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Abstract

Experimental autoimmune encephalomyelitis (EAE) is an inflammatory demyelinating disease of
the central nervous system (CNS) mediated by myelin-reactive CD4* T cells. An unresolved issue
that has important clinical implications concerns the cytokines produced by myelin-reactive T
cells that determine their pathogenicity. Initially, IL-12 polarized, IFNy producing Th1 cells were
thought to be essential for the development of EAE. More recently, 1L-23 polarized, IL-17
producing Th17 cells have been highlighted as critical encephalitogenic effectors. There is
growing evidence that parallel autoimmune pathways can result in common clinical and
histopathological endpoints. In the current study, we describe a form of EAE induced by the
transfer of IL-23 modulated CD4* T cells into I1L-17 receptor (IL-17R) deficient hosts. We found
that 1L-23 stimulates myelin-reactive T cells to produce both IFNy and IL-17. Surprisingly, in this
model the development of EAE is IFNy dependent. Our findings illustrate a novel mechanism by
which IL-23 promotes encephalitogenicity and they further expand the spectrum of autoreactive T
cells capable of mediating inflammatory demyelinating disease of the CNS.
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1. Introduction

Experimental autoimmune encephalomyelitis (EAE) is an inflammatory demyelinating
disease of the central nervous system (CNS) mediated by myelin-reactive CD4* T cells.
Although the immunopathogenesis of EAE has been the subject of extensive investigation,
the mechanism by which autoreactive T cells initiate the disease process remains only
partially understood. IFNy producing Th1l cells and IL-17 producing Th17 cells infiltrate
EAE lesions at high frequencies (Hofstetter and Forsthuber; Kroenke and Segal, 2007;
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Langrish et al., 2005; Momcilovic et al., 2008; Olsson, 1992). Numerous studies highlight
the importance of myelin-reactive T cells of both lineages as disease effectors (Ando et al.,
1989; Baron et al., 1993; Komiyama et al., 2006; Langrish et al., 2005; Olsson, 1992;
Sedgwick et al., 1989). Furthermore, the Th1 polarizing factor, IL-12, and the Th17
polarizing factor, IL-23, directly enhance the encephalitogenicity of myelin-reactive T cells
(Kroenke et al., 2008; Langrish et al., 2005; Segal and Shevach, 1996). However, studies
using cytokine knock-out mice or wildtype (WT) mice treated with anti-cytokine
neutralizing antibodies have demonstrated that neither IFNy nor IL-17 are themselves
essential for the induction of EAE by active immunization (Billiau et al., 1988; Duong et al.,
1994; Duong et al., 1992; Ferber et al., 1996; Haak et al., 2009; Hofstetter et al., 2005;
Willenborg et al., 1996). Indeed, IFNy—/— and IFNy receptor —/— (IFNyR —/—) mice both
develop more severe disease than their WT counterparts (Ferber et al., 1996; Willenborg et
al., 1996).

There are several potential explanations for why individual Th cytokines are dispensable in
the development of EAE. Autoreactive T cells of multiple Th lineages accumulate in
peripheral lymphoid tissues following immunization with myelin antigens (Hofstetter and
Forsthuber; Kroenke and Segal, 2007). We have previously shown that 1L-12 modulated
Th1 cells and IL-23 modulated Th17 cells derived from myelin immunized mice are
independently capable of transferring EAE to naive syngeneic hosts (Kroenke et al., 2008).
Hence, one effector T cell subset could, theoretically, compensate for the deficiency of
another. Furthermore, there is growing evidence that in the absence of their signature
cytokine, Th polarized myelin-specific T cells can instigate CNS lesion formation via
default mechanisms. For example, we recently reported that IL-12 stimulated IFNy—/— cells
induce atypical EAE in WT hosts through an IL-17 dependent pathway and conventional
EAE in IL-17 receptor—/— hosts through a GM-CSF dependent pathway (Kroenke et al.).

In the studies describe here, we performed a detailed investigation of the conditions under
which IL-23 modulated T cells mediate EAE. Unexpectedly, we found that 1L-23 modulated
T cells induce clinical EAE of comparable severity in IL-17 receptor (IL-17R) —/— and WT
hosts. Our experiments showed that 1L-23 stimulates myelin-reactive T cells to produce both
IFNy and IL-17, and that IFNy contributes to the pathogenic process in this model of EAE.
These findings illustrate a novel mechanism by which 1L-23 promotes encephalitogenicity
and they further expand the spectrum of autoreactive T cells capable of mediating
inflammatory demyelinating disease of the CNS.

