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Abstract
Experimental autoimmune encephalomyelitis (EAE) is a model of human multiple sclerosis (MS)
induced by auto-reactive T helper cells that mediate tissue inflammation and demyelination in the
CNS. Initially, IFN-γ-producing Th1 cells and, more recently, IL-17-producing Th17 cells with
specificity for myelin antigens 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 (MOG)-
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 MOG-
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 antigens
can induce CNS autoimmunity and that the pathological heterogeneity in MS lesions might in part
be due to multiple distinct myelin-reactive effector T cells.
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Introduction
Experimental autoimmune encephalomyelitis (EAE)3 has long served as an animal model
for human multiple sclerosis (MS). Both diseases are characterized by inflammation and
demyelination of the central nervous system (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 pathogenesis. 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-antigen specific 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-γ, a cytokine that has been
detected in inflammatory CNS lesions and is known to activate macrophages (4). These
studies suggest that IFN-γ and Th1 cells are essential initiators of EAE development; other
studies, however, showed that IFN-γ-deficient mice were not resistant but were in fact more
susceptible to EAE (7), thus questioning the role of IFN-γ 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 naïve T cells by TGF-β and IL-6 (8,9) and
are expanded and stabilized further by IL-23. Th17 cells produce IL-17A, 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-γ-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 versus 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 antigen specificities of the effector T cells.

In addition to Th1, Th2 and Th17 cells, another effector T cell subset, Th9 cells, has recently
been described (12,13). Driven by the combined effects of TGF-β and IL-4, Th9 cells
produce large amounts of IL-9 and IL-10. It has been shown that IL-9 together with TGF-β
can contribute to Th17 cell differentiation and Th17 cells themselves can produce IL-9 (14).
In addition, we have shown previously that Th9 cells are capable of inducing tissue
inflammation in a colitis model (12); however, whether Th9 cells can induce EAE has not
been investigated.

To characterize the T cell subsets that can induce EAE, we generated Th1, Th2, Th17, and
Th9 cells from MOG-specific TCR transgenic T cells in vitro and transferred them into
naïve syngeneic wild type recipients. Using different protocols and either one or two rounds

3Abbreviations used in this paper: EAE, experimental autoimmune encephalomyelitis; GC, germinal center; MBP, myelin basic
protein; MOG, myelin oligodendrocyte glycoprotein; MS, multiple sclerosis; PNS, peripheral nervous system; PT, pertussis toxin.
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of in vitro polarization, we could evaluate the pathogenic capacity of different types of in
vitro derived T cell subsets. In this report we show that not only Th1, but also Th17 and Th9
cells are capable of inducing EAE upon adoptive transfer. While clinical severity of the
disease was comparable, each subset induced disease with different albeit overlapping
pathologic features that may reflect their distinct effector functions.

Materials and Methods
Animals

C57Bl/6 mice were purchased from The Jackson Laboratory; all mice used were between 7–
10 weeks old. C57Bl/6 mice with a TCR specific for the peptide MOG35-55 are referred to as
2D2 mice and have been described previously (15). Mice were housed in a specific
pathogen-free, viral Ab-free animal facility at the Harvard Institutes of Medicine. All
breeding and experiments were reviewed and approved by the Institutional Animal Care and
Use Committee of Harvard Medical School.

Antibodies
Abs to CD4 (clone RM4-5) conjugated to PerCP or FITC or allophycocyanin-Cy7, CD62L
(clone MEL-14) conjugated to PE, IFN-γ (clone XMG1.2) conjugated to PE, IL-17 (clone
TC11-18H10.1) conjugated to allophycocyanin or PE, IL-10 (clone JES5-16E3) conjugated
to allophycocyanin and IL-9 (clone RM9A4) conjugated to PE or Alexa Fluor 647 were
purchased from BioLegend. The Ab to IL-17F (clone eBio18F10) conjugated to Alexa Fluor
647 was purchased from eBioscience. Abs to IL-4 (clone 11B11) conjugated to
allophycocyanin and Vα3.2 TCR (clone RR3-16) conjugated to biotin or FITC were
purchased from BD Pharmingen. Streptavidin conjugated to Pacific Blue was purchased
from Invitrogen.

ELISA
Cytokine secretion was measured in supernatants collected from re-stimulated cells just
before transfer. Secretion of IL-9, IL-17, IFN-γ and IL-10 was measured using matching
Abs (BD Pharmingen) in a sandwich ELISA. Secretion of IL-21 was measured with a
DuoSet ELISA Development kit according to the manufacturer’s instructions (R&D
Systems). Secretion of IL-22 was measured with an ELISA construction kit according to the
manufacturer’s instructions (ANTIGENIX AMERICA Inc.). In some experiments cytokine
secretion was measured using a cytokine bead array according to the manufacturer’s
instructions (BD Biosciences).

