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Abstract
Recent findings have demonstrated an indispensable role for granulocyte-emacrophage colony-
stimulating factor (GM-CSF) in the pathogenesis of experimental autoimmune encephalomyelitis
(EAE). However the signaling pathways and cell populations that regulate GM-CSF production in
vivo remain to be elucidated. Our work demonstrates that the interleukin-1 receptor type 1 (IL-1R)
is required for GM-CSF production following both TCR and cytokine induced stimulation of
immune cells in vitro. Conventional αβ and γδ T cells were both identified to be potent producers
of GM-CSF. Moreover secretion of GM-CSF was dependent on IL-1R under both IL-12 and IL-23
induced stimulatory conditions. Deficiency in IL-1R conferred significant protection from EAE
and this correlated with reduced production of GM-CSF and attenuated infiltration of
inflammatory cells into the central nervous system (CNS). We also find that GM-CSF production
in vivo is not restricted to a defined CD4+ T cell lineage, but is rather heterogeneously expressed
in the effector CD4+ T cell population. In addition, inflammasome derived IL-1β upstream of
IL-1R is a critical regulator of GM-CSF production by T cells during priming and the adaptor
protein, MYD88, promotes GM-CSF production in both αβ and γδ T cells. These findings
highlight the importance of inflammasome-derived IL-1β and the IL-1R/MYD88 signaling axis in
the regulation of GM-CSF production.
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INTRODUCTION
Multiple sclerosis (MS) is a debilitating neuroinflammatory disease that occurs when
myelin-reactive CD4+ T cells gain entry into the central nervous system (CNS) and cause
destruction of myelin-producing oligodendrocytes. T helper type 1 cells (TH1 cells) and
interleukin 17 (IL-17) producing helper T cells (TH17) have been shown to be important
mediators of autoimmune neuroinflammation in both MS patients and in EAE. Both TH1
cells and TH17 cells can induce demyelinating disease and inflammation following passive
transfer into naïve hosts. Paradoxically the signature cytokines produced by each T cell
lineage, IFN-γ and IL-17 respectively, are not essential for disease (1) (2). Recently,
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GMCSF was discovered to be the key pathogenic cytokine required for both TH1- and
TH17-mediated demyelinating disease (3) (4) (5). T cell derived GM-CSF was shown to
prolong CNS inflammation during the effector phase by promoting local activation of
macrophages and the recruitment of myeloid cells (6) (3). Despite this major advance in the
field of demyelinating disease, the signaling pathways and cells types that control GM-CSF
production during disease progression still remain unknown.

IL-1 signaling is critically involved in numerous inflammatory and autoimmune diseases
(7). The importance of IL-1 in disease pathogenesis is highlighted by the effectiveness of
IL-1 blocking therapies in the treatment of many of these diseases. The inflammasome has
recently emerged as a central regulator of IL-1β production and IL-1-mediated diseases (8)
(9) (10). The inflammasome is a multiprotein complex that controls caspase-1 activation and
downstream secretion of IL-1β and IL-18. Activation of intracellular NOD-like receptors
(NLRs) by pathogens and endogenous danger signals promote the formation of the
inflammasome complex, which is required for caspase-1 cleavage and activation.
Inflammasome-derived cytokines play a crucial role in host protection to numerous
infections however unchecked production of both IL-1β and IL-18 is associated with
chronic inflammation and many autoimmune diseases. Studies from our lab and others have
identified caspase-1 and IL-1R as important contributors to the induction and progression of
demyelinating autoimmune disease (11) (12) (13) (14). For instance, IL-1R deficient mice
are protected from neuroinflammatory disease (15) (16) (17). The abrogation of IL-17
production in IL-1R−/− mice was proposed to contribute to disease resistance. However the
fact that EAE can still be induced in the absence of IL-17 and the recent identification of the
essential role for GM-CSF in disease suggests that IL-1R-mediated control of demyelination
may involve more than just regulation of IL-17 production.