2. Materials and methods

2.1 Mice

8-12-wk-old WT and IFNy-deficient C57BL/6 mice were obtained from NCI Frederick
(Frederick, MD) or The Jackson Laboratory (Bar Harbor, ME). Breeding pairs of IL-17R—/
— mice were obtained from J. Kolls (LSU) and bred in our facility. All mice were housed in
microisolator cages. Animal protocols were approved by the University Committee on Use
and Care of Animals.

2.2 Immunization and cell culture

Mice were injected subcutaneously with 100 pg MOG35_s5 (MEVGWYRSP-
FSRVVHLYRNGK, Biosynthesis, Lewisville, TX) in complete Freund’s adjuvant (Difco,
Detroit, MI) at four sites over the flanks. Draining lymph nodes were harvested 12-14 days
post-immunization, pooled, and passed through a 70-um cell strainer (BD Falcon, Franklin
Lakes, NJ). Lymph node cells were cultured in vitro with MOG35_g5 and either recombinant
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mouse IL-23 (5 ng/mL) for Th17 polarization or no exogenous cytokines (for ThO
polarization).

2.3 Adoptive transfer and scoring of EAE

MOG-primed lymph node cells were collected after 96 hours of culture with antigen under
Th17 polarizing condition. CD4* T cells were enriched using negative selection columns
(Cedarlane) to a purity of 88-95%, confirmed by flow cytometry. The isolated CD4* T cells
were suspended in sterile PBS and injected intraperitoneally into naive syngeneic hosts (5
%106 cells in 0.1 cc/host). Host mice were observed daily for signs of EAE. Those with
conventional EAE were scored as described previously (Segal et al., 1998). For atypical
EAE, the following scale was used: 0, asymptomatic; 1, slight listing/difficulty righting; 2,
obvious imbalance but able to ambulate; 3, severely impaired balance/ambulation; 4,
incapacitated due to inability to maintain upright posture/spinning. Mean clinical scores
were compared using the student’s t-test.

2.4 ELISPOT assays

Purified CD4+ T cells were cultured with MOGg3s_s5 (35 pg/ml) and T-depleted splenocytes
for 24 hours in 96 well filtration plates (MAIP N4550; Millipore). Spots were counted using
the CTL ImmunoSpot Analyzer (Cellular Technology) with ImmunoSpot software.
Frequencies of cytokine producing cells were compared using the student’s t-test.

2.5 Quantitative RT-PCR

CNS tissues were harvested from 4-8 mice per group and homogenized in Trizol reagent
(Invitrogen). RNA was isolated by phenol/chloroform extraction. Genomic DNA was
removed by Turbo DNase (Ambion, Foster City, CA) and purity of RNA was confirmed by
A260:A280 ratio. cDNA was then synthesized using a RT? First Strand kit (SA
Biosciences). RT-PCR was performed with primers and probes that were designed using
Beacon Designer and synthesized by Integrated DNA Technologies. Samples were analyzed
on a Bio-Rad iCycler PCR machine. All data were normalized to the geometric mean of
GAPDH, HPRT1, and Bactin, and are shown as fold increase over naive spinal cords.

2.6 Histological studies

After perfusion, spinal cords were fixed in 10% formalin, sectioned, and stained with
hematoxylin and eosin using standard protocols (Segal and Shevach, 1996).

3. Results

3.1IL-17R —/— mice are susceptible to EAE induced by the adoptive transfer of IL-23
modulated MOG-specific T cells