Differentiation of T effector cells
Naïve T cells were isolated from spleen and lymph nodes of 7–10 week old 2D2 mice. To
prepare a single cell suspension spleens and lymph nodes were mashed and passed through a
70 µm mesh. After erythrocyte lysis, CD4+ T cells were purified using magnetic beads
coated with anti-CD4 Ab (clone L3T4) according to the manufacturer’s instructions
(Miltenyi Biotech). Subsequently, the CD4+ cells were stained with anti-CD4 and anti-
CD62L Abs and sorted into naïve CD4+CD62Lhi T cells with a BD FACS Aria. The naïve
cells were cultured at a concentration of 2x106 ml−1 in RPMI 1640 medium supplemented
with 10% FBS, L-glutamine, HEPES, penicillin/streptomycin, gentamicin sulfate and β-
mercaptoethanol. Cells were stimulated in the presence of 107 ml−1 irradiated splenocytes
(3400 rad) and either 2.5 µg/ml anti-CD3 Ab (clone 145-2C11, BioXCell) or 20 µg/ml of
MOG35-55. Th1 cells were generated by addition of IL-12 at a concentration of 10 ng/ml and
anti-IL-4 Ab (clone 11B11) at a concentration of 20 µg/ml into the culture (see also Figure
1). For the generation of Th17 cells naïve T cells were cultured with IL-6 at a concentration
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of 30 ng/ml, TGF-β at a concentration of 3 ng/ml, anti-IFN-γ (clone XMG1.2) and anti IL-4
Ab at a concentration of 20 µg/ml. Polarization of Th9 cells was induced by addition of IL-4
at a concentration of 20 ng/ml and TGF-β at a concentration of 3 ng/ml into the culture. Th2
cells were generated via addition of IL-4 at a concentration of 10 ng/ml and anti-IL-12 Ab
(clone C17.8) at a concentration of 20 µg/ml.

After 48h Th1, Th2, and Th9 cells were split with medium containing 20 U/ml of IL-2. Th17
cells were split after 48h using either medium containing 10 ng/ml of IL-23 or RPMI 1640
medium containing 2 U/ml of IL-2. All cytokines were purchased from R&D.

The differentiation process was monitored daily by microscopy. After an initial phase of
proliferation and activation, cells reached the resting stage after 6–7 days of culture. After
resting, the polarized T cells were re-stimulated by culturing them at a concentration of
2x106 ml−1 for 48h in the presence of plate-bound anti-CD3 and anti-CD28 (clone PV-1,
BioXCell) Abs at a concentration of 2 µg/ml in fresh medium without any cytokines.

Induction of EAE by transfer of T effector cells
Re-stimulated cells were collected and extensively washed with PBS. 3–5 × 106 cytokine
producing cells were injected i.v. into C57Bl/6 recipients. In some of the experiments
recipient mice were injected i.p. with 150 ng pertussis toxin (PT) (List Biological
Laboratories) on day 0 and day 2 after T cell transfer. Animals were monitored daily for
development of EAE according to the following criteria: 0, no disease; 1, decreased tail
tone; 2, hind limb weakness or partial paralysis; 3, complete hind limb paralysis; 4, front and
hind limb paralysis; 5, moribund state. Mice were sacrificed for histopathological analysis at
day 40 after transfer.

Recovery of transferred cells
Recipient mice were sacrificed at the peak of disease and perfused through the left cardiac
ventricle with PBS. Brain and spinal cord were cut into pieces and digested for 30 minutes at
37°C with Collagenase D at a concentration of 2.5 mg/ml (Roche) and Deoxyribonuclease I
(Sigma) at a concentration of 1 mg/ml. To prepare a single cell suspension the tissues were
mashed and passed trough a 70 µm mesh. Mononuclear cells were isolated over a 37%/70%
Percoll gradient (GE healthcare) as described previously (16). Transferred T cells were
distinguished from endogenous T cells by the expression of Vα3.2, which is expressed on all
2D2 T cells, but only on about 0.5 - 0.7% of the endogenous T cell repertoire of C57Bl/6
mice.

Intracellular cytokine staining
Cells were stimulated for 4.5 h with 50 ng/ml phorbol 12-myristate 13-acetate (Sigma) and 1
µM ionomycin (Sigma) in the presence of monensin (GolgiStop, BD Pharmingen). Cells
were then fixed with 0.4% para-formaldehyde (Electron Microscopy Sciences) and
permeabilized with PBS containing 2% FCS and 0.1% Saponin (Sigma). Cells were
analyzed for the production of cytokines by staining with anti-cytokine Abs and subsequent
flow cytometry on a BD FACS Calibur or on a BD LSRII.

Histopathologic analysis
Mice were sacrificed 40 days after transfer and brains and spinal cords were fixed in 10%
neutral buffered formalin and processed routinely for paraffin embedment. Slides were
stained with Luxol fast blue-hematoxylin and eosin stains. Inflammatory foci (>10
mononuclear cells) were counted in leptomeninges and parenchyma in a blinded fashion in
that the pathologist was unaware of the clinical status and T cell subset that the mice had
received.
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Results
Induction of EAE with primary in vitro generated T cell subsets

While some studies show that Th1 cells but not Th17 cells induce EAE, others describe
Th17 cells to be more pathogenic than Th1 cells. Both Langrish et al. (10) and Kroenke et
al. (17) show that IL-17 producing T cells obtained from immunized mice and expanded in
vitro with IL-23 transfer EAE to naïve recipients. On the other hand, O’Connor et al. report
that Th17 cells generated in vitro from naïve myelin basic protein (MBP) TCR transgenic T
cells induce very little or no disease in recipients treated with pertussis toxin (PT) (11). The
reasons behind these discrepancies are not clear. To address these issues we compared the
ability of Th1 and Th17 cells, derived from TCR transgenic mice with the same myelin
specificity, to transfer EAE after differentiation/activation in vitro.

