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Abstract 

Astrocytes are highly heterogenic in their phenotype and function, which contribute to CNS disease, 

repair and aging; however, the molecular mechanism of their functional states remains largely unknown. 

Here we show that activation of sirtuin 1 (SIRT1), a protein deacetylase, plays an important role in the 

detrimental actions of reactive astrocytes, whereas its inactivation endorsed these cells with anti-

inflammatory functions that inhibited the production of proinflammatory mediators by myeloid 

cells/microglia and promoted the differentiation of oligodendrocyte progenitor cells. Mice with astrocyte-

specific Sirt1 knockout had suppressed progression of experimental autoimmune encephalomyelitis (EAE), 

an animal model of CNS inflammatory demyelinating diseases. Ongoing EAE was also suppressed when 

Sirt1 expression in astrocytes was diminished by CRISPR/Cas vector, resulting in reduced demyelination, 

decreased numbers of T cells, and increased rate of IL-10-producing macrophages/microglia in the CNS, 

whereas peripheral immune response remained unaffected. Mechanistically, Sirt1-/- astrocytes expressed a 

range of nuclear factor erythroid-derived 2-like 2 (Nfe2l2) target genes, and Nfe2l2 deficiency shifted the 

beneficial action of Sirt1-/- astrocytes to a detrimental one. These findings identify a novel approach for 

switching functional state of reactive astrocytes and facilitate the development of astrocyte-targeting 

therapies for inflammatory neurodegenerative diseases such as multiple sclerosis.  
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Introduction 

Astrocytes, the most abundant cell type in the mammalian CNS, have been considered both an ally 

and enemy in the fight against CNS inflammation and restoration of neuronal function in multiple sclerosis 

(MS) (1-3). Astrocytes support neural transmission, sustain survival of neurons and other glia, and maintain 

the integrity of the blood-brain barrier (BBB) (1-3). Astrocyte scar formation aids, rather than prevents, 

CNS axon regeneration after spinal cord injury (4). Astrocytes also promote oligodendrocyte maturation 

and remyelination through production of neurotrophic factors, such as CNTF (5) and BDNF (6). 

Conversely, astrocytes are viewed as important non-professional antigen-presenting cells (APCs) and, 

during CNS inflammation, astrocytes around the MS lesion produce multiple pro-inflammatory mediators, 

including vasoactive molecules, chemoattractants, adhesion molecules, and cytokines that increase BBB 

permeability and promote lymphocyte recruitment, activation, and survival (1, 7). Reactive astrocytes 

undergo morphological, molecular, and functional remodeling in response to various pathological factors, 

and those toxic to neurons and oligodendrocytes have been classified as A1 astrocytes, while A2 astrocytes 

are likely neuroprotective, given their production of many neurotrophic factors (8). However, this binary 

classification may not well recapitulate the heterogeneity of astrocyte activation states (9). Astrocyte 

subsets have been more recently defined by their molecular signatures using more contemporary molecular 

techniques, e.g., single-cell RNA sequencing (scRNA-seq) and/or the function, which may reflect various 

sources of astrocyte heterogeneity (3). Understanding the mechanisms underlying astrocyte heterogeneity 

and plasticity may yield therapeutic approaches for switching astrocyte subsets from pathogenic to a 

beneficial one in neurological disorders such as MS.  

Sirtuins (SIRTs), members of the class III histone/lysine deacetylase family, play critical roles in 

transcriptional regulation, cell cycling, replicative senescence, inflammation, and metabolism (10, 11). 

Among them, SIRT1 is expressed in many tissues and cell types and acts as an epigenetic regulator that 
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modulates the activity of several transcription factors important for immune function (12). While SIRT1 

may have an anti-inflammatory role systemically (12, 13), likely via deacetylation of FOXP3 (14, 15), 

proinflammatory roles of SIRT1 have also been reported (16-18), whereby T cell- (19) or DC-specific (20) 

SIRT1 deletion protected mice from experimental autoimmune encephalomyelitis (EAE), an animal model 

of CNS inflammatory demyelinating disease. In the nervous system, SIRT1 plays a protective role in 

neurons (21-23) but an inhibitory role in oligodendrocyte progenitor cell (OPC) proliferation without 

affecting their differentiation (24, 25). The role of SIRT1 in astrocytes remains controversial, being either 

beneficial (22, 26, 27) or detrimental (25, 28, 29), whereas its role in astrocytes in MS/EAE remains 

unknown. We have in the present study defined the role of SIRT1 in the molecular profile and function of 

astrocytes and explored the potential of SIRT1 targeting in these cells as a CNS-specific therapy for MS. 

 

Results 

Inactivation of SIRT1 promotes an anti-inflammatory phenotype in astrocytes in vitro. To study the impact 

of SIRT1 on the phenotype and function of astrocytes, we first activated SIRT1 in primary astrocytes by 

resveratrol. Primary mouse astrocytes were prepared from C57BL/6 mice at P2-3 (30), with homogeneity 

of GFAP+ cells >98% as determined by flow cytometry (Supplemental Figure 2). Activation with 

resveratrol alone did not affect gene expression of astrocytes; however, it significantly enhanced a cocktail 

(C1q, IL-1α and TNF)-induced expression of Complement component 3 (C3), a representative marker for 

neurotoxic astrocytes (8) (Figure 1A), together with proinflammatory cytokines IL-6, TNF, and IL-1β 

(Figure 1B). In contrast, S100A10, a marker likely for neuroprotective astrocytes (8), remained unchanged 

(Figure 1A).  

Next, we tested whether the absence of SIRT1 impacts gene expression and function of astrocytes. 

Four sgRNAs targeting the exon4 of mouse Sirt1 were synthesized, their knockout efficiencies tested in 
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the N2A-Cas9 cell line, and the most efficient sgRNA subcloned into a lentivirus carrying Cre and 

puromycin genes driven by EFS promoter (Figure 1C). Primary astrocytes were isolated from LSL-Cas9 

transgenic mice carrying a Cas9-P2A-GFP cassette driven by CAG promoter, which was blocked by a 

floxed stop signal (Figure 1D). In this system, infection with the lentivirus carrying Cre gene can induce 

the expression of CAS9 in astrocytes, which, in combination with sgRNA expressed from lentivirus, 

cleaves the targeted sequence and leads to its knockout (31). Sirt1 was knocked out in astrocytes with high 

efficiency, as shown by Western blot (Figure 1E). While lenti-sgScram-infected astrocytes treated with the 

cocktail developed an activated morphology, e.g., cellular  hypertrophy, decreased fine processes (Figure 

1F) with increased expression of glial fibrillary acidic protein (GFAP) (32) (Figure 1H), astrocytes with 

