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Neuroinflammation is a common feature of neurodegenerative disorders such as
Alzheimer’s disease (AD). Neuroinflammation is induced by dysregulated glial activation,
and astrocytes, the most abundant glial cells, become reactive upon neuroinflammatory
cytokines released from microglia and actively contribute to neuronal loss. Therefore,
blocking reactive astrocyte functions is a viable strategy to manage neurodegenerative
disorders. However, factors or therapeutics directly regulating astrocyte subtypes remain
unexplored. Here, we identified transcription factor NF-E2-related factor 2 (Nrf2) as a
therapeutic target in neurotoxic reactive astrocytes upon neuroinflammation. We found
that the absence of Nrf2 promoted the activation of reactive astrocytes in the brain tis-
sue samples obtained from AD model 5xFAD mice, whereas enhanced Nrf2 expression
blocked the induction of reactive astrocyte gene expression by counteracting NF-xB
subunit p65 recruitment. Neuroinflammatory astrocytes robustly up-regulated genes
associated with type I interferon and the antigen-presenting pathway, which were sup-
pressed by Nrf2 pathway activation. Moreover, impaired cognitive behaviors observed
in AD mice were rescued upon ALGERNON? treatment, which potentiated the Nrf2
pathway and reduced the induction of neurotoxic reactive astrocytes. Thus, we highlight
the potential of astrocyte-targeting therapy by promoting the Nrf2 pathway signaling
for neuroinflammation-triggered neurodegeneration.

neuroinflammation | neurotoxic reactive astrocytes | Nrf2

Astrocytes are the most abundant type of specialized glial cells in the central nervous system
(CNS); they assist neurons in maintaining brain homeostasis. However, under neuroinflam-
matory conditions, astrocytes become “reactive” and contribute to CNS inflammation and
neuronal loss (1). The neurotoxic reactive astrocytes are induced upon tumor necrosis factor
(TNF)-a, interleukin (II)-1ot, and complement component 1q (Clq) released from micro-
glia. Neurotoxic reactive astrocytes have been detected in the brain tissue samples from
patients with Alzheimer’s disease (AD), Parkinson’s disease, and multiple sclerosis (MS) (2).
These findings suggest that neurotoxic reactive astrocytes play an important role in the
pathogenesis of several neurological diseases; thus, blocking neurotoxic astrocytes conversion
has been shown to help prevent or rescue the neurodegeneration observed in amyotrophic
lateral sclerosis (ALS)-murine (3), Parkinson’s disease (4), and AD models (5). To date,
reactive astrocyte production can be inhibited by suppressing microglial activity (4, 5) or
depleting microglial cytokine levels (3). However, direct targets or therapeutics to regulate
neurotoxic reactive astrocytes have not been identified or developed, respectively.

A known key regulator of inflammation in CNS is the heterodimeric transcription factor
(TF) nuclear factor (NF)-kB (6), and activation of NF-kB pathway is associated with various
neurodegenerative conditions, including AD (7). In CNS-specific inhibitor of NF-kB o
(IkBar) conditional knockout (KO) mice, with up-regulated NF-kB pathway, one of the
reactive astrocyte markers—complement C3 was overexpressed (8), suggesting the role of
NF-kB signaling in the generation or function of reactive neurotoxic astrocytes. Furthermore,
inactivation of the astroglial NF-kB pathway leads to functional improvement after spinal
cord injury in the astrocyte-specific transgenic mice expressing a dominant negative form
of IkBax (9). These data indicate that the signaling cascade of NF-kB in astrocytes can play
arole in the pathogenesis of neurodegenerative disorders, such as AD. Given the importance
of aberrant NF-kB activation in neuroinflammatory conditions, it is important to elucidate
how the astroglial NF-kB pathway aggravates disease progression.

Based on previous studies, TF NF-E2-related factor 2 (Nrf2) is closely associated with
the NF-kB pathway. Nrf2 regulates the expression of hundreds of antioxidant genes to
protect cells (10) and attenuates inflammation (11) by binding to the proximal end of the
proinflammatory cytokine-encoding genes (12). Moreover, owing to the antioxidative and
anti-inflammatory activities of Nrf2, it has been proposed as a potential target for the
treatment of several neurodegenerative diseases; therapeutics targeting Nrf2 would function
by inhibiting microglia-mediated neuroinflammation (13—15). Particularly in AD models,
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Nrf2 has been shown to either suppress oxidative stress/inflamma-
tion (16) or inhibit BACE1-mediated amyloid beta (Ap) produc-
tion (17); however, the role of astroglial Nrf2 in the regulation of
NEF-kB or in reactive astrocyte production has not been established.
In this study, we examined the role of Nrf2 in reactive astrocyte
production in an AD murine model (5xFAD) to elucidate the
potential of Nrf2 as an astrocyte-targeting therapeutic for AD.