To generate T cell subsets devoid of any precursors of previously differentiated T cell
subsets, we sorted naïve CD4+CD62Lhi T cells isolated from MOG-specific TCR transgenic
mice (2D2 mice). These naïve T helper cells were activated in vitro in the presence of anti-
CD3 Ab and irradiated antigen-presenting cells (APCs) and differentiated into Th1 and
Th17 cells with polarizing cytokines (Figure 1). Th1 cells were generated in the presence of
IL-12 and a neutralizing Ab to IL-4 (1°Th1). Th17 cells were generated with IL-6 and TGF-
β in the presence of neutralizing Abs to IFN-γ and IL-4. In addition, Th17 cells were further
cultured in the presence of IL-23 (1°Th17 plus IL-23). After 4 days, the extent of
differentiation was determined by intracellular cytokine staining, and the differentiated T
cells were injected into C57Bl/6 recipients. Interestingly, only animals that had received
Th17 cells cultured in the presence of IL-23 (1°Th17 plus IL-23) developed clinical EAE
with a very late onset (Figure 2A and Table I). In contrast, recipients of Th1 cells remained
completely healthy throughout the observation period. Consistent with this observation, no
lesions could be found upon histopathological examination in the brain and spinal cord of
1°Th1 cell recipients. On the contrary, recipients of 1°Th17 plus IL-23 cells had large
numbers of inflammatory lesions in the meninges and the parenchyma (Table I). These data
show that after a single round of differentiation/activation in vitro, MOG-specific Th17 cells
but not Th1 cells induced EAE.

To determine whether co-administration of PT would increase the ability of Th1 or Th17
cells to induce EAE, recipients were treated with PT at the time of T cell transfer.
Surprisingly, administration of PT did not enhance but suppressed the development of EAE
induced by Th17 cells (Figure 2B). This experiment indicated that the administration of PT
following the injection of 1°Th17 plus IL-23 cells could abrogate the ability of Th17 cells to
induce EAE.

Differentiation of effector T cell subsets (Th1, Th2, Th17 and Th9) in vitro
To improve the ability of Th1 and Th17 cells to induce EAE, we tested different protocols
for in vitro differentiation. Thus, we determined whether re-activation after initial
differentiation in vitro could provide highly committed and activated T cell subsets capable
of transferring more consistent disease than the Th1 and Th17 cells that were activated only
once in vitro. In addition to Th1 and Th17 cells, we wanted to test the ability of Th9 and Th2
cells to transfer EAE in parallel. According to this new protocol, we sorted MOG-specific
CD4+CD62Lhi naive cells from 2D2 TCR transgenic mice and differentiated them in vitro
into Th1, Th2, Th17 and Th9 cells by adding the various polarizing cytokines required for
each T cell subsets. After the initial differentiation with polarizing cytokines, T cells were
reactivated in the presence of anti-CD3 / anti-CD28 Abs for 48h to generate highly activated
T cells. The protocols used to generate the various effector T cell subsets are shown in
Figure 1.
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After in vitro differentiation, we performed intracellular cytokine staining and/or cytokine
ELISA during both the primary (1°) and secondary rounds (2°) of polarization to confirm
that the T cell subsets were differentiated appropriately (Figures 3 and 4). As expected, Th1
cells produced mainly IFN-γ and no IL-17 or IL-4. Th17 cells produced massive amounts of
IL-17A and IL-17F, as well as IL-21 and IL-22. We did not observe more than 0.3% of
Th17 cells producing IFN-γ even after the secondary stimulation. Overall, the percentage of
IL-17-producing cells and the total amount of secreted IL-17 and IL-22 measured by ELISA
were increased when Th17 cells were further cultured in the presence of IL-23; however,
secretion of IL-9 by Th17 cells was decreased in the presence of IL-23. Th2 cells produced
primarily IL-4, IL-10 and small amounts of IL-9 and IL-21, whereas production of IL-17,
IFN-γ and IL-22 was not detected in Th2 cells. Th9 cells, generated by activation in the
presence of TGF-β and IL-4, produced large amounts of IL-9 and IL-10 as well as small
amounts of IL-17, IL-21, IL-22 and IFN-γ. These cytokine profiles show that all T cell
effector subsets are differentiated appropriately in vitro as indicated by the analyses of their
signature cytokines.