We report here that IL-1R regulates the generation of GM-CSF by both CD4+ T cells andγδ
T cells during EAE. Moreover we indentify that inflammasome derived IL-1β promotes the
priming of GM-CSF producing CD4+ T cells upstream of IL-1R during EAE and that IL-1R
induced GM-CSF production requires MYD88 signaling in bothα β andγ δ T cells.

MATERIALS AND METHODS
Mice

Caspase-1−/− and IL-1β−/− have been described (10) (11). IL-1R deficient mice on the
C57BL/6 background were purchased from The Jackson Laboratory. Mice at 7–12 wk of
age were used. All mice were kept in specific pathogen-free conditions within the Animal
Resource Center at St. Jude Children’s Research Hospital. Animal protocols were approved
by the Institutional Animal Care and Use Committee of St. Jude Children’s Research
Hospital.

Cell purification and culture
Splenocytes and peripheral LNs were harvested from WT, IL-1R−/−, and MYD88−/− mice.
Bulk leukocytes (2×106 cells/ml) were stimulated in the presence or absence of 1µ g/ml anti-
mouse CD3 (2C11) and 10 ng/ml IL-1β, 10 ng/ml IL-23, 10 ng/ml IL-12, or a combination
of these stimuli.γδ T cells (δ γ TCR+) and memory CD4+ T cells (CD4+CD44hi) were
purified (purity > 98%) on a MoFlow (Beckman Coulter) or Reflection (i-Cyt) flow sorter.
Sorted cells were cultured at either 2.5×105 cells/ml (memory CD4+ T cells) or 1×105 cells/
ml (γ δ T cells) and stimulated with 10 ng/ml IL-1β, 10 ng/ml IL-23, 10 ng/ml IL-12, or a
combination of these stimuli. To stimulate T cells in the presence of DCs, naïve CD4+ T
cells (CD4+CD44loCD25−) were FACs sorted and then cultured at a ratio of 10:1 (T cells:
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BMDCs). T cells were stimulated with 1 µg/ml anti-mouse CD3 (2C11) and 10 ng/ml IL-1β
or 10 ng/ml IL-1β plus 10 ng/ml IL-23.

EAE Model
Age (7–12 weeks of age) and sex matched mice were immunized subcutaneously with 100
µg MOG35–55 peptide (MEVGWYRSPFSRVVHLYRNGK) emulsified in CFA (Difco
Laboratories) with 500 µg Mycobacterium tuberculosis on day 0. Mice also received 200 ng
of pertussis toxin (List Biological Laboratories, Inc.) by intraperitoneal injection on days 0
and 2. Disease severity was assessed daily by assigning clinical scores according to the
following scale: 0, no disease; 1, tail paralysis; 2, weakness of hind limbs; 3, paralysis of
hind limbs; 4, paralysis of hind limbs and severe hunched posture; 5, moribund or death. To
harvest CNS leukocytes, mice were perfused through the left ventricle with PBS. The spinal
cord was isolated, cut into small pieces, and then passed through a 70 µm cell strainer.
Leukocytes were then purified by gradient centrifugation using a 38% Percoll solution. The
cells were washed once in PBS and then resuspended in media.

Bioplex assay
Splenocytes obtained from mice with EAE were cultured at 2×106 cells/ml and stimulated
with 30 µg/ml MOG peptide or media alone. Supernatants were harvested after 48 hrs from
these experiments. In all other assays, supernatants from cells that were stimulated with anti-
CD3 or cytokine stimuli were harvested after 72 hrs. Cytokine levels in the supernatants
were measured using MILLIPLEX kits for mouse cytokine/chemokine according to the
manufacturer’s instruction (Millipore).

Intracellular cytokine staining
Splenocytes or LN cells were harvested from mice with EAE and restimulated with phorbol
12-myristate 13-acetate (PMA) and ionomycin or 30 µg/ml MOG peptide in the presence of
monensin for 4–5 hrs. Cells were stained according to the manufacturer’s instructions
(ebioscience). Flow cytometry data were acquired on an upgraded five-color FACScan or
multi-color LSRII (BD) and were analyzed with FlowJo software (Tree Star)

Statistics
P-values were calculated with Student’s t test. P-values <0.05 were considered significant.