IL-23 deficient mice are completely resistant to EAE (Cua et al., 2003). Since IL-23
supports the accumulation of Th17 cells in vivo, it has been proposed to promote EAE
through an IL-17 dependent pathway (Langrish et al., 2005). Mice deficient in either IL-17
or the Th17 polarizing factor, RORyt, remain susceptible to disease induction, even though
they experience a relatively mild course (Haak et al., 2009; Komiyama et al., 2006; Yang et
al., 2008). Similarly, we have found that treating mice that have received IL-23 modulated
effector T cells with an anti-IL-17 antibody is only partially effective in suppressing EAE
(Kroenke et al., 2008). It is not known whether this antibody penetrates the CNS and/ or
other tissues in sufficient quantities to neutralize all local IL-17. In order to more
definitively determine whether IL-23 modulated T cells can induce EAE independent of
IL-17 signaling, we compared their pathogenicity in IL-17R—/— and WT hosts. Lymph node
cells harvested from MOG immunized C57BL/6 mice that were reactivated with antigen and
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recombinant IL-23 in vitro transferred EAE to 100% of WT hosts (Fig. 1A). 1L-23
stimulation was critical for the encephalitogenicity of the donor cells since MOGg3s5_s5
primed lymph node cells did not transfer disease following culture with antigen under
neutral conditions (data not shown). Surprisingly, IL-17R—/— recipients of IL-23 modulated
cells experienced EAE at a comparable incidence and severity to their WT counterparts (Fig.
1A). Histological analyses revealed spinal cord inflammation in both groups. Infiltrating
cells were confined to the subpial white matter in IL-17R—/— hosts, but penetrated deeper
into the parenchyma in WT hosts, even in mice with the same clinical score (Fig. 1B). This
observation is consistent with an earlier study showing that IL-17 producing, myelin-
reactive effector Tcells induce infiltrates that extend along venules into the white matter
whereas non-1L-17 producing cells of the same antigenic specificity induce infiltrates that
are primarily located in the meninges (Kroenke et al., 2008).

3.2. IFNy facilitates the induction of EAE by IL-23 polarized T cells in IL-17R—/— hosts

Analysis of the cytokine profiles of MOG-specific donor cells revealed that 1L-23 augments
the production of IFNy as well as IL-17 (Fig. 2 A, B). Flow cytometric assays demonstrated
that the vast majority of 1L-23 stimulated T cells were either IFNy or IL-17 single producers;
IFNYy/IL-17 double producers comprised less than 1% of cytokine producing cells
(unpublished data). Few MOG-primed cells produced IL-4 in response to antigenic
challenge, either in the presence or absence of IL-23 (data not shown). Based on these
results, we questioned whether IFNy contributes to EAE induced via the injection of IL-23
modulated T cells into IL-17R—/— hosts. To test that hypothesis, we primed lymph node
cells in IFNy—/— mice with MOG35_g5 in CFA and then stimulated them with 1L-23 and
peptide for 4 days ex vivo. These IL-23 modulated IFNy—/— cells produced large quantities
of IL-17 and TNFa (unpublished data). They transferred an atypical form of EAE to WT
hosts, demonstrating that they possess intrinsic encephalitogenic properties (Fig. 3B).
However, the same cells were innocuous in IL-17R—/— hosts (Fig. 3A). Histological studies
showed that WT hosts developed infiltrates in the brainstem and spinal cord, while CNS
sections from IL-17R—/— hosts were free of any pathological changes (Fig. 3C, middle and
lower panels). IL-23 polarized WT, but not IFNy—/—, cells upregulated CXCL9, CCLS5,
IL-6, INOS and G-CSF in the spinal cords of IL-17R—/— as well as wildtype hosts (Fig. 4A).
IFNy—/— donor cells induced granulocyte colony stimulating factor (G-CSF) in WT but not
IL-17R—/— mice, suggesting that neutrophils may play a role in atypical disease.

3.3 IL-23 modulated IFNy—/— and WT donor T cells express distinct mRNA profiles

In order to gain further insight into the mechanism of action by which IL-23 modulated,
MOG-specific T cells induce EAE in IL-17R—/— mice (Fig. 1B), we analyzed the expression
of candidate immune related genes in WT and IFNy—/— donor T cells by microarray
analysis. Genes of interest were then quantified by real-time RT-PCR. IL-23 polarized IFNy
—/— deficient T cells expressed elevated levels of IL-5 and IL-9 in comparison to WT cells
cultured under the same conditions (Fig. 4B). In addition, the WT cells expressed relatively
low levels of stem cell growth factor (Kitl).

4. Discussion

IL-23 deficient mice fail to generate Th17 responses and are completely resistant to EAE
following immunization with myelin antigens (Cua et al., 2003). In contrast, mice deficient
in IL-17, IL-17R or RORyt (the transcription factor that orchestrates Th17 differentiation),
are only partially resistant (Haak et al., 2009; Komiyama et al., 2006; Yang et al., 2008).
Furthermore, treatment of adoptive recipients of IL-23 modulated, myelin-reactive T cells
with an anti-1L-17 neutralizing antibody suppresses, but does not abrogate, EAE (Kroenke et
al., 2008). Collectively, these data indicate that IL-23 promotes inflammatory demyelination
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through both I1L-17 independent and IL-17 dependent, mechanisms. Our observation that
IL-23 can enhance the pathogenicity of myelin-specific T cells via induction of IFNy
clarifies one of these IL-17 independent pathways.