Results

Nrf2 Affects the Induction of Neurotoxic Reactive Astrocyte in
the AD Mouse Model. In the 5xFAD model, which overexpresses
APP and PSENI transgenes that possess a total of five familial
AD-linked mutations (18), neuroinflammation is caused by
accumulation of Af plaque and dysregulated cytokine production
owing to inflammation triggers the induction of neurotoxic reactive
astrocytes. In our study, we found that the expression of the genes
encoding neurotoxic reactive astrocyte markers, namely C3, H2-
123, H2-D1, Ggtal, and [igp1, was increased in the hippocampal
tissue of 5xFAD murine brain in an age-dependent manner
(Fig. 14). To investigate the involvement of Ntf2 in reactive astrocyte
induction under neuroinflammatory conditions, we evaluated the
expression of reactive astrocyte marker genes in 5xFAD/Nrf2 KO
mice (Ntf27). The up-regulated expression of reactive astrocytic
marker genes was further exacerbated in the hippocampal tissues of
Nrf2 KO 5xFAD mice (Fig. 1B). The expression of cytokines and
the other astrocyte subtype markers such as Clefl, Pix3, S100a10,
Cd109, Prgs2, Emp1, and Tindsf was not affected in the Nrf2 KO
mice (SI Appendix, Fig. S1), confirming that the involvement of
Nrf2 was specific to the induction of neurotoxic reactive astrocytes.
Moreover, amoeboid-shaped microglia exhibiting high Ibal
expression were accumulated in the AB-plaque regions of 5xFAD
mice, and astrocytes with strong glial fibrillary acidic protein
(GFAP) signals surrounded them (Fig. 1C, enlarged in subiculum).
We observed that expression of C3 protein, a neurotoxic reactive
astrocyte marker, was increased in the brain tissue samples of 5xFAD
mice, and its expression was further enhanced in Nrf2 KO mice
(Fig. 1 C, Bottom). Note that neither amoeboid-shaped microglia
nor astrocytes with high C3 expression were observed in the brain
tissue samples of wild-type (WT) mice. Enhanced expression of
Gbp2, another reactive astrocyte marker, was also confirmed in
the hippocampal tissue of Nrf2 KO 5xFAD mice (Fig. 1D). Thus,
it is indicated that Ntf2 is involved in the induction of neurotoxic
reactive astrocytes in brain tissue exhibiting inflammation.

Nrf2 Regulates the Expression of Neurotoxic Reactive Astrocyte
Genes. To elucidate the role of Nrf2 in astrocytes, we established
primary astrocyte cultures and examined the role of the Nrf2
pathway in the expression of neurotoxic reactive astrocyte marker
genes in vitro (Fig. 24, scheme). Stimulation with II-1o0/ TNF-o/
Clq (inflamm) induced the expression of neurotoxic reactive
astrocyte marker genes C3, H2-D1, Serpingl, and ligpI (Fig. 2B)
identified earlier (2). Nrf2 stabilizing reagents such as sulforaphane
(SLE), diethylmaleate (DEM), and 15-deoxy-A12,14-prostaglandin
J2 (A15-PG]J,), which react with sulthydryl (-SH) groups on Nrf2-
tethering protein KEAP1 and enable Nrf2 to escape constant
proteasomal degradation (S/ Appendix, Fig. S2), suppressed the
induction of neurotoxic reactive astrocyte marker genes (Fig. 2B).
We confirmed that the intensity of C3 staining in astrocytes was
up-regulated upon inflamm treatment, which was suppressed by
the SLF treatment (Fig. 2C). Thus, the stabilization of Nrf2 protein
can inhibit the expression of reactive astrocyte markers.

To further clarify the specific involvement of Nrf2 in the expres-
sion of reactive astrocyte marker genes, we prepared primary
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astrocytes from Nrf2 KO mice and assessed the expression of
neurotoxic reactive astrocyte marker genes. We found that the
induction of H2-D1, Serpingl, and IigpI expression upon inflamm
stimulation was exacerbated in the Nrf2 KO astrocytes (Fig. 2D),
indicating the involvement of Nrf2 in the neurotoxic reactive
astrocyte marker gene expression. The up-regulated expression of
reactive astrocyte markers C3, Gbp2, and Qal (product of
H2-T23 gene) was also confirmed at the protein level (Fig. 2E);
thus, these data established that Nrf2 regulates the expression of
neurotoxic reactive astrocyte marker genes.

To exclude microglia from astrocyte cultures, we differentiated
astrocytes from induced pluripotent stem cells (iPSCs) by pre-
venting mesodermal differentiation toward microglia (Fig. 2F,
scheme). We found that the expression of the reactive astrocyte
marker genes C3 and HLA-A (corresponding to murine A2-D1
gene) was up-regulated in response to neuroinflammatory stimuli,
which was down-regulated in the presence of Nrf2 inducers in
these astrocytes generated from human iPSCs (Fig. 2F). Thus, our
data indicate that Nrf2 induction regulates the gene expression of
neurotoxic reactive astrocyte markers due to neuroinflammatory
stimuli in both murine and human astrocytes.