RESULTS
IL-1R is required for the induction of GM-CSF production following in vitro stimulation

To study the contribution of IL-1 signaling to the induction of GM-CSF production, WT and
IL-1R−/− splenocytes and lymph node cells were stimulated in vitro with anti-CD3 in
combination with various cytokines previously reported to promote the induction of disease
during EAE. Treatment with anti-CD3 alone induced GMCSF secretion, however treatment
with exogenous IL-23, IL-1β, or IL-1β in combination with either IL-12 or IL-23 further
enhanced GM-CSF production (Fig. 1). Interestingly, IL-1R−/− immune cells failed to
secrete GM-CSF under any of the stimulatory conditions tested, suggesting that IL-1R
centrally controls GM-CSF production. Consistent with published reports (11) (15) (16),
absence of IL-1 signaling also completely abrogated IL-17 production. The defect in GM-
CSF production was not the result of a global impairment in immune cell activation as
production of TNF-α, IFN-γ, and IL-1β (Supplemental Fig. 1) was not affected by IL-1R
deficiency.
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GM-CSF production by γ δ T cells requires IL-1R
In addition to autoreactive T cells, additional immune cells can also substantially contribute
to the inflammatory cytokine environment and tissue destruction in many diseases. For
instance, IL-17 producing δ γ T cells have been shown to exacerbate disease progression in
numerous autoimmune models (18). Furthermore, antigen-nonspecific memory T cells can
also be recruited into inflamed tissues and release inflammatory mediators. Thus we were
interested in studying whether immune cells can be stimulated to produce GM-CSF in the
absence of TCR stimulation and also determining the potential role of IL-1 signaling in this
process. Neither IL-1β nor IL-23 stimulation alone was able to induce GM-CSF production
from bulk immune cells (Fig. 2A). Rather treatment with both IL-1β and IL-23 was needed
to induce GM-CSF production by WT cells in the absence of anti-CD3 treatment. In
contrast, IL-1R−/− cells failed to secrete GM-CSF following cytokine stimulation. This
indicates that IL-1R is essential to promote GM-CSF production following stimulation with
both IL-1β and IL-23. As an experimental control we also assessed the capacity of IL-1R to
influence the production of IFN-γ and IL-17 following cytokine stimulation. In agreement
with published reports (15), we found that IL-1β and IL-23 synergize to induce robust
production of both IL-17 and IFN-γ in an IL-1R dependent fashion (Fig. 2A).

To identify the cellular source of GM-CSF following TCR-independent stimulation, we
FACS sorted γ δ T cells and memory CD4+ T cells and measured GM-CSF production
following cytokine treatment. Dual IL-1β and IL-23 stimulation potently induced GM-CSF
from δ γ T cells (Fig. 2B). Memory CD4+ T cells, in contrast, only produced modest
amounts of GM-CSF following the same stimulation conditions (Fig. 2C). Memory CD4+ T
cells can secrete substantial levels of IL-17 and IFN-γ in response to IL-1β and IL-23 (Fig.
2D), suggesting that TCR-independent secretion of GM-CSF by memory T cells may be
more tightly regulated than IL-17 or IFN-γ. In agreement with our earlier findings, IL-1R is
essential for IL-1β plus IL-23-induced GM-CSF production by both purified γ δ T cells and
memory CD4+ T cells.

IL-1R deficiency attenuates GM-CSF production in vivo
We next examined the possibility that IL-1 exacerbates neuroinflammation during EAE by
promoting the generation of GM-CSF producing immune cells. To test this, EAE was
induced in WT and IL-1R−/− mice and the production of GM-CSF by T cells was evaluated
at day 10 in the dLNs. T cell-mediated GM-CSF production was significantly attenuated in
the dLNs of IL-1R−/− mice following restimulation with either MOG peptide or PMA/
ionomycin (Fig. 3A). It is possible that the impairment in MOG-specific GM-CSF
production by IL-1R−/− T cells is the result of a global defect in T cell expansion and
activation. Conversely it is also possible that the absence of IL-1R directly affects the
acquisition of specific cytokine production by T cells. To test this, supernatants were
collected from day 10 dLN cells that were restimulated with MOG peptide for 48 hours and
the production of cytokines was measured. Consistent with our flow data, we observed a
significant reduction in GM-CSF production in the absence of IL-1R (Fig. 3B). However,
IL-1R was not found to alter the secretion of other T cell derived cytokines including IL-2,
TNF-α, and IL-10 (Fig. 3B and data not shown). This data demonstrates that the impairment
in GM-CSF production that occurs in IL-1R−/− mice is the direct result of altered acquisition
of effector cytokine production and not the result of decreased T cell expansion.

