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Neuroinflammation is well known to be associated with neurode-
generative diseases. Apoptosis signal-regulating kinase 1 (ASK1) is
a mitogen-activated protein kinase kinase kinase that has been
implicated in neuroinflammation, but its precise cellular and molec-
ular mechanisms remain unknown. In this study, we generated con-
ditional knockout (CKO) mice that lack ASK1 in T cells, dendritic
cells, microglia/macrophages, microglia, or astrocytes, to assess the
roles of ASK1 during experimental autoimmune encephalomyelitis
(EAE). We found that neuroinflammation was reduced in both the
early and later stages of EAE in microglia/macrophage-specific
ASK1 knockout mice, whereas only the later-stage neuroinflamma-
tion was ameliorated in astrocyte-specific ASK1 knockout mice.
ASK1 deficiency in T cells and dendritic cells had no significant
effects on EAE severity. Further, we found that ASK1 in microglia/
macrophages induces a proinflammatory environment, which sub-
sequently activates astrocytes to exacerbate neuroinflammation.
Microglia-specific ASK1 deletion was achieved using a CX3CR1<"*R
system, and we found that ASK1 signaling in microglia played a
major role in generating and maintaining disease. Activated astro-
cytes produce key inflammatory mediators, including CCL2, that
further activated and recruited microglia/macrophages, in an astro-
cytic ASK1-dependent manner. Astrocyte-specific analysis revealed
CCL2 expression was higher in the later stage compared with the
early stage, suggesting a greater proinflammatory role of astro-
cytes in the later stage. Our findings demonstrate cell-type-specific
roles of ASK1 and suggest phase-specific ASK1-dependent glial cell
interactions in EAE pathophysiology. We propose glial ASK1 as a
promising therapeutic target for reducing neuroinflammation.
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poptosis signal-regulating kinase 1 (ASK1) is a mitogen-

activated protein kinase (MAPK) kinase kinase that stimu-
lates the c-Jun N-terminal kinase (JNK) and p38 MAPK
pathways, and it mediates diverse biological signals leading to
cell death, differentiation, and senescence (1, 2). Deletion of
ASKI1 in mice suppresses neuronal cell death from injury (3, 4),
and recent studies indicate that ASK1 is involved in various
neurodegenerative diseases, including amyotrophic lateral scle-
rosis, Alzheimer’s disease, Parkinson’s disease, and multiple
sclerosis (MS) (5-8). MS is an inflammatory disease of the cen-
tral nervous system (CNS) characterized by localized areas of
demyelination. Experimental autoimmune encephalomyelitis
(EAE) is a classic model widely used to explore pathogenic
mechanisms of MS, generated by administering a myelin basic
protein peptide that induces an autoimmune response directed
to myelin (9). During MS/EAE, activated microglia/macro-
phages are the first cells to respond to inflammatory insults
within the CNS. Microglia/macrophages may be polarized into
proinflammatory or antiinflammatory states, with each state
having a distinct molecular phenotype and effector function,
and targeting microglia/macrophages may have therapeutic
benefits in MS/EAE treatment (10-12). Astrocytes, another
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subset of glia, are the most abundant cell population within the
CNS. Astrocytes are involved in the regulation of synaptic func-
tion, plasticity, and maintaining brain homeostasis, and they are
thought to contribute to the pathogenesis of MS/EAE by pro-
ducing proinflammatory cytokine/chemokines such as CCL2
(13-16). In recent years, astrocytes have also been shown to
polarize into different subtypes: Al astrocytes are neurotoxic,
and blocking the conversion of astrocytes into the Al pheno-
type is neuroprotective (17, 18); although, nowadays, the activa-
tion state is described to be more diverse than the simple Al/
A2 nomenclature (19, 20). Studies of intrinsic and external fac-
tors involved in astrocyte activation or polarization may provide
information regarding how astrocytic function changes during
disease, which may lead to the development of novel therapies.

We previously reported that ASK1 deficiency ameliorated
the severity of EAE, using conventional ASK1 knockout (ASK1
KO) mice (21). In this study, we selectively deleted ASK1 from
five types of cells: T cells, dendritic cells, microglia/macro-
phages, microglia, and astrocytes, to dissect out the roles of
ASK1 in different cell types during neuroinflammation. Our
study revealed pathogenic roles of ASK1 signaling in innate
immune cells and how they interact with each other in the pro-
gression of MS/EAE.

Significance

Neuroinflammation is associated with many neurodegenera-
tive diseases such as Alzheimer’s disease and multiple sclero-
sis (MS). Thus, decreasing neuroinflammation may be a
promising treatment for these diseases. Apoptosis signal-
related kinase 1 (ASK1) has been shown to cause neuroin-
flammation in neurodegenerative disease models, but its
mechanism of action has been unclear. Here, we generated
conditional knockout mice that lack ASK1 in T cells, dendritic
cells, microglia/macrophages, microglia, or astrocytes, to
assess the roles of ASK1 during experimental autoimmune
encephalomyelitis (EAE), a mouse model of MS. We propose
that ASK1 is required in microglia and astrocytes to cause
and maintain neuroinflammation by a feedback loop
between these two cell types.
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Results

Cell-Type-Specific Roles of ASK1 Signaling in EAE Progression and
Severity. To elucidate the cell-type-specific role of ASK1 signal-
ing during neuroinflammation, we examined myelin oligoden-
drocyte glycoprotein (MOG)-induced EAE susceptibility in
ASK1 conditional knockout (CKO) mice. ASK1%¥°* mice
(22) were crossed with Lck-Cret, Cdllc-Cre*, LysM-Cre*, or
GFAP-Cre™ mice to generate T cell-, dendritic cell-, microglia/
macrophage-, or astrocyte-specific CKO lines (Fig. 14). The
resulting double-transgenic mice, ASK111°%.1 ck-Cre* (ASK1™*
KO), ASK1™¥*Cdllc-Cret (ASK1U¢ KO), ASK1fo¥ios,
LysM-Cre” (ASK1'*M  KO), and ASK1"¥1xGFE4P.
Cre*(ASK19FAF KO) were all viable and fertile. Since daily
clinical scores of wild-type (WT) EAE mice were similar to
those of ASK1%¥X EAE mice, we show the data of WT
EAE mice.

