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Abstract

Multiple sclerosis (MS) is an autoimmune disease in which self-reactive T cells attack
oligodendrocytes that myelinate axons in the central nervous system. Experimental autoimmune
encephalomyelitis (EAE), an animal model of MS, is dependent on caspase-1, but the role of
NLRs upstream of caspase-1 is unknown. Danger- and pathogen-associated molecular patterns
(DAMPs and PAMPs, respectively) activate Nod-like receptor 3 (NLRP3) which then activates
caspase-1 through the adaptor protein, ASC. We report that the progression of EAE is dependent
on ASC and caspase-1, but not NLRP3. ASC~/~ mice were even more protected from the
progression of EAE than caspase-1~/~ mice, suggesting an inflammasome-independent function of
ASC which contributes to the progression of EAE. We found that CD4* T cells deficient in ASC
exhibited impaired survival and accordingly ASC™/~ mice had less MOG-specific T cells in both
the draining lymph nodes and CNS.
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Introduction

Multiple sclerosis (MS) is an autoimmune disease in which myelin-reactive CD4* T cells
infiltrate the CNS and induce demyelinating disease (1). Experimental autoimmune
encephalomyelitis (EAE) serves as an animal model of MS, and is induced by immunization
with a peptide from myelin oligodendrocyte glycoprotein (MOG) emulsified in adjuvant.
The infiltration of MOG-specific T cells and other inflammatory cells into the CNS is
critical for the development of EAE (2).

NOD-like receptors (NLRs) are a recently discovered family of intracellular receptors that
sense danger- and pathogen-associated molecular patterns. Members of the NLR family
form a caspase-1 activating multiprotein complex, termed inflammasomes (3-6). Activation
of caspase-1 mediates the proteolytic maturation of the cytokines IL-1f and IL-18. Genetic
studies in mice suggest that at least four inflammasomes of distinct composition are formed
in vivo in a stimulus-dependent manner: the NLRC4 inflammasome, the NLRP1
inflammasome, the NLRP3 inflammasome, and a fourth inflammasome, for which the NLR
protein is unknown, triggered by Francisella tularensis infection (7). In addition to these
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NLRs, the HIN-200 protein absent in melanoma 2 (AIM2) was recently shown to trigger
caspase-1 activation in response to cytoplasmic double-stranded DNA (dsDNA) (8-11). The
bipartite adaptor protein ASC plays a role in the interaction between NLRs/AIM2 and
caspase-1 in each of these inflammasome complexes.

The essential role of NLRs in the immune system has led to several studies exploring the
role of NLRs in host defense and autoimmune diseases. For example, single amino acid
mutations which result in uncontrolled NLRP3 activation causes an autoinflammatory
disorder termed cryopyrin-associated periodic syndromes (12). Additionally, caspase-1
activation (13) and IL-1 signaling (14) are important in the progression of EAE, but the role
of NLRP3 and the central inflammasome component ASC in the progression of EAE has not
been examined.

In this study we show that ASC, but not NLRP3, is involved in the progression of EAE. We
also demonstrate that the deficiency in ASC does not affect MOG-specific T cell
proliferation or cytokine production in the periphery. However, ASC plays a role in the
peripheral survival of mature CD4* T cells. Therefore, ASC™/~ mice have reduced numbers
of MOG-specific T cells in the lymph node and CNS resulting in protection from EAE.

Materials and Methods

Mice
The generation of NLRP3-, ASC-, and caspase-1-deficient mice has been described
previously (15-17). Knockout mice were backcrossed at least ten generations into a C57BL/
6J background. Mice were housed in a pathogen-free facility and the animal studies were

conducted under protocols approved by St. Jude Children’s Research Hospital Committee
on Use and Care of Animals.