Induction of EAE with secondary in vitro generated T effector cells
First, we wanted to compare the pathogenic capacity of Th1 and Th17 cells after a second
re-stimulation in vitro. 48h after secondary activation T cells were injected into naïve
syngeneic WT mice without co-administration of PT and the recipients were observed for
the development of EAE. The transfer of T cells following secondary activation resulted in
the induction of EAE in Th1 and Th17 cell recipients (Figure 5). Th1 cell recipients
developed classical signs of EAE within 12 days after transfer and reached a mean
maximum score of 2.9 around day 24 (Figure 5 and Table II). Th17 cells generated either in
the presence or absence of IL-23 (2°Th17 plus IL-23 and 2°Th17 plus IL-2) both induced
EAE albeit with subtle differences. Both 2°Th17 plus IL-23 and 2°Th17 plus IL-2 cells
transferred EAE with a very high mean maximal score of 3.6 and 4.4, respectively. While
some Th17 cell recipients showed classical signs of EAE, others developed atypical signs of
EAE, such as ataxia, severe imbalance, and weight loss associated with high mortality, and
some Th17 recipients showed a combination of both classical and atypical signs of EAE.
The recipients of 2°Th17 plus IL-23 cells had massive meningeal and parenchymal
infiltrates and had almost twice as many lesions as 2°Th1 cell recipients. 2°Th17 cells
cultured without IL-23 also induced more lesions than Th1 cells, although to a lesser extent
than 2°Th17 plus IL-23 cells (Table II).

This experiment demonstrated that both Th1 and Th17 cells, generated from naïve
precursors of the same TCR specificity, induced very severe EAE independently of each
other and that 2°Th17 cells induced more massive infiltration and increased numbers of
CNS lesions than 2°Th1 cells.

We next evaluated the capacity of 2°Th2 and Th9 cells to induce EAE using 2°Th17 cells as
a positive control for comparison. For this set of experiments we stimulated naïve MOG-
specific T cells in the presence of MOG35-55 and antigen-presenting cells together with
polarizing cytokines. Th2 cells were differentiated in the presence of IL-4 and IL-12-
neutralizing Ab, while Th9 cells were generated by the addition of IL-4 and TGF-β to the
culture medium. After the first round of activation, the subsets were reactivated for 48h in
the presence of Abs to CD3 and CD28 and injected into naïve syngeneic recipients in the
presence of PT. All Th9 cell recipients developed EAE after transfer and reached a mean
maximum score of 2.3 (Table III and Figure 6). In contrast, most Th2 cell recipients did not
develop EAE; only very few of the Th2 cell recipients showed clinical signs of EAE with a
very late onset. Th17 cells used as a positive control in these experiments induced more
severe disease than both Th2 and Th9 cells. Both Th17 and Th9 cell recipients had a similar
frequency of CNS-lesions. These data showed that both secondary Th17 and Th9 cells could

Jäger et al. Page 6

J Immunol. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



induce EAE with inflammatory lesions in the CNS, whereas Th2 cells generated from the
same TCR transgenic T cells induced no or only very late and mild disease.

In vivo cytokine profile of transferred cells
To determine whether the transferred effector cells maintain their cytokine profile in vivo,
we recovered the transferred T cells from the CNS at the peak of disease and determined
their cytokine profile by intracellular cytokine staining. Transferred T cells were
distinguished from endogenous T cells by the expression of the Vα3.2 chain; Vα3.2 is part
of the MOG-specific TCR and thus expressed on all cells derived from 2D2 mice. However,
it is rarely expressed on endogenous T cells from C57Bl/6 mice.

When we recovered the 1°Th17 cells cultured with IL-23 from the CNS of recipient mice,
we observed a very stable Th17 phenotype, with 72.4% IL-17 producers and only 3.7% IFN-
γ and 4.4% IL-17/IFN-γ double producers, respectively (Figure 7A). Since only about 50%
of these Th17 cells had produced IL-17 in vitro before transfer, this experiment showed that
Th17 cells activated in the presence of IL-23 in the primary culture were relatively stable in
vivo.

In contrast, 2°Th17 cells that were cultured in the presence of IL-2 (without any IL-23) in
vitro had decreased their IL-17 production in vivo to 3.5% and, in addition, about 16% of
transferred cells in the CNS now produced IFN-γ (Figure 7B). On the contrary, 2°Th17 cells
that were cultured in the presence of IL-23 in vitro maintained their IL-17 production stable
at 40% in vivo. In addition to IL-17, the 2°Th17 cells activated in the presence of IL-23 also
began to produce IFN-γ either alone (9.7%) or together with IL-17 (5%) in vivo (Figure 7C).
It should be noted that only about 11.6% of input Th17 cells (2°Th17 plus IL-23) were
producing IL-17 in vitro just before transfer. These data further highlighted the importance
of IL-23 for the development of a stable phenotype of Th17 cells even over long periods
after in vivo transfer.

Transferred 2°Th1 cells recovered from the CNS of the recipients had maintained their
original cytokine profile and produced only large amounts of IFN-γ but no IL-17 in vivo
(Figure 7D), indicating that the Th1 phenotype is very stable in vivo and that, while Th17
cells can reshape to produce IFN-γ in vivo, Th1 cells do not start to produce IL-17 in vivo.

When we recovered cells from the CNS of Th9 cell recipients, we found that 50% of the
transferred 2°Th9 cells produced IFN-γ in vivo (Figure 7E). We determined whether the
2°Th9 cells produced IL-9 in vivo by stimulating cells recovered from the CNS of Th9 cell
recipients and measuring the levels of IL-9, IL-10, IL-4, IFN-γ and IL-17 in a cytokine bead
array (Figure 7F). As seen in the intracellular cytokine staining, the cells produced IFN-γ,
but also IL-9, IL-10, IL-4 and small amounts of IL-17. These data suggest that Th9 cells
maintained the production of their original cytokines IL-9, IL-10 and IL-4 in vivo, but that
they also started to produce IFN-γ and IL-17 upon transfer in vivo.