Our in vitro data (Fig. 1) and recent in vitro work by other groups have shown that GM-CSF
production can be induced following both TH1 (e.g. IL-12) and TH17 (e.g. IL-23)
stimulation conditions. To gain further insight into the expression profile of GM-CSF
producing cells in an inflammatory setting that is more physiologically relevant to human
disease, we evaluated the expression of IL-17 and IFN-γ by GM-CSF producing CD4+ T

Lukens et al. Page 4

J Immunol. Author manuscript; available in PMC 2013 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells during EAE. Our data show that approximately half of the GM-CSF+ T cells also
express either IL-17 or IFN-γ(Fig. 3C). A population of autoreactive T cells that only
produce GM-CSF and do not produce either prototypical TH1 or TH17 cytokines was also
detected. To further characterize this population of pathogenic T cells we also stained for
IL-4 and IL-9 to see if they were TH2 or TH9 cells. However the population was not found
to expression either IL-4 or IL-9 (Supplemental Fig. 2). GM-CSF production was also
detected in a population of CD4+ T cells that produced both IL-17 and IFN-γ. Our data
demonstrates that GM-CSF production is not restricted to discrete CD4+ T cells lineages
during inflammation but is rather heterogeneously expressed in the autoreactive T cell
compartment. Furthermore, our findings reveal that GM-CSF can be expressed in tandem
with both TH1 and TH17 signature cytokines during inflammation. This helps to explain the
ability of TH1 and TH17 MOG-specific T cells to induce demyelinating disease even in the
absence of IFN-γ and IL-17. To evaluate whether γδ T cells are also a source of GM-CSF
production during inflammation we measured the expression of GMCSF by γδ T cells using
intracellular flow staining. Indeed, γδ T cells are a major innate source of GM-CSF in EAE
(Fig. 3D).

Next we evaluated the ability of IL-1 signaling to influence GM-CSF production and CNS
inflammation during the effector phase of disease. Consistent with published studies (15)
(16) (17), IL-1R−/− mice were protected from EAE disease symptoms (Fig. 4A) and this
correlated with a significant reduction in the infiltration of inflammatory cells into the CNS
(Fig. 4B). Infiltrating MOG-specific CD4+ T cells and γδ T cells produced elevated levels
of GM-CSF in the CNS of WT mice (Fig. 4C). In contrast, deficiency in IL-1R resulted in
complete abrogation of GM-CSF production by both CD4+ and γδ T cells in the CNS.
Furthermore, when we expanded the GM-CSF+ CD4+ T cell population to assess how GM-
CSF production is co-regulated with other cytokines in inflammatory environments we
found that there is an enrichment of potentially highly pathogenic CD4+ T cells that co-
express GM-CSF, IL-17 and IFN-γ in tandem (Fig. 4D). To further examine IL-1R
mediated control of GM-CSF production during the effector phase of EAE we restimulated
splenocytes with MOG peptide for 48hrs and measured the secretion of cytokines.
Production of GM-CSF was compromised in IL-1R−/− mice, however production of IL-2
(Fig. 4E) and IL-1β (Supplemental Fig. 3) were unaffected. In addition, secretion of IFN-γ
and IL-17 was also significantly affected by the absence of IL-1R. These findings confirm
that IL-1R controls the encephalitogenicity of T cells by regulating pathogenic cytokine
production including GM-CSF.

GM-CSF is believed to exacerbate neuroinflammation by promoting the activation of
myeloid cells and microglia in the CNS (6) (3). Thus we next analyzed whether the
diminished expression of GM-CSF that occurs in IL-1R−/− mice results in dampened antigen
presenting cell (APC) activation in the CNS. Indeed, the expression of MHCII on both
microglia and myeloid cells was reduced in the absence of IL-1R mediated GM-CSF
production (Fig. 4F).