EAE induction

EAE was induced, as described previously (18); and given a score to indicate disease
severity, as follows: 0 = nosigns of disease; 0.5 = partial tail paralysis; 1 = limp tail; 2 =
partial hind limb paralysis; 3 = complete hind limb paralysis; 4 = complete hind limb
paralysis and partial forelimb paralysis.

Identification of MOG-specific T cells

Cells were harvested from auxillary lymph nodes or spinal cord on day 10 or 17,
respectively, following immunization. Cells were harvested with MOG peptide for 5 h, with
monensin added to the wells for the final 2 h of incubation for the enhanced detection of
intracellular cytokines. The cells were stained with antibodies for CD4 and TCR; fixed,
permeabilized and stained with antibodies to detect intracellular IFNy, TNFa and IL-17.

Proliferation assay

Cells were harvested from the spleen 10 days following immunization. 2 x 10° cells were
plated in triplicate in a 96-well plate with various concentrations of MOG peptide and
incubated at 37° C for 48 h. [3H] Thymidine was added for the last 8 h of culture, and the
amount of incorporated [3H]thymidine was measured.

Isolation of lymphocytes from the spinal cord

Cells were harvested from the spinal cord as described previously (19). Briefly, mice were
perfused with PBS containing EDTA and then spinal cords were dissected. The spinal cords
were cut into small pieces and digested in 1 mg/mL collagenase D (Roche) for 45 min.
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Spinal cord sections were passed through a cell strainer, washed once in PBS, placed in a
38% Percoll solution and pelleted for 20 min. at 2000 rpm. Pellets (which were composed of
~ 15-20% lymphocytes) were resuspended in media and used for subsequent studies and
analysis.

Generation of mixed bone marrow chimeras

WT (CD45.1) mice, lethally irradiated with a split dose of 1200 rads, were injected with 5 x
10° bone marrow cells isolated from WT (CD45.1/2) and ASC ™/~ (CD45.2) mice and
combined at a 1:1 ratio.

Peripheral survival of T cells

Mature CD4+ T cells were isolated from WT (CD45.1/2) and ASC~/~ (CD45.2) mice. 6 x
10% T cells were injected at ratio of 1:1 (WT:ASC~") intravenously into WT (CD45.1)
mice. Mice were bled at various time points and the ratio of injected WT:ASC™/~ CD4* T
cells were determined by flow cytometry.

Results and Discussion

ASC deficiency protects mice from the progression of EAE

MOG-induced EAE is a murine model used to study potential mechanisms involved in the
progression of multiple sclerosis. NLRP3 senses a number of danger signals, such as
endogenous molecules released during tissue damage. Therefore, it was possible that during
EAE development, danger signals are released which activate the NLRP3 inflammasome
which could cause further inflammation and promote the progression of tissue damage. To
test this, we immunized NLRP3~/~, ASC™/~, caspase-1~~ and WT mice with MOG peptide
emulsified in adjuvant. As reported previously (13), caspase-1~/~ mice were less susceptible
to EAE development (Fig. 1A). However, the role of upstream inflammasome components
which activate caspase-1 during the progression of EAE is unknown. NLRP3~/~ mice
developed EAE similar to WT mice (Fig. 1B). However ASC ™/~ mice were protected from
the induction of EAE when compared to WT mice (Fig. 1C). The protection seen in clinical
scores of ASC™/~ mice was also evident in histopathology, where spinal cords from ASC™/~
mice did not show signs of myelitis (H&E sections) or myelin loss (Luxol Fast Blue
sections) (Supp. Fig. 1).

This study is the first to show the critical role of ASC in the pathogenesis of EAE. These
data suggest that the caspase-1 activation required for EAE progression is independent of
NLRP3. The protection afforded in ASC-deficient mice was even greater than seen in
caspase-1-deficient mice (p<0.001) suggesting that ASC plays a critical role in the
mechanisms involved in EAE development which is independent of caspase-1. ASC has
been primarily described as an adaptor protein in the infammasome complex, but newer
reports are emerging describing inflammasome-independent functions of ASC. Such a role
of ASC which is independent of NLRP3 and caspase-1 has been reported in the
pathogenesis of arthritis (20). However, the exact role ASC is playing independent of
NLRP3 and caspase-1 is unknown. Therefore, we further explored the role of ASC in the
mechanisms involved in the progression of EAE.