Sirt1 knockout had a less activated morphology (Figure 1F). The RNA expression profile of astrocytes was 

substantially changed by Sirt1 knockout as detected by microarray (Figure 1G). When further validated by 

real-time (RT)-PCR, reduced expression of cocktail-induced neurotoxic astrocyte markers and enhanced 

neuroprotective astrocyte markers were observed in Sirt1-/- astrocytes; however, there were no differences 

between Sirt1-sufficient vs. -deficient astrocytes in non-stimulated condition (Figure 1H).  Sirt1 knockout 

also reduced the expression of proinflammatory molecules NOS2, IL-6 and TNF and enhanced the 

expression of immunomodulatory molecules Arg1, IL-5 and TGF-β by cocktail-stimulated astrocytes 

(Figure 1I). Further, Sirt1 knockout in astrocytes reduced their expression of chemokines CXCL5 and 

CCL20 (Figure 1J), which are important for CNS infiltration and proinflammatory functions of immune 

cells (33). These results suggest that Sirt1 expression contributes to the development of 

neurotoxic/inflammatory state of astrocytes, and its inactivation promotes an anti-inflammatory one.  

 

Reduced EAE progression and CNS inflammation in astrocyte-specific Sirt1-/- mice. To evaluate the role 

of SIRT1 in astrocytes in EAE, we induced EAE in mice lacking SIRT1 in GFAP+ cells (GFAPcreSirt1fl/fl 
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mice). These mice initially developed EAE similar to the control Sirt1fl/fl mice, but then gradually recovered 

from the disease (Figure 2A). Histopathological analyses showed reduced immune-cell infiltration and 

demyelination (Figure 2B, D), with increased numbers of APC+ cells (newly matured oligodendrocytes) in 

the CNS lesions of GFAPcreSirt1fl/fl mice compared to the control mice (Figure 2C,E). Mononuclear cells 

(MNCs) isolated from the CNS were analyzed by flow cytometry. The total number of CD4+ T cells and 

myeloid cells was largely reduced in GFAPcreSirt1fl/fl mice (Figure 2F), with increased percentages of IL-

10+ myeloid cells (CD11b+CD45hi) and microglia (CD11b+CD45lo) (Figure 2G,H). The frequencies of 

various CD4+ T-cell subtypes in the CNS were not different between these two mouse lines (Supplemental 

Figure 3A,B). Reduced numbers of C3+ astrocytes (Figure 2I,J) and increased numbers of S100A10+ ones 

(Figure 2K,L) were observed in the CNS lesions of GFAPcreSirt1fl/fl mice compared to Sirt1fl/fl mice. In 

contrast, no difference between these two groups was observed in the total numbers and subsets of 

monocytes and CD4+ T cells in their spleens (Supplemental Figure 4A-D) and draining lymph nodes (data 

not shown). These results show that SIRT1 in astrocytes plays an important role in EAE progression, 

possibly by promoting a neurotoxic/inflammatory astrocyte phenotype; further, its inactivation enhances 

anti-inflammatory astrocytes and suppresses CNS autoimmunity without affecting the peripheral immune 

response.  

 

Sirt1-/- astrocytes induced immunomodulatory microglia/macrophages and enhanced OPC differentiation. 

We then determined the direct impact of astrocyte Sirt1 on microglia/macrophages and oligodendrocytes 

in vitro. Given the reduced number of immune cells in the CNS of astrocyte-specific Sirt1-/- EAE mice 

(Figure 2F) and reduced CXCL5 and CCL20 secretion in Sirt1-/- astrocytes (Figure 1J), we tested the cause-

effect relationship of these two phenomena in vitro. Thus, migration of splenocytes from mice with EAE 

toward astrocyte-conditioned medium (ACM) of cocktail-stimulated Sirt1-/- and WT astrocytes was tested 
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in a transwell system. Fewer total MNCs, CD11b+ myeloid cells and CD4+ T cells migrated toward the 

ACMs of Sirt1-/- astrocytes than toward ACMs of WT astrocytes, and this migration was reduced by 

neutralizing anti-CXCL5 and -CCL20 antibodies (Figure 3A).  

  Sirt1-/- mice had increased IL-10 secretion by microglia/myeloid cells in the CNS during EAE (as 

shown in Figure 2G,H). To test whether this is a direct consequence of Sirt1 knockout in astrocytes, primary 

microglia of WT mice were pre-activated with LPS, and Sirt1-/- or WT astrocytes were stimulated with the 

cocktail (C1q, IL-1α, TNF). These cells were then co-cultured and their expression of IL-10 and TNF was 

analyzed by flow cytometry. Sirt1 knockout reduced the percentage of TNF+ astrocytes and increased the 

percentage of IL-10+ astrocytes (Figure 3B,C). Similarly, reduced percentage of TNF+ microglia and 

increased percentage of IL-10+ microglia were observed when they were co-cultured with Sirt1-/- astrocytes 

(Figure 3B,D). Given the enhanced expression of TGF-β by Sirt1-/- astrocytes (Figure 1I), which can 

influence the activation (34) and cytokine production of microglia (Supplemental Figure 5), we speculated 

that Sirt1-/- astrocytes could induce immunomodulatory microglia through increased TGF-β secretion. To 

test this, LPS-activated microglia were incubated with supernatants from cocktail-stimulated Sirt1-/- or WT 

astrocytes, with or without adding TGF-β-neutralizing antibody to the cultures. Whereas supernatants from 

Sirt1-/- astrocytes reduced TNF and increased IL-10 secretion by microglia, these effects were blocked by 

TGF-β neutralizing antibody (Figure 3E). Together, these results indicate that Sirt1-/- astrocytes directly 

affect the function of activated microglia, and immunomodulatory mediators such as TGF-β produced by 

these astrocytes play an important role in this effect.  

We also analyzed the direct effect of ACMs from Sirt1-/- vs. WT astrocytes on the differentiation of 

OPCs. While OPCs cultured with ACMs from cocktail-stimulated WT astrocytes exhibited a low level of 

differentiation, as shown by <20% of CNPase+ mature oligodendrocytes, this proportion was significantly 

increased (>40%) in those cultured with ACMs of Sirt1-/- astrocytes (Figure 3F, G). Taken together, these 
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results show that Sirt1-/- astrocytes can reduce immune cell migration and proinflammatory microglia 

polarization while enhancing OPC differentiation. 

 

Sirt1-/- astrocytes acquired anti-inflammatory function through NRF2 activation. To define the mechanism 

underlying the role of Sirt1 in astrocytes, we further analyzed the RNA expression profiles of Sirt1-/- vs. 

