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Abstract

IL-1p is critical for T17 cell survival, expansion, and effector function /n vivo during
autoimmune responses, including EAE. However, the spatiotemporal role and cellular source of
IL-1B during EAE pathogenesis is poorly defined. In the present study, we uncovered a novel T
cell-intrinsic inflammasome that drives IL-1p production during T17-mediated EAE
pathogenesis. TCR activation induced pro-IL-1p expression, while ATP stimulation triggered T
cell production of IL-1p via ASC-NLRP3-dependent caspase-8 activation. IL-1R was detected on
Tw17 but not Tyl cells, and ATP-treated Ty17 cells showed enhanced survival compared to ATP-
treated Tyl cells, suggesting autocrine action of Ty17-derived IL-1p. Together, these data reveal a
critical role for IL-1p produced by a T17 cell-intrinsic ASC-NLRP3-Caspase-8 inflammasome
during CNS inflammation.

INTRODUCTION

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous
system (CNS) that affects an estimated 350,000 people in the United States, and some 2.5
million worldwidel. Experimental autoimmune encephalomyelitis (EAE) is the most
commonly utilized animal model of MS. Studies using the EAE model have helped to define
the sequence of immunopathogenic events in the development of autoimmune CNS-directed
inflammatory disease?. During the initiation stage of EAE, CNS antigen-reactive T cells
undergo activation and clonal expansion in the secondary lymphoid organs, while antigen-
presenting cells (APCs) simultaneously produce cytokines that regulate the differentiation of
effector CD4+ T cells, skewing these cells to classical Tyl (producing IFN-y) and Ty17
(producing IL-17, IL-21, GM-CSF and TNF) T cell lineages. Importantly, recent data
demonstrate that both Tyl and Ty17 cells are able to independently induce EAE, possibly
through different mechanisms3-5.

TH17 cells are generated as a discrete lineage when the peripheral priming
microenvironment contains TGF@ and IL-6, and appear to acquire encephalitogenic
potential following re-activation and expansion in the presence of IL-1p and 1L-237-9, We,
along with others, have reported that expression of the IL-1 receptor (IL-1R) is highly
induced during Ty17 cell differentiation1®11, Mice deficient in IL-1R have been shown to
display a significant reduction in EAE disease severity, while mice deficient in IL-1Ra, the
endogenous soluble IL-1R antagonist, were shown to have worse disease than wild-type
controls19:12.13 |-1B stimulation of Ti17 cells leads to strong and prolonged activation of
the mammalian target of rapamycin (mTOR) pathway, which plays a critical role in cell
proliferation and survival, and is required for Ty17-dependent EAE pathogenesis#15.

The NLRP3 inflammasome consists of NLRP3 linked via a homotypic pyrin domain
interaction to the inflammasome adaptor molecule apoptosis-associated speck-like protein
containing a C-terminal caspase-activation and recruitment (CARD) domain (ASC). ASC
interacts with pro-caspase-1 via a CARD domain, resulting in caspase 1 activation and
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maturation and production of IL-1p and IL-18. Several independent studies have recently
reported a critical role for the NLRP3 inflammasome in EAE pathogenesis'6-18. However,
the spatiotemporal role and cellular source of IL-1f during EAE pathogenesis is poorly
defined. Although many previous studies have reported that ASC-dependent inflammasome
signaling mediates T cell function during both host defense and autoimmune processes, it
has remained unclear whether ASC has any T cell-intrinsic role.

Here, we report that the inflammasome adaptor molecule ASC plays a critical T cell-
intrinsic role in the pathogenesis of Ty17-mediated EAE. T cell-intrinsic ASC is required
for the effector stage of EAE, and ASC deficiency in T cells impaired Ty17- but not Ty1-
mediated EAE. Mechanistically, TCR activation induced pro-IL-1p expression and nuclear-
to-cytosolic translocation of ASC; polarized TH17 cells expressed IL-1R, and produced
mature IL-1p in response to ATP via ASC/NLRP3-dependent caspase-8 activation. ATP-
treated TH17 cells showed enhanced survival compared to ATP-treated Tl cells, which was
abrogated by IL-1Ra, suggesting an autocrine action of Ty17-derived IL-1p. Together, these
data suggest a critical role for IL-1p produced by a novel Ty17 cell-intrinsic ASC-NLRP3-
Caspase-8 inflammasome during CNS inflammation.

T cell-specific ASC deficiency delayed and greatly attenuated EAE

To investigate whether Aschas any T cell-intrinsic role, we bred a mouse strain in which all
three exons of the Pycard gene (that encodes Asc) are flanked by lox(p) sites (Asc’f mice)
onto the Lck-cre transgenic mouse strain, which expresses Cre under the control of the Lck
proximal promoter, generating Asc’* L ck-Cre mice (Fig. 1a and Supplementary. Fig. 1). We
generated mice with T cell-specific deletion of Asc by further crossbreeding to obtain
Asc!= [ ck-Cre and littermate control Asc’* L ck-Cre mice (Supplementary. Fig. 2). We tested
the impact of T cell-specific Asc deletion on neuroinflammation and demyelination by
subjecting Asc’~ L ck-Cre and littermate control Asc’* L ck-Cre mice to immunization with
neuroantigen, MOG3s_s5 peptide. Mice with T cell-specific ASC deficiency had attenuated
disease severity compared to controls (Fig. 1b). Asc** and Asc*/~ mice exhibited similar
EAE phenotype upon immunization (data not shown), indicating haploinsufficiency of Asc
has no impact on EAE phenotype. While Asc* L ck-Cre developed severe EAE, Asc’fL ck-
Cre mice were protected, mirroring the data shown in Fig. 1b (data not shown).
Inflammatory mononuclear cell infiltration in the brain, including CD4+ T cells, B cells,
neutrophils and macrophages, was similarly reduced in mice with T cell-specific Asc
ablation (Fig. 1c—d) and the expression of inflammatory cytokine and chemokine expression
in the spinal cord was also significantly decreased (Fig. 1e). Histopathological analysis
showed reduced infiltrating immune cell accumulation and resultant demyelination in spinal
cord of Asc!~ L ck-Cre mice compared to controls (Fig. 1f). Together, these data indicate that
deletion of Ascfrom T cells greatly protects mice from the pathogenesis of EAE, with a
marked attenuation of disease severity.
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T cell-specific ASC deficiency had no impact on T cell priming