Responsive MOG-specific T cells are present, but there are fewer MOG-specific T cells in
ASC~/~ mice
A possible mechanism for the protection seen in ASC™/~ mice is that the development of
disease-specific T cells is impaired as seen in an animal model of arthritis (21). To test this
possibility, cells were harvested from the spleen 10 days after immunization, stimulated in
vitro with various concentrations of MOG peptide, and analyzed for proliferation after 2
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days. Wild-type and ASC™/~ mice responded similarly to all concentrations of antigen tested
(Fig. 2A). The finding that proliferation in response to all concentrations of antigen were
similar suggests that there is not a defect in the development of MOG-specific T cells or in
their affinity for the antigen. This is in contrast to caspase-1~/~ mice, which have impaired
MOG-specific T cell proliferation in response to stimulation with MOG peptide (13). This
again suggests an inflammasome-independent role of ASC in the progression of EAE.
Additionally, CD3-driven proliferation of naive T cells from WT and ASC~~ mice was
similar (data not shown), confirming that ASC deficiency does not affect T cell
proliferation. MOG-specific T cells are present in ASC™~ mice, but it is possible that an
altered cytokine production could contribute to the resistance in ASC~/~ mice. Therefore,
splenocytes were harvested from mice 10 days after immunization, and incubated with
MOG peptide for 48 h. Cytokines present in the supernatant were measured. We found that
there were no significant differences between WT and ASC™/~ mice in any of the cytokines
measured (Fig. 2B). A recent study found that ASC played a role in Ag-specific T cell
proliferation and IFNy production in an arthritis model, which was independent of the
inflammasome (20). Although, we see an inflammasome-independent function of ASC in
the progression of EAE, it is not via the same mechanisms described in the arthritis models.
However, the pathways leading to tissue damage in various autoimmune diseases varies
greatly, and ASC may play a role in various models of autoimmunity via different
mechanisms.

Despite normal MOG-specific T cell proliferation and cytokine production in the spleens of
ASC~'~ mice, there was a significant decrease in the number of MOG-specific Th1 and
Th17 T cells in the lymph nodes draining the site of immunization 10 days after
immunization (Fig. 2C). The decrease in the number of MOG-specific Thl and Th17 CD4*
T cells was also found in the CNS 17 days after immunization (Fig. 2D). This decrease in
ASC~/~ mice was confirmed by immunohistochemistry staining for CD3* T cells in the
spinal cord on day (Fig. 2E).

The infiltration of inflammatory cells into the CNS is decreased due to an impaired
peripheral survival of ASC~/~ CD4 T cells

In order for disease to progress in the MOG-induced model of EAE, MOG-specific T cells
must migrate into the CNS and recruit other inflammatory cells. Therefore, it was not
surprising that the infiltration of other inflammatory cells into the CNS of ASC~/~ mice was
decreased (Fig. 3A). The most dramatic decrease of infiltrating cells in ASC™~ mice was in
leukocytes, but it was unknown if this decrease was intrinsic to lymphocyte. The
development and proliferation of MOG-specific T cells in ASC™/~ mice appeared normal,
therefore, we explored the possibility that ASC™~ T cells do not survive in the periphery as
well as wild-type T cells. To examine this, competitive mixed bone marrow chimeras were
created by injecting congenically marked WT and ASC~/~ bone marrow at a 1:1 ratio into
lethally irradiated WT mice. The proportion of WT and ASC™~ CD4* T cells in the
peripheral blood was examined six weeks later. The percentage of WT CD4" T cells in the
blood was significantly more than 50%, which would be expected if there was not a
difference (Fig. 3B). To further validate a difference in peripheral survival, mature CD4* T
cells from congenically marked WT and ASC~/~ mice were isolated and injected at a 1:1
ratio into naive WT mice. The ratio of WT:ASC™/~ T cells was increased as early as day 1,
which became greater throughout the time course (Fig. 3C). By day 10, only injected WT
CD4* T cells were detected in the blood (data not shown). The difference at day 1 could be
contributed to the “take” of the injected cells into the blood, but since this ratio continues to
increase from days 1-10 this clearly represents that ASC™~ CD4 T cells have decreased
peripheral survival. Additionally, the ASC™/~ CD4 T cells are not “trapped” in peripheral
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lymphoid organs, as the ratio of ASC™:WT T cells in the spleen and lymph node is not
greater than 1 (data not shown).