WT astrocytes. Among the altered genes shown in Figure 1G, Sirt1-/- astrocytes expressed increased levels 

of NQO1, xCT (SLC7A11), Srxn1, Gclc, and HO-1 (HMOX1), all of which are targets of the nuclear factor 

erythroid 2-related factor 2 (NRF2) transcription factor (35). Their expression was further confirmed by 

RT-PCR (Figure 4A); however, the expression of Nfe2l2 gene remained unchanged (data not shown). 

NRF2 protein, encoded by Nfe2l2 gene, is a transcription factor that has important anti-inflammatory and 

anti-oxidant functions (36). Given that acetylation of NRF2 is important for its function (37), we tested the 

impact of SIRT1 on NFR2 acetylation and found that Sirt1-/- astrocytes had greatly enhanced NRF2 

acetylation (Figure 4B) localized in the nucleus (Figure 4C). To test the role of NRF2 in the SIRT1-

mediated astrocyte function, Nfe2l2 and Sirt1 were simultaneously knocked out in primary WT astrocytes 

using the CRISPR/Cas technique (Figure 4D), and knockout efficacy was confirmed by Western blot 

(Figure 4E). Knockout of Nfe2l2 abrogated the anti-inflammatory phenotype of Sirt1-/- astrocytes, as shown 

by increased expression of C3 and decreased expression of S100A10, IL-5 and TGF-β (Figure 4F). Thus, 

the NRF2 signaling pathway plays an important role in the anti-inflammatory transcriptional programs of 

Sirt1-/- astrocytes. 

 

Adeno-associated virus (AAV)-CRISPR-mediated knockout of Sirt1 in astrocytes promoted recovery in 

ongoing EAE. To test whether astrocyte-specific Sirt1 knockout can alleviate ongoing EAE, we generated 

AAV-transfer plasmid carrying a Cre gene driven by GFAP promoter and Sirt1-targeting sgRNA (Figure 
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5A). PHP.eB, a newly developed AAV serotype that efficiently transduces the CNS via systemic delivery 

in adult animals (38), was used to achieve astrocyte-specific knockout of Sirt1 in the entire CNS (39). EAE 

was induced in LSL-Cas9 transgenic mice, and AAV was i.v. injected at day 15 post immunization (p.i.), 

when disease was still worsening. The efficacy of Sirt1 knockout in astrocytes (GFP+) was confirmed by 

immunostaining (Figure 5B). While both groups experienced a temporary reduction in disease severity, 

likely due to a non-specific effect of vector injection (40), an increased score was seen in mice after 10 

days of control AAV injection. In contrast, disease severity remained suppressed in mice with astrocyte-

specific knockout of Sirt1 (Figure 5C), with greatly reduced infiltration of immune cells into the CNS 

(Figure 5D). AAV-sgSirt1 treatment increased numbers of IL-10+ and reduced numbers of TNF+ 

microglia/macrophages (Figure 5E,F), whereas the percentages of CD4+ T-cell subtypes remained similar 

(Supplemental Figure 6). Furthermore, significantly increased percentages of GFAP+ astrocytes 

colocalized with S100A10 were found in astrocytes of the AAV-sgSirt1-treated group (Figure 5G,H). The 

AAV-sgSirt1-treated group also upregulated expression of anti-inflammatory molecules in astrocytes, 

including chitinase 3 like 1 (CHI3L1) (41-43), sulfiredoxin-1 (SRXN1) (44), and TNF-related apoptosis-

inducing ligand (TRAIL) (45) (Figure 6). In contrast, there was no difference in peripheral immune 

responses between these two groups (Supplemental Figure 7). These results demonstrate that CRISPR-

mediated Sirt1 knockout in astrocytes after disease onset exhibited an anti-inflammatory profile, which 

promotes recovery in ongoing EAE, thus having the potential for clinical application. 

 

SIRT1 is highly expressed in C3+ astrocytes of MS patients. C3+ astrocytes have been found in the 

demyelinating plaques of MS patients, which may inhibit OPC proliferation/differentiation and induce 

oligodendrocytes (8). Here we tested the relationship of SIRT1 expression and C3/S100A10 in astrocytes 

of MS lesions. Brain slices from MS patients were co-stained for GFAP, SIRT1, and either C3 or S100A10; 
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normally-appearing white matter (NAWM) distant from the lesion served as control. A large number of 

C3+SIRT1+GFAP+ cells were present in MS lesions (Figure 7A; lower panel), with nearly 71% of C3+ 

astrocytes co-stained for SIRT1 (Figure 7B). However, only a few S100A10+SIRT1+GFAP+ astrocytes 

were found in the lesions (Figure 7A lower panel), and only a few astrocytes were SIRT1+, C3+, or 

S100A10+ in the NAWM area (Figure 7A upper panel). These findings demonstrate that Sirt1 expression 

is closely associated with the proinflammatory/neurotoxic astrocytes of MS lesions. 

 

Discussion 

In the present study we found, as summarized in Supplemental Figure 8, that reactive astrocytes 

expressed a high level of SIRT1, exhibited proinflammatory/neurotoxic properties, and induced CNS 

demyelination. Inactivation of SIRT1 converted astrocytes into a glioprotective/anti-inflammatory 

phenotype in an NRF2-dependent manner. Genetic deletion of SIRT1 in astrocytes effectively inhibited 

EAE progression, and ongoing EAE was also suppressed by astrocyte-specific Sirt1 knockout-

CRISPR/Cas vector, without affecting peripheral immune responses. These findings define an approach 

for inducing glioprotective/anti-inflammatory astrocytes in vitro and in vivo, and provide a proof of concept 

for CNS-specific therapies for inflammatory neurodegenerative diseases such as MS. 