As shown in Fig. 1B, the severity of paralytic symptoms in
ASK1"* KO EAE and ASK1°“!'* KO EAE mice were compa-
rable to WT EAE mice, indicating that ASK1 deficiency in T
cells and dendritic cells has very little effect on neuroinflamma-
tion in EAE. These findings are consistent with results from
our previous study, which demonstrated that ASK1 deficiency
had no effect on the proliferation of Tcells and the polarization
of naive T cells (21). On the other hand, the clinical symptoms
observed in ASK1¥*™ KO EAE and ASK1°"** KO EAE mice
were ameliorated compared with WT EAE mice. The
ASK1"*M KO EAE mice demonstrated a similar disease pro-
file to ASK1 KO EAE mice, while ASK19™" KO EAE mice
only showed a reduction in clinical scores during the later stage
of the disease (from day 23 after MOG immunization) (Fig.
1B). Consistent with the reduced clinical scores, the extent of
demyelination was drastically reduced in ASK1™*™ KO EAE,
ASK1°™A" KO EAE, and ASKl KO EAE mice, while the
extent of demyelination in ASK1*** KO EAE and ASK1¢!'
KO EAE mice was similar to that found in WT EAE mice (Fig.
1 C and D). In support of these results, immunoreactivity for
phosphorylated ASK1 (p-ASK1) and phosphorylated p38 (p-
p38), which acts downstream of ASKI1, were colocalized with
ibal and GFAP, cell markers for microglia/macrophages and
astrocytes, in the spinal cords of WT EAE mice (SI Appendix,
Fig. S1).

We also examined the effects of cell-type—specific deletion of
ASK1 on the severity of optic neuritis, characterized by inflam-
mation of the optic nerve, in the above EAE mice. Similar to
the results seen in the ASK1 KO EAE mice, the levels of demy-
elination observed in the optic nerves of ASK1™*™ KO EAE
and ASK1°A" KO EAE mice were milder than the level of
demyelination found in WT EAE mice (Fig. 1 E and F). Analy-
sis of semithin and ultrathin sections of the optic nerve revealed
many d%enerated axons in WT EAE mice, but not in
ASK1™*M KO EAE and ASK1°"? KO EAE mice (Fig. 1G).
Taken together, these data indicate that ASK1 signaling in
microglia/macrophages and astrocytes play important and dis-
tinct roles during EAE.

ASK1 Signaling Is Critical for Proinflammatory Microglia/Macrophage
Polarization. To determine the mechanisms to explain the
reduced disease severity observed in ASK1™*M KO EAE mice,
we first compared the cell number of microglia/macrophage in
the spinal cord of naive ASK1™*™ KO mice with that of naive
WT mice. No difference of ibal positive microglia/macrophage
was found between the two genotypes (SI Appendix, Fig. S2),
indicating that ASK1 signaling is unnecessary to main homeo-
stasis of microglia/macrophages. We then investigated the cell
number of microglia/macrophage during the presymptomatic
phase of EAE. Ibal-positive cells were significantly increased in
both WT and ASK1™*M KO EAE, and there was no difference
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in the cell numbers between the two genotypes (SI Appendix,
Fig. S3). Moreover, the size of the GFAP-positive areas in WT
was similar to ASK1™*M KO EAE. In addition, no neuronal
loss was observed in this EAE phase and there was no differ-
ence in the numbers of NeuN-positive neurons between the
two genotypes (SI Appendix, Fig. S3). Since vascular remodel-
ing occurs ahead of the EAE disease onset and is a central
component of demyelinating diseases (23, 24), we also investi-
gated the effect of ASK1 deficiency in microglia/macrophage
on vascular remodeling by studying CD31-positive endothelial
cells and the expression of fibronectin, an extracellular matrix
protein (SI Appendix, Fig. S4). The CD31- or fibronectin-
positive area was increased in WT and ASK1™*™ KO EAE
mice before disease onset, and there was no difference between
the two genotypes (SI Appendix, Fig. S4). Taken together, these
results indicate that ASK1 deficiency in microglia/macrophage
has no effect on glial cells, neurons, or vascular remodeling
during early presymptomatic phases of EAE.