CNS-pathology in Th1, Th17 and Th9 recipients
In Th1 and Th17 plus IL-2 recipients there were typical meningeal and parenchymal
perivascular mononuclear cell infiltrates associated with demyelination (Figure 8 A–D). The
Th17 plus IL-23 cell recipients, on the other hand, showed inflammation and demyelination
together with aggregation of lymphocytes in the leptomeninges and occasionally in
Virchow-Robin spaces (Figure 8E, F). Importantly, only Th17 cells cultured with IL-23
induced these aggregates that we did not observe in recipients of Th17 cells cultured in the
absence of IL-23 or in recipients of any other T cell subset. These data suggest that IL-23
shapes the effector functions of Th17 cells probably by inducing a certain pattern of
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cytokines and cell surface molecules conducive to the formation of ectopic lymphoid
follicle-like structures.

The CNS lesions in Th9 recipients were characterized by massive parenchymal mononuclear
cell infiltrates and extensive demyelination (Figure 8G, H). There were also some peripheral
nervous system (PNS) inflammatory lesions and Wallerian degeneration in the dorsal nerve
roots in Th9 recipients (Figure 8I). Th9 cell recipients also tended to have fewer infiltrates
of small lymphocytes in the meninges compared to the other groups that developed EAE.
This distinct lesion pattern suggests that the mechanism of EAE induction by Th9 cells
differs from the mechanisms of Th1 and Th17 cells.

The histopathologic observations support our hypothesis that each subset of T cells induces
EAE via a different mechanism resulting in different lesion patterns.

Discussion
Starting from the same TCR transgenic T cell population with specificity for MOG35-55, we
generated various effector T cell subsets in vitro that induced EAE upon adoptive transfer.
Independently of each other, Th1, Th17 and Th9 cells each could transfer EAE with similar
severity and overlapping but distinct pathological phenotypes. Thus, we have begun to
address some of the controversies that exist in the literature regarding the effector T cells
that induce EAE. We also provide detailed protocols for generating various effector T cell
populations, so that their functions can be dissected.

One of the major differences between the present study and those of other investigators is
the starting population utilized for the generation of Th1 and Th17 cells in vitro. In previous
studies CNS antigen-specific T cell subsets were generated by isolating T cells from
immunized mice and expanding them in vitro with either Th1 or Th17 polarizing cytokines
(11,17). Since those cells have already been primed and potentially differentiated in vivo,
they contain precursors of multiple T cell subsets and are thus not ideally suited to study the
pathogenicity of specific subsets. To overcome this confounding problem, we utilized naïve
T cells from a MOG-specific TCR transgenic line (2D2 mice) for all in vitro differentiation
assays. After testing multiple protocols, we established methods for generating pure MOG-
specific effector T cell subsets in vitro that can induce EAE upon adoptive transfer in vivo.

Consistent with previous studies from our laboratory and from others, we demonstrated that
in vitro differentiated Th1 cells stimulated with anti-CD3 were able to induce typical clinical
and histological EAE and that the disease was independent of Th17 cells. Analogous to what
we showed for Th17 cells, Th1 cells were also capable of inducing EAE when stimulated
with MOG35-55 in vitro (data not shown). These data are consistent with the observations of
O’Connor et al., who showed that MBP–specific Th1 cells transferred EAE to B10.PL mice
(11). Thus, in vitro differentiated Th1 cells can induce EAE independently of Th17 cells. In
contrast to Stromnes et al. we did not observe a preferential infiltration of the spinal cord
versus the brain of Th1 recipients (18). Instead, MOG-TCR transgenic Th1 cells induced
lesions that were also numerous in the brain. Whether the specificity of the TCR or genetic
background is responsible for differential infiltration of Th17 cells into brain versus spinal
cord could not be addressed in the present study.

In contrast to the studies of O’Connor et al. (11), all Th17 cells generated by multiple
different protocols were capable of inducing EAE independently of other T cell subsets.
Interestingly, 2°Th17 cells cultured with low doses of IL-2 produced large amounts of IL-17
and no detectable IFN-γ in vitro, but when they were transferred in vivo their cytokine
pattern had shifted, i.e. they partly lost their ability to produce IL-17 and started to produce
IFN-γ. Only Th17 cells that were exposed to IL-23 during their differentiation in vitro
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maintained their IL-17 production also in vivo. These data revealed the importance of IL-23
for sustained IL-17 production and the stabilization of the Th17 phenotype. Nevertheless, a
small percentage of Th17 cells did produce IFN-γ when they were recovered from the CNS
of the recipient. These IFN-γ producers could originate from previously uncommitted cells
present within the transferred cells that then differentiated into Th1 cells in vivo. On the
other hand, due to an inherent plasticity of Th17 cells, these IFN-γ producers could originate
from cells that were once IL-17 producers in vitro and acquired the ability to produce IFN-γ
or IFN-γ together with IL-17 when transferred in vivo. It has been shown that IL-17
producing T cells can begin to produce IFN-γ when cultured with IL-12 in vitro (19), and a
recent study in the diabetes model has demonstrated that Th17 cells can become IFN-γ
producers in vivo (20). Our data illustrate the one-way plasticity of Th17 cells in that Th17
cells can begin to produce IFN-γ, whereas IFN-γ-producing Th1 cells are relatively stable
and do not start to produce IL-17. Our data suggest that IL-23 plays an important role in the
stability of Th17 cells; however, the mechanism by which IL-23 stabilizes the Th17
response is unclear. Since IL-23 can induce up-regulation of its own receptor (21), we
speculate that prolonged in vitro exposure to IL-23 induces enough IL-23R expression on
the surface of Th17 cells so that IL-23R effectively co-opts the IL-12Rβ1 receptor and thus
assembly of a functional IL-12R is inhibited. With this mechanism IL-23 would prevent
IL-12 from de-differentiating Th17 cells into Th1 cells.