Nrf2 Suppresses the NF-kB Pathway and Regulates the
Conversion of Reactive Astrocytes. Next, we investigated the
influence of Nrf2 on NF-xB, the TF responsible for inflammation,
since identified reactive astrocyte-inducing cytokines, Il-1a and
TNFa (2), drive NF-xB downstream pathway in common.
First, we examined whether the NF-kB cascade is involved in
the induction of neurotoxic reactive astrocyte marker genes using
inhibitors of the NF-«kB pathway. We found that the induction of
the marker genes upon inflamm stimulation was blocked by the
IxB kinase (IKK) inhibitors TPCA-1, Bay11-7082, BOT-46, and
BMS345541, which inhibit the IKK complex and suppress the
activation of NF-kB downstream pathway, in a dose-dependent
manner (S Appendix, Fig. S3A). Downregulation of the C3 protein
by the inhibition of the NF-kB pathway was also confirmed in
primary astrocyte cultures (S Appendix, Fig. S3B).

Nrf2 in macrophages suppresses the expression of proinflamma-
tory cytokines by binding to the proximal end of their promoters
(12). To investigate whether Nrf2 directly binds to the neurotoxic
reactive astrocyte marker gene locus, we performed chromatin
immunoprecipitation (ChIP)-sequencing (seq) analyses of Nrf2 and
p65 (Fig. 34) from the astrocytes treated with inflamm cytokines
in the presence of vehicle (DMSO) or the Nrf2-inducer SLF to
determine whether these factors bind to the marker gene loci. At
the transcription start site (TSS) of C3, the peaks of chromatin
immunoprecipitated (ChIPed) p65- and Nrf2-associated reads were
found to be accumulated under inflammatory conditions, indicat-
ing that p65 and Nrf2 were recruited to the TSS adjacent region of
C3 in response to inflammatory stimuli (Fig. 34). We observed that
SLF treatment recruited Nrf2 to these regions, and the accumula-
tion of the p65-associated read-peaks at the TSS region was reduced
when the astrocytes were cotreated with SLF (Fig. 34). Similar
observations were made for the loci of other reactive astrocyte
marker genes, such as H2-D1 and Gbp2 (Fig. 3A). A reduction in
p65-associated read-peaks upon SLF treatment was more evident
in the aggregate plot at the p65-binding motif (Fig. 3B). The
p65-associated read-peaks displayed a sharp summit upon treatment
with inflamm cytokines (a deep blue line); the read-peak heights
were reduced following cotreatment with SLF (SLEinflamm, a blue
line). We also observed an increase in the number of Nrf2-associated
read-peaks under the SLEinflamm condition (an orange line) com-
pared to those under the SLENT condition (a yellow line, N'T;
nontreated), despite the center axis of the aggregate plot being at
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Neurotoxic reactive astrocytes in 5xFAD AD mouse model. (A) mRNA levels of reactive astrocyte marker genes in the hippocampal tissue samples of

5xFAD mice at 3, 6, 9, and 12 mo of age and corresponding WT mice. Two-month-old mice served as control. N = 3 for WT, N = 3 for 5xFAD at 3-mo-old, and N =
6 for 6-, 9-, and 12-mo-old 5xFAD mice. Error bars indicate SEM. ***P < 0.001 (compared between corresponding age groups, Student’s t test). (B) Quantification
of MRNA expression of neurotoxic reactive astrocyte marker genes in the hippocampal-tissue samples of 5xFAD/Nrf2 KO mice. Age: 8-mo-old; WT: N = 7; Nrf2KO:
N =7; 5xFAD: N = 11; 5xFAD/Nrf2KO: N = 14. *P < 0.05, **P < 0.01, ***P < 0.001, and +P < 0.1 (Tukey-Kramer multiple comparison test). Error bars indicate SEM.
(C) Representative images of the hippocampal-tissue samples of 5XxFAD/Nrf2 KO. The regions indicated with white squares in the subiculum are enlarged on
the Right. To visualize the fluorescent intensity, C3 staining is shown in pseudocolored on the Right side. (Scale bars: 400 um and 20 um.) (D) Western blotting
analysis of hippocampal tissue samples using the indicated antibodies. Tissues from three animals were analyzed for each genotype. The box plots on the Right