Given the phenotype observed in Asc’~ L ck-Cre mice after immunization with MOG35_ss
peptide, we hypothesized that ASC in CD4+ T cells might be important for the priming of
MOGg3s_55 -reactive T effector populations in the secondary lymphoid organs. However,
intracellular staining of T cells obtained from lymph nodes of MOG3s_ss-immunized mice
cultured in TH17- and Ty1-polarizing conditions in the presence of MOGg3s_s5 indicated that
T cell-specific ASC dificiency had no impact on the frequency and total numbers of IL-17A
+and IFN-y+ CD4+ T cells (Fig. 2a). In addition, supernatants from cultures of MOG3s_s5
-primed lymph node cells from Asc~ L ck-Cre™ mice showed similar levels of IL-17A and
IFN-y as compared to controls (Fig. 2b). Furthermore, Asc/~L ck-Cre and Asc’* L ck-Cre
sorted naive CD4+ T cells (CD4+ CD441°) had a similar capacity to differentiate to T1,
Th2, TH17 and Tyeq populations in an antigen-independent manner /n vitro (Fig. 2c-9).
Together, these findings suggested that T cell specific ASC deficiency does not impact T cell
development, ex vivo T cell differentiation, or primary MOGgss_ss -specific T cell priming in
Vivo.

T cell-intrinsic ASC is required for Ty1l7-mediated EAE

Given that T cell-specific deficiency attenuated EAE pathogenesis but not T cell priming, we
assessed the pathogenic role played by Asc-sufficient and Asc-deficient Tyl and TH17 cells
by adoptive transfer into naive recipients. We found that wild-type recipients receiving
Asc!= [ ck-Cre cells re-stimulated under T1-promoting conditions developed similar
disease as those receiving Tyl cells from Asc’* L ck-Cre mice (Fig. 3a). Analysis of the
infiltrating mononuclear cell population in the brains of these mice showed no difference in
the accumulation of CD4+ or CD8+ T cells, macrophages, neutrophils, or B-cells, consistent
with the clinical scores (Fig. 3b). Wild-type mice receiving Asct’~Lck-Cre cells re-
stimulated under T17-promoting conditions developed disease with reduced severity than
those receiving T17 cells from Asc’* L ck-Cre mice (Fig. 3c). Surface staining of the brain
mononuclear cell population revealed that the numbers of CD4+ T cells, macrophages, and
neutrophils were also reduced in mice receiving Asc-deficient T17 cells (Fig. 3d).
Histopathological analysis also reflected this reduced inflammatory cell infiltration, along
with a reduction in demyelination in recipient mice receiving ASC-deficient Ty17 cells (Fig.
3e). Taken together, these results suggest that T cell-intrinsic ASC is required for Ty17- but
not Ty1l-mediated EAE. We then sorted CD4+ T17 cells by flow cytometry from MOG-
immunized Asci’~ Lck-Cre and Asc’* Lck-Cre control mice and adoptively transferred into
irradiated wild-type recipients. The peripheral priming of MOG-reactive TH17 cells was
equivalent in Asc/~ L ck-Cre and Asc’* L ck-Cre control mice (Fig. 2a, b and Supplementary.
Fig. 3a). Recipients (CD45.1 mice) of sorted Asc/~ L ck-Cre CD45.2-CD4+ T17 cells
showed much reduced EAE phenotype as compared to recipients of Asc’* L ck-Cre CD45.2-
CDA4+ TH17 cells (Supplementary. Fig. 3), together suggesting that Ascin CD4+ T17 cells
is required for the effector stage of EAE development.

Intracellular staining of brain-infiltrating mononuclear cells revealed that the percentage and
absolute number of both IL-17- and IFNy- secreting cells were decreased in mice receiving
Ty17 cells from Asc!~ L ck-Cre mice compared to those from Asc’* L ck-Cre mice (Fig. 3f).
Previous studies reported that during the development of EAE, IFN-y and other pro-
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inflammatory cytokines (GM-CSF and TNF) in the spinal cord were produced almost
exclusively by cells that had produced IL-17 (ex- Tu17 cells)1®, suggesting that the
reduction in IFN-y-secreting cells in the CNS of mice receiving Asc'/~Lck-Cre Ty17 cells
might be due to reduced TH17 and/or ex- Ty17 cells in the CNS. In support of this,
Asc!~ L ck-Cre CD4+ T cells sorted from the brains of recipient mice were indeed defective
in their secretion of key pro-inflammatory cytokines, including those reported to be
produced by Ty17 and ex-Ty17 cells (//17a, Ifng, Csf2and Tnf) and, most interestingly,
IL-1p (Fig. 39). Taken together, these findings indicated that ASC-deficient T17 cells are
markedly deficient in their production of key pro-inflammatory cytokines in the CNS.

To exclude the possibility that T cell-intrinsic ASC deficiency impacts CD4+ Ty17
migration to the CNS, we adoptively transferred MOG-primed Ty17 cells from Asct~Lck-
Cre and Asc’* L ck-Cre mice into Rag1~/~ recipient mice. We found that T17 cells from
mice with T cell-specific ASC deficiency egressed from the spleen and migrated to the CNS
normally during the first wave of CNS infiltration (days 3 and 6 post-transfer) (Fig 3h-i).
However, by day 10 after adoptive transfer, CD4+ T cell numbers in the CNS were reduced
in mice receiving Ty17 cells from Ascf’~ L ck-Cre mice, suggesting that T17 cell survival/
expansion in the CNS might be defective in the absence of ASC. In support of this, Ki67
staining in the spinal cord revealed proliferating infiltrated CD4+ T cells after adoptive
transfer of wild-type T17 cells, which was markedly reduced in mice receiving ASC-
deficient- TH17 cells (Fig. 3j).