In conclusion, we have shown that ASC plays a critical role in the progression of EAE and
that this, is at least partly independent of caspase-1. Additionally, we found that NLRP3 is
not involved in the progression of MOG-induced EAE. In ASC™/~ mice, the number of
MOG-specific T cells in the draining lymph node and, in turn, the CNS was greatly reduced.
This can be contributed to a decreased peripheral survival of ASC™/~ CD4 T cells. This is
one of the first studies describing an inflammasome-independent function of ASC;
emphasizing the critical role ASC plays in immune responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. ASC_/_, but not NLRP3_/_, mice are protected from EAE

MOG-induced EAE was induced and given clinical scores daily as described in Materials
and Methods. The average clinical score of all of the mice from two independent
experiments is shown. AC, WT (filled) and A, caspase-1~'~ (open); B, NLRP3~/~ (open); C,
ASC~~ (open) mice were monitored for signs of disease. Data are represented as the
average + SEM. n = 12-18 per group.
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Fig. 2. Peripheral and CNS responses of MOG-specific T cells in ASC™™ mice during EAE
induction

WT (black bars) and ASC™/~ (gray bars) mice were killed 10 (A,B,C) or 17 (D,E) days after
immunization. A, Splenocytes were harvested and stimulated in vitro with various
concentrations of MOG peptide for 48 h. [3H]Thymidine was added for the last 8 h, and its
incorporation was measured. The cells were stimulated in triplicate and averaged together.
B, Splenocytes were harvested and stimulated with 30 ug/mL MOG peptide for 48 h. The
supernatants were harvested and analyzed for cytokine production with a Millipore cytokine
bead-plex. C, Cells were harvested from the draining lymph nodes, stimulated with MOG
peptide and stained for intracellular cytokines as describe in Materials and Methods. D,
Cells were harvested from the spinal cord, stimulated with MOG peptide and stained for
intracellular cytokines. The averages are plotted £ SEM. The data are representative of two
independent experiments. n = 5. E, Spinal cords were removed 17 days after immunization
and stained for CD3* T cells. Spinal cords representative of the group are shown.
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Fig. 3. The number of CNS-infiltrating inflammatory cells is decreased in ASC™~ mice and the
peripheral survival of ASC™/~ CD4* T cells is impaired
A, Cells were harvested from the spinal cords of mice 17 days after immunization, stained

with surface markers and analyzed by flow cytometry. B, Lethally irradiated WT (CD45.1)
mice were injected with bone marrow from WT (CD45.1/2) and ASC~/~ (CD45.2) mice at
an equal ratio. The mice were euthanized 6 weeks later and the percentage of WT and
ASC™/~ CD4* T cells were measured. C, Mature CD4* T cells were isolated from WT
(CD45.1/2) and ASC~/~ (CD45.2) mice and injected into naive WT (CD45.1) mice ata 1:1
ratio. Mice were bled on designated days and the ratio of injected WT and ASC™/~ CD4* T
cells in the blood was determined by flow cytometry. The average is plotted + SEM. The
data are representative of five injected mice.
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