indicate the protein expression levels.
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Fig. 2. Nrf2 regulates gene expression of reactive astrocytes. (A) Experimental scheme: Primary astrocytes were isolated and stimulated with Il-1a/TNFo/
C1q, followed by gene expression analysis using RT-qPCR or immunofluorescence. A representative image of cultures is shown on the Left. (Scale bar, 50 um.)
(B) Quantification of the relative mRNA level of each gene in astrocytes stimulated with II-1a/TNFa/C1q and DMSO or Nrf2-inducing compounds for 4 h. *P < 0.05 and
*#%%p < 0.0001 compared to unstimulated control; #P < 0.05 and ##P < 0.01 compared to stimulated/DMSO-treated control (Tukey-Kramer multiple comparison
test). Error bars indicate SEM. (C, Left) Representative images of primary astrocytes stained with anti-C3 and anti-GFAP antibodies. Right panel: pseudocolored
C3 to visualize the intensity of C3 protein expression. (Scale bar, 10 um.) The quantitative box plots are shown on the Right. ***P < 0.001. (D) Quantification of
the relative mRNA level of each gene expression in astrocytes prepared from WT or Nrf2 KO (-/-) mice, stimulated with IL-1a/TNF-a/C1q for 4 h. *P < 0.05 and
**¥%Pp < 0.001 versus unstimulated control in each genotype; #P < 0.05 and ##P < 0.01 versus the stimulated WT control (Tukey-Kramer multiple comparison
test). Error bars stand for SEM. (E) Western blot analysis of protein isolated from astrocytes prepared from WT or Nrf2”~ mice after Il-1a/TNFa/C1q stimulation
for 24 h. The protein size marker is indicated on the Right. The bands corresponding to full-length C3 are marked with an asterisk (*). The bands at 110 kDa and
at 70 kDa correspond to « chain of C3 and iC3b, respectively. (F, Left) Experimental scheme. Astrocyte cultures were generated for assays from human iPSCs.
Arepresentative image stained with astrocyte markers S1008 and GFAP is shown. (Scale bar, 100 um.) Right: Quantification of the relative mRNA level of each gene
in human iPSCs-derived astrocytes stimulated with Il-1a/TNFa/C1q and indicated Nrf2-inducing compounds for 24 h. *P < 0.05 and ***P < 0.001 versus unstimulated
control; ##P < 0.01 and ###P < 0.001 compared to stimulated/DMSO-treated control (Tukey-Kramer multiple comparison test). Error bars indicate SEM.
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the p65-binding motif, implicating that Nrf2 binds to the adjacent
TSS regions of reactive marker genes and inhibits p65 recruitment
under neuroinflammatory conditions. We also observed changes in
p65-binding at the enhancer regions under SLF treatment, as shown
in the box plots of Fig. 3C, indicating that SLF treatment reduced
the p65-binding read-peaks upon cytokine treatment. To further
elucidate the correlation between the binding of p65 and Nrf2
around the TSS regions, we extracted the common read-peaks of
p65 and Nif2 obtained under inflammatory conditions (both
DMSO and SLF), calculated the “binding ratio” as SLEinflamm
over DMSO.inflamm and SLEinflamm over SLENT, respectively,
and then plotted the binding ratio of p65 and Nrf2 to compare the
common read-peaks under inflammatory conditions with and with-
out SLF treatment (Fig. 3D). We observed that the population of
common read-peaks was largely distributed in the region where the
Nrf2-binding ratio was higher than 0 and the p65-binding ratio
was lower than 0 (lower right quadrant, shown with red lines in
Fig. 3D), indicating that the more the Nrf2-binding, the lesser the
p65-binding. We extracted genes with p65-binding peaks in a ratio
<0 and Nrf2-binding peaks in a ratio >0.8 (indicated with a green
square in Fig. 3D) upon SLF treatment. To determine which path-
way is regulated by p65 and Nrf2, we performed gene enrichment
analysis of the extracted genes (Fig. 3E). Gene Ontology (GO)
analysis revealed that these genes were enriched in the following
pathways: the cytokine signaling in the immune system, Toll-like
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Initial triggering of complement -«
NOD1/2 signalling pathway -«

genes surrounded with a green square
were used for Fig. 3E. (F) GO analysis of
the genes with p65-binding ratio less than

zero and Nrf2-binding ratio more than 0.8
ook afE oW (a green square in Fig. 3D).

receptor cascades, and IL-1 family signaling, suggesting the contri-
bution of astrocytes in neuroinflammation. Moreover, the previ-
ously reported pan-reactive marker genes (S7TEAP4, Len2, and
Serpina3h) and the neurotoxic reactive astrocyte marker gene Gbp2
were in the top 30 extracted genes (SIAppendix, Table S1).
Collectively, these data conclude that Nrf2 regulates the gene expres-
sion of reactive astrocyte markers by suppressing p65-binding at
their TSS regions under neuroinflammatory conditions.