We next performed microarray analysis using mRNAs iso-
lated from the spinal cords on day 17 (d17) when the severity
of EAE in ASK1™*™ KO mice significantly decreased. When
the genome-wide global gene expression profiles were obtained,
the results revealed 4,816 cases of gene up-regulation (>2-fold)
and 3,273 cases of gene suppression (<0.5-fold) in WT EAE
mice compared with naive WT mice. We focused on the
up-regulated genes and analyzed gene ontology using Gene-
Spring 14.5 software. Of the 4,816 genes that were up-regulated
by >2-fold, a total of 101 genes were related to proinflamma-
tory cytokine/chemokine signaling. Their expression levels were
reduced markedly in ASK1™*™ KO EAE mice compared with
WT EAE mice (Fig. 24). We found that classical proinflamma-
tory microglia/macrophage-related genes, including NOS2,
CD86, IL-1p, and TNFao, were all decreased in the spinal cords
of ASK1™**M KO EAE mice compared with WT EAE mice (Fig.
2B). To confirm the microarray analysis data, we also evalu-
ated gene expression in the spinal cords of WT and ASK1¥*M
KO EAE mice on d17 using qPCR. Expression levels of
NOS2, CD86, IL-1p, and TNFa were all reduced significantly
in ASK1™*™ KO EAE mice compared with WT EAE mice
(Fig. 2C). Furthermore, we investigated the expression of these
four important genes in different areas of the spinal cord by
immunohistochemical staining on d17 (Fig. 2D and SI
Appendix, Fig. S5). Their expression levels were all significantly
reduced in the spinal cords of ASK1™*™M KO EAE mice, in
both the white matter (ventral, lateral, and dorsal funiculus)
and gray matter. These results show that the changes in the
gene expression matched the changes in protein expression,
and that ASK1 deletion in microglia/macrophage reduced
expression of NOS2, CD86, IL1p, and TNFa all across the
areas in the EAE spinal cord. However, since the cell number
of microglia/macrophage was reduced in ASK1™*™ KO EAE
mice on d17 (ST Appendix, Fig. S6), it is not clear whether the
reduced gene expressions might be due to the overall reduction
of cell numbers or they reflect reduced gene expressions per
cell. Therefore, to prove that ASK1 signaling regulates the pro-
duction of classical proinflammatory microglia/macrophage-
related genes, we stimulated primary cultured microglia or bone
marrow—derived macrophages (BMDMs) from WT and ASK1
KO mice with lipopolysaccharide (LPS; 100 ng/mL for proin-
flammatory polarization) for 6 h. At 6 h after LPS stimulation,
the expression of NOS2, CD86, and IL-1p was reduced in micro-
glia or BMDMs with ASK1 deficiency (Fig. 2 E and F). We also
determined whether ASK1 affects polarization of microglia/mac-
rophages toward an antiinflammatory phenotype. For this, we
stimulated cultured microglia or BMDMs from WT and ASK1
KO mice with IL-4 (20 ng/mL) to induce an antiinflammatory
phenotype and examined levels of antiinflammatory microglial/
macrophage markers. The results of this experiment showed
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Fig. 1. Selective ASK1 deletion in microglia/macrophages or astrocytes reduced the severity of EAE. (A) Schematic diagram illustrating the breeding strat-
egy and experimental design for cell-specific ASK1 knockout in T cells (Lck-Cre*), dendritic cells (Cd77c-Cre*), microglia/macrophages (LysM-Cre™), and
astrocytes (GFAP-Cre™). (B) Clinical scores of wild-type (WT; n = 15), ASK1* KO (n = 12), ASK1¢9"' KO (n = 8), ASK1¥*M KO (n = 11), ASK1FAP KO (n =
19), and ASK1 conventional KO (n = 8) EAE mice in a period of 30 d after MOG immunization (d30). The one-way ANOVA with Tukey-Kramer post hoc
test was used. ***P < 0.001; **P < 0.01; *P < 0.05. (C) Spinal cord sections of naive WT and six lines of EAE mice were stained with LFB and H&E. (Scale
bar: 250 pm.) (D) Quantitative analysis regarding the extent of demyelination in the spinal cords of the six lines of EAE mice. The one-way ANOVA with
Tukey-Kramer post hoc test was used. n = 4 to 6 mice per group. ***P < 0.001. (E) Histopathology of the optic nerves of normal WT and six lines of EAE
mice. Optic nerve sections were stained with LFB and H&E. (Scale bar: 170 pm.) (F) Quantitative analysis regarding the extent of demyelination in the
optic nerves of the six lines of EAE mice. The one-way ANOVA with Tukey-Kramer post hoc test was used. n = 4 to 6 mice per group. ***P < 0.001. (G)
Axonal degeneration in the optic nerves as observed in semithin sections by the light microscope (LM) and ultrathin sections by transmission electron
microscope (TEM). Arrows point to representative degenerated axons. (Scale bar: 45 um, Upper and 2.5 pm, Lower.)

that ASK1 signaling in microglia/macrophages is not involved  Fig. S7). These data indicated that ASK1 promotes a proin-
in promoting or inhibiting polarization of microglia/macro- flammatory phenotype in microglia/macrophages. We also
phages toward an antiinflammatory phenotype (SI Appendix, —examined T cell infiltration to the lesion site in ASK1'¥*M KO
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Fig. 2. ASK1 is involved in proinflammatory microglia/macrophage polarization. (4) Cytokines/chemokines revealed by microarray analysis of spinal cords
from normal, WT EAE, and ASK1%*M KO EAE mice on d17. (B) Heat map of the changes in expression for proinflammatory microglia/macrophage-related
genes (fold change >2.0) in the spinal cords of ASK1%*M KO EAE mice compared with WT EAE mice (n = 2) on d17 after MOG immunization. (C) gPCR
analysis of proinflammatory microglia/macrophage-related gene expressions in the spinal cords of WT EAE and ASK1%*M KO EAE mice on d17. The one-
way ANOVA with Tukey-Kramer post hoc test was used. n = 4 to 6 mice per group. *P < 0.05. (D) Quantification of NOS2-, CD86-, IL1p-, and TNFa-
positive stained areas in the ventral funiculus (VF), lateral funiculus (LF), dorsal funiculus (DF) of the white matter (WM), and gray matter (GM) in the spi-
nal cords of WT and ASK1%*M KO EAE mice on d17. Student’s t test was used. n = 4 for WT EAE mice and ASK1Y* KO EAE mice, respectively. ***P <
0.001. **P < 0.01; *P < 0.05. (E and F) mRNA expression of proinflammatory microglia/macrophage-related genes in WT and ASK1 KO microglia (E) or
macrophage (F) stimulated with LPS (100 ng/mL) for 6 h. NS: nonstimulated. Experiments were carried out in a 96-well plate format with three to four
wells used for each culture condition. Experiments were repeated three times and representative results are shown. Two-tailed Student'’s t test was used.
**P < 0.01; *P < 0.05.