Inflammasome activation promotes the generation of GM-CSF producing T cells
Recent work by our lab and others has highlighted the importance of the inflammasome in
the regulation of many IL-1 mediated inflammatory and autoimmune diseases including
EAE (10) (12) (14) (13). However the role of the inflammasome in the induction of GM-
CSF production remains unknown. To directly test this, EAE was induced in WT and
caspase-1−/− mice and the generation of autoreactive GM-CSF producing T cells was
evaluated at day 10 in the dLNs. The absence of caspase-1 resulted in a marked decrease in
both the frequency and total number of autoreactive GM-CSF producing T cells (Fig. 5A).
Splenocytes from these mice were restimulated with MOG peptide to measure cytokine
secretion. The production of GM-CSF was significantly reduced in caspase-1−/− mice (Fig.
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5B). However, the antigen-specific secretion of additional T cell derived cytokines including
IL-2, TNF-α, and IL-10 was unaffected in caspase-1−/− mice. Although caspase-1
deficiency does significantly reduce GMCSF production, it is not to the same extent as seen
in IL-1R−/− mice (Fig. 3). This might be the result of IL-1α, which can be produced
independently of caspase-1 and inflammasome activation, providing compensatory IL-1
signaling. Overall, these findings clearly indicate that caspase-1 derived IL-1β can potently
amplify T cell mediated GM-CSF production during the priming phase of EAE.

Caspase-1 mediated control of GM-CSF production is through IL-1β regulation
Caspase-1 activation following inflammasome complex formation results in the secretion of
both IL-1β and IL-18. Both IL-1β and IL-18 can independently influence T cell responses
including cytokine production and survival (19) (20). Furthermore caspase-1 can directly
affect cell survival (21), which may influence the upstream control of GM-CSF by
caspase-1. Thus we next examined whether caspase-1 imparts its function on GM-CSF
production via the direct control IL-1β or through a secondary mechanism. To test this we
compared the induction of GM-CSF+ MOG-specific CD4+ T cells in caspase-1−/− mice to
mice that lack IL-1β. Genetic deletion of caspase-1 and IL-1β each led to considerable
reductions in the amount of IL-1β that is secreted in the dLNs during EAE (Fig. 5C).
Furthermore, the generation of GM-CSF producing CD4+ T cells and secretion of GM-CSF
is abrogated to a similar extent in both caspase-1−/− and IL-1β−/− mice (Fig. 5D-5F).
Collectively this data suggests that caspase-1 derived IL-1β is an important inducer of
encephalitic GM-CSF+ T cells.

MYD88 controls GM-CSF production downstream of IL-1R
The downstream pathways that regulate IL-1R specific control of GM-CSF production by
both conventional αβ and γδ T cells have not been fully characterized. MYD88 is a master
regulator of innate immune responses including cytokine receptor signaling and cytokine
production that results from pathogen recognition. However, recent findings suggest an
important cell intrinsic role for MYD88 in T cell responses (22) (23) (24). To evaluate the
role of MYD88 in the orchestration of IL-1R-dependent regulation of GM-CSF we FACs
purified naïve T cells and γ δ T cells from WT, IL-1R−/−, and MYD88−/− mice and induced
GM-CSF production with various stimuli. MYD88 was found to centrally influence GM-
CSF production in T cells, as MYD88−/− T cells exhibited reduced secretion of GM-CSF in
response to anti-CD3 stimulation and IL-1β treatment (Fig. 6A). Expression of TNF-α was
not significantly altered in this assay suggesting that MYD88, similar to IL-1R, can exert
specific control over GM-CSF production. In agreement with a central role for MYD88 in
conventional T cells, MYD88 was also essential for the production of GM-CSF following
stimulation with IL-1β and either IL-23 or IL-12 in γδ T cells (Fig. 6B). IL-1R−/− and
MYD88−/− γδ T cells are similarly impaired in their ability to produce GM-CSF.
Furthermore, cell autonomous deficiency in MYD88 renders γδ T cells unable to produce
either IL-17 or IFN-γ in response to cytokine stimulation. This highlights an essential role
for MYD88 in pathogenic cytokine production by γδ T cells. These data demonstrate that
the IL-1R/MYD88 axis regulates GM-CSF production in both αβ and γδ T cells.