Astrocytes Express Interferon (IFN)-I and Antigen-Presenting
Pathway Genes upon Neuroinflammatory Stimuli, Which
Is Suppressed by Nrf2. Next, we examined the expression of
genes with increased Nrf2- and reduced p65-binding to their
TSS regions in astrocytes stimulated with inflamm cytokines.
‘Therefore, we performed nascent RNA-seq by labeling the newly
transcribed products with 5-ethynyl uridine (EU) of astrocytes,
during stimuladon (Fig. 4A4). Nascent RNA profiles clearly
indicated that reactive astrocyte genes such as C3, H2-D1, and
Gbp2 were robustly transcribed upon stimulation and that this
up-regulated transcription was suppressed upon cotreatment with
SLF (S Appendix, Fig. S4A). Genes identified by ChIP-seq that
reduced p65-binding with SLF treatment such as Gbp5, Cxclll,
and Tnfaip3 (listed in SI Appendix, Table S1) also showed robust
upregulation in nascent transcripts upon inflammatory stimuli,
which was suppressed by SLF cotreatment (S/ Appendix, Fig. S4B).
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Fig. 4. Gene expression profiles in neuroinflammatory astrocytes. (A) Experimental scheme: Nascent transcripts in stimulated astrocytes were labeled with
EU during the stimulation with 1l-1a/TNFa/C1q (inflammatory stimuli, inflamm), followed by pulled-down and seq. The nascent RNA ratio was calculated based
on the RPKM value under the SLF.inflamm condition compared to those under the DMSO.inflamm condition. (B) Nascent RNA ratio was plotted based on
the p65-binding ratio (Fig. 3D). Down- and up-regulated genes in the top five percentiles are colored in red and in blue, respectively. Red lines indicate zero.
(C) Scatter plot comparing Nrf2- and p65-binding ratio (Fig. 3D) was replotted with color indication of five percentiles determined using the nascent RNA ratio. Red
lines indicate zero. (D) KEGG pathway analysis of the five percentile genes less transcribed under the SLF.inflamm condition (indicated in red color) compared to
those under the DMSO.inflamm condition. (F) Examples of the profiles of p65 ChIP-seq and nascent RNA-seq of less transcribed genes under the SLF.inflamm
condition. Exons are shown as navy-blue squares, and box arrows represent the direction of transcription. inflamm stands for Il-1a/TNFa/C1q stimulation.
(F) Representative images of astrocytes stained with anti-PKR and anti-GFAP antibodies. The Bottom panels show pseudocolored PKR. (Scale bar = 50 pm.) Quantification
of the signal intensity of PKR fluorescence in astrocytes is shown on the Right. (G) Quantification of indicated mRNA expression in iPSC-derived astrocytes.
**%p<0.001, ****P < 0.0001, ***P < 0.001 (compared to the unstimulated condition), ##P < 0.01, ###P < 0.001, and ####P < 0.0001 (compared to the stimulated
control) (Tukey-Kramer multiple comparison test) Error bars indicate SEM. (H) Quantification of the mRNA level in the hippocampal tissues of indicated mice. WT;
N =7,KO; N =7, 5xFAD; N = 11, 5xFAD/KO; N = 14. Error bars indicate SEM. +P < 0.1 (Tukey-Kramer multiple comparison test). (/) Western blot analysis (re-probed
from Fig. 1D) using the indicated antibodies in the hippocampal tissues of indicated animals. The box plots on the right indicate the protein expression levels.
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Note that genes of other subtypes known as “pan-reactive” (Len2,
Vim, and Gfap) and “A2” (Clef1, Ptx3, and Sphkl) astrocytes showed
p65 accumulation upon treatment with inflamm cytokines; however,
the cotreatment with SLF did not induce significant reduction in
p65-binding nor nascent RNA (S7 Appendix, Fig. S5). To understand
the correlation between p65-binding and the p65-bound gene
expression in inflamm conditions with/without SLF treatment, we
calculated the “Nascent RNA ratio” in reads per kilobase of exon
per million reads mapped (RPKM) of nascent transcripts under
the SLEinflamm condition over those under the DMSO.inflamm
condition (SLEinflamm/DMSO.inflamm, Fig. 44) and then plotted
the Nascent RNA ratio with the “p65 binding ratio” calculated
from the data obtained by ChIP-seq of p65. To focus on the down-
regulated genes under SLF treatment, we extracted the genes in
the top five percentile based on RNA ratio (Fig. 4B, colored in red
for the down-regulated genes). We observed that the genes in the
top five percentile less transcribed upon SLF treatment (listed in
SI Appendix, Table S2) were distributed below zero on the y-axis of
the p65-binding ratio plot, which indicates reduced p65-binding
under the SLEinflamm condition. This finding suggests that the
reduced expression of the genes is correlated to reduced p65-binding.
We highlighted the genes in these five percentiles using the plot of
p65/Nrf2 binding ratio (Fig. 3D) to further confirm the correlation
between their expression and p65-binding. These two populations
are separately distributed; the five percentiles of less transcribed
genes under the SLEinflamm condition (colored in red) exhibited
increased Nrf2-binding and decreased p65-binding (Fig. 4C),
suggesting that the genes with increased Nrf2-binding under the
SLEinflamm condition had reduced number of p65-binding peaks
and smaller newly transcribed population (marked with a red color).
To elucidate the pathways regulated by p65/Nrf2, we performed the
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis for the genes less transcribed in the top five percentile; the
genes were enriched in the pathways for virus infection and antigen
presentation (Fig. 4D). Notably, the KEGG analysis of nascent gene
expression matched well with the GO analysis of the genes extracted
from Nrf2/p65 ChIP-seq (Fig. 3E), strongly suggesting that Nrf2/
p65 regulate the expression of reactive astrocyte marker genes under
neuroinflammatory conditions.

