CFA demonstrate normal proliferative responses to
MOG35–55 restimulation (Cua et al., 2003) and following
immunization of p40−/− mice, in vitro culture of DLN cells
with IL-23 produces a ThIL-17 phenotype (Langrish et al.,
2005). However, while active immunization of p19−/− and
p40−/− mice primes myelin-specific T cell responses in the
absence of IL-23, systemic expression of IL-23 by treatment
with gene transfer vectors is not sufficient to cause symp-
tomatic disease (Cua et al., 2003), whereas reconstitution of
IL-23 expression in the CNS alone induces the disease state
(Cua et al., 2003). Taken together these data suggest that
although ThIL-17 cells have been induced from naïve T cells
in certain in vitro conditions, IL-23 is not essential for in
vivo priming of naïve T cells following immunization with
myelin epitopes, but is critical for IL-17 production by
activated/memory T cells when they re-encounter antigen.
Therefore, mechanisms that regulate activated T cell dif-
ferentiation and cytokine production within the CNS are
different from those that result in priming of T cell responses
in the periphery.

In this study we provide support for the concept that
immunization with MOG35–55 peptide results in the activa-
tion of a CD4+ T cell population capable of producing both
IFN-γ and IL-17. We describe a hitherto unreported
population of short-lived IL-17+/IFN-γ+ population of
MOG35–55-specific cells that can be isolated from the CNS
and our data is consistent with this cell population
representing a pre-Th1 intermediate phase of differentia-
tion. Recent reports suggesting that the Th1 lineage is only
mildly encephalitogenic are based on results of adoptive
transfer studies that used Th1 cell lines which had been
terminally differentiated in vitro to an IL-17−/IFN-γ+
phenotype. The observation that Th1 differentiation is
associated with IL-17 production challenges the paradigm
that the ThIL-17 subset is the major pathogenic population in
EAE.

2. Materials and methods

2.1. Mice

C57BL/6 were obtained from ARC, Perth, WA and
housed under specific pathogen-free conditions. Animals
were maintained according to regulations of the NH and
MRC and all animal procedures were approved by the
Garvan Institute Animal Ethics Committee.

2.2. EAE

EAE was induced in 8–10 week old female mice. Mice
received a 50 μl injection into each flank, containing 50 μg
MOG35–55 (MEVGWYRSPFSRVVHLYRNGK) (N90% pu-
rity, Mimotopes, Clayton, Vic) emulsified with CFA supple-
mented with 5 mg/ml of H37 Ra Mycobacterium tuberculosis
(Difco Laboratories), and received an i.p. injection containing
200 ng of pertussis toxin (List Biological Laboratories) on
days 0 and 2. Animals were observed daily for signs of
clinical disease. Disease severity was graded as follows: grade
0, normal; grade 1, loss of tail tone; grade 2, flaccid tail; grade
3, hindlimb paresis; grade 4, hindlimb paralysis; grade 5,
forelimb paresis.

2.3. Isolation of CNS inflammatory cells

Mice were euthanized by i.p. injection of ketamine
and perfused with ice-cold PBS. Inflammatory cells were
recovered from the CNS (brain and spinal cord) by
mechanical dissociation of tissues in 30% Percoll (4 °C),
which was then layered over 70% Percoll (Amersham
Biosciences). Inflammatory cells were separated from the
interface after centrifugation at 500 g for 20 min and washed
twice in PBS (4 °C). Total number of cells derived from each
animal was determined using a haemocytometer.
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2.4. Antibody staining of CNS inflammatory cells and flow
cytometry

1×105 CNS-derived inflammatory cells were washed and
blocked with 1 μg/ml of Fcγ block (BD Biosciences), then
incubated with anti-CD45-PE, anti-CD11b-FITC and anti-
CD4-APC (BD Biosciences) antibodies for 20 min at 4 °C.
Flow cytometric analysis was performed using a FACSCa-
libur flow cytometer (Becton Dickson).

2.5. MOG35–55 peptide restimulation

After separation at 4 °C, DLN, spleen and CNS-derived
inflammatory cells were incubated in T cell medium (RPMI
1640 media containing 10% FCS, supplemented with Pen-
Strep and L-glutamine) at 37 °C/5% CO2 for 2 h. Cells were
then pelleted by centrifugation at 500 g for 5 min and
resuspended in T cell medium containing Golgi Block (BD
Biosciences) +/− 20 μg/ml MOG35–55 peptide at a
concentration of 1×106 cells/ml. 2×105 cells/well were
then cultured in a 96-well U-bottomed plate for 6 h. For
30 hour MOG35–55 peptide restimulation experiments cells
were resuspended in T cell medium without Golgi block,
which was subsequently added for the last 6 h of culture.