It was initially thought that SIRT1 plays an anti-inflammatory role (12, 13), likely via deacetylation 

of FoxP3, the signature transcription factor of Tregs (14, 15); however, important proinflammatory actions 

of SIRT1 have been recently defined. For example, inhibition of SIRT1 expression in both mouse and 

human T cells resulted in increased numbers of FoxP3+ Tregs (16-18). SIRT1 promotes autoimmunity by 

deacetylating RORγt, the signature transcription factor of Th17 cells, and T cell-specific Sirt1 deletion or 

pharmacological inhibition of SIRT1 protects mice from EAE (19). Sirt1-/- DCs inhibited Th17 

differentiation, and thereby attenuated the development of EAE (20). In the CNS, SIRT1 induces neural 
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progenitor cell differentiation into more astrocytes but fewer neurons (25); nevertheless, SIRT1 plays a 

protective role in neurons (21-23). In contrast, a detrimental role of SIRT1 in OPC/oligodendrocyte lineage 

has been identified. Neural stem cell (NSC)-specific knockout of Sirt1 promotes differentiation of these 

cells to OPCs, which can normally mature into myelinating oligodendrocytes, and mice with NSC-specific 

knockout of Sirt1 showed delayed EAE onset and enhanced remyelination (24). Similar results were 

obtained using a SIRT1 inhibitor (25). In a neonatal brain injury model, SIRT1 inhibition promotes OPC 

differentiation and neuroregeneration (46). Both beneficial and detrimental roles of SIRT1 expression have 

been described in astrocytes: For the former, overexpression of SIRT1 attenuates astrocyte activation in 

vitro, and improves neurobehavioral function after brain injury (22, 26). SIRT1 expression in astrocytes 

may have a neuroprotective effect through its anti-oxidative and anti-inflammatory functions (27). For the 

latter, astrocytes with decreased expression of PPARγ and SIRT1 protect neurons from Aβ1-42 peptide-

induced neurotoxicity (28). Increased numbers of oligodendrocytes have also been observed in EAE lesions 

after treatment with resveratrol (25, 29), a SIRT1 activator with a large range of effects, including 

modulating signaling via aryl hydrocarbon receptor (AHR) (47), NF-κB, and other molecular pathways as 

well (48). Our study provides evidence for a detrimental role of SIRT1 in astrocytes, given that SIRT1 

inactivation enables astrocytes to inhibit CNS inflammation and promote OPC differentiation, thus 

protecting the CNS from inflammation-induced myelin damage and enhancing disease recovery.   

Our findings suggest that SIRT1 regulates the functional status of reactive astrocytes, at least in part, 

by inhibiting expression of signaling molecules (e.g., NQO-1, xCT, Srxn1, Gclc, HO-1) that are 

downstream of NRF2 (35). Indeed, SIRT1 exhibits diverse functions by deacetylating multiple targets, 

including FOXO, Ku70, p53, NF-κB, PGC-1α, RORγ, NRF2, and PPARγ (49). Among them, the 

transcription factor NRF2 controls cellular responses that limit oxidative stress and inflammation (50). 

Whole-body Nfe2l2-deficient mice develop severe EAE (51, 52), and Nfe2l2-deficient DCs induce 
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increased proportions of activated Th1/Th17 cells and fewer Treg cells (53). Further, NRF2 activity in 

astrocytes could be inhibited by pro-inflammatory cytokines IL-1β and TNF, and astrocyte-specific 

knockdown of Nfe2l2 significantly enhanced EAE severity (54). We found that Sirt1-/- astrocytes had 

greatly enhanced NRF2 acetylation and its localization in the nucleus. Sirt1-/- astrocytes had a decreased 

expression of C3 and increased S100A10, IL-5 and TGF-β expression compared to Sirt1-sufficent control, 

and this profile was reversed by Nfe2l2 knockout. Together with observations of others, our findings 

suggest that the deacetylation activity of SIRT1 suppresses the function of NRF2 in driving an anti-

inflammatory program in astrocytes.  

Among the molecules with altered expression in Sirt1-/- astrocytes in EAE mice, of particular interest 

is the upregulated expression of CHI3L1, SRXN1, and TRAIL. CHI3L1 expression has been associated 

with the immunomodulatory property of mesenchymal stem cells (55) and macrophages (43, 56). 

Expression of CHI3L1 in the CNS was predominantly associated with reactive astrocytes in the vicinity of 

inflammatory lesions, and CHI3L1-deficient mice showed more severe EAE and increased immune cell 

infiltrates and gliosis in the CNS (42). Here we showed enhanced CHI3L1 expression in Sirt1-/- astrocytes, 

which produced increased levels of IL-5, IL-10, and TGF-β, supporting a notion for anti-inflammatory 

function of CHI3L1 in reactive astrocytes in EAE. SRXN1, an endogenous antioxidant protein, exhibits 

neuroprotective effects, and loss of its expression in astrocytes may cause excessive activation of 

inflammatory responses and contribute to stress-induced neuronal death (44). These data suggest that 

upregulation of SRXN1 expression in astrocytes may, therefore, protect astrocyte-specific Sirt1-/- mice 

from EAE as shown in our observations. Further, a novel subset of lysosomal membrane glycoprotein 1 

(LAMP1)+TRAIL+ astrocytes has been recently identified, which limits CNS inflammation by inducing T-

cell apoptosis through TRAIL-DR5 signaling (45, 57). Consistent with these important observations, our 

data showed enhanced TRAIL expression on astrocytes of astrocyte-specific Sirt1-/- EAE mice, with 
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reduced numbers of CD4+ T cells in the CNS. Thus, in astrocyte-specific Sirt1-/- EAE mice, enhanced 

TRAIL expression on astrocytes may be an important mechanism underlying the reduced numbers of CD4+ 

T cells and inflammatory demyelination of the CNS in astrocyte-specific Sirt1-/- EAE mice.  

Considerable progress has been made in immunomodulatory therapies that reduce the severity and 

progression of MS; however, existing therapies mainly target the peripheral immune system and have side 

effects such as suppression of systemic immune responses (58, 59). An approach to overcome this 

weakness could be targeting only the CNS, and astrocytes could be an ideal target for this purpose. Indeed, 

in astrocytes, blocking signaling of proinflammatory molecules, such as IL-17, ameliorated EAE (60, 61). 

EAE was also suppressed by inactivation of other proinflammatory molecules in astrocytes, including 

B4GALT6 (62), inositol-requiring enzyme-1a (IRE1a), X-box binding protein 1 (XBP1) (63), Ugcg (64), 

MAFG, MAT2a and GM-CSF signaling (54); whereas CNS autoimmunity worsened by inactivation of 

immunomodulatory molecules in astrocytes, e.g., AHR (65, 66) or NRF2  (54). Consistent with these 

observations, in the present study we verified the potential of SIRT1 inactivation in astrocytes as a method 

for the therapy of ongoing disease by using the CRISPR/Cas technique.   

AAV has been safely used in clinical trials for neurological disorders, e.g., Parkinson's disease (67). 

Using the CAS13-mediated RNA targeting technique developed in recent years to silence Sirt1 expression 

in astrocytes could provide a safe and feasible method for clinical use (68, 69). Furthermore, CNS-specific 

treatment directly targets the inflammatory demyelination process in the lesion foci and could thus be more 

effective than systemic treatments. For example, while systemic administration of IL-10 failed to suppress 

EAE, delivery of cells that expressed IL-10 into the CNS had a significant therapeutic effect (70). Together, 

our findings demonstrate that Sirt1 expression in reactive astrocytes plays a pathogenic role in 

inflammatory demyelination, and its inactivation in these cells may represent a novel strategy for CNS-

specific EAE/MS therapy.  
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Methods  

Animals. C57BL/6J (stock no. 000664), GFAP-Cre (stock no. 024098), Sirt1fl/fl (stock no. 029603), 

and LSL-Cas9 (stock no. 026175) mice were purchased from the Jackson Laboratory (Bar Harbor). 