To model the reactive astrocytes for ChIP-seq/Nascent RNA-seq
analyses in vitro, we utilized inflammatory cytokines, namely,
Il-1a/TNFa/C1q, which was determined to induce A1 astrocytes
previously (2). However recent advances in single-cell seq tech-
niques have revealed that there are diverse astrocyte subtypes con-
trary to the two-dimensional A1/A2 classification (19), and at least
six astrocytic transcriptomic clusters were described in the hip-
pocampi of 7-mo-old 5xFAD mice (20). To gain more insights
into the reactive astrocytes genes regulated by NF-kB/Nrf2 deter-
mined in our study, especially “disease-associated astrocytes
(DAA)”, we extracted genes from cluster 4 (GFAP-high “DAA”)
in comparison to clusters 1 and 2 (GFAP-low “homeostatic astro-
cytes”) (20) and then plotted onto our data of the ratio DMSO.
inflamm over DMSO.NT. (8] Appendix, Fig. S6A). Our analysis
showed that the p65 binding was up-regulated upon inflamm
stimulation, as most of the genes were distributed above zero,
implying that DAA genes (highlighted in red in S/ Appendix,
Fig. S6A) seem to be regulated by the NF-kB pathway in cultured
astrocytes stimulated upon inflamm stimuli. To further elucidate
the overlap with SLF-treated conditions, DAA genes were merged
with the plot in Fig. 3D (p65/Nrf2 binding ratio calculated from
SLEinflamm over DMSO.inflamm) and the plot in Fig. 4B (p65
binding ratio/Nascent RNA ratio). Consistent with the results of
Habib et al. (20), some of the DAA genes overlapped (marked in
red in ST Appendix, Fig. S6B) with the reactive astrocyte genes that
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were up-regulated upon inflamm cytokine stimulation (S Appendix,
Fig. S6B). Additionally, some DAA genes seemed to be regulated
by the Nrf2 axis as shown in S Appendix, Fig. S6C that 25 out of
237 DAA genes overlapped with five percentile genes that were
down-regulated upon cotreatment with SLE. For examples, the
gene expression of Apoe did not change upon inflamm stimulation,
and recruitment of p65 at the TSS locus was not observed. The
recruitment of p65 upon inflamm cytokines was observed in CLU,
Cst3, and Frh1 genes at TSS loci, but their expression levels were
not up-regulated. Chill and Agp4 genes are likely regulated by the
Nrf2-dependent pathway (all shown in ST Appendix, Fig. S6D).
Thus, genes in the DAA subtype undergo various regulation
including the NF-kB/Nrf2 axis.

We noticed that the down-regulated genes (top five percentile)
included genes from the IFN-I and antigen presentation pathways,
such as Mx2 (interferon-induced GTP-binding protein Mx2), IRF5
(interferon regulatory factor 5), eif2ak2 (eukaryotic translation ini-
tiation factor 2-alpha kinase 2; coding for PKR, double-stranded
RNA-activated protein kinase), f-2-microgloblin (B2m), and Zap1
(Transporter 1) (SI Appendix, Table S2). We observed the accumu-
lation of the p65 peaks at the TSS region upon cytokine stimulation,
which was reduced by cotreatment with SLF (green-colored in
Fig. 4E). Corroborating with these observations, the transcription
rate of these genes was increased under the DMSO.inflamm condi-
tion but suppressed when cotreated with SLF (turquoise-colored in
Fig. 4E). We confirmed that the expression of the translated products
of these genes, i.c., PKR, B2M, TAP1, and IRF9, was induced upon
inflammatory stimuli with inflamm cytokines and suppressed by SLF
treatment or TPCA-1 treatment (Fig. 4Fand S/ Appendix, Fig. S3C).

Next, we investigated the induction of these genes under neu-
roinflammatory conditions in human astrocytes derived from
iPSCs. We found that the expression of IFN-I genes (Mx2, Ifitl,
and 77f7) and the antigen-presenting pathway gene B2m was
up-regulated upon inflamm cytokine stimulation, which was sup-
pressed by cotreatment with Nrf2 inducers (SLF and DEM) or
the NF-xB pathway inhibitor TPCA-1 (Fig. 4G). These results
indicate that SLF treatment can suppress the expression of genes
associated with IFN-I and the antigen-presenting pathway in
human and murine astrocytes upon neuroinflammatory stimuli.

We also examined whether these genes were up-regulated in the
brain dssue samples of 5xFAD mice. We found age-dependent
increase in the expression of antigen-presenting genes (7zp/ and
B2m) and IFN-I-related genes (Mx1, Ifitl, Irf5, Irf7, Irf9, and
eif2ak2) (SI Appendix, Fig. S7). Furthermore, the up-regulated gene
expression was exacerbated in the hippocampal tissues of the Nrf2
KO 5xFAD mice (Fig. 4 H and J). Thus, it is evident that reactive
astrocytes express IFN-I genes and antigen-presenting genes and
that Nrf2 is involved in the regulation of the induction of these
reactive astrocyte marker genes in neuroinflammatory brains.