Tyl7 cells actively secrete mature IL-1p

Given that ASC-deficient Ty17 cells failed to expand and secrete pro-inflammatory
cytokines — including IL-1p - in the CNS, we explored whether ASC might serve as an
adaptor for inflammasome activation in Ty17 cells. During /in vitro Ty17 cell differentiation,
pro-IL-1p expression was strongly induced (Fig. 4a-b). ATP is released by cells during
stress and cell death, and is abundant in the extracellular space in the CNS, where it also acts
as a key excitatory neurotransmitter20-22, We thus speculated that the observed pro-IL-1p in
TH17 cells might undergo processing in response to stimulation with extracellular ATP.
Indeed, /n vitro polarized T17 cells were capable of processing and secreting the active
form of IL-1p upon ATP stimulation (Fig. 4c—g), although the amount of mature IL-1p
produced by Tw17 cells was less compared to that produced by macrophages
(Supplementary. Fig. 4). However, in ASC- and NLRP3-deficient Ty17 cells, IL-1p
processing was completely abolished (Fig. 4c—d, g). Caspase-1 is the prototypical
interleukin-1p converting enzyme in myeloid-lineage cells, and the regulation and function
of the canonical caspase-1 inflammasome has been the subject of intense research. However,
Ty7 cells deficient in both caspase-1 (CaspZ-) and caspase-11 (Casp4™; called
“Casp11~ here) showed only a moderate reduction in IL-1f production as compared to
controls (Fig. 4e,g). Caspase-8 was recently identified as a non-canonical inflammatory
caspase in myeloid-lineage cells, and has been shown to be capable of processing pro-
IL-1823-25, This caspase-8-dependent activity was also shown to be important for T17 cell-
mediated host defense24. Additionally, caspase-8 has been revealed to play a critical non-
apoptotic role in T cells26-31, We thus speculated that in T17 cells, caspase-8 might
participate in an ASC-dependent non-canonical inflammasome capable of processing pro-
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IL-1B. In response to ATP stimulation, IL-1p production was significantly reduced in Ty17
cells from Caspase-8'~ Ripk3'~ mice compared to those from Caspase-8"'~ Ripk3'~ mice,
implying a role for caspase-8 in Ty17 cells for the ASC-dependent processing of pro-1L-1
(Fig. 4f,g). In support of this, peptide inhibitor of caspase-8 but not caspase-1 specifically
blocked IL-1B production in Ty17 cells (Fig. 4h). Analysis of caspase-8 activation
demonstrated that extracellular ATP indeed activates caspase-8 in a dose-dependent manner,
which was substantially reduced in ASC- and NLRP3-deficient Ty17 cells (Fig. 4i). Given
the finding that ATP stimulation of Ty17 cells induced processing of pro-IL-1p in an ASC-
and caspase-8-dependent manner, we sought to further define the responsible molecular
complex. Stimulation of T17 cells with ATP induced the recruitment of both caspase-8 and
NLRP3 - but not caspase-1 - to ASC, suggesting that an ASC-NLRP3-caspase-8 complex
forms in response to ATP stimulation in Ty17 cells (Fig. 4j).

Tyl7-derived IL-1B supports cell survival via an autocrine manner

We next sought to examine the mechanism by which Ty17-polarizing conditions induce pro-
IL-1pB expression in T cells. Since all T helper cell populations also require TCR stimulation
for their initial activation and differentiation from the naive state, we first tested whether
IL-1B expression was shared by these other T cell lineages. Interestingly, we found that Tho,
Th1, and TH17 cells all showed up-regulation of //16and Nalp3 mRNA expression (Fig. 5a—
b), a process that has been shown in myeloid cells to be strictly regulated, and which is
required for optimal inflammasome activation32. Additionally, /78 mRNA levels were
undetectable in TH0 and TH17 cells, with very low expression in Tyl cells (Fig. 5a). ASC
deficiency had no impact on expression of /15, //18and Nalp3 mRNA in TH0, Tyl and
Ty17 cells (Fig. 5a). ASC, which was located primarily in the nucleus of resting naive
CDA4+ T cells, translocated to the perinuclear area in response to TCR stimulation, reflecting
what we and others have observed in murine macrophages (Fig. 5¢)33:34, Further stimulation
of these cells with ATP resulted in the formation of large perinuclear ASC specks, which are
a well-described marker of inflammasome formation (Fig. 5¢). We further found that all
three tested T helper lineages robustly activated caspase-8 and produced mature IL-1p
following ATP treatment, which was abolished in the corresponding NLRP3- and ASC-
deficient T cells (Fig. 5d,e).

Given these data indicating that inflammasome-mediated IL-1p production is not restricted
to a particular CD4+ T cell lineage, which was in contrast to our observation that T cell-
intrinsic ASC is specifically required for Ty17-mediated neuroinflammation, we sought to
examine the functional TH17 cell-specific role of the ASC-dependent inflammasome. We
and others previously reported that IL-1R signaling mediates T17 cell maintenance through
promotion of cell survival and proliferation141535, //1r1 gene expression was specifically
induced during /n vitro T417- but not Ty1- cell differentiation (Fig. 5f—g; i—j). Upon MOG
immunization, IL-1R expression was detected in IL-17* CD4* T cells, but not in IFN-y*
CD4* T cells (Fig. 5h; 5k). We therefore hypothesized that IL-1B produced by Ty17 cells
might act on IL-1R* T17 cells in an autocrine fashion. To test this hypothesis, we
examined Tyl and TH17 cell survival following 8 hours of ATP stimulation. While both T1
and Ty17 cells exhibited caspase-8 activation and IL-1p production, ATP-treated Ty17 cells
showed significantly increased cell survival compared to ATP-treated Tw1 cells, which was
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abrogated by deficiency of ASC, NLRP3, or IL-14, or by addition of IL-1 receptor
antagonist (IL-1Ra) (Fig. 51). These results suggest that Ty17-derived IL-1p may act in an
autocrine fashion to promote survival and proliferation of T17 cells with high IL-1R
expression (Supplementary. Fig. 5).