Astrocyte-specific Sirt1-/- mice were generated by crossing GFAP-Cre and Sirt1fl/fl mice, and deletion of 

Sirt1 in astrocytes was verified by PCR and Western blot (data not shown). All animals were kept in a 

pathogen-free facility at Thomas Jefferson University. All experiments were carried out in accordance with 

guidelines prescribed by the Institutional Animal Care and Use Committee (IACUC) of Thomas Jefferson 

University.  

Cell lines. N2A-Cas9 cell line was purchased from Genecopoeia (Rockville) and grown in DMEM 

containing 10% FBS. HEK293 cells were also cultured in DMEM containing 10% FBS (Thermo Scientific). 

Cells were maintained at 37oC in 5% CO2 atmosphere. 

Plasmids. LentiCRISPR v2 and AAV:ITR-U6-sgRNA(backbone)-pCBh-Cre-WPRE-hGHpA-ITR 

were a gift from Dr. Feng Zhang (MIT). For construction of pLenti-sgRNA(backbone)-EFS-Cre-P2A-Puro, 

the Cas9 sequence in lentiCRISPR v2 was replaced by a Cre gene sequence (Supplemental Figure 1A). 

Single guide RNAs (sgRNAs) targeting mouse Sirt1 or Nfe2l2 were subcloned into pLenti- 

sgRNA(backbone)-EFS-Cre-P2A-Puro through BsmB; the obtained plasmids were named pLenti-EFS-

Cre-P2A-Puro-sgSirt1 or pLenti-EFS-Cre-P2A-Puro-sgNfe2l2. Scramble sgRNA (sgScram) was also 

cloned into pLenti-EFS-Cre-P2A-Puro as control. 

To knockout Sirt1 in astrocytes of adult mice, GFAP promoter was amplified from pLenti-Gfap-eGFP-

mir30-shAct1 vector (61) and cloned into AAV:ITR-U6-sgRNA(backbone)-pCBh-Cre-WPRE-hGHpA-

ITR to replace CBh promoter; the obtained plasmid was named pAAV-sgRNA(backbone)-GFAPp-Cre 

(Supplemental Figure 1B). The U6-sgSirt1 or U6-sgScram cassette was cleaved from pLenti-EFS-Cre-
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P2A-Puro-sgSirt1 or pLenti-EFS-Cre-P2A-Puro-sgScram and cloned into pAAV-sgRNA(backbone)-

GFAPp-Cre; the resulting plasmid was named pAAV-sgSirt1-GFAPp-Cre or pAAV-sgScram-GFAPp-Cre. 

pAdδF6 was a gift from James M. Wilson (University of Pennsylvania); pUCmini-iCAP-PHP.eB was 

a gift from Viviana Gradinaru (California Institute of Technology); psPAX2 and pMD2.G were a gift from 

Didier Trono (EPFL). All of the primers used are listed in Supplementary Table 1. 

sgRNA design and screen. sgRNAs targeting Sirt1 and Nfe2l2 were designed using 

https://www.benchling.com/crispr/; corresponding primers were synthesized by Integrated DNA 

Technologies, Inc. (Coralville, Iowa, USA). Primers were annealed and ligated into pLenti-EFS-Cre-P2A-

Puro, sgRNAs activity was analyzed in N2A-Cas9 cell line. For sgRNAs activity analysis, N2A-Cas9 cells 

were seeded in a 24-well plate at 1×105 cells per well, and, on the following day, were transfected with a 

mixture containing 0.5 μg sgRNA-carrying plasmid and 1 μl Lipofectamine™ 2000 (Thermo Scientific). 

Medium was changed on the next day, and cells collected 48 h after transfection. Knockout efficiency was 

analyzed by Western blot. All of the primers used are listed in Supplementary Table 1. 

Virus packaging and purification. The lentivirus particles were generated by transfecting 293T cells 

with transfer plasmid, psPAX2 and pMD2.G, using PEI-MAX (Polysciences). Supernatant was collected 

at 30 h and 48 h after transfection, filtered through 0.45-μm PVDF filter, and concentrated overnight with 

40% PEG-10000 (Sigma).  

The AAV particles were generated as reported by Chan et al. (38). Low-passaged 293T cells were 

transfected with transfer plasmid, pUCmini-iCAP-PHP.eB, and pAdDeltaF6, using PEI-MAX 

(Polysciences); viral particles were collected at 72 h after transfection from the medium and 120 h after 

transfection from cells and the medium. The supernatant was concentrated with 40% PEG-8000 (Thermo 

Scientific) and combined with cell pellets for processing. The cell pellets were suspended in 500 mM NaCl, 

40 mM Tris, 2.5 mM MgCl2, pH 8, and 100 U/mL of salt-activated nuclease (SAN) (Sigma) at 37°C for 1 
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h. Afterwards, the cell lysates were clarified by centrifugation at 2,000 g and then purified using iodixanol 

(Sigma) step gradients (15%, 25%, 40%, and 60%) (71). Viruses were concentrated using Amicon filters 

(Millipore) and formulated in sterile phosphate-buffered saline (PBS) with 0.001% Pluronic‐F68 (Thermo 

Scientific). Virus titers were measured by determining the number of DNAse I-resistant vg using qPCR 

with a linearized genome plasmid as a standard (72). 

EAE induction and treatment. Female GFAPcreSirt1fl/fl and Sirt1fl/fl mice, 8–10 weeks of age, were used 

for EAE induction. Mice were immunized subcutaneously at two sites on the back with 200 μg MOG35–

55 peptide (GenScript) emulsified in CFA (BD Bioscience) supplemented with 4 mg/ml Mycobacterium 

tuberculosis H37Ra (BD Bioscience); 200 ng pertussis toxin (Sigma) was injected intraperitoneally into 

each mouse on days 0 and 2 p.i. All mice were monitored for weights and clinical signs daily until 25 or 

30 days post induction of EAE. Mice were euthanized if they showed a 20% loss in maximum body weight. 

Gel food was supplied at the onset of EAE disease. Clinical scores were recorded on the following scale: 

0, no clinical signs; 1, limp tail; 2, limp tail with weak/partially paralyzed hind legs; 3, limp tail with 

completely paralyzed hind legs; 4, tetraplegia; 5, moribund. 