DISCUSSION
Recently, GM-CSF has emerged as a central pathogenic cytokine involved in the
progression of experimental autoimmune encephalomyelitis (EAE) and other autoimmune
and inflammatory diseases. Despite the important identification of the indispensible role of
GM-CSF in the encephalitogenicity of both TH17 and TH1 cells (3, 4), the signaling
pathways that promote the induction of GM-CSF in both cell lineages still remain to be
formally elucidated. IL-1 was recently shown to enhance the production of GM-CSF by

Lukens et al. Page 6

J Immunol. Author manuscript; available in PMC 2013 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CD4+ T cells following in vitro stimulation (4). However, the absolute requirement for IL-1
signaling in the generation of GM-CSF secreting T cells under various stimulatory
conditions was not addressed. Furthermore, prior to our report the in vivo requirement for
IL-1 signaling in the induction and maintenance of GM-CSF responses remained unclear.

In this study, we show that signaling downstream of IL-1R is essential for the secretion of
GM-CSF following polyclonal T cell stimulation with anti-CD3. Furthermore, IL-1
signaling was necessary for the induction of GM-CSF production following stimulation
under TH1 (i.e. IL-12) and TH17 (i.e. IL-23) inducing conditions. Importantly, IL-1R was
also required for optimal generation of GM-CSF producing T cell in vivo. These findings
suggest that IL-1 signaling is a central regulator of GM-CSF induction in T cells. Upstream
of IL-1R we identify inflammasome-derived IL-1β as an important amplifier of GM-CSF
producing T cell responses. A recent study showed that GM-CSF can dramatically boost
inflammasome-mediated IL-1β production in macrophages (25). Thus it is conceivable to
envision that GM-CSF may promote additional production of IL-1β by myeloid cells and
microglia in the inflamed CNS and that this creates a proinflammatory feedback loop that
potentiates neuroinflammation during EAE and MS.

Recently, it was discovered that caspase-1 deficient mice also lack caspase-11 (26). It turns
out that mouse strain 129 and 129-derived embryonic stem cells lack expression of
caspase-11 due to a 5-base-pair deletion that impairs exon splicing and as a result caspase-1
null mice also lack casp11. In this study we find that the production of GM-CSF by
autoreactive T cells is equally abrogated in both caspase-1 KO (actually deficient in both
caspase-1 and caspase-11) and IL-1β KO mice. The fact that IL-1β−/− mice phenocopy the
results generated utilizing caspase 1−/− mice suggest a specific role for caspase-1 and
downstream IL-1β in the regulation of GM-CSF production during EAE.

Increasing evidence points to a central role for innate cell populations in many autoimmune
diseases including EAE (18, 27). For instance, γδ T cells have been shown to exacerbate
neuroinflammation during demyelinating autoimmune disease (28). Prior to our report, the
ability of non-T cells to contribute to GM-CSF-mediated inflammation during EAE
remained unknown. Herein, we demonstrate that γδ T cells are a major source of GM-CSF
in the CNS during neuroinflammation. We find that IL-1β synergizes with either IL-23 or,
to a lesser extent, IL-12 to promote GM-CSF production by γδ T cells. Furthermore, the
IL-1R/MYD88 signaling axis was found to be indispensible for γδ T cell-mediated
production of GM-CSF. Memory CD4+ T cells were also found to secrete GM-CSF in
response to IL-1β and IL-23 in the absence TCR engagement, albeit at much lower levels
than γδ T cells. Production of GM-CSF by memory CD4+ T cells was also dependent on
IL-1 signaling. To our knowledge, our findings demonstrate for the first time that γδ T cells
contribute GM-CSF during EAE in a manner that relies on IL-1 signaling.