CD4+ T cell-derived IL-1p is critical for EAE pathogenesis

To further examine the impact of Ty17 cell-derived IL-1p during EAE, we transferred wild-
type or /167~ 11187~ CD4+ T cells into RagZ~~ mice, followed by MOG35_s5
immunization of the recipients. We found that mice reconstituted with /167~ /18~ CD4+
T cells were significantly protected from EAE development compared to controls (Fig. 6a).
The mRNA expression of //17A and /fng, as well as their target genes, was significantly
decreased in the spinal cords of /267~ 1/18'~ CD4+ T cell recipients (Fig. 6b).
Inflammatory mononuclear cell infiltration in the CNS, including CD4+ T cells, was also
dramatically reduced in /267~ 1/18~ CD4+ T cell recipient mice (Fig. 6C).
Histopathological analysis of lumbar spinal cords from /267~ 1/187'~ CD4+ T cell recipients
showed reduced infiltrating immune cell accumulation and marked protection from
demyelinating lesion development (Fig. 6d). Since pro-1L-18 was only slightly induced in
Thl and not detected in TH17 cells (Fig. 5a), these results suggested that CD4+ T cell-
derived IL-1p is probably critical for EAE pathogenesis. We indeed found that mice
reconstituted with //Z657/~ CD4+ T cells were almost completely protected from EAE
development (Fig. 6e—g), mirroring the results in /267~ //187/~ CD4+ T cell recipients.
Taken together, these results confirm that CD4+ T cell-derived IL-1p is critical for EAE
pathogenesis. As an alternative approach to RagZ~/~ recipient mice, we generated mixed
chimeras using Cd3e™/~ bone marrow together with either wild-type or /257~ bone marrow
to assess the function of T cell-derived IL-1p. Lethal irradiated WT mice were reconstituted
with WT+Cd3e™'~ bone marrow or //157~+Cd3e™!~ bone marrow. Six weeks after
reconstitution, mice were immunized with MOGg3s_s5 peptide. The recipient mice received
WT+Cd3¢'~ BM developed EAE, whereas the recipient mice received //267/~+Cd3e~ BM
were protected from EAE (Supplementary. Fig. 6). These results independently validated the
critical role of T cell-derived IL-1f in EAE pathogenesis.

Given the potential role of IL-1f in promoting chemokine signals’, we completed a
timecourse analysis to examine the trafficking of donor /167~ 1/187/~ CD4+ T cells to the
CNS following MOG immunization. The results indicated that T cell-intrinsic IL-1p is
dispensible for the first wave of T cell infiltration to the brain and spinal cord, as we
observed no defect in CD4+ T cell egression from the spleen or migration to the CNS over
the first 3—6 days post-immunization (Fig. 7a). However, by day 10 after adoptive transfer,
CDA4+ T cell numbers in the CNS were dramatically reduced in mice receiving CD4+ T cells
from //167/= 11167~ mice (Fig. 7a), suggesting CD4+ T cell-derived IL-18 might play an
important role in the survival/proliferation of CD4+ T cells in the CNS during EAE. In
support of this, Ki-67 immunofluorescent staining of spinal cord tissue revealed a significant
reduction of proliferating CD4+ T cells in the absence of T cell-derived IL-1p (Fig. 7b).
Flow cytometry indicated that 79% of CD4+ T cells with high IL-1R in the CNS of mice
receiving wild-type CD4+ T cells were Ki67+ proliferating cells (IL-1RNKi67*CD4* T
cells), whereas only 28% of CD4+ T cells with low IL-1R were Ki67+ cells. These
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IL-1RMKi67*CD4* T cells were diminished in mice receiving CD4+ cells from

11671~ 11187~ mice (Fig. 7c). While previous studies reported that T cell-intrinsic IL-1R
signaling is required for T17 cell survival/proliferation, the study here indicated that T cell-
derived IL-1p is necessary to maintain the proliferation of CD4+ T cells in the CNS. In
addition, between days 3, 6, and 10 of EAE development, mice that received wild-type
CD4+ T cells showed a marked induction in IFN-y and GM-CSF gene expression in the
spinal cord, while IL-17A and IL-1R gene expression increased proportionally (Fig. 7d).
This progressive cytokine induction in the CNS during the course of EAE was abolished in
mice receiving CD4+ cells from /167~ 1/18"~ mice, indicating the critical role of T cell-
derived IL-1p in driving production of pro-inflammatory cytokines to promote CNS
inflammation (Fig. 7d). The effect of IL-1- and IL-18-deficiency on T cell percentages in the
CNS seems much less marked than for ASC-deficiency, suggesting that ASC might also be
involved in non-inflammasome functions.

DISCUSSION

We used T cell-specific genetic deletion of the inflammasome adaptor molecule ASC and
found that ablation of ASC in T cells conferred robust protection from EAE development
following immunization of mice with MOG3s5_s5, while having no impact on the activation
and expansion of MOG3s_ss-reactive Tyl and Ty17 cells in the secondary lymphoid organs.
Adoptive transfer of Ty1- and Ty17-polarized MOG3s_s5-reactive cells showed that the
protective effect of T cell ASC deficiency was specific to Ty17-, but not Ty1l-mediated
neuroinflammation. This study demonstrates the critical role of T cell-intrinsic
inflammasome in Ty17-mediated EAE pathogenesis.

TH17-polarized ASC-deficient T cells isolated from the brains of recipient mice were
markedly defective in their ability to secrete key pro-inflammatory cytokines, including
IL-17A, IFN-y, GM-CSF, TNF, and IL-1p. Intriguingly, a recent report demonstrated that
human CD4+ T cells also process IL-1p in an ASC/NLRP3-dependent manner in response
to HIV infection3®. In addition, findings from the murine EAE model have suggested that
IL-1p stimulation actually induces the secretion of IL-17A, IFN-y, GM-CSF, and TNF from
Tw17-polarized brain-infiltrating cells®. We further found that T17 cells differentiated in
vitro highly express both IL-1R and pro-IL-1p, and that this pro-IL-1p can be processed and
secreted in response to stimulation with extracellular ATP in a manner dependent on both
ASC and NLRP3. Seeking to identify the caspase responsible for ATP-mediated IL-1p
production by Ty17 cells /n vitro, we found that while caspase-1/11 deficiency had minimal
effect on IL-1pB processing, IL-1p maturation and secretion was abrogated by genetic
deletion of caspase-8. This data is surprising, since caspase-1 is expressed in T cells. The
fact that pro-caspase-1 was not recruited to ASC upon ATP stimulation suggests the
possibility that caspase-1 might be suppressed or sequestered from ASC by an unknown
mechanism in murine CD4+ T cells. Future studies are required to elucidate the molecular
mechanism for the selective recruitment of caspase-8 to ASC in this context.