Our data also clearly show that Th17 cells do transfer EAE but whether the disease is
dependent on IL-17 produced by the Th17 cells is not known. A recent report indicated that
IL-17A and IL-17F are not critical for the development of EAE in immunized mice (22),
while others have found that IL-17A significantly contributes to the induction of EAE in
immunized mice (23). It should be noted that the pathogenic capacity of Th17 cells cannot
be reduced to the effects of IL-17 alone but is composed of the effects of all cytokines
secreted by the Th17 cell subset.

Our results are in contrast to the findings of O’Connor et al. who reported that in vitro
differentiated primary MBP-specific Th17 cells cause only very mild and delayed disease in
B10.PL recipients (11). One possibility is that primary MBP-specific Th17 cells are less
pathogenic than primary MOG-specific Th17 cells due to inherent differences in their TCR-
specificity and availability of the encephalitogenic epitope in the CNS. In addition to these
inherent differences in the T cell specificity, the protocols used to generate Th1 and Th17
cells are different. The primary Th1 and Th17 cells utilized in the O’Connor study were
transferred 72h after the initial activation and the recipients were treated with pertussis
toxin. We did not transfer Th1 or Th17 cells 72h after activation because T cell commitment
as determined by intracellular cytokine staining and quantitative PCR of specific cytokines
and transcription factors is not complete at this time point. Although we cannot exclude that
the difference between the two studies results from the timing of T cell transfer, it is more
likely that the injection of PT along with T cells in the O’Connor et al. study accounts for
contrasting results with our study. We demonstrate that primary Th17 plus IL-23 cells lose
their ability to induce EAE when the recipient mice received PT. Indeed, an early study
reports that treatment of primed PLP-specific T cells with PT in vitro impairs their ability to
transfer EAE (24). Since the enzymatic A subunit of PT can disrupt signaling of G-protein
coupled receptors, it has been suggested that PT specifically affects the migration of T cells
by interfering with chemokine-receptor signals. In fact, in an adoptive transfer model of
experimental autoimmune uveitis it was shown that administration of PT after transfer of
pathogenic T cells can completely inhibit the migration of the T cells to the target organ
(25). Since different T cell subsets express different chemokine receptors, it is possible that
PT specifically inhibits the migration of Th17 cells by targeting chemokine-receptor
signaling specifically employed by Th17 cells. This would also explain why in the
O’Connor study the primary Th17 cells fail to induce EAE in PT-treated recipients, whereas
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the Th1 cells with the same specificity transfer EAE to PT-treated recipients. We did not
detect any change in the expression of CCR6 on Th17 cells when Th17 cells were treated in
vitro with pertussis toxin (data not shown). However, it is possible that PT preferentially
blocks the signaling of CCR6 expressed on Th17 cells (26) as opposed to CXCR3, which is
expressed on Th1 cells (27,28).

The spectrum of EAE in Th9 cell recipients was very heterogeneous; some mice only
developed mild EAE, whereas others developed fulminant clinical and correspondingly
extensive histologic disease. Recovery of transferred cells from the CNS of Th9 recipients
showed that the Th9 cells maintained the production of their original cytokines IL-9 and
IL-10, but in addition they had also increased production of IFN-γ. Similarly, we had
described previously that Th9 cells in the T cell transfer model of colitis also increased
production of both IFN-γ and IL-17 in vivo (12). Together, these data indicate that, similar
to Th17 cells, Th9 cells might have a greater plasticity compared to Th1 cells. CNS lesions
in Th9 cell recipients differed from those in Th1 and Th17 cell recipients as they were
characterized by massive and more evenly distributed parenchymal infiltrates associated
with marked demyelination. Compared to all other groups Th9 cell recipients appeared to
have fewer infiltrates of small lymphocytes in the meninges. Interestingly, Th9 cell
recipients also had some inflammatory lesions and Wallerian degeneration in the dorsal
nerve roots. Similar PNS lesions were also present in some of the recipients of Th17 cells
cultured with low doses of IL-2 and in the few recipients of Th2 cells that developed EAE.
Since both Th17 plus IL-2 and Th2 cells also produced some IL-9 during the differentiation
in vitro, this observation suggests that the development of PNS lesions may be driven by
IL-9, particularly since recipients of Th1 cells and Th17 plus IL-23 cells, (which do not
produce significant amounts of IL-9), did not show the same extent of PNS abnormalities.
This is consistent with our previous study in which we showed that Th9 cells upon adoptive
transfer into Rag-/- mice not only induced colitis but also peripheral neuritis (12).