EAE mice and found that there was no difference in T cell
numbers between WT and ASK1™*™ KO EAE mice, indicat-
ing that ASK1 deficiency in microglia/macrophages had no
effect on Tcell infiltration (ST Appendix, Fig. S6).
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ASK1 Deficiency in Microglia Mimics the Phenotype Observed in
ASK1Y*™ KO EAE Mice. We elucidated the role of ASK1 in micro-
glia/macrophages using the LysM-Cre line, which cannot distin-
guish between microglia and macrophages. Thus, roles of
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dition. Experiments were repeated three times and representative results are shown. Two-tailed Student’s t test was used. ***P < 0.001.

ASK1 in microglia or in macrophages during EAE remain
unknown. To examine the role of ASK1 specifically in micro-
glia, we crossed ASK11¥1%% mice with CX3CRIC*R mice
(ASK19°“RI KO, Fig. 34) and induced microglia-specific gene
deletion as previously reported (25). We first confirmed
microglia-s%eciﬁc gene manipulation using Tomato™*¥/1°x;
CX3CRIER transgenic (Tomato“*“®! Tg) EAE mice (SI
Appendix, Fig. S84) and the microglia marker TMEM119 (SI
Appendix, Fig. S8B). Moreover, ASK1 immunohistochemistry
staining revealed that ASK1 was hardly detectable in microglia
in the spinal cords of ASK1“**“R! KO EAE mice preadminis-
tered with tamoxifen (TAM) (SI Acp]{?endix, Fig. S8C). We then
compared severities of ASKI“®*“*! KO EAE mice with or
without TAM preadministration. As shown in Fig. 3B, EAE
severitéf was significantly reduced from the early stage in
ASK1“¥3“R! KO mice with preadministered TAM compared
with mice without TAM administration, which is accompanied
by lower extent of demyelination and decreased cell infiltration
in the spinal cords, as demonstrated by luxol fast blue (LFB)
and hematoxylin and eosin (H&E) staining. These results are
similar to what we found in ASK1™*™ KO EAE mice, suggest-
ing that ASK1 in microglia may play a major role in the patho-
genesis of EAE.

In the context of injury, microglia are activated prior to the
arrival of macrophages and may actively participate in their
recruitment (26), which might also be the case during EAE. We
then compared cell numbers of microglia and macrophages in
the spinal cords of ASK1“¥*“R! KO EAE mice with or without
preadministered TAM at EAE onset (Fig. 3C). Macrophage
numbers were deduced from ibal-positive microglia/macro-
phage numbers and TMEM119-positive microglia numbers.
While there was only a slight reduction of microglia numbers in
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ASK1“X3CRl KO EAE mice with preadministered TAM com-
pared with mice without TAM administration (128 + 3 vs. 153 +
7, P = 0.0149), the numbers of macrophages were drastically
reduced (193 + 13 vs. 378 + 17, P = 0.000146; Fig. 3C). In addi-
tion, we found that expression of CCL2, a chemokine that
recruits macrophages (27), was significantly reduced in ASKI1-
deficient microglia upon LPS stimulation (Fig. 3D). Immunoblot
analysis confirmed reduced p-p38 expression in ASK1-deficient
microglia stimulated with LPS or CpG, a ligand of TLRY (S/
Appendix, Fig. S9), suggesting that the effects may be mediated
via TLRY as well as TLR4. These results suggest that microglial
ASK1 is involved in macrophage recruitment to the lesion site.

ASK1 Signaling in Microglia Stimulates the Induction of an A1
Phenotype in Astrocytes. Al astrocytes, a subtype of reactive
astrocytes, are induced by proinflammatory mediators released
from microglia (17). Since ASK1 is involved in the polarization
of microglia toward the proinflammatory phenotype, we deter-
mined whether ASK1 signaling in microglia mediates the induc-
tion of the Al phenotype in astrocytes. To test this hypothesis,
we prepared microglial conditioned medium (MCM) by stimu-
lating WT and ASKI-deficient microglia with LPS. WT astro-
cytes were exposed to MCM from WT and ASKI-deficient
microglia, and qPCR was used to measure levels of A1 markers
in astrocytes (Fig. 44). The expression of the Al astrocyte
markers PsmbS, H2T23, and GBP2 were significantly decreased
in WT astrocytes stimulated with MCM from ASK1 KO micro-
glia compared with those stimulated with MCM from WT
microglia (Fig. 4B). However, levels of the pan-reactive astro-
cyte marker, Cxcl10, remained comparable between WT astro-
cytes stimulated with MCM from ASK1 KO microglia and
those stimulated with MCM from WT microglia, demonstrating
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Fig. 4. ASK1 deficiency in microglia reduced induction of A1 astrocytes in vitro and in vivo. (A) Schematic representation of the experimental procedure
for A1 astrocyte induction. (B) A1 astrocyte marker expression (Psmb8, H2T23, and GBP2) in WT astrocytes stimulated with WT MCM or ASK1-deficient
MCM for 6 h. The expression of Cxcl10, one of pan-reactive astrocyte markers, was also quantified. Experiments were carried out in a 96-well plate format
with 3 to 4 wells used for each culture condition. Experiments were repeated three times and representative results are shown. The one-way ANOVA
with Tukey—-Kramer post hoc test was used. **P < 0.01; *P < 0.05. (C) TNFq, IL1a, and C1g mRNA expression in WT and ASK1 KO microglia stimulated with
LPS (100 ng/mL) for 6 h. NS: nonstimulated. Experiments were carried out in a 96-well plate format with 3 to 4 wells used for each culture condition.
Experiments were repeated three times and representative results are shown. Two-tailed Student’s t test was used. ***P < 0.001; **P < 0.01; *P < 0.05.
(D) Immunohistochemical staining of C3d in the gray matter (GM) and white matter (WM) of the spinal cords of ASK1***®" KO EAE mice with or without
preadministered TAM on d30 and quantification of the C3d-positive area. The one-way ANOVA with Tukey-Kramer post hoc test was used. n = 4 for WT

normal group, n = 6 for ASK1CR! KO EAE group with or without TAM preadministration. **P < 0.01. (Scale bar: 60 um.)