An abundance of previously published reports support the notion that IL-1p is critical for the
expansion and survival of MOG-reactive T cells in the secondary lymphoid
organs!2.14-16.37.38 'However, following immunization of Ascf/~LckC™ mice with MOG, we
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did not observe any defect in antigen-dependent Ty17 or Tyl cell polarization in the spleen,
suggesting that IL-1p production by T cells is dispensable for MOG-induced priming in the
periphery. It is therefore likely that IL-1p produced by macrophages and dendritic cells in
the peripheral environment is sufficient to support initial Ty17 cell priming and expansion.
However, we found that while ASC-deficient T17 cells are normal in their priming, egress
from the spleen, and first-wave infiltration of the CNS following adoptive transfer, they fail
to expand and to induce recruitment of second-wave effector cell populations in the CNS.
Furthermore, /157~ 1/187'~ CD4+ T cells also show marked defects in proliferation and
effector function in the CNS and Rag’~ mice reconstituted with /167~ CD4+ T cells were
protected from EAE development. Taken together, given the specific IL-1R expression in
Ty17 cells, these results suggest that ASC-dependent production of IL-1p by T cells in the
CNS might be necessary for effective Ty17 cell proliferation and effector cell recruitment.

Of particular note is the finding that both IL-17A- and IFN-y-producing CD4+ T cell
populations were reduced in the absence of T cell-intrinsic ASC. This finding mirrors a
recent report that elegantly demonstrated the plasticity of T17 cells during EAE
pathogenesis!®. In that study, the authors used an IL-17 promoter-driven T17 lineage-
tracing reporter system to show that following MOG immunization, classical Tyl IFN-y-
producing cells were present at a ~1:1 ratio with Ty17-lineage IL-17A-producing cells in the
draining lymph nodes. However, after arrival in the CNS, classical Tyl lineage cells rapidly
disappeared by day 15 post-immunization. On the other hand, some Ty17 cells were
converted to IL-17- IFN-y+ cells, so called ex- Ty17 cells, which actually became the
dominant IFN-y-producing cell population in the spinal cord. The IFN-y-secreting ex- Ty17
cells continue to express IL-1R, while classical Tyl cells do not. As we observed dramatic
defects in both IFN-y and IL-17A production (and the other inflammatory cytokines) by
ASC- and IL-1-deficient CD4+ T cells in the brain, implicating the critical role of T cell-
derived IL-1p and consequent IL-1 signaling in Ty17 and ex- Ty17 cells during EAE. Tyl
cells, which lack IL-1R expression, fail to receive the important survival signal provided by
T cell-derived IL-1pB in the CNS, possibly putting them at a relative disadvantage to Ty17
and ex- Ty17 cells.

In summary, this study is the first to report that T cell intrinsic inflammasome activity drives
IL-1pB production via caspase-8 activation, and is required for the pathogenic role of Ty17-
mediated CNS inflammation. Our findings lead us to speculate that chronic inflammation
and tissue destruction in the CNS during EAE provides a prolonged danger signal,
potentially in the form of extracellular ATP, to activate ASC-NLRP3-Caspase-8-dependent
IL-1B production in T cells. T cell-derived IL-1p in turn promotes the survival/expansion of
IL-1R+ Ty17cells; and IL-1B stimulation of Ty17 cells also promotes secretion of key pro-
inflammatory cytokines, resulting in amplification of the Ty17-mediated inflammatory
cascade. This novel model of IL-1p- T17 axis yields possible new therapeutic strategies for
inhibition of CNS inflammation.
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B6(Cg)-Tg(Lck-Cd1d1)1Aben/J mice*! (C57BL/6 background) were purchased from
Jackson Laboratory (stock number 019418). Asc1oX/flox mice were generated by targeting
the entire open reading frame of the Pycard gene on chromosome 7 for conditional deletion.
Targeting vector was generated with a pCR4.0 backbone, and C57BL/6 embryonic stem
cells were microinjected and screened by Southern hybridization for presence of the mutant
allele. Both the targeting vector and the conditional knockout mice were designed and
generated by Caliper Discovery Alliances & Services, which is now part of Taconic. Asc™/~,
Nirp3™'= and /1167~ mice were described previously#243. /157~ 11187/~ mice were
described previously#4. CD45.1 congenic mice were bought from Jackson Laboratory
(002014). Rag™~ mice were bought from Jackson Laboratory (002216).

CaspI™~ Casp11~~ mice were bought from Jackson Laboratory (016621)45. Ca3¢™'~ mice
were bought from Jackson Laboratory (004177). Thy1.1* mice bought from Jackson
Laboratory (000406). Casp8™'~ Ripk3'~ and control mice were described previously6. All
of the mice used in this study were female. For all experiments, mice were 10-12 weeks of
age, with age-matched littermates used as experimental groups, and 5 mice pre group. Mice
were housed under specific pathogen—free conditions. Experimental protocols were
approved by the Institutional Animal Care and Use Committee of the Cleveland Clinic.

Anti-ASC (1:1000, N-15-R) was purchased from Santa Cruz Biotechnology. Anti-ASC
(1:1000, 2EI-7) was purchased from Milipore. Anti-IL-1p (1:1000, 3ZD) was got from
Biological Resources Branch of the NIH. Anti-IL-1p (1:1000, AF-401-NA) was purchased
from R&D. Anti-Caspase8 (1:1000 for all three antibodies, 4927, 1G12 and PA1-29159)
were purchased from Cell Signaling Technology, Adipogen and ThermoFisher Scientific.
Anti-NLRP3 (1:500, H-66) was purchased from SANT CRUZ Biotechnology. Anti-Actin
(1:5000, A-2228) was purchased from Sigma. Anti-Ki67 (1:1000, ab15580) was purchased
from Abcam. Anti-CD45-APC (1:500, 103112), Anti-CD45.2-PE/cy7 (1:500,104) and Anti-
F4/80-FITC (1:200, 123108) were purchased from Biolegend. Anti-CD4-FITC (1:200,
L3T4), Anti-Ly6C-PE (1:300, HK1.4), Anti-IFN-y-FITC (1:200, XMG1.2), Anti-CD3
(1:1000, 145-2C11), Anti-CD28 (1:1000, 37.51), Anti-I1L-4-FITC (1:200, BVD6-24G2) and
Anti-FOXP3-PE (1:300, FJK-16S) were purchased from eBioscience. Anti-IL-17A-PE
(1:300, 559502), Anti-CD8-PE (1:300, 553041) and Anti-Ly6G-PE (1:300, 1A8) were
purchased from BD. Anti-IL-1R/CD121a (1:500, clone JAMA-147, catalog #113505) was
purchased from Biolegend. Luxol Fast Blue MBS Solution (26681) was purchased from
Electron Microscopy Sciences. Caspase-8 Flica (Kit#99) was purchased from
ImmunoChemistry. YVAD-fmk (ALX-260-154-R100) and IETD-fmk (550380) were
purchased from Enzo and BD. Anti-IL-1B-PE antibody (1:300, IC4013P) was purchased
from R&D. IL-1Ra (anakinra) was purchased from AMGEN.