There are conflicting reports regarding the role of IFNy in EAE, although most studies
demonstrate that it has a protective effect. Both IFNy—/— and IFNy receptor—/— mice
experience a severe form of clinical EAE associated with pronounced inflammatory
infiltrates that extend into the brain parenchyma and even into grey matter (Ferber et al.,
1996; Willenborg et al., 1996). Furthermore, several studies have shown that treatment of
myelin immunized mice with anti-IFNy neutralizing antibodies exacerbates EAE (Billiau et
al., 1988; Duong et al., 1994; Duong et al., 1992). Some investigators have speculated that
IFNy regulates EAE by suppressing proliferation and driving the activation induced cell
death of CNS infiltrating lymphocytes (Chu et al., 2000; Refaeli et al., 2002; Sabatino et al.,
2008). Alternatively, the secretion of ELR-negative CXC chemokines by glial cells in
response to IFNy could lead to the sequestration of effector T cells within the perivascular
and meningeal spaces and/or to the recruitment of regulatory T cells to the CNS (Muller et
al., 2007; Oo et al.). Conversely, other groups have reported that when given intrathecally,
IFNy potentiates the ability of antibodies against myelin proteins to mediate demyelination
and induces perivascular infiltrates similar in pattern to those observed during EAE
(Simmons and Willenborg, 1990; Vass et al., 1992). Our current study provides another
instance wherein IFNy actually contributes to the development of demyelinating lesions.

In our model, the disease promoting activity of IFNy is only realized in the context of
deficient IL-17 signaling and thus can be interpreted as representing a compensatory
response. The data in Figure 4B demonstrate that IFNy suppresses the transcription of genes
encoding CCL22, IL-5, IL-9 and Kitl in MOG-reactive T cells. Each of these molecules is
induced by infection with parasites. There is a considerable body of evidence that, in the
setting of parasite infections, autoreactive T cell cells are skewed from a pathogenic to an
innocuous phenotype in a process termed immune deviation. Immune deviation has been
invoked to explain the observation that parasite infected MS patients and myelin-immunized
mice have a reduced number of exacerbations and altered immune reactivity compared with
their uninfected counterparts (Correale and Farez, 2007; Gruden-Movsesijan et al., 2008;
Sewell et al., 2003). Based on our data, we speculate that IFNy might promote EAE in
IL-17R—/— mice by preventing myelin-specific T cells from deviating towards a non-
encephalitogenic lineage. Alternatively, IFNy could support neuroinflammation by
stimulating cerebrovascular endothelial cells and astrocytes to upregulate MHC Class Il and
adhesion molecules and/or by activating macrophages and microglia to secrete toxic factors,
such as matrix metalloproteinases and reactive oxygen species (Beller, 1984; Dasilva and
Yong, 2008; Fierz et al., 1985; McCarron et al., 1986).

The IL-12/1IFNy and IL-23/IL-17 pathways interact in complex ways that vary depending on
the cell types and environmental conditions involved. In many experimental systems, they
are mutually antagonistic. For example, IFNy directly suppresses Th17 differentiation
(Harrington et al., 2005). Conversely, 1L-23 can antagonize IFNy production by T cells in
response to IL-12 (Sieve et al.). Our data demonstrates that the IL-12/IFNy and IL-23/IL-17
pathways can also act in synergy. Consistent with our findings in the mouse, IL-23 has been
shown to stimulate human T cells to secrete IFNy (Oppmann et al., 2000). Lovett-Racke and
colleagues have reported that Thet binds the 1L-23 receptor promoter in myelin-specific T
cells and initiates transcription of 1L-23 receptor gene (Gocke et al., 2007). This observation,
in combination with our findings, suggests that 1L-23 and IFNy may be involved in a
positive feedback loop. Hence, IFNy induces Thet in MOG-reactive T cells, resulting in
upregulation of the 1L-23 receptor and increased sensitivity to IL-23. IL-23 then induces
IFNy production, thereby initiating a self-amplifying cycle. It is also possible that IL-23 acts
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on non-T cells within the lymph node cell population (such as dendritic cells) to elicit IFNy
production by T cells and encephalitogenicity via an indirect pathway.