Potentiating the Nrf2 Pathway Can Suppress the Neuroin-
flammation-Triggered Neurotoxic Reactive Astrocytes and Relieve
Impaired Brain Function in the AD Mouse Model. To explore the
possibility of astrocyte-targeting therapy for neuroinflammation-
triggered neurodegeneration, we examined whether the brain
dysfunction caused by neuroinflammation can be rescued by the
potentiation of the Nrf2 pathway. We administered ALGERNON2
(ALG2), an Nrf2 pathway—potentiating chemical that costabilizes
p21/Nrf2, as previously reported (15), to 3-mo-old 5xFAD mice
and assessed the conversion of reactive astrocytes in the hippocampus
of 10-mo-old WT and 5xFAD mice. We found that the treatment
with ALG2 reduced the expression of C3, Ifitl, IRF5, Tapl, and
B2m in the hippocampal tissue of 5xFAD mice compared to that
in the WT mice (Fig. 54). We observed that C3 was localized in
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Fig. 5. Potentiating the Nrf2 pathway can suppress the neuroinflammation-triggered neurotoxic astrocytes and relieve impaired brain function in AD mouse
model. (A, Left) Experimental scheme; 5xFAD mice were orally administered ALG2 daily since the age of 3 mo. Behavioral tests were performed at the age of
8 mo, followed by biochemical and pathological assessment. Right: Quantification of gene expression in the hippocampal tissues of ALG2-administered mice. Error
bars indicate SEM. *P < 0.05, ** P < 0.01, ***P < 0.001, and ***P < 0.0001 (Tukey-Kramer multiple comparison test) Age: 10 mo; NT-WT: N = 10, NT-5xFAD: N = 12,
ALG2-WT: N =12, ALG2-5xFAD: N = 19. (B) Representative images of the hippocampal tissues from 5xFAD mice with or without ALG2-treatment. (Scale bar, 20 pm.)
(C) Hippocampal tissues were subjected to western blot analysis using the indicated antibodies. Box plots at right indicate the quantification of the band intensities.
(D, Left) Representative images of the subiculum from 5xFAD mice treated with or without ALG2. (Scale bar, 100 um.) Right: Evaluation of the number of FJC puncta
in the subiculum area. ***P < 0.001, ***P < 0.0001, and +P = 0.10 (Tukey-Kramer multiple comparison test). (£, Upper) Experimental scheme for the Morris water
test. Lower: The latency to reach the goal was assessed from the training session. The probe test was performed for 60 s without a goal, and the time to stay in
the quadrant containing the goal was measured. (F, Upper) Experimental scheme of the passive avoidance test. Day 1: mice underwent the foot shock when they
entered the dark room. Day 2: the time to enter the dark room was measured. Lower: Evaluation of latency to enter the dark room. *P <0.01 and ***P < 0.001.
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the astrocytes surrounding the amoeboid-shaped microglia, which
gathered around the AB-plaque regions in the brain tissue samples
of 5xFAD mice (Fig. 5 B, Right Upper). Moreover, the up-regulated
expression of C3 was suppressed upon ALG2 administration in the
5xFAD mice (Fig. 5 B, Right Lower). The expression levels of C3,
IRF9, PKR, and B2M were down-regulated in the hippocampal
tissues of the 5xFAD mice treated with ALG2, which was evaluated
using western blotting analysis (Fig. 5C). We histochemically
detected and quantified the neurodegeneration using Fluoro-Jade
C (FJC) which specifically binds to and helps visualize the damaged
neurons. Consequently, we found that the number of FJC puncta
was reduced in the subiculum of mice treated with ALG2 (Fig. 5D).
Thus, ALG2 administration successfully suppressed the conversion
of neurotoxic reactive astrocytes and rescued the neurodegeneration
caused by neuroinflammation in 5xFAD mice.

To examine whether the potentiation of the Nrf2 pathway plays
a central role in rescuing impaired cognitive functions, spatial learn-
ing was assessed using the Morris water maze paradigm (Fig. 5,
scheme). The 5xFAD mice exhibited a slower learning curve during
the training session than the WT mice. However, the mice admin-
istered with ALG2 exhibited accelerated learning curve, close to
that of the WT mice in the training session; compared to the non-
treated AD mice, ALG2-treated mice exhibited improved perfor-
mance in the probe test (Fig. 5E). Improved cognition was further
confirmed by the passive avoidance test where the animals learned
to not enter the dark room owing to electrical foot shock (Fig. 5F).
Thus, our data strongly suggest that activation of the Ntf2 pathway
can suppress the gene expression and functions of reactive astrocyte
and rescue the impaired brain functions of 5xFAD mice.

Discussion

In this study, we report that Nrf2 inhibits the production of neu-
rotoxic reactive astrocytes by suppressing the recruitment of p65
upon neuroinflammatory stimulation and that ALG2, a therapeu-
tic potentiating the Nrf2 axis, rescues cognitive impairment in
5xFAD mice. Thus, we identified Nrf2 is a key player involved in
the functional determination of neurotoxic reactive astrocytes and
is a potential therapeutic target for the treatment of neurodegen-
eration caused by neuroinflammation (Fig. 6).