Our findings suggest that GM-CSF production by autoreactive T cells is not restricted to
discrete helper CD4+ T cell lineages, but is rather heterogeneously expressed in the effector
T cell population. We found that approximately half of all GM-CSF producing T cells also
produce either IL-17 or IFN-γ during the priming phase of EAE. This data helps to
reconcile how TH17 and TH1 cells can still provoke demyelinating disease even in the
absence of their signature cytokine, IL-17 and IFN-γ respectively (1) (2). Furthermore
autoreactive CD4+ T cells that solely produce GM-CSF and that do not express either
prototypical TH17 or TH1 cytokines were also detected. We also revealed that a substantial
population of pathogenic CD4+ T cells co-express GM-CSF, IL-17, and IFN-γ, and that this
population is highly enriched in the CNS of mice with severe demyelinating disease.
Populations of CD4+ T cells that co-express IL-17 and IFN-γ have been isolated from MS
patients with severe disease (29). Moreover, autoreactive CD4+ T cells that co-produce
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IL-17 and IFN-γ are highly pathogenic in many inflammatory diseases. Thus, expression of
GM-CSF by myelin-reactive T cells that co-express IL-17 and IFN-γ may be responsible for
the highly encephalitogenic nature of this population.

In conclusion, our studies reveal that inflammasome derived IL-1β and the IL-1R/MYD88
signaling axis control demyelinating disease during EAE through the regulation of
autoreactive GM-CSF-producing T cells. Furthermore, the production of GM-CSF was not
limited to a defined helper CD4+ T cell subset but was rather globally expressed by MOG-
specific T cells in vivo. We identify IL-1β as the primary inflammasome induced cytokine
that amplifies GM-CSF production during the priming phase of disease. IL-1 signaling also
potentially contributes to disease progression by enhancing the production of GM-CSF from
γδ T cells. We also demonstrate an essential role for MYD88 in IL-1R-mediated control of
GM-CSF production in both conventional αβ and γδ T cells. The identification of the
central pathways that influence IL-1R-mediated regulation of GM-CSF may provide
potential targets in the treatment of numerous inflammatory and autoimmune diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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CNS central nervous system