Of note, secondary Th17 cells and Th9 cells could transfer EAE even in the presence of PT
in the recipient mice, whereas primary Th17 cells failed to induce EAE in the presence of
PT. The secondary re-stimulation in vitro generates highly activated T cells, which express
much higher levels of chemokine-receptors than T cells activated only once in vitro. We
propose that secondary Th17 cells express chemokine receptors so abundantly on their
surface that the presence of PT is not sufficient to block the migration of 2°Th17 cells to
their target organ. Although not extensively analyzed, the 2°Th17 cells may also express
different chemokine receptors compared to 1°Th17 cells, which may limit the blocking
effects of PT. Consistent with this observation, a recent study showed that MOG-specific
Th17 cells that were generated in vivo by immunization and then secondarily stimulated in
vitro with peptide and IL-23 transfer EAE even in PT-treated recipients (29). In addition, it
is also possible that in vivo generated Th17 cells express a different combination of
chemokine receptors and therefore may show different susceptibility to the effects of PT.

Overall, our data show that multiple different effector T cell subsets (Th1, Th17 and Th9)
can induce EAE independently of each other. Since they all produce different cytokines, it is
likely that they induce disease by overlapping but distinct mechanisms. Once the
inflammatory process advances, however, the clinical disease manifestations are
indistinguishable. Thus, the differences between the T cell subsets are mainly reflected in
the different patterns of tissue pathology induced by each T cell subset as exemplified by
ectopic lymphoid follicle formation in Th17 plus IL-23 cell recipients and more extensive
PNS lesions and extensive demyelination in Th9 cell recipients. By inducing EAE with
highly pure in vitro generated T cell subsets we have demonstrated that there is not only one
effector T cell subset that can induce EAE, but that there are in fact several effector T cell
subsets and different mechanisms by which each T cell subset can induce EAE. In view of
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the abundance of different types of polarizing factors present in vivo, it is likely that
different autoreactive T cell subsets are generated in patients with MS and that this mixture
of subsets similarly contributes to the heterogeneity of lesions.
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Figure 1. Generation of T cell subsets in vitro
MOG-specific CD4+CD62Lhi T cells were differentiated into Th1 and Th17 cells. After
initial activation in the presence of the indicated polarizing cytokines and neutralizing Abs
for 2 days, Th1 cells were further cultured with IL-2, while Th17 cells were further
supplemented either with IL-23 or with low doses of IL-2. After 6 days of culture primary
(1°) Th1, Th17 plus IL-2, and Th17 plus IL-23 cells were either collected for transfer, or re-
stimulated with Abs to CD3 and CD28 for 2 days to generate highly activated secondary
(2°) Th1, Th17 plus IL-2, and Th17 plus IL-23 cells.
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Figure 2. Transfer of primary Th1 and Th17 cells
A, primary Th17 cells but not Th1 cells can transfer EAE. MOG-specific CD4+CD62Lhi T
cells obtained from 2D2 TCR transgenic mice were stimulated with irradiated APCs and
anti-CD3 and differentiated into Th1 or Th17 cells with polarizing cytokines. Th17 cells
were additionally supplemented with IL-23. After 5 days 4×106 cytokine producing cells
were injected i.v. into C57Bl/6 recipients. Recipient animals were observed for the
development of clinical signs of EAE for 42 days. Error bars represent SEM. The data are
representative of 2 independent experiments. B, recipients of primary Th1 and Th17 cells
were administered pertussis toxin at the time of T cell transfer to study the effects of
pertussis toxin on the induction of EAE by Th1 versus Th17 cells. Experiments were
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performed as in A, but recipient mice received 150 ng pertussis toxin i.p. on day 0 and 2
after transfer.
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Figure 3. Intracellular cytokine profile of in vitro differentiated T cell subsets
In vitro generated Th1 cells and Th17 cells are highly differentiated and produce only
subset-specific cytokines. MOG-specific CD4+CD62Lhi T cells were stimulated with
irradiated APCs and anti-CD3 and differentiated into Th1 or Th17 cells with polarizing
cytokines. After 2 days Th17 cells were supplemented either with low doses of IL-2 or with
IL-23 for additional 4 days. A, in the primary stimulation protocol T cells were analyzed for
the production of cytokines by intracellular cytokine staining after 4 days of in vitro
differentiation. B, in the secondary stimulation protocol T cells were analyzed for the
production of cytokines by intracellular cytokine staining after 2 days of re-stimulation with
anti-CD3 and anti-CD28 Abs.