Astrocyte-specific Sirt1 knockout during ongoing EAE. AAV PHP.eB at 2 × 1011 vg was diluted in 

200 μl PBS with 0.001% Pluronic-F68, and then injected through the tail vein into LSL-Cas9 mice at day 

15 p.i. Two weeks after injection, mice were sacrificed and knockout efficiency was analyzed by 

immunostaining. 

Isolation of immune cells from the CNS and spleen. Brains and spinal cords from naive and EAE mice 

were removed, minced, and enzymatically dissociated with Liberase TL (Roche) for 30 min at 37oC. 

Liberase was neutralized by DMEM supplemented with 10% FBS; cells were then passed through a 70 μm 

cell strainer and centrifuged, resuspended in 30% Percoll (Sigma), overlaid onto 70% Percoll, and 

centrifuged at 2000 rpm at 4oC for 20 min with slow acceleration and deceleration settings. Immune cells 
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were collected from the 30-70% interphase. Spleens of naïve or EAE mice were dispersed into single cell 

level by passing through a 40 μm cell strainer and erythrocytes were removed using RBC Lysis Buffer 

(Biolegend). For flow cytometry analysis, cells were seeded in a 24-well plate at a concentration of 1×106 

cells per well, treated with phorbol 12-myristate-13-acetate (PMA; 50 ng/ml; Sigma), Ionomycin (500 

ng/ml; Sigma), and BD GolgiPlug™ (1 µg/ml; BD Bioscience) for 4 h, then analyzed by flow cytometry. 

Immune cell migration assay. The immune cells were isolated from the spleens of naïve or EAE mice 

and seeded in the upper chamber of a 24-well cell culture insert with 5-μm pore-size (Corning Inc.). The 

lower chamber was filled with culture supernatant of cocktail stimulated Sirt1-knockout or WT astrocytes 

(ACMs). Migrating immune cells were quantified in the lower chamber after 2 h by cell counting and flow 

cytometry. 

Flow cytometry. Cells were first stained with surface antibody at 4oC for 20 min, fixed by Fixation 

Medium (Medium A) (Thermo Scientific), washed, and then incubated with intracellular antibody 

dissolved in Permeabilization Medium (Medium B) (Thermo Scientific) at 4oC overnight.  Antibodies used 

in this study were: APC anti-mouse CD45 (BD Bioscience, clone 30-F11), P-blue anti-mouse CD4 (BD 

Bioscience, clone RM4-5), PE anti-mouse IL-17 (BD Bioscience, clone TC11-18H10), BV711 anti-mouse 

IFN-γ (BD Bioscience, clone XMG1.2), AF488 anti-mouse Foxp3 (eBioscience, clone FJK-16s), PerCP-

Cy5.5 anti-mouse CD11b (BD Bioscience, clone M1/70), PE-Cy7 anti-mouse IL-4 (BD Bioscience, clone 

11b11),  BV605 anti-mouse IL-10 (Biolegend, Clone JES5-16E3), and PE-Dazzle594 anti-TNF (Biolegend 

clone, MP6-XT22). Compensation was performed with UltraComp eBeads™ (Thermo Scientific, 01-

2222-42). 

Isolation of primary astrocytes. Primary astrocytes were isolated as previously reported (54). Cerebral 

cortices of mice aged P0-P3 were dissected, carefully stripped of their meninges, and digested with 

Liberase TL (Roche) (2 U/ml) at 37oC for 15 min. Liberase was neutralized by DMEM supplemented with 
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10% FBS, and cells were passed through a 70 μm cell strainer. The cell suspension was then cultured with 

DMEM containing 10% FBS at 37°C in humidified 5% CO2, 95% air on T-175 cell culture flasks for 7-10 

days until confluency was reached. Medium was replaced every 4–5 days. After the cells reached 

confluency, microglia and oligodendrocytes were removed by shaking the glia culture at 260 rpm at 37oC 

overnight and washing extensively with PBS; the remaining attached cells were astrocytes with purity 

greater than 98% (Supplemental Figure 2). It has been shown that primary astrocytes cultured with serum-

containing medium may induce a reactive phenotype in astrocytes (73). While FBS containing medium 

was used during astrocyte isolation to enhance their viability, we cultured these cells under serum-free 

conditions. These cells did not express reactive astrocyte markers in non-stimulation culture condition (as 

shown in Figure 1H), indicating a minor impact of FBS during astrocyte isolation, while culturing them in 

a serum-free condition.  

Astrocyte treatment in vitro. For SIRT1 activation, 5×105 primary astrocytes were seeded in a 6-well 

plate in astrocyte serum-free medium. The following day, cells were incubated with 10 μg/ml Resveratrol 

(Sigma) for 24 h, and then treated with cytokine cocktail (C1q, IL-1α, TNF) for an additional 24 h, as 

previously reported (8). 

For Sirt1 knockout analysis, 5×105 Sirt1 knockout or WT astrocytes were seeded in a 6-well plate in 

astrocyte serum-free medium. The following day, cells were treated with cytokine cocktail for 24 h, as 

previously reported (8).  

For RT-PCR and ELISA analysis, the cells and supernatants were collected immediately after cocktail 

stimulation. For ACM collection, cells were, after cocktail stimulation, washed with PBS and incubated 

with fresh, serum-free medium for an additional 24 h. The supernatants were collected, filtered through 

0.45 μm filter and kept at 4oC until use. 
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Microarray. Primary astrocytes isolated from p2-3 LSL-Cas9 pups were infected with sgSirt1 or 

sgScram carrying lentivirus, and then selected with 4 μg/ml puromycin for 3 days. Cells were stimulated 

with cocktail (C1q, IL-1α, TNF) for an additional 24 hours and then collected for microarray analysis. Four 

samples, namely sg-Scarm-1, sg-Scarm-2, sg-Sirt1-1 and sg-Sirt1-2, were analyzed at the Cancer 

Genomics and Bioinformatics Resource (CGBR), Thomas Jefferson University. The data have been 

deposited in NCBI GEO under accession number (GSE212924). 

Sirt1 or Nfe2l2 knockout in vitro. For Sirt1 or Nfe2l2 knockout, primary mouse astrocytes isolated 

from LSL-Cas9 mice were incubated for 24 h with Sirt1 or Nfe2l2 sgRNA carrying lentiviruses and 8 μg/ml 

polybrene (Millipore), after which the medium was changed. Cells were, 48 h after infection, selected with 

4 μg/ml puromycin for 3 days. Knockout of Sirt1 or Nfe2l2 was verified by Western blot. 