2.6. Intracellular cytokine staining and flow cytometry

Following culture experiments cells were transferred to aV-
bottomed plate, washed and blocked with 1 μg/ml of Fcγ
Fig. 1. Three populations of MOG35–55-specific CD4+ T cells can be identified in th
IFN-γ following a six hour ex vivo peptide stimulation. A. Clinical course of
approximately 9% of the CD45+ inflammatory cells isolated from the CNS two day
expression by the CD4+ population in response to MOG35–55 peptide stimulation. C
demonstrate no significant binding to isotype PE- and FITC-conjugated control
population demonstrates IL-17 (E) and IFN-γ (F) producing populations following
demonstrates IL-17+/IFN-γ−, IL-17+/IFN-γ+ and IL-17−/IFN-γ+ subsets of CD4+
producing IFN-γ. H. No significant cytokine production was observed in the abse
block (BD Biosciences), then stained with anti-CD4-APC.
Cells were thenwashed, fixed and permeabilizedwithCytofix/
Cytoperm buffer (BD Biosciences) and intracellular stained
with anti-IFN-γ-FITC and anti-IL-17-PE or FITC- and PE-
conjugated isotype controls (BD Biosciences). Flow cyto-
metric analysis was performed using a FACSCalibur flow
cytometer (Becton Dickson). The percentage of MOG35–55-
specific CD4+ T cells was determined by comparing cytokine
production inMOG stimulated and unstimulated cultures. The
number of MOG35–55-specific CD4+ cells derived from each
animal was calculated as follows: number of CD4+ T cells=
(total number of cells×% CD4+ cells) /100 and number of
MOG35–55-specific CD4+ T cells=(total number of CD4+ T
cells×% cytokine+ cells) /100.

2.7. Proliferation assays

2.7.1. Carboxyfluorescein diacetate succinimidyl ester
(CFSE) labeling

CNS-derived inflammatory cells were washed and
resuspended in 1 ml ice-cold PBS/0.1% Foetal Calf Serum
(FCS) to which CFSE (Molecular Probes) was added at a
final concentration of 0.05 μM. The cell suspension was then
vortexed immediately and incubated in a 37 °C waterbath for
10 min, after which CFSE was quenched by addition of
10 ml ice-cold PBS/10% FCS for 5 min. After two washes
with PBS/10% FCS cells were resuspended in T cell
medium +/− 20 μg/ml MOG35–55 peptide at a concentration
of 1×106 cells/ml. 2×105 cells/well were then cultured in a
e CNS of animals with EAE by intracellular cytokine staining for IL-17 and
EAE (mean score+/−SEM). B. CD4+ T helper lymphocytes account for
s after the onset of symptomatic disease. (C–H) Analysis of IL-17 and IFN-γ
. CD4+ cell gate. D. CD4+ cells subjected to MOG35–55 peptide stimulation
antibodies. E+F. IL-17-PE and IFN-γ-FITC single staining of the CD4+
MOG35–55 peptide stimulation. F. Dual IL-17-PE and IFN-γ-FITC staining
MOG35–55-specific T cells, with the majority of IL-17 expressing cells also
nce of MOG35–55 peptide stimulation.
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96-well U-bottomed plate for 30 h with addition of Golgi
block for the last 6 h of culture. FACS analysis was
undertaken after staining with anti-CD4-PE and anti-IFN-γ-
APC antibodies.

2.7.2. 3[H] thymidine
2×105 CNS-derived inflammatory cells/well were cul-

tured in a 96-well U-bottomed plate +/− 20 μg/ml MOG35–55

peptide with 1 μCi 3[H] thymidine. After 30 h cells were
harvested and 3[H] thymidine incorporation was quantified
using a beta-scintillation counter.

2.8. Statistical analysis

A two-tailed Mann–Whitney U test was used to compare
i) the frequencies of IL-17+/IFN-γ−, IL-17+/IFN-γ+ and IL-
17−/IFN-γ+ T cell populations derived from paired samples
following 6 and 30 hour MOG35–55 peptide restimulation
and ii) 3[H] thymidine incorporation between unstimulated
and MOG35–55 peptide stimulated cultures.