dLN draining LN

EAE experimental autoimmune encephalomyelitis

GM-CSF granulocyte-macrophage colony-stimulating factor

IL-1R interleukin-1 receptor type 1
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MOG myelin oligodendrocyte glycoprotein
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Figure 1. IL-1 signaling regulates anti-CD3 induced GM-CSF production
Splenocytes and lymph node cells were harvested from wild-type (WT) or IL-1R−/− mice.
Cells were stimulated with anti-CD3 in the presence of IL-1β, IL-23, IL-1β and IL-23,
IL-12, or IL-12 and IL-1β. Supernatants were collected at 72 hrs for analysis of GM-CSF,
IFN-γ, TNF-α, and IL-17 production by ELISA. Data are representative of four
independent experiments with 2–3 mice per group. Data represent mean ± SEM.
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Figure 2. γδ T cells produce GM-CSF in a IL-1R dependent fashion
Splenocytes and lymph node cells were harvested from WT or IL-1R−/− mice. Bulk
leukocytes were stimulated with IL-1β, IL-23, or IL-1β and IL-23. (A) Supernatants were
collected at 72 hrs for analysis of GM-CSF, IFN-γ, and IL-17 production by ELISA. (B)
Sorted γδ T cells from WT or IL-1R−/− mice were stimulated with IL-1β or IL-1β and
IL-23. Supernatants were collected after 72 hrs and GM-CSF was measured by ELISA. (C)
Sorted memory CD4+ T cells (CD44+CD4+) were stimulated with IL-1β or IL-1β and IL-23.
Supernatants were collected after 72 hrs and GM-CSF, (D) IL-17, and IFN-γ were measured
by ELISA. Data are representative of three independent experiments with 2–3 mice per
group. Data represent mean ± SEM.
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Figure 3. IL-1R controls in vivo GM-CSF production during EAE
WT and IL-1R−/− mice were immunized with MOG/CFA. (A) On day 10, dLN cells were
stimulated with either MOG peptide (top panel) or PMA/ionomycin (bottom panel) for 5 hrs
followed by intracellular staining for GM-CSF. Data are representative of four independent
experiments. (B) Splenocytes were stimulated for 48 hrs with MOG peptide and cytokines
were measured by ELISA. Data are representative of four independent experiments with at
least 4 mice per group. (C) Intracellular staining for IL-17 and IFN-γ in CD4+GM-CSF+ T
cells obtained from the dLNs of WT mice and restimulated with MOG peptide for 5hrs.
Data are representative of 8 independent experiments. (D) Intracellular staining of GM-CSF
in γδ T cells obtained from the dLNs of WT mice and stimulated with PMA/ionomycin for
5 hrs. Data are representative of 6 independent experiments. FMO, fluorescence-minus-one
control.
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Figure 4. IL-1R regulates GM-CSF production in the CNS
WT and IL-1R−/− mice were immunized with MOG/CFA. (A) Clinical scores were recorded
daily for 30 days. (B) Absolute number of CD45+ cells, CD4+ T cells (CD45+CD4+TCRβ+),
γδ T cells (CD45+γδ TCR+), macrophages (CD45hiCD11b+MHCII+), neutrophils
(CD45+CD11b+Gr-1+MHCII−) and B cells (CD45+CD19+TCRβ−) in the CNS 18 days after
immunization. (C) Intracellular staining of GM-CSF for CD4+ T cells (top panel) and γδ+ T
cells (bottom panel) obtained from the CNS and stimulated with either MOG peptide (top
panel) or PMA/ionomycin for 5 hrs. (D) Intracellular staining for IL-17 and IFN-γ in
CD4+GM-CSF+ T cells obtained from the CNS of WT mice and stimulated with MOG
peptide for 5hrs. (E) Splenocytes were stimulated for 48 hrs with MOG peptide and
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cytokines were measured by ELISA. (F) Expression of major histocompatibility complex
class II (MHCII) by microglia (CD45.2intCD11b+) and myeloid cells (CD45hiCD11b+) 18
days after immunization. Data are representative of three independent experiments. Data
represent mean ± SEM.
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Figure 5. Caspase-1 induced production of IL-1β stimulates GM-CSF production
WT and caspase-1−/− mice were immunized with MOG/CFA. (A) On day 10, dLN cells
were stimulated with MOG peptide for 5 hrs followed by intracellular staining for GM-CSF.
(B) Splenocytes on day 10 after immunization were stimulated for 48 hrs with MOG peptide
and cytokines were measured by ELISA. Data are representative of three independent
experiments with at least 4 mice per group. Data represent mean ± SEM. WT, caspase-1−/−,
and IL-1β−/− were immunized with MOG/CFA. (C) On day 10, dLN homogenates were
collected and IL-1β was measured by ELISA. (D) Cells were also stimulated with MOG
peptide for 5 hrs and intracellular staining of GM-CSF was performed. (E) Absolute number
of GM-CSF producing CD4+ T cells obtained from the dLNs at day 10 and stimulated with
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MOG peptide for 5 hrs. (F) Splenocytes were stimulated for 48 hrs with MOG peptide and
cytokines were measured by ELISA. Data are representative of three independent
experiments with at least 4 mice per group. Data represent mean ± SEM.
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Figure 6. MYD88 directs IL-1R-mediated production of GM-CSF in αβ and γδ T cells
Splenocytes and lymph node cells were harvested from WT, IL-1R−/−, or MYD88−/− mice.
(A) Sorted naïve CD4+ T cells (CD4+CD44loCD25−) were cultured with WT bone marrow-
derived dendritic cells (BMDCs) and stimulated with anti-CD3 alone or in the presence of
IL-1β or combined IL-1β and IL-23. Supernatants were collected at 72 hrs and cytokines
were measured by ELISA. (B) Sorted γδ T cells were stimulated with IL-1β, IL-1β and
IL-23, or IL-1β and IL-12. Supernatants were collected after 72 hrs and cytokines were
measured by ELISA. Data are representative of two independent experiments with 2–3 mice
per group. Data represent mean ± SEM.

Lukens et al. Page 18

J Immunol. Author manuscript; available in PMC 2013 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