Microglia isolation, culture, and treatment in vitro. Brains from mouse pups (P7) were dissociated 

into single-cell suspension using the Neural Tissue Dissociation Kit (P) (Miltenyi) according to the 

manufacturer’s protocol. Microglia was isolated from single-cell suspension using CD11b microbeads 

(Miltenyi) and cultured in DMEM/F12 with 10% FBS (74). Cells were stimulated by LPS (100 ng/ml) for 

18 h, then washed and incubated with fresh medium containing TGF-β or ACMs. 

OPC isolation and differentiation in vitro. Brains from mouse pups (P2-3) were dissociated into 

single-cell suspension using the Neural Tissue Dissociation Kit (P) (Miltenyi) according to the 

manufacturer’s protocol. OPCs were isolated from single-cell suspension using CD140a microbeads 

(Miltenyi). OPC proliferation and differentiation media were prepared as previously described with some 

modifications (75). OPC proliferation medium comprised DMEM/F12 (Thermo Scientific), N2 

Supplement (Thermo Scientific), B27 Supplement (Thermo Scientific), bFGF 20 ng/ml (Peprotech), and 

PDGF-AA 20 ng/ml (Peprotech). bFGF and PDGF-AA were removed and T3 (Sigma) was added in OPC 

differentiation medium. 2 ×103 OPCs were seeded on poly-D-lysine (Sigma) and laminin (Sigma) coated 
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pre-sterilized glass coverslips (Carolina) in a 24-well plate. Cells were kept in OPC-proliferation medium 

for 2 days, and then in medium consisting of OPC differentiation medium and ACM at a ratio of 1:1 for 8 

days. Medium was half-changed every 2-3 days. Differentiation was analyzed by cell immunostaining. 

Immunohistochemistry. Both mice and human tissues were  fixed with 4% paraformaldehyde, 

embedded in paraffin, and cut into 4 μm sections. Paraffin sections were stained with hematoxylin and 

eosin (H&E) for assessment of inflammation and Luxol fast blue (LFB) for demyelination. For 

immunofluorescence stain, paraffin sections were deparaffinized, washed in running water, and treated 

with heat retrieval solution (Biocare). The slides were then cooled in running water, washed with TBS, 

permeated by TBS with 0.2% Triton X-100 and blocked in TBS with 10% horse serum and 1% BSA for I 

h. The primary antibodies were then incubated in TBS with 1% horse serum and 1% BSA at 4oC overnight. 

The following day, the slides were washed three times by TBS with 0.025% Triton X-100, incubated with 

secondary antibody (Jackson) in TBS with 1% horse serum and 1% BSA at room temperature for 1 h. 

Frozen tissues were cut into 10 μm sections in our lab. Frozen sections were air dried, rehydrated in TBS, 

permeated by TBS with 0.2% Triton X-100, and blocked in TBS with 10% horse serum and 1% BSA for 

30 min.  The primary and secondary antibodies were then incubated as above. Cells seeded on glass 

coverslip were washed with TBS, fixed by 4% paraformaldehyde, and permeated by TBS with 0.2% Triton 

X-100. Cells were then incubated with primary antibody in TBS with 10% horse serum and 1% BSA for 1 

h at room temperature, washed in TBS three times, and incubated with secondary antibody in TBS with 1% 

horse serum and 1% BSA for 30 min at room temperature. Finally, all of the sections and coverslips were 

washed and mounted in Prolong Gold antifade reagent with DAPI (Thermo Scientific). Imaging was 

performed using a Nikon A1R microscope and Nikon NIS Elements acquisition and analysis software. 

Images were processed and analyzed by ImageJ.   
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The antibodies used were: goat anti-GFAP (mouse & human) (Abcam, ab53554), rabbit anti-GFAP 

(mouse & human) (CST, 12389, clone D1F4Q), rabbit anti-mSIRT1 (Abcam, ab12193), mouse anti-mCNP 

(Abcam, ab6319, clone 11-5B), mouse anti-mAPC (EMD Millipore, OP80, clone CC1), goat anti-C3d 

(mouse & human) (R&D, AF2655), rabbit anti-S100A10 (mouse & human) (Abcam, MA5-15326,  

4E7E10), rabbit anti-SRXN1 (MyBioSource, MBS716745), rabbit anti-CHI3L1 (Abcam, ab255297, 

EPR19078-157), rabbit anti-TRAIL (Abcam, ab231265), chicken anti-GFP (Abcam, ab13970), rabbit anti-

mNRF2 (Novus Biologicals, NBP1-32822), and mouse anti-hSIRT1 (EMD Millipore 04-1557; clone 

10E4). 

NRF2 acetylation detection. 3×106 sgSirt1- or sgScram-treated astrocytes were seeded in a 100 mm 

dish, stimulated with cocktail for 24 h, and then collected and lysed with 300 μl 1× cell lysis buffer (CST). 

200 μl of cell lysate were incubated with 2 μl anti-NRF2 antibody (Novus Biologicals, NBP1-32822) at 

4oC overnight, then incubated with 20 μl protein-A (Thermo Scientific) at 4oC for 3 h. The beads were 

washed with 1× cell lysis buffer three times, centrifuged, and 50 μl of 2 × loading buffer was added. The 

mixture was boiled at 95°C for 5 min to denature the proteins and to dissociate them from the protein-A 

beads; then they were centrifuged, and the supernatants were separated by SDS-PAGE and detected by 

purified anti-acetylated lysine antibody (Biolegend, 623402, clone 15G10). 

Western blot. 1 × 106 WT, Sirt1-knockout or Nfe2l2-knockout astrocytes were lysed in 200 μl RIPA 

lysis buffer (Thermo Scientific) containing proteases inhibitors (Sigma). Cells were incubated on ice for 

30 min, and sonicated for 10 s, with the cells being kept on ice during sonication. The cell lysate was 

centrifuged for 10 min at 4°C. Protein concentrations were determined using the BCA Protein Assay Kit 

(Thermo Scientific). Protein lysates were diluted in SDS-PAGE sample buffer, separated on Novex™ 4-

12% Tris-Glycine gel (Thermo Scientific), and analyzed by Western blot using rabbit anti-Sirt1 polyclonal 
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antibody (Abcam) or anti-NRF2 antibody (Invitrogen). GAPDH was detected by rabbit anti-GAPDH 

monoclonal antibody (CST) and used as loading control. 

RT-PCR. RNA was extracted using RNeasy Mini Kit (Qiagen). cDNA was reverse-transcribed using 

QuantiTect Rev. Transcription Kit (Qiagen). Gene expression was quantified by qPCR using SYBR Green 

Mix (Thermo Scientific). The expression of each gene was normalized to GAPDH and then to the control 

group. All of the primers used here are listed in Supplementary Table 1. 