Many studies have attempted to identify the specific cytokine(s) produced by myelin-
specific T cells that determine encephalitogenicity. However, a review of the literature
reveals inconsistent findings. Hence, the relative importance of IL-17 and IFNy varies with
mouse strain, encephalitogen and stage of disease (Billiau et al., 1988; Duong et al., 1994;
Ferber et al., 1996; Haak et al., 2009; Komiyama et al., 2006; Kroenke et al., 2008; Segal
and Shevach, 1996; Simmons and Willenborg, 1990; Vass et al., 1992; Willenborg et al.,
1996). The current study joins several recent publications in demonstrating that parallel
autoimmune pathways can result in common histological and clinical endpoints. Here, we
demonstrate that conventional EAE can be driven by IFNy when IL-17 signaling is
disrupted. Conversely, IL-17 drives atypical disease in the absence of IFNy. In conclusion,
EAE represents a heterogeneous syndrome, that can be caused by qualitatively distinct types
of immune effectors, rather than a single disease entity. If the same holds true in human MS,
then differences in the type of effector cell and cytokines that drive pathogenesis might
underlie the diversity in clinical course and lesion distribution as well as in responses to
immunomodulatory agents.
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Figure 1. EAE mediated by IL-23 polarized cells is independent of IL-17 signaling

Lymph nodes were harvested from WT mice that had been immunized 10 days earlier with
MOG35_55+CFA. (A) Whole lymph node cells were stimulated with MOG35_s5 and IL-23
for 4 days. Afterwards CD4* T cells were isolated and transferred to either WT or IL-17R —/
— naive recipients (5x108 cells/host i.p.). (B) WT (left) or IL-17R —/— (right) mice that
received Th17 polarized CD4* T cells were sacrificed at peak disease. CNS specimens were
harvested, fixed, sectioned, and stained with H&E. Upper panels, magnification 4x; lower
panels, 40x. Bar 50um. Data are representative of 4 independent experiments with 5-7
mice/group.
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Figure 2. IL-23 induces IFNy production by CD4* T cells

(A) Lymph node cells were harvested from MOG immunized C57BL/6 mice and polarized
in vitro under Th17 or ThO conditions. Following a 4 day incubation, CD4* T cells were
purified and restimulated with MOGg35_s5 and naive T-depleted splenocytes in ELISPOT
assays. (B) CD4 T cells were isolated from the draining lymph nodes of MOG-immunized
mice and stimulated under Th17 or ThO conditions. At 96 hours, RNA was isolated from the
cells in each group and reverse transcribed into cDNA. IL-17 and IFNy transcripts were
analyzed by gPCR and normalized to the geometric mean of GAPDH, Bactin, and HPRT.
The data shown represent the ratio of normalized cytokine mRNA expression in Th17 over
ThO CD4™* T cells. Data are representative of 2-3 independent experiments. * P<.0001 Th17
versus ThO
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Figure 3. IFNy contributes to EAE mediated by 1L-23 polarized cells

Lymph nodes were harvested from WT or IFNy —/— mice that had been immunized 10 days
earlier with MOG35_s5+CFA. Whole lymph node cells were stimulated with MOG35_s5 and
IL-23 for 4 days before 5x108 purified CD4* T cells were transferred to naive IL-17R —/—
(A) or wild-type (B) hosts. (C) WT or IFNy —/— donor cells were challenged with antigen
and IL-23 before transfer to WT or IL-17R —/— hosts. Mice were sacrificed at peak disease.
CNS specimens were fixed, sectioned, and stained with H&E. In some cases, the same
sections was photographed at low (4x) and high (40x) magnification. Bar, 50pum. Data are
representative of 3 independent experiments with 5 mice/group.
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Figure 4. Gene expression in donor CD4* T cells and peak EAE

(A) RNA was isolated from spinal cords of mice at peak EAE (n=3/ group). gPCR was
performed to measure expression of a panel of proinflammatory molecules. Transcript levels
were normalized to the geometric mean of GAPDH, Bactin, and HPRT. Data are shown as
fold change over naive spinal cords. (B) RNA was isolated from WT of IFNy—/— MOG-
specific CD4™ T cells after polarization under Th17 or ThO polarizing conditions. gPCR was
performed, and data was normalized to the geometric mean of GAPDH, Bactin, and HPRT.
Data is shown as the ratio of normalized mRNA expression in Th17 over Th0 CD4" T cells.
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