3. Results

Recent studies classify Th1 and ThIL-17 subsets on the
basis of IFN-γ and IL-17 production respectively and
adoptive transfer studies demonstrate that ThIL-17 and Th1
Fig. 2. The kinetics of CD4+MOG35–55-specific T cell subset detection within the C
specific CD4+ T cells infiltrating the CNS were assessed by a six hour ex vivo stimu
Top panels illustrate the percentage of CD4+ MOG35–55-specific T cells according t
of CNS-infiltrating CD4+ T cells (+/−SEM). Bottom panels illustrate the mean
production (n=8 at each time point).
cell lines have marked differences in their encephalitogeni-
city. Since Th1 cell lines are quantitatively less encephalito-
genic than ThIL-17 cell lines and can also potentially
contribute to repair processes within the CNS following
injury, we sought to determine the relative frequencies of
MOG35–55-specific Th1 and ThIL-17 cells infiltrating the CNS
of animals with actively induced EAE. In initial experiments
inflammatory cells were separated from the CNS of animals
two days after the onset of symptomatic disease (Fig. 1A) and
it was determined that approximately 9% of CD45+ cells
were CD4+ Tcells (Fig. 1B), with macrophages/granulocytes
(CD45hiCD11b+) and microglia (CD45loCD11b+) making
up the major immune cell populations (data not shown).
Approximately 10% of CNS-infiltrating CD4+ T cells
demonstrated MOG35–55 specificity as measured by intra-
cellular cytokine staining for IFN-γ and IL-17. In contrast to
previous studies which have reported that IL-17 and IFN-γ
production is mutually exclusive, a 6 hour ex vivo
restimulation with MOG35–55 peptide defined three discrete
populations of MOG35–55-specific CD4+ T cells. The
majority of MOG35–55-specific CD4+ T cells produced
IFN-γ, with approximately half of these cells also producing
IL-17, whereas IL-17+/IFN-γ− Tcells accounted for only 1%
of CNS-infiltrating CD4+ T cells (Fig. 1C–H).

Next we investigated CD4+ T cell infiltration of the CNS
and cytokine production in relation to the development of
NS during the development of EAE. The percentage and numbers of antigen-
lation with MOG35–55 (20 μg/ml) 8, 10, 12 and 14 days post-immunization.
o cytokine production. Results expressed as a percentage of the total number
number of CD4+ MOG35–55-specific T cells/animal according to cytokine



Fig. 3. The kinetics of CD4+MOG35–55-specific T cell subset detection within the DLN and spleen post-immunization. The percentage of antigen-specific CD4+
T cells in the DLN and spleen was assessed by a six hour ex vivo stimulation with MOG35–55 (20 μg/ml) 8, 10, 12 and 14 days post-immunization. Top panels
illustrate the percentage of CD4+ MOG35–55-specific T cells in the DLN according to cytokine production. Results expressed as a percentage of the total number
of CD4+ T cells (+/−SEM). Bottom panels illustrate the percentage of CD4+ MOG35–55-specific T cells in the spleen according to cytokine production. Results
expressed as a percentage of the total number of CD4+ T cells (+/−SEM) (n=8 at each time point).
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symptomatic disease. Disease onset typically occurred
8 days post-immunization and animals then developed a
rapidly ascending paralysis over the next 4 days, following
which time the acquired disability stabilized (Fig. 1A). At the
onset of clinical signs the majority of MOG35–55-specific
CD4+ T cells were IL-17+/IFN-γ+ (Fig. 2) and disease
progression was associated with an increase in the numbers
Fig. 4. IL-17+/IFN-γ+MOG35–55-specific CD4+ T cells are a short-lived population
17−/IFN-γ+ subset frequencies were compared following 6 h and 30 h of in vitro p
FACS plot following a 30 hour peptide stimulation. C. Comparison of IL-17+/IFN-
bars) and 30 h (open bars) of peptide stimulation. (n=10. Paired samples analyzed f
Mann–WhitneyU test). No change in the frequency of IL-17+/IFN-γ− cells was ob
presence of MOG35–55 resulted in a marked reduction in the frequency of IL-17+/IF
frequency of IL-17−/IFN-γ+ MOG35–55-specific CD4+ T cells (⁎⁎pb0.05).
of all three populations within the CNS. Maximum numbers
of IL-17+/IFN-γ− and IL-17+/IFN-γ+ cells occurred
between day 10 and day 12, after which numbers of both
populations declined, correlating with disease stabilization.
Between day 8 (disease onset) and day 12 (stabilization of
disability) IL-17+/IFN-γ+ cells were detected at a 2.8 fold
higher prevalence than IL-17+/IFN-γ− cells, an observation
. (A–C) CD4+ MOG35–55-specific IL-17+/IFN-γ−, IL-17+/IFN-γ+ and IL-
eptide stimulation. A. FACS plot following a 6 hour peptide stimulation. B.
γ−, IL-17+/IFN-γ+ and IL-17−/IFN-γ+ subset frequencies after 6 h (shaded
or frequency of T cell subsets at 6 and 30 hour time points using a two-tailed
served between 6 and 30 h of culture ( p=NS). A further 24 h of culture in the
N-γ+ MOG35–55-specific CD4+ T cells (⁎pb0.0005) and an increase in the