that the number of total astrocytes is similar between the two
groups (Fig. 4B). We also found that stimulation of WT micro-
glia with LPS up-regulated the expression of TNFo IL-1a, and
Clq, factors that induce the Al phenotype in astrocytes. How-
ever, these effects were all significantly reduced in ASKI-
deficient microglia compared to WT microglia (Fig. 4C).
Immunohistochemical analysis of C3d, a marker of Al astro-
cytes, demonstrated that the number of Al astrocytes was sig-
nificantly reduced in both the gray matter and white matter of
the spinal cord of ASK1“**“®" KO EAE mice with preadminis-
tered TAM compared with mice without TAM administration
(Fig. 4D). Together, these data indicate that ASK1 signaling in
microglia promotes induction of the Al phenotype in astrocytes
during neuroinflammation.
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ASK1 Signaling in Astrocytes Is Involved in the Later Stage of EAE
Pathophysiology. We have determined that ASK1 signaling in
astrocytes regulates the severity of EAE during the later stage
of the disease, but not the early stage (Fig. 1B). First, we com-
pared the percentage of the GFAP-positive area in the spinal
cord of naive ASK19FA" KO mice with that in naive WT mice.
No difference was found between the two genotypes (SI
Appendix, Fig. S10), indicating that ASK1 signaling is unneces-
sary to maintain homeostasis of astrocytes. Moreover, ASK1
deficiency in astrocytes had no effects on the number of ibal-
or GFAP-positive glial cells or NeuN-positive neurons (SI
Appendix, Fig. S11) or the expression levels of vascular remod-
eling markers, as demonstrated with CD31- and fibronectin-
positive areas during the presymptomatic phase of EAE (SI
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representative results are shown. Two-tailed Student’s t test was used. ***P < 0.001; **P < 0.01; *P < 0.05.

Appendix, Fig. S12). We next investigated whether ASK1 signal-
ing in astrocytes was involved in the induction of the Al pheno-
type. To test this hypothesis, we performed similar experiments
to Fig. 44, but using WT and ASK1 KO astrocytes stimulated
with MCM from WT microglia (SI Appendix, Fig. S134). We
found no significant difference in the expression levels of Al
astrocyte markers between MCM-stimulated WT astrocytes and
ASKI1 KO astrocytes (SI Appendix, Fig. S13B). These data indi-
cated that ASK1 signaling in astrocytes is not involved in the
polarization of astrocytes toward an Al phenotype.

We then investigated the potential effects of astrocytic ASK1
signaling on microglia/macrophage activation by immunohisto-
chemistry staining of the spinal cords (Fig. 54). As shown in
Fig. 5B, the numbers of ibal-positive and TMEM119- positive
microglia and the deduced numbers of macrophages were sig-
nificantly reduced in ASK1°A¥ KO EAE mice on d30 but not
on d17, indicating that astrocytic ASKI1 signaling stimulates
microglia/macrophage recruitment and activation only in the
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later stage of EAE. Several factors are known to affect micro-
glia/macrophage recruitment and activation, including CCL2,
colony-stimulating factor-1 (CSF1), lipocalin-2 (LCN2),
HSPG2, and fibronectin (28-34). Therefore, we compared
expression of such factors in WT and ASK1-deficient astrocytes
stimulated with spinal cord homogenates (SCHs) from d17 or
d30 WT EAE mice (Fig. 5C). The expression of CCL2, CSF1,
LCN2, HSPG2, and fibronectin in ASKl-deficient astrocytes
stimulated with SCHs from d17 EAE mice were similar to that
of WT astrocytes. However, expressions of these five factors
were significantly down-regulated in ASK1-deficient astrocytes
compared with WT astrocytes when stimulated with SCHs from
d30 EAE mice (Fig. 5D). Taken together, our findings suggest
that ASK1 signaling in astrocytes recruits and activates micro-
glia/macrophages in the later stage of EAE, which contributes,
at least partly, to maintaining disease.

Among the above factors investigated, CCL2 demonstrated
the highest up-regulation, which was suppressed in the
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absence of ASK1 (Fig. 5D). Since CCL2 has been reported to
play important roles during EAE (35, 36) and might be
involved in the reduced severity of ASK1°¥A¥ KO EAE mice
in the later stage, we examined the in vivo dynamics of CCL2
during the early and later stages of EAE. qPCR analysis of
the whole tissue (spinal cords) in WT EAE mice revealed that
CCL2 expression was significantly reduced in the later stage
compared with the early stage (Fig. 64). We further examined
the in vivo dynamics of astrocytic CCL2 by using Rpl2274:G-
FAP mice that were generated by crossing RiboTag mice with
GFAP-Cre™ mice to isolate mRNA of astrocytes (Fig. 6B)
(37). Interestingly, CCL2 expression in astrocytes was signifi-
cantly increased at d30 compared with d17 (Fig. 6C). These
data, in combination with the total CCL2 expression in Fig.
64, suggest that different cell types may be responsible for
CCL2 production, depending on the disease stage (early/
later). Next, we confirmed the in vivo dynamics of CCL2 in
astrocytes and microglia by using triple immunohistochemical
staining of the spinal cords (Fig. 6D). We determined the per-
centage of CCL2* microglia or astrocytes by examining the
colocalization of CCL2 and ibal or GFAP immunoreactivity.
In accordance with the qPCR analysis, the total CCL2 immu-
noreactivity was significantly reduced at d30 (Fig. 6E). How-
ever, we found that the positive area of CCL2" astrocytes was
up-regulated at d30 in WT EAE mice compared with that at
d17, while the positive area of CCL2* microglia was down-
regulated at d30. In addition, CCL2 up-regulation was signifi-
cantly suppressed in ASK1°¥? KO EAE mice on d30, but
not on d17 (Fig. 6E). Taken together, these results suggest
that astrocytes are the major source of CCL2 during the later
stage, whereas microglia are mainly responsible for CCL2 pro-
duction during the early stage.
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Discussion