Induction and assessment of EAE

Active EAE was induced and assessed as previously described3°. Adoptive transfer (passive)
EAE was also induced as previously described“?. Briefly, recipient mice were injected with
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3.0x107 polarized MOG3s_s5-specific Tl or T17 cells 4 hours after 500 Rads sublethal
irradiation. To prepare MOG3s-g5-specific polarized T cells, donor mice were immunized
with MOG35-_55 subcutaneously; draining lymph node cells were prepared from donor mice
10 days after immunization. Cells were cultured for 5 days with MOG3s-55 at a
concentration of 25 pg/ml under either Tyl-polarizing conditions (20 ng/ml IL-12, R&D; 2
pg/ml anti-1L-23p19, eBioscience) or Ty17-polarizing conditions (20 ng/ml I1L-23, R&D).
The clinical score was assessed in double-blinded manner. For the sample size, we
performed power analysis for the clinical score of EAE, which has an average of 25%
coefficient of variance. We determined that with n=15 mice we had 90% power to detect
30% difference between the groups.

In vitro CD4+ T cell differentiation

For Ty17 cell differentiation, naive CD4*CD441° T cells from C57BL/6, Asc!~Lck-Cre,
Nirp3 =, Casp17'~ICasp117!=, Casp8'~Ripk3™'~ and Casp8'~Ripk3'~ mice were sorted by
flow cytometry and activated with plate-bound 1 mg/ml anti-CD3 and 1 mg/ml anti-CD28
and in the presence of 2 ng/ml TGF-B (Peprotech), 20 ng/ml I1L-6 (Peprotech), 5 pg/ml anti-
IL-4 (11B11), and 5 pg/ml anti-IFN-y (XMG 1.2). For Tyl cell differentiation, FACS-
sorted naive (CD4*CD44!°) CD4+ T cells were cultured on an anti-CD3/CD28 coated plate
in the presence of 20 ng/ml IL-12 (Peprotech) and 5 pg/ml anti-1L-4 for 3 days. For T2 cell
differentiation, FACS-sorted naive (CD4*CD44!°) CD4+ T cells were cultured on an anti-
CD3/CD28 coated plate in Ty2-polarizing (IL-4 (10 ng/ml) and anti-IFN-y (10 pg/ml))
condition for 3 days. For Treg cell differentiation, FACS-sorted naive (CD4*CD44!%) CD4+
T cells were cultured on an anti-CD3/CD28 coated plate in the presence of TGFB (5ng/ml)
for 3 days.

Inflammasome activation in CD4+ T cells

FACS-sorted naive CD4*CD44!° T cells were polarized to the indicated T helper lineage /in
vitro for 3 days. For simulation with ATP, cells were washed and re-suspended in 200 pl
low-serum 1640 RPMI media (0.1% of serum) containing the indicated concentration of
ATP. For detection of inflammasome activation by immunoblot analysis, we followed the
protocol described previously*’. Briefly, cells were lysed by adding 10x Cell Lysis Buffer
(10% Nonidet P-40, 20mM DTT and 10x protease inhibitors) to the well that contains both
the cells and culture media (i.e. without removing the condition medium) to a final
concentration of 1% Nonidet P-40, 2mM DTT and protease inhibitors. Cells were then lysed
(in the presence of culture medium) on ice for 30 minutes, and spun at 16,000 rpm. Protein
concentration of the total lysate was measured. 4x Laemlli buffer was then added to the
lysate, samples were boiled and approximately 20 pg of sample was run on 12% SDS-PAGE
gel, followed by immunoblot analysis.

Reconstitution of T cells in Rag1™~ mice and active induction of EAE

2x108 FACS-sorted CD4* T cells from wild-type, //167=/1/18~ mice or /1657~ were i.v.
transferred into RagZ~/~ mice. On days 1 and 4 after CD4+ T cell reconstitution, mice were
immunized subcutaneously in the abdominal flank with 200 mg MOG3s_s5 and 400 mg
Mycobacteria tuberculosis H37RA (Difco) in 400 ul of an emulsion of equal volumes of
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water and complete Freund’s adjuvant (Difco). Each mouse also received 0.4 mg of purified

Bordetella pertussis toxin in 200 ul PBS i.p. on days 0 and 4.

Generation of chimera mice

To generate Cd3e™'~ /167"~ and Cd3e™'~ 1116~ chimera mice, 15x108 bone marrow cells
from Cd3e™'~ and /1657~ or //16*"~ bone marrow were injected into irradiated wild-type
mice (550 Radsx2 times) by i.v. injection (15106 cells per recipient mouse). Recipient mice
were allowed to recover for 6 weeks, followed by active immunization as previously
described3?.

Histological analysis

All spinal cord tissue sections used here were 5 um thick. For paraffin-embedded tissue,
spinal cords collected from phosphate-buffered saline—perfused mice were fixed in 10%
formalin and then dehydrated with 70% alcohol. Sections were stained with either
hematoxylin and eosin or Luxol fast blue to evaluate inflammation and demyelination,
respectively.

Real-time PCR

ELISA

Total RNA was extracted from spinal cord with TRIzol (Invitrogen) according to the
manufacturer’s instructions. All gene expression results are expressed as arbitrary units
relative to expression of Actb. Fold induction of gene expression in spinal cord after EAE
induction was determined by dividing the relative abundance of experimental samples by the
mean relative abundance of control samples from naive mice. Primer sequence is in
supplementary table 1.

Thyl.2+ CD4+ T cells FACS-sorted from the brains of wild-type Thy1.1+ recipient mice
that received Ti17 cells from MOG-immunized Asc* L ck-Cre and Asc~ L ck-Cre mice,
were cultured for 24 hours at 37°C on plates coated with anti-CD3 (3 pg/ml; 553057; BD
Pharmingen) and anti-CD28 (3 pg/ml; 553294; BD Pharmingen). Supernatants were
collected for enzyme-linked immunosorbent assay of cytokines with a kit from BioLegend
(for IL-17A) or kits from R&D Systems (for all other cytokines). //1b levels were assayed
by //16 (MLBOOC) ELISA kit (R&D systems) according to the manufacturer’s instructions.
Ifng (MIF00), csf2 (DY415-05) and 7nf(MTAOQO0B) ELISA kit were purchased from R&D
Systems.