Fig. 5. Cell division is not observed in CNS-derived IFN-γ+ MOG35–55-specific CD4+ T cells 30 h after in vitro peptide stimulation. A–C. CNS-derived
inflammatory cells were labeled with CFSE and cultured for 30 h +/−MOG35–55 (20 μg/ml). A. CD4+ T cells were examined for CFSE fluorescence levels and
IFN-γ production. B. CFSE fluorescence in the absence of MOG35–55 stimulation. C. With MOG35–55 stimulation a population of IFN-γ+ cells was detected.
Uniform CFSE fluorescence levels were observed in the IFN-γ+ cell population and mean CFSE fluorescence levels did not differ significantly from those seen
in unstimulated cells or the IFN-γ− population. D. A 3[H] thymidine incorporation assay also demonstrated that 30 h of MOG35–55 peptide stimulation was not
associated with cell proliferation (n=8, p=NS).
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consistent with the former population being the major source
of IL-17. Similar numbers of IL-17+/IFN-γ+ and IL-17−
/IFN-γ+ cells were observed at day 10, but numbers of
IL-17−/IFN-γ+ cells continued to rise with maximum fre-
quency and absolute numbers occurring 12 days after im-
munization (Fig. 2).

Since CNS-infiltrating T cells are derived from peripher-
ally activated precursor cells we also examined IL-17 and
IFN-γ production in the CD4+ T cell populations within the
draining lymph nodes (DLN) and spleen. In the DLN no
MOG35–55-specific IL-17+/IFN-γ− could be detected above
background levels, IL-17+/IFN-γ+ cells declined in number
after day 8, and IL-17−/IFN-γ+ cell numbers peaked at day
10 (Fig. 3). Within the spleen ex vivo stimulation with
MOG35–55 peptide demonstrated a similar temporal profile of
cytokine producing MOG35–55-specific CD4+ T cells to that
observed in the CNS, with maximum numbers of IL-17+/
IFN-γ+ cells present at day 10–12 and IL-17−/IFN-γ+ cell
numbers reaching maximum frequency at day 12 (Fig. 3).
The temporal profile of these observed responses and N10-
fold increase in the frequency of CD4+MOG35–55-specific
cells in the CNS compared to the spleen was consistent
with priming of MOG35–55-specific T cells in the DLN with
subsequent retention of antigen-specific cells within the
CNS.

In all three organ systems it was noted that numbers of IL-
17−/IFN-γ+ cells continued to increase for 24 h after the
number of IL-17+/IFN-γ+ cells had stabilized. This increase
in numbers of IL-17−/IFN-γ+ CD4+ T cells within the CNS
might reflect further recruitment and retention of peripher-
ally derived T cells, proliferation of recruited T cells with-
in the CNS, differentiation of IL-17+/IFN-γ+ cells into a
IL-17−/IFN-γ+ phenotype or a combination of these mech-
anisms. To determine whether IL-17+/IFN-γ+ cells could
represent a pre-Th1 intermediate subset that differentiates
into an IL-17−/IFN-γ+ population, CNS-derived CD4+ cells
were restimulated with MOG35–55 peptide and ex vivo
cytokine profiles 6 h after stimulation were compared with
those obtained from paired samples after 30 h of culture. An
additional 24 h in culture resulted in a marked decrease in the
frequency of IL-17+/IFN-γ+MOG35–55-specific T cells
( pb0.0005) and an increase in the frequency of IL-17−
/IFN-γ+ T cells ( pb0.05) (Fig. 4).