Neuro-
inflammation
Activated Reactive astrocytes _Cogpnitive;
microglia Neurotoxic ~ !MPaiiment
A ® |:> factors
| | T |
A.IA .A.A.IA Il:::
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Rescued cognitive
impairment

Nrf2 is known to suppress inflammation, and the results of this
study validate that Nrf2 also suppresses p65 recruitment in astro-
cytes. The role of Nrf2 in astrocytes was elucidated using the Nrf2
KO 5xFAD mouse model, which exhibited exacerbated upregula-
tion of reactive astrocyte marker genes (Fig. 1 B-D), whereas the
expression levels of cytokines and chemokines were in a similar range
regardless of the presence or absence of Nrf2 in 5xFAD mice
(81 Appendix, Fig. S1A). In addition, ALG2 treatment theoretically
promotes the Nrf2 pathway in not only astrocytes but also microglia
as reported previously (15). Upon ALG2 treatment, the expression
of Il- 1ot was reduced, whereas TNFat and C1q expression was not
affected (SI Appendix, Fig. S8). These results suggest that the sup-
pressive functions of Nrf2 manifest more in astrocytes than in micro-
glia, at least in the 5XxFAD mouse model, to regulate the functions
of reactive astrocytes. Moreover, Nrf2 could be broadly involved in
the regulation of neuroinflammation because the Nrf2-encoding
gene Nfe2l2 is one of the up-regulated TFs as per the TF
network-based analysis of a nonamyloidosis AD model (PS19 tau
transgenic mice) (21). Furthermore, previous ChEA Enrichr anal-
yses revealed NFE2L2/Nrf2 as overlapping signatures of astrocytes
from both tauopathy MAPT™"'® and B-amyloidopathy APP/PS1
models (22). These data and our results support Nrf2 as a potential
target to rescue various disease conditions caused by neuroinflam-
mation. Indeed, the protective role of Nrf2 in astrocytes has been
shown in mouse models of ALS (23), Parkinson’s disease (24), and
cerebral hypoperfusion (25) with the astrocyte-specific Nif2 trans-
gene. In addition, since C3 expression in the retina of patients with
AD has been proposed as an AD biomarker for early diagnosis (26),
the strategy targeting astrocytes by potentiating the Nrf2 pathway
could lead to the development of diagnostic markers and therapeu-
tics for neurodegenerative disorders.

In this study, nascent RNA-seq analysis revealed expression of the
neurotoxic reactive astrocyte marker genes in astrocytes upon neu-
roinflammartory stimulation, which are involved in antigen process-
ing (Zapl) and presentation (H2-723, H2-D1, and B2m) and
IFN-induced GTPases (Gbp2, Gbp3, Gbp3, Irgml, and Iigpl)
(Fig. 4). It is noteworthy that these gene expression profiles over-
lapped with those of DAA identified using single-nucleus RNA-seq
in 5xFAD mice (20) which have been shown to partially overlap with
reactive astrocytes in our analyses (SI Appendix, Fig. S6), and with

Fig. 6. Mode of action of astrocyte-targeting therapy. Top:
In neuroinflammatory conditions such as neurodegenerative
disorders, cytokines released from activated microglia
induce neurotoxic reactive astrocytes via NF-xB, resulting
in impaired brain functions. Bottom: Treatment with
ALGERNON2 can suppress reactive astrocyte conversion
through Nrf2 potentiation, leading to rescued cognitive
impairment in 5xFAD mice.
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“cluster 8” identified using scRNA-seq in the brain of LPS-injected
mice (27). The nascent RNA-seq approach enabled us to recapture
the changes in the expression of genes, especially those related to IFN
response occurring within neuroinflammatory astrocytes. Because
these subtype-specific changes have been confirmed in several disease
models, such as AD, experimental autoimmune encephalomyelitis,
and acute stab wound (27), our finding that the gene expression
changes can be reversed by enhancing the Nrf2 expression or activities
makes Nrf2 a potential therapeutic candidate for drug development
against these neurodegenerative disorders. Furthermore, it is particu-
larly implicative that the IFN-I responses, which normally function
as a part of the immune defense system against viral infections, but
are also found in brains of aged humans, would suggest their negative
influence on brain function (28). Moreover, normal aging has been
reported to induce Al-like astrocyte reactivity (29). Mounting evi-
dence now links chronic inflammation to aging; thus, it is even more
intriguing that reactive astrocytes could likely be the source of IFN-1
signaling in the brain upon neuroinflammatory stimulation, which
has also been observed in aged brains. Targeting reactive astrocytes
can not only ameliorate the impaired cognitive functions induced
by neuroinflammation but also mitigate the decline of cognitive
functions with aging. Thus, the approach to suppress reactive astro-
cyte production could lead to the development of therapeutics for
incurable neurodegenerative diseases.

Materials and Methods

Animals. 5xFAD transgenic mice were obtained from Jackson Laboratories
(Bar Harbor, ME). Nrf2 KO mice (RBRC01390) were obtained from the RIKEN
BioResource Research Center (Tsukuba, Japan) with kind approval from Yamamoto
(Tohoku University) (10).

Astrocyte Culture Preparation. To obtain primary astrocytes cultures, mixed glial
cells were isolated from cortices of murine pups, and after the cultures reached full
confluence, the microglia were removed by Cd11b-positive selection (Miltenyi Biotec,
Bergisch Gladbach, Germany); the remaining cells were passaged once and then
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