Immunoblot and immunoprecipitation

Cells were lysed by lysis buffer (0.5% Triton X-100, 20 mM Hepes pH 7.4,150 mM Nacl,
12.5 mM B-glycerophosphate, 1.5 mM MgCI2, 10 mM NaF, 2 mM dithiothreitol, 1 mM
sodium orthovanadate, 2 mM EGTA, 20 mM aprotinin, 1 mM phenylmethylsulfonyl
fluoride). 20 pg of protein lysate per lane was run on a 12% SDS-PAGE gel, followed by
immune-blotting with different antibodies. Co-immunoprecipitation experiments were
performed as described previously17. In brief, cell extracts were incubated overnight with
antibodies and protein A beads at 4 °C After incubation, beads were washed four times with
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lysis buffer, resolved by SDS-PAGE and analyzed by immunoblotting according to standard
procedures.

Non-parametric statistics was applied to all data set. The P values of clinical scores were
determined by two-way multiple-range ANOVA for multiple comparisons. Other P values
were determined by Unpaired t test. P < 0.05 was considered to be significant. Unless
otherwise specified, all results are shown as mean and the s.e.m. We performed power
analysis for a sample size that gives 80% power for an effect size of 1.5. The control and
experimental groups were blinded to the investigators who recorded the clinical score, flow
analysis, histology and LFB staining. No samples were excluded, and Randomization was
not performed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Genetic deletion of the inflammasome adaptor ASC in T cells protects from EAE. (a)

Targeting vector design for generation of a novel mouse strain with all three Pycard exons
flanked by lox(p) sites (upper panel), and Western blot analysis of ASC expression in FACS-
sorted naive CD4+ T cells from Asc’* L ck-Cre and Asc’~ L ck-Cre mice (lower panel). (b)
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Mean clinical score of EAE in Asc’* Lck-Cre and Asc!~ L ck-Cre mice (n=5 mice per group)
induced by active immunization with MOGg3s_ss. (¢—d) Immune cell infiltration in the brains
of MOG3s_ss-immunized Asc’* L ck-Cre and Asc’~Lck-Cre mice (n = 5, 7 days after
disease onset) was analyzed by flow cytometry with the antibodies as indicated. (d)
Absolute numbers of CNS-infiltrating cells were determined at the peak of disease. Brains
and spinal cords were harvested together and mononuclear infiltrating cells were stained
with the indicated antibodies, followed by flow cytometric analysis. (e) Real-time PCR
analysis of inflammatory gene expression as indicated in the spinal cords of Asc’* Lck-Cre
and Asc'’* L ck-Cre mice (n=5) at the peak of disease. (f) Hematoxylin and eosin (H&E)
staining (upper panels) and Luxol fast blue staining (lower panels) of lumbar spinal cords
from Asc’* L ck-Cre and Asc~ L ck-Cre mice harvested at the peak of disease. Scale bar,
200um. *P < 0.05 (Unpaired t test, d and e). *P < 0.05 (Two-way ANOVA,b). Data are
representative of three independent experiments. Error bars represent s.d (b). Error bars
represent s.e.m (d,e). 5 mice per group in each experiment.
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Figure 2.
MOG-reactive T effector cell priming in the secondary lymphoid organs is unaffected by

ASC deficiency in T cells. (a) Absolute numbers of CD4+ IL-17A+ and CD4+ IFN-y+ cells
(left panel) and concentrations of IL-17A and IFN-vy in the supernatant of cells (right panel)
from the draining lymph nodes of mice (n=5 mice per group) 10 days after immunization
with MOG35_ss, followed by ex vivo re-stimulation in the presence of MOGg3s_s5 and IL-23.
(b) Absolute numbers of CD4+IL-17A+ and CD4+IFN-y+ cells (left panel) and
concentrations of IL-17A and IFN-vy in the supernatant of cells (right panel) from the
draining lymph nodes of mice (n=5) 10 days after immunization with MOG3s_sgs,, followed
by ex vivorestimulation in the presence of MOG3s5_s5 and IL-12. (¢) FACS-sorted naive
(CD4*CD44'9) CD4+ T cells were cultured on an anti-CD3/CD28 coated plate in Ty17- or
Tyl-polarizing condition, followed by intracellularly staining for IL-17A and IFN-y and
analyzed by flow cytometry. (d—g) Mean percentage of cells positive for the indicated
cytokines/protein following intracellular staining with the indicated antibodies and flow
cytometric analysis on day 3 of in vitro differentiation of Tyl (d), Ty17 (e), TH2 (f), and
Treg (g) cell populations. Data are representative of three independent experiments (a—g).
n=5 mice per group in each experiment (a—b) and n=3 mice per group in each experiment
(c-9).
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Figure 3.
T cell specific ASC deficiency is required for Ty17- but not Ty1-mediated EAE. (a,c) Mean

clinical score of EAE mice (n=5) induced by adoptive transfer of MOG-reactive Tyl (a) and
TH17 (c) cells. (b, d) Brains and spinal cords Tq1- (b) and T17- (d) recipient mice were
harvested at the peak of disease and stained with the antibodies, followed by flow cytometric
analysis. (¢) H&E staining (upper panels) and Luxol fast blue staining (lower panels) of
lumbar spinal cords at peak of the disease in T17 recipient mice. Scale bar, 200um. (f)
Flow cytometric analysis of CD4+ cells from the brains of wild-type mice at peak of the
disease in Ty17 recipient mice. (g) Thyl.2+ CD4+ T cells FACS-sorted from the brains of
Thyl.1+ T17 recipient mice (n=5), were cultured and analyzed by ELISA. (h) Flow
cytometric analyses of CD4+ T cells from CNS or spleen from Rag™’~ mice (n=5) that
received MOG-reactive Ty17 cells. (i) Quantification of total CNS-infiltrating CD4+ T cells
from (h). (j) Ki-67/CD4 staining of spinal cords from adoptive transfer experiments from (h)
(left panels), and percentage of CD4+ T cells co-staining with Ki-67 (right panel). Scale
bar, 10um. Error bars represent s.e.m. *P < 0.05 (Unpaired t test for b, d, f, g, | and j). Error
bars represent s.d. *P < 0.05 (Two-way ANOVA for a and c). Data are representative of
three independent experiments (a—j). n=5 mice per group in each experiment.
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Figure 4.