Investigations involving the use of conditional knockout models
provide an in-depth understanding of pathological mechanisms
in a cell-specific manner. In the present study, we demonstrated
that ASK1 deficiency in microglia or microglia/macrophages
reduced clinical scores and impaired the production of proin-
flammatory cytokines/chemokines from the early stage of EAE
through to the end of the experimental period, which is similar to
the profile observed in conventional ASK1 KO mice. Our find-
ings indicate pathogenic roles of ASK1 signaling in glial cells and
their interactions during neuroinflammation (Fig. 7). The recruit-
ment of proinflammatory microglia/macrophages is thought to
contribute to the pathogenesis of MS and other neurodegenera-
tive disorders (38-40). In the present study, we found that genes
linked to a proinflammatory microglia/macrophage phenotype
were down-regulated in ASK1™*™ KO EAE mice. In addition,
in vitro experiments with primary cultured microglia/macro-
phages revealed that ASK1 deficiency reduced proinflammatory
gene expression but did not alter antiinflammatory genes. These
data suggest that reduced clinical severity, decreased expression
of proinflammatory genes, and reduced demyelination may partly
be explained by the role of ASK1 in inducing a proinflammatory
phenotype in microglia/macrophages. Interestingly, our data
from TAM-inducible ASK1“¥**R1 KO EAE mice suggest that
ASK1 in microglia plays a major role in EAE pathogenesis, but
not ASK1 in macrophages. However, CNS macrophages com-
prise microglia and border-associated macrophages (BAMs)
residing in the meninges, choroid plexus, and perivascular
spaces (41). The CX3CRI“"*FR system will also target BAMs, and
therefore it is possible that ASK1 signaling in BAMS could also
contribute to EAE pathogenesis. Thus, development of a
macrophage-specific conditional gene knockout system may be
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causes sustained inflammation.

successful in future and it will help to confirm the role of ASK in
macrophages using macrophage-specific CKO mice. Further-
more, we could not distinguish which populations of macro-
phages were affected by ASK1 deletion. Future studies include
use of multiplex in situ hybridization approaches or related
approaches to localize and reveal changes in specific populations
and spatial information to elucidate the role of ASK1 in more
detail.

Microglia—astrocyte interactions play critical roles in CNS
inflammation (42). A newly identified subtype of Al reactive
astrocytes can be induced by proinflammatory microglia, and
such glial interactions may subsequently affect oligodendrocyte
differentiation and survival (17, 43, 44). In our study, we showed
that the number of A1 astrocytes in ASK1“X*“R! KO EAE mice
was reduced compared with the number observed in WT EAE
mice. In addition, our in vitro study demonstrated that the num-
ber of Al astrocytes decreased when astrocytes were stimulated
with MCM from ASK1 KO microglia compared with those stim-
ulated with MCM from WT microglia (Fig. 4B). Meanwhile,
ASK1 deficiency in astrocytes had no effects on the induction of
the Al phenotype (SI Appendix, Fig. S13). These data suggest
that the induction of Al astrocytes during EAE is mediated at
least partly via ASK1 signaling in microglia. Recent study
demonstrated that chronically activated microglia suppress the
differentiation of oligodendrocyte progenitor cells and axon
myelination (45), thus suggesting a new glial relationship among
microglia, astrocytes, and oligodendrocytes in MS/EAE. Further
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in vivo validation and functional studies are needed to confirm
the proposed mechanism.

During neuroinflammation, astrocyte-derived cytokines/che-
mokines play important roles in the recruitment of immune
cells into the CNS, the induction of inflammatory responses,
and later-stage disease mechanisms such as chronic demyelin-
ation and axonal loss (46-48). We demonstrated that ASK1 sig-
naling in astrocytes drives proinflammatory gene expression,
some of which is involved in the recruitment or activation of
microglia/macrophages, but only in the later stage of EAE. In
particular, we found that astrocytic CCL2 expression, which is
up-regulated via ASK1 signaling (21), is significantly increased
in the later stage of EAE, but this increase was almost
completely abolished in the absence of ASK1 (Fig. 6). These
findings clearly suggest an important pathogenic role of ASK1-
mediated regulation of CCL2 expression in the later stage of
EAE, although follow-up studies, such as CCL2 deletion in
astrocytes in the later stage of EAE using the CCL2:hGFAP-
CreERT2 mouse strain, may be helpful to confirm this conclu-
sion. Recent advances in genomic tools facilitated progress in
understanding the roles of astrocytes in MS pathogenesis (49).
Transcriptome analysis revealed a few key genes that are
expressed in astrocytes and associated with proinflammatory
astroglial activation in EAE. For example, glycolipid lactosyl-
ceramide (LacCer), a member of the glycosphingolipid family
and synthesized by p-1,4-galactosyltransferase 6 (B4GALT6) in
astrocytes, was up-regulated particularly at the later stage of

PNAS | 90f12
https://doi.org/10.1073/pnas.2103812119

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103812119/-/DCSupplemental

EAE and promoted neurodegeneration (14). A recent study
into heterogeneity of astrocytes in EAE and MS by single-cell
RNA sequencing revealed the importance of environmental
factors that activate astrocytes (16, 47, 50) The fact that ASK1
deficiency in astrocytes reduced the severity of EAE only in the
later stage of the disease suggests that there was a change in
environment at the lesion site from early to later stage that
affected ASKI signaling. Our future studies include identifica-
tion of the factors responsible for this change, which could con-
tribute to further understanding of mechanisms involved in
acute and chronic inflammation. It is important to note that
although the GEAP-Cre mouse strain used in the present study
has been frequently used for astrocyte-specific inactivation of
genes of interest, there is some degree of leakiness in other cell
types such as neurons (51). Using inducible Cre driver trans-
genic mouse lines such as AGFAP-CreERT2 showing high
astrocyte-specific Cre expression would further validate our
findings (52, 53).