In order to determine whether the increase in frequency of
IL-17−/IFN-γ+ cells could be due to a proliferation effect,
CNS-derived cells were labeled with CFSE and stimulated
with MOG35–55 peptide for 30 h, with addition of Golgi
block for the last 6 h of culture. CD4+ cells were then probed
for interferon-γ production and CFSE fluorescence levels
compared between IFN-γ+ and IFN-γ− populations. Both
IFN-γ+ MOG35–55-specific T cells and IFN-γ− T cell
populations demonstrated the same mean CFSE fluorescence
intensity after 30 h of culture and no IFN-γ+ MOG35–55-
specific T cells had a reduced CFSE fluorescence inten-
sity that would have been observed with cell division
(Fig. 5A–C). Similarly, no significant differences were ob-
served when 3[H] thymidine uptake was compared between
MOG35–55-stimulated and unstimulated cultures (Fig. 5D).
Therefore, the rise in frequency of IL-17−/IFN-γ+ cells that
accompanies the decline in frequency of IL-17+/IFN-γ+
cells occurs in the absence of cell proliferation and is
consistent with the hypothesis that a pre-Th1 intermediate
IL-17+/IFN-γ+ population differentiates into an IL-17−
/IFN-γ+Th1 population.

4. Discussion

The important role of the pro-inflammatory cytokine IL-
17 in the development of EAE is illustrated by the delayed
onset and less severe disease course observed in IL-17−/−

mice (Komiyama et al., 2006). Recent studies have defined a
unique T cell subset, termed ThIL-17, that is identified by a
cytokine profile distinct from that observed in Th1 or Th2
subsets (Langrish et al., 2005). The differentiation of the
ThIL-17 subset requires different cytokines and transcription
factors to those needed for Th1/Th2 differentiation and the
presence or absence of IL-6 with TGF-β1 stimulation also
determines a separate ThIL-17/Treg dichotomy (Bettelli et al.,
2006). Increased IL-17 levels are associated with the human
inflammatory CNS disorders, multiple sclerosis (Lock et al.,



102 S. Suryani, I. Sutton / Journal of Neuroimmunology 183 (2007) 96–103
2002) and neuromyelitis optica (Ishizu et al., 2005), and
adoptive transfer studies in mice using myelin-specific T cell
lines have demonstrated that EAE is induced by ThIL-17 cells
in a dose-dependent fashion, whereas Th1 cell lines are only
mildly pathogenic. While these adoptive T cell transfer
studies demonstrate the clear pathogenic role of the ThIL-17
subset, the T cell lines used were derived from DLN of
immunized mice that had been cultured for 10–14 days with
either IL-12 or IL-23 prior to adoptive transfer (Langrish
et al., 2005). Thus important questions regarding the in vivo
regulation of activated T cell differentiation within the CNS
still require further investigation.

In this study we have demonstrated that following EAE
induction in C57BL/6 wild type animals the major
population of CNS-infiltrating CD4+ MOG35–55-specific
CD4+ T cells have an IL-17−/IFN-γ+ (Th1) phenotype,
whereas the IL-17+/IFN-γ− ThIL-17 subset only accounts for
approximately 1% of the CNS-infiltrating CD4+ T cells.
Although previous studies using the C57BL/6-MOG35–55

and SJL-PLP139–151 EAE models have suggested that IL-17
and IFN-γ production is mutually exclusive in CD4+ T cells
derived from spleen and DLN, in both studies cells were
restimulated with peptide for 18 and 24 h with addition of
Golgi block and PMA/ionomycin for the last 4–5 h of the
culture (Harrington et al., 2005; Langrish et al., 2005). In
contrast, in this study an ex vivo 6 hour peptide stimulation
of CNS-derived CD4+ T cells, in the presence of Golgi
block, revealed that a significant proportion of MOG35–55-
specific CD4+ T cells produced both IL-17 and IFN-γ. The
identification of this large population of IL-17+/IFN-γ+
CD4+ population raises important issues in relation to the
existing Th1/ThIL-17 classification. In using a short period of
T cell stimulation our work shares some similarities with the
seminal paper of Kelso and Gough which reported the
identification of both Th1 and Th2 cytokines in alloreactive
T cell clones, thereby challenging the traditional Th1/Th2
dichotomy that had also been established by work on long-
term T cell clones (Kelso and Gough, 1988). While the study
of Kelso and Gough stimulated T cells on average for
22 days after cloning, CNS-derived T cells obtained in this
study were stimulated immediately following separation.
Therefore, in order to determine whether the IL-17+/IFN-γ+
phenotype is stable over time cytokine profiles were
examined after 30 h of MOG35–55 peptide stimulation. The
results obtained demonstrated a dramatic decline in the
frequency of IL-17+/IFN-γ+ T cells after a further 24 h of in
vitro culture.