Tw17 cells process IL-1p in response to stimulation with extracellular ATP in an ASC/
NLRP3/Caspase-8-dependent manner. (a—j) FACS-sorted (CD4*CD44°) naive CD4+ T
cells were subjected to TH17 polarization. (a, b) Ty17 cells were analyzed by real-time PCR
analysis of the indicated genes. (c—f) Ty17 cells were stimulated with ATP (8 h), and cells
were lysed, followed by Western analysis with the indicated antibodies. (g) TH17 cells were
stimulated with ATP (8 h), and IL-1p ELISA was performed on cell-free supernatants. (h)
Ty17 cells were treated with the indicated inhibitors and ATP (8 h), followed by IL-1p
ELISA. (i) Ty17 cells were stimulated with ATP for 8 h; caspase-8 FLICA (IETD) reagent
was added directly to the media for the last hour of incubation. Cells were then harvested
and analyzed by flow cytometry (upper). Qutification of Caspase 8 FLICA activation
(lower). (j) TH17 cells were stimulated with 1 mM ATP for 0, 1, or 3 h. Cells were then
harvested and lysed, followed by immunoprecipitation with anti-ASC antibody and Western
blot with indicated antibodies. n=5 mice per group in each experiment. n=2 mice per group
in each experiment (i). Error bars represent s.e.m. *P < 0.05 (Unpaired t test for a, b, g, h
and j). Data are representative of three independent experiments (a—j).
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Figure 5.

TH917 cells express IL-1R and pro-1L-1p. (a) mMRNA expression for the indicated genes in
naive CD4+ T cells, THO, Tyl and TH17 cells. (b) Naive CD4+ T cells, Tyl and Ty17 cells
were stained for pro-1L-1p and analyzed by flow cytometry. (c) Naive CD4+ T cells were
stimulated with the antibodies, followed by staining with anti-ASC and confocal
microscopic analysis. Scale bar, 5um. (d) THO, Tyl and TH17 cells were treated with 5 mM
ATP for 8 h; caspase-8 FLICA (IETD) was added, followed by flow cytometry. (e) Naive
CD4+ T cells, THO, Tyl and Ty17 cells were treated with ATP for 8 h. Cell lysates were
immunoblotted with the antibodies. (f, i) Tyl and TH17 cells were analyzed by real-time
PCR on days 0-3 of differentiation. (g, j) Ty17 (g) and Tl (j) cells were stained with the
indicated antibodies and analyzed by flow cytometry. (h, k) Cells of draining lymph nodes
from MOG-immunized mice were analyzed by flow cytometric analysis with the indicated
antibodies. (I) Tyl and TH17 cells were pre-treated for 15 minutes with IL-1ra (1 pg/ml),
then stimulated with 5 mM ATP for 8 h. Cells were stained with propidium iodide and
analyzed by flow cytometry. Error bars represent s.e.m. *P < 0.05 (Unpaired t test for a, d, f,
i, ). Data are representative of three independent experiments (a—i). n=5 mice per group in
each experiment (b, g-h, j—I). n=2 mice per group in each experiment (a, d, fand i).
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Figure 6.

ILEflf) produced by CD4+ T cells in vivo. (a—e) RagZ™'~ mice (n=5 mice per group) were
reconstituted with 2x106 sorted CD4+ T cells from wild-type or /167~ 11187~ mice,
followed by immunization with MOG35_g5 peptide. (a) Mean clinical score. (b)
Inflammatory gene expression in the lumbar spinal cord was assessed at the peak of disease.
(c) Absolute numbers of CNS-infiltrating cells were determined at the peak of disease.
Brains and spinal cords were harvested and mononuclear infiltrating cells were stained with
the indicated antibodies, followed by flow cytometric analysis. (d) H&E staining (upper
panels) and Luxol fast blue staining (lower panels) of lumbar spinal cords from Ragz~/~
recipient mice harvested at the peak of disease. Scale bar, 200um. (e—g) RagZ'~ mice were
reconstituted with 2x106 sorted CD4+ T cells from wild-type or /157~ mice, followed by
immunization with MOGss_s5 peptide. (¢) Mean clinical score. (f) Inflammatory gene
expression in the lumbar spinal cord was assessed at the peak of disease. (g) Absolute
numbers of CNS-infiltrating cells were determined at the peak of disease. Brains and spinal
cords were harvested and mononuclear infiltrating cells were stained with the indicated
antibodies, followed by flow cytometric analysis. Error bars represent s.e.m. *P < 0.05
(Unpaired t test for b, c, f and g). Error bars represent s.d. *P < 0.05 (Two-way ANOVA for
a and e). Data are representative of three independent experiments (a—g). n=5 mice per
group in each experiment.
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Figure 7.

T ?:ell-intrinsic inflammasome activation is required for T17 cell survival/proliferation in
the CNS. (a-d) RagZ™~ mice were reconstituted with 2x108 wild-type or /167~ 11187~
CD4+ T cells. RagZ™~ mice were actively immunized with MOG3s_s5 peptide. (a) Flow
cytometric analysis of CD4+ T cells from CNS or spleen harvested on the indicated day
(post-transfer) from RagZ~/~ mice (n=5 mice per group) that received MOG-reactive Ty17
cells from wild-type and /2657~ 1/18™~ mice (left panels). Quantification of total CNS-
infiltrating CD4+ cells on indicated day (right panel). (b) CNS-infiltrating CD4+ T cells
were isolated on day 10 after the last immunization, and were stained with anti-IL-1R and
anti-Ki-67 antibodies, followed by flow cytometry. (c) Anti-CD4 and anti-Ki-67
immunostaining was performed on spinal cords on day 10 after immunization (upper
panels). The percentage of CD4+ cells co-staining with Ki67 was calculated for each
experimental group (lower panel). Scale bar, 10um. (d) Gene expression analysis of lumbar
spinal cords obtained from RagZ™'~ recipient mice on the indicated day post-immunization.
Error bars represent s.e.m. *P < 0.05 (Unpaired t test for a, ¢ and d). Data are representative
of three independent experiments (a—d). n = 5 mice per group in each experiment.
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