ASKI1 has been implicated in various human diseases, includ-
ing Alzheimer’s disease and diabetes; thus inhibition of ASK1
has been an attractive strategy for these disorders. Recently,
selonsertib, an ASK1 inhibitor, went through clinical trials for
the treatment of nonalcoholic steatohepatitis (NASH). Disap-
pointingly, trials failed to reach the primary efficacy endpoint
(54, 55); however, it is possible that selonsertib may be a suit-
able candidate for drug repositioning and may show efficacy in
treatment of various other disease conditions.

In summary, our results demonstrate that ASK1 signaling
regulates glial cell interactions and drives CNS inflammation,
suggesting that ASK1 may be a good therapeutic target for neu-
rodegenerative diseases, including MS. Further studies of
ASKI1 signaling that disrupt glial cell homeostasis may provide
detailed understanding of the cell-type-specific changes within
the pathological environment during neuroinflammation.

Materials and Methods

Animals. Mice homozygous for the ASK1 floxed allele (ASK17¥f*X) on a
C57BL/6J background were generated as previously described (22). Lck-Cre*
(56), Cd11c-Cre* (57), LysM-Cre™ (58), GFAP-Cre* (59), and CX3CR1<"*ER mice
(25) were used to create conditional ASK1 KO mice. Female C57BL/6J, conven-
tional, and conditional ASK1 KO mice were maintained at the animal facilities
of the Tokyo Metropolitan Institute of Medical Science and were 6 to 8 wk of
age at the time of immunization. RiboTag mice (37) and tdTomato mice (60)
were purchased from The Jackson Laboratory. The animals were treated in
accordance with the Tokyo Metropolitan Institute of Medical Science Guide-
lines for the Care and Use of Animals. All animal experiments were approved
by the Institutional Animal Care and Use Committee of the Tokyo Metropoli-
tan Institute of Medical Science (18041).

EAE Induction and Clinical Scoring. EAE was induced in mice with MOGgs_s5
peptide (MEVGWRSPFSRVVHLYRNGK) as previously reported (61). Briefly,
mice were subcutaneously injected with 100 pg of MOGss_ss mixed with 500
ng of heat-killed Mycobacterium tuberculosis H37RA (Difco) emulsified in com-
plete Freund’s adjuvant. Each mouse also received intraperitoneal injections of
400 ng pertussis toxin (Seikagaku) immediately and 48 h after the immuniza-
tion. Clinical signs were scored daily as follows: 0, no clinical signs; 1, loss of tail
tonicity; 2, flaccid tail; 3, impairment of righting reflex; 4, partial hind limb
paralysis; 5, complete hind limb paralysis; 6, partial body paralysis; 7, partial
forelimb paralysis; 8, complete forelimb paralysis or moribund; and 9, death.

Histopathology and Quantification. Mice were anesthetized by an intraperito-
neal injection of sodium pentobarbital, perfused transcardially with saline fol-
lowed by 4% paraformaldehyde in 0.1 M phosphate buffer containing 0.5%
picric acid. Optic nerves and lumbar spinal cords were removed, postfixed, and
processed as previously reported (21, 62). Briefly, optic nerves were embedded
in paraffin wax, cut into 7-pm-thick sections, and stained with LFB followed by
H&E staining. Spinal cords were embedded in paraffin wax or optimal cutting
temperature (OCT) compound (Tissue-Tek), and sections (10 um) were cut
coronally and collected on MAS-coated slides (Matsunami) that are silane-
coated slides with improved hydrophilicity and adhesion. For pathological
study, sections were stained with LFB followed by H&E. Immunohistochemistry
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was performed using the following primary antibodies: mouse anti-CCL2
(1:500; MABN712, Merck Millipore), mouse anti-iNOS (1:100; 610328, BD Bio-
sciences), rat anti-CD86 (1:200; 550542, BD Biosciences), rabbit anti-IL1p (1:100;
bs-0812R, Bioss), rabbit anti-TNFa (1:100; bs-2081R, Bioss), goat anti-GFAP
(1:200; sc-6170, Santa Cruz), rabbit anti-GFAP (1:200; 12389s, Cell Signaling),
goat anti-ibal (1:400; ab5076, Abcam), rabbit anti-TMEM119 (1:500;
ab209064, Abcam), rabbit anti-C3d (1:200; A0063, DAKO), rabbit anti-ASK1
(1:1,000; ab45178, Abcam), rabbit anti-pASK1 (1:200; bs-3031R, Bioss), mouse
anti-p-p38 (1:500; 612280, BD Biosciences), goat anti-CD31 (1:100; AF3628,
R&D Systems), mouse anti-fibronectin (1:200; F7387, Merck Millipore), rabbit
anti-NeuN (1:200; 24307s, Cell Signaling Technology), and rat anti-CD3 (1:200;
MCAS500GT, Bio-Rad). Stained sections were examined using a microscope
(BX51; Olympus) equipped with Plan Fluor objectives (Olympus) connected to
a DP70 camera (Olympus) or Keyence BZ-X800. Images were processed and
viewed using DP manager (v2.2.1.195; Olympus) software or BZ-H3A applica-
tion software (Keyence). For quantification, the intensities of the whole area
(ventral funiculus [VF], lateral funiculus [LF], and dorsal funiculus [DF] of the
white matter or gray matter) were measured using NIH ImageJ software 1.43u
(available at https://rsb.info.nih.gov/ij/index.html), or immunopositive cells in
the whole area as above were counted in three sections per mouse. The num-
ber of mice examined is shown in each figure legend.