Jäger et al. Page 16

J Immunol. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Cytokine profiles of in vitro differentiated T cell subsets
In vitro generated secondary Th1, Th17, Th2 and Th9 cells are highly differentiated and
produce subset-specific cytokines. MOG-specific CD4+CD62Lhi T cells were differentiated
into Th1, Th17, Th9 and Th2 cells with polarizing cytokines. 48 h after re-stimulation the
amounts of IL-17, IFN-γ, IL-9, IL-21, IL-22 and IL-10 secreted into the cell culture medium
were determined by ELISA.
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Figure 5. Induction of EAE with secondary Th1 and Th17 cells
Secondary Th1, Th17 plus IL-2 and Th17 plus IL-23 cells induce EAE with similar severity
and onset upon adoptive transfer. MOG-specific CD4+CD62Lhi T cells were stimulated with
irradiated APCs and anti-CD3 and differentiated into Th1 or Th17 cells with polarizing
cytokines. Th17 cells were supplemented either with low doses of IL-2 or with IL-23. After
7 days cells were re-stimulated in the presence of anti-CD3 and anti-CD28 Abs for 48h.
3×106 cytokine producing cells were injected i.v. into C57Bl/6 recipients. Recipient animals
were observed for the development of clinical signs of EAE for 40 days. Shown are the
mean clinical scores of one experiment, error bars represent SEM. Similar results were
obtained in 3 independent experiments.
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Figure 6. Induction of EAE with secondary Th17, Th9 and Th2 cells
Secondary Th9 and Th17 cells induce EAE upon adoptive transfer, while secondary Th2
cells induce no or mild/delayed disease. MOG-specific CD4+CD62Lhi T cells were
stimulated with irradiated APCs and MOG35-55 and differentiated in vitro into Th17, Th9 or
Th2 cells with polarizing cytokines. Th17 cells were supplemented with IL-23. Th9 and Th2
cells were supplemented with IL-2. After 6 days cells were re-stimulated with anti-CD3 and
anti-CD28 Abs for 48h without cytokines. 5×106 cells were injected i.v. into C57Bl/6
recipients that received pertussis toxin. Recipient animals were observed for the
development of clinical signs of EAE for 40 days. Shown are the mean clinical scores of one
experiment, error bars represent SEM. Similar results were obtained in 2 independent
experiments.
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Figure 7. Cytokine profiles of transferred cells recovered from the CNS
At the peak of disease infiltrating cells were isolated from brain and spinal cord of recipient
mice. Cells were stimulated with PMA/ionomycin for 4.5 h in the presence of monensin and
transferred T cells, identified by their expression of Vα-3.2 TCR, were analyzed for the
production of IL-17 and IFN-γ by intracellular cytokine staining. Cells recovered from
recipients of 1°Th17 cells cultured with IL-23 produced mostly IL-17 und only little IFN-γ
(A). Cells recovered from recipients of 2°Th17 cells cultured with low doses of IL-2 had
decreased their IL-17 production and produced IFN-γ (B), whereas cells recovered from
2°Th17 plus IL-23 recipients maintained their IL-17 production stable but also produced
some IFN-γ (C). Cells recovered from 2°Th1 cell recipients produced only IFN-γ and no
IL-17 (D). Cells recovered from 2°Th9 cell recipients produced IFN-γ as was determined by
intracellular cytokine staining (E). However, when infiltrating cells from Th9 cell recipients
were stimulated for 12h with PMA/ionomycin besides IFN-γ also IL-17, IL-10, IL-4 and
IL-9 were detected in the culture medium with a cytokine bead array (F). All graphs are
representative of at least 2 independent experiments.

Jäger et al. Page 20

J Immunol. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8. Histopathology of representative spinal cord sections from Th1, Th17, and Th9 cell
recipient mice
A, B: 2°Th1 cell recipients have typical meningeal and parenchymal mononuclear cell
infiltrates predominantly in the white matter. Boxed area in A is shown at 20X magnification
in B. There are large numbers of small lymphocytes in the subarachnoid space. Parenchymal
demyelination is indicated by loss of blue staining associated with vacuolation and foamy
macrophages. C, D: 2°Th17 plus IL-2 cell recipient mice show multiple foci of
demyelination in white matter tracts (black arrows) and an intact spinal nerve root (blue
arrow). D, 20X magnification of a subpial parenchymal lesion. E, F: 2°Th17 plus IL-23 cell
recipient mice have demyelinating lesions in the white matter and large accumulations of
small lymphocytes in the leptomeninges (boxed area), but intact spinal nerve roots (blue
arrows). F, 20X magnification of boxed area in E shows a lymphoid follicle-like area (red
arrow) in the leptomeninges. G–I: 2°Th9 cell recipient mice. G, Large areas of the anterior
and lateral white matter are diffusely pink indicating loss of myelin. H, 20X magnification
of boxed area in G demonstrates diffuse infiltration of sheets of mononuclear cells in the
parenchyma and fewer lymphocytes in the subarachnoid space compared to other groups. I,
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longitudinal section of spinal cord with two nerve roots showing marked diffuse
inflammatory cell infiltration and digestion chambers of Cajal indicative of myelin
breakdown and Wallerian degeneration (green arrows). Luxol fast blue-hematoxylin and
eosin. Bar in A = 100 µm, also for C, E, G; Bar in D = 50 µm, also for B, D, F, H and I.
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Table III

Transfer of secondary MOG-specific Th2 and Th9 cells into C57Bl/6 recipients

Clinical disease

Incidence Mortality Mean day
of onsetD

Mean
maximum

scoreD

2° Th2 2/6 0/6 21 ± 11 1.8 ± 1.3

2° Th9 8/8 0/8 12 ± 3.4 2.3 ± 1.3

2° Th17 3/3 0/3 19.3 ± 4.2 3.3 ± 0.3

D
Averages calculated only from mice that developed clinical signs of EAE
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