Presently it cannot be discounted that survival of this
CNS-derived MOG35–55-specific IL-17+/IFN-γ+ T cell
population depends upon CNS factors that are absent in
culture. However, two observations indirectly support the
notion that this IL-17+/IFN-γ+ subset is a short-lived pre-
Th1 intermediate population which transiently expresses IL-
17. Firstly, the results from the 6 hour ex vivo peptide
stimulation at different points in the disease course
demonstrate that at the time of disease onset the majority of
MOG35–55-specific CD4+ Tcells are IL-17+/IFN-γ+, then as
disease progresses the IL-17−/IFN-γ+ becomes the major
subset and continues to increase in number after IL-17+
/IFN-γ+ cell numbers stabilize. Secondly, the disappearance
of IL-17+/ IFN-γ+ cells that occurs following in vitro cul-
ture for 30 h is accompanied by an increase in numbers of IL-
17−/IFN-γ+ cells in the absence of cell division/prolifera-
tion. While the existence of such a “pre-Th1” subset that can
differentiate into either a Th1 or ThIL-17 phenotype according
to the local immune environment was recently proposed by
Bettelli and Kuchroo (2005) it is unclear from our data
whether the CNS-derived IL-17+/IFN-γ+ subset is capable
of differentiating into a ThIL-17 phenotype. However, this
IL-17+/IFN-γ+ population outnumbered IL-17+/IFN-γ− cells
by approximately 3:1 from the onset of disease to the
development of maximum disability suggesting that the IL-
17+/IFN-γ+ subset is the major source of IL-17 as the EAE
disease course develops.

In conclusion, the results obtained in this study indicate
that priming of a T cell response results in a subset of cells
that are capable of producing both IL-17 and IFN-γ and
further differentiation of activated T cells can potentially
occur within the CNS. Additional studies are now required to
determine whether activated T cells entering the CNS are
irreversibly committed to a particular phenotype and what
factors influence intracerebral T cell differentiation, cytokine
production and survival. This is of importance since unlike
naïve T cells, mature pathogenic ThIL-17 effector cells are not
susceptible to the inhibitory effects of IFN-γ or IL-4 and
expansion of this differentiated population following in vitro
incubation of cultures with IL-23 is due to selective
outgrowth (Harrington et al., 2005). This latter observation
is consistent with Kelso's hypothesis that ultimately T cell
polarization within a particular environment is achieved at
the population level by altering frequencies of expression
among cells that have acquired different cytokine expression
patterns (Kelso, 1999). While recognition of the ThIL-17/Treg
axis has added a new dimension to the understanding of CNS
inflammation, this study establishes that the Th1 lineage is
the major population within the CNS CD4+ infiltrate in
EAE. Furthermore, several observations suggest that cells of
the Th1 lineage can contribute to CNS injury, notably that
IFN-γ exacerbates multiple sclerosis (Panitch et al., 1987a,b)
and differentiated IL-17−/IFN-γ+ Th1 cell lines can also be
mildly encephalitogenic in adoptive transfer EAE models.
The pathogenicity of any cell subset or cytokine ultimately
depends on the presence of other synergistic or inhibitory
factors and it cannot be discounted that IFN-γ has
pathological effects when acting synergistically with TNF-
α, IL-6 and IL-1 after the production of these cytokines has
been induced by the transient expression of IL-17 (Chabaud
et al., 1998; Dal Canto et al., 1999; Jovanovic et al., 1998;
Okuda et al., 1998; Samoilova et al., 1998; Sutton et al.,
2006) during intracerebral Th1 differentiation. Therefore,
definitive conclusions regarding Th1 effector function
should not necessarily be directly inferred from adoptive
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transfer studies that use cell lines/clones which have been
differentiated in vitro and Th1 differentiation/effector
function during the course of CNS inflammation should
remain an important area of investigation.
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