Electron Microscopy. Electron microscopy was performed on mouse optic
nerve sections. EAE mice at d30 were transcardially perfused with a 0.9% NaCl
solution followed by 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1
M phosphate buffer (pH 7.4). Optic nerves were harvested and stored in the
same fixative solution at 4°C. The following day, after being rinsed several
times in 0.1 M cacodylate buffer (CB) with 4.5% sucrose to remove excess alde-
hyde, the samples were postfixed in 2% osmium tetroxide in 0.1 M CB for 2
h at 4 °C with constant agitation, dehydrated by serial dilutions of ethanol fol-
lowed by propylene oxide, and then infiltrated with and embedded in epoxy
resin (EPON 812, TAAB Laboratory and Microscopy). All samples were oriented
for cross-section analysis. Semithin sections (1 pm thick) were stained with
toluidine blue before collection for electron microscopy analysis. Ultrathin sec-
tions (70 nm thick) with silver and/or gray interference color were cut and
placed in formvar-coated one-slot grids. The grids were stained with uranyl
acetate and lead citrate and used for ultrastructural evaluation. All images
were collected using a transmission electron microscope (JEM-1400, JEOL).

Microarray Analysis. Total RNA extracted from the spinal cords was purified
using a RNeasy Lipid Tissue Kit (Qiagen). The quality of RNA was assessed with
a 2100 Bioanalyzer (Agilent Technologies). Cy3-labeled cRNA was prepared
using a Low Input Quick Amp Labeling Kit according to the manufacturer’s
protocol (Agilent Technologies). Samples were hybridized to the Mouse Gene
Expression v2 Microarray (G4846A; Agilent Technologies), washed, and then
scanned using a SureScan Microarray Scanner (Agilent Technologies). The
microarray images were analyzed with Feature Extraction software (Agilent
Technologies). Data from each microarray analysis were normalized by global
normalization. These procedures were performed in the microarray facility in
the Tokyo Metropolitan Institute of Medical Science.

RNA Immunoprecipitation. Immunoprecipitation using mouse monoclonal
anti-HA antibody (1:50; clone 16B12, BioLegend) were performed as previ-
ously reported with minor modification (37).

gPCR. gPCR was performed using the MyiQ real-time PCR system (Bio-Rad)
with Thunderbird SYBR qPCR Mix (Toyobo) as previously reported. The primer
sets used are listed in S/ Appendix, Table 1. Gene expression levels were nor-
malized to GAPDH.

SCH Preparation. Lumbar spinal cords (L1-L3) of WT EAE mice on d17 and d30
were isolated, placed into sterile dishes, and rinsed with ice-cold phosphate
buffered saline (PBS). Spinal cords were homogenized in serum-free Dulbec-
co's Modified Eagle Medium (DMEM) (1 mL) on ice, centrifuged at 12,000 rpm
for 15 min at 4°C, and the supernatants were obtained as SCHs. SCHs were
then quantified by Bradford MX (25 pg/mL to 2,000 pg/mL; 10 pL sample/
bovine serum albumin (BSA) in 600 L), and the concentrations were adjusted
to 200 pg/mL. SCHs were aliquoted and stored at —30 °C until use.

Primary Cell Cultures. Primary astrocyte and microglia cultures were prepared
as previously reported (21, 63). Briefly, the cells were isolated from cerebral
cortices of 1- to 3-d-old WT or ASK1 KO mice and seeded on a 75-cm? tissue
culture flask. Complete confluence was reached in 7 to 10 d. Flasks were then
shaken for 1 h (150 rpm at 37 °C) in a temperature-controlled shaker to loosen
microglia and oligodendrocytes from the more adherent astrocytes. These less
adherent cells were plated for 2 h and then lightly shaken to remove
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oligodendrocytes from the more adherent microglia. The microglia were used
for M1/M2 polarization experiments, immunoblot analysis, or for preparation
of MCM. After shaking to remove microglia and oligodendrocytes, astrocytes
were recovered by trypsinization, seeded in 96-well plates (5 x 10* cells/well),
and cultured for 2 d. WT or ASK1 KO astrocytes were treated with MCM pre-
pared from WT or ASK1 KO microglia to investigate the effects of ASK1 defi-
ciency on the inducing of A1 astrocyte.

To generate BMDMs, the bone marrow cells from femurs and tibias of WT
or ASK1 KO mice were harvested and cultured in RPMI supplemented with 10
ng/mL macrophage colony-stimulating factor (M-CSF). The culture medium
was replaced every 2 d. On day 7 in culture, the cells were harvested and used
for M1/M2 polarization experiments. SuperPrep Cell Lysis and RT Kit for gPCR
(Toyobo) were used for the preparation of cDNA.

MCM Preparation. Primary microglia cultures derived from WT or ASK1 KO
mice were seeded in 3.5-cm dishes (1 x 10° cells/dish) and incubated 24 h fol-
lowed by stimulation with LPS (100 ng/mL) for 3 h. Cells were washed three
times with serum-free media and cultured in 1 mL of medium containing 1%
fetal bovine serum for 24 h. The culture medium was collected and centri-
fuged. The supernatants were then used as conditioned medium, aliquoted,
and stocked at —80°C until use.
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Statistical Analysis. Statistics were performed using JMP 13 software (SAS
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