MS tissues. Brain tissue was obtained from untreated individuals with clinically diagnosed and 

neuropathologically confirmed MS (Rocky Mountain MS Center Tissue Bank, Aurora, CO). All MS 

individuals, or their next of kin, had given informed consent for an autopsy and use of their brain tissue for 

research purposes. All the procedures were performed in accordance with local Institutional Review Board 

guidelines. 

Statistics. Statistical analyses were performed with Prism software (GraphPad). Unpaired two-tailed 

t-test was used for comparison of two groups. One-way ANOVA was applied for comparison of more than 

two groups. Two-way repeated measures ANOVA was used for comparisons of clinical scores. P values 

of <0.05 were considered significant. All error bars represent SEM or SD as noted in the individual figure 

legends. Unless otherwise stated, ≥3 independent experiments were used for all assays, and displayed 

figures are representative. 

Study approval. All animal studies were approved by the IACUC of the Thomas Jefferson University 

-approval S25801. 
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Figure Legends 

 

Figure 1. Inactivation of SIRT1 promoted anti-inflammatory astrocytes. (A-B) Primary astrocytes 

were isolated from naïve newborn C57BL/6 mice at P2, treated with resveratrol (Resv) or DMSO for 24 h, 

and then stimulated with a cocktail (C1q, TNF, IL-1α) for another 24 h. Expression of representative A1/A2 

astrocyte markers (A) and proinflammatory cytokines (B) was determined by RT-PCR. n = 3 per group, 

one-way ANOVA. (C-G) Primary astrocytes isolated from LSL-Cas9 mice (D) were infected with 

lentivirus carrying Cre with sgSirt1 or sgScram (C). Forty-eight hours after infection, cells were selected 

with puromycin for 3 days, and knockout efficiency was analyzed by Western blot (E). sgSirt1- and 

sgScram-treated astrocytes were stimulated with the cocktail for 24 h and assayed by immunostaining for 

their morphology (F), by microarray for the RNA expression profiles (G), and by RT-PCR for the 

expression of neurotoxic (“A1”), neuroprotective (“A2”) and pan-reactive astrocyte markers (8) (H), pro- 

or anti-inflammatory molecules (I), and chemokines (J). n = 3 per group, unpaired two-tailed t test. All 
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results are expressed as means ± SD, a = p < 0.05, b = p < 0.01, c = p < 0.001, d = p < 0.0001, ns = not 

statistically significant. One representative of 3 experiments is shown. 
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Figure 2. Astrocyte-specific knockout of Sirt1 suppressed EAE progression. EAE was induced in 

GFAPcreSirt1fl/fl or Sirt1fl/fl control mice by MOG35-55 peptide in CFA and pertussis toxin. (A) Clinical signs 

were scored by two researchers in a blinded manner following a 0-5 scale. n = 5 mice each group, two-way 

repeated measures ANOVA. Results are expressed as mean ± SEM. Mice were sacrificed at day 25 p.i. (B) 

Representative LFB and H&E stained images of spinal cord from EAE mice. Scale bar, 50 µm. (C) 

Immunofluorescence staining of spinal cord from EAE mice with APC (CC1), a marker for newly formed 

oligodendrocytes. Scale bar: 100 µm. The right panel is the larger magnification of the inserts shown in the 

left panel, scale bar: 20 μm.  (D-E) Statistical analysis of LFB (D) and APC (E) staining results. n=5 mice 

per group, unpaired two-tailed t test. (F) The total number of CD4+ T cells and myeloid cells 

(CD45hiCD11b+) from the CNS of GFAPcreSirt1fl/fl or Sirt1fl/fl mice were analyzed by flow cytometry. (G) 

The expression of IL-10 in CD45hi (myeloid) and CD45low (microglia) cells from GFAPcreSirt1fl/fl or 

Sirt1fl/fl EAE mice was analyzed by flow cytometry. (H) Statistical analysis of (G). n=5 mice per group, 

unpaired two-tailed t test. (I-L) Spinal cords were stained with GFAP and C3, a representative of 

neurotoxic astrocytes (I), as well as GFAP and S100A10, a representative of anti-inflammatory astrocytes 

(K). Scale bar: 100 µm. The right panels of I and K are the larger magnification of the inserts shown in the 

left panel.  The percentages of C3+ (J) and S100A10+ (L) astrocytes were quantified. n = 5 mice per group. 

D,E,F,H,J, and L are expressed as means ± SD, unpaired two-tailed t test. *p < 0.05, **p < 0.01, ****p < 

0.0001. One representative of 3 experiments is shown. 
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Figure 3. Astrocyte-specific Sirt1-/- reduced migration and inflammation of immune cells and 

enhanced OPC differentiation. Astrocytes isolated from brains of newborn GFAPcreSirt1fl/fl or Sirt1fl/fl 

mice were stimulated with cocktail for 24 h, washed, and cultured in fresh medium. These astrocytes were 

cultured for an additional 24 h to collect supernatant (astrocyte-conditioned medium; ACM). (A) 

Splenocytes of WT EAE mice were harvested at day 12 p.i., and cultured with ACMs from Sirt1-/- or WT 

astrocytes using a transwell cell culture insert. Cells in the bottom chamber were harvested 2 h later, and 

migration of CD4+ T cells and CD11b+ cells was analyzed by flow cytometry. n = 3 samples per group, 

one-way ANOVA. (B)  Microglia were isolated from brains of newborn WT mice, pre-activated with LPS 

for 18 h, and co-cultured with cocktail-stimulated Sirt1-/- or WT astrocytes for 24 h. Production of TNF 

and IL-10 by astrocytes and microglia was analyzed by flow cytometry. (C-D) Statistical analysis of (B). 



34 
 

n = 3 samples per group, unpaired two-tailed t test. (E) LPS-stimulated microglia were incubated in Sirt1-

/- or control ACMs with or without anti-TGF-β neutralizing antibody for 24 h, then washed and cultured in 

fresh medium for an additional 24 h, after which the concentrations of TNF and IL-10 in culture 

supernatants were measured by ELISA. n = 3 samples per group, one-way ANOVA. (F-G) OPCs were 

generated from brains of newborn WT mice, cultured in differentiation medium that was supplemented 

with ACMs of cocktail-stimulated Sirt1-/- or WT astrocytes for 8 days, and stained for MBP. Data were 

statistically analyzed by unpaired two-tailed t test (n=3 samples per group). Scale bar: 50 µm. The right 

panel in F is the larger magnification of the inserts shown in the middle panel, scale bar: 25 μm.  All results 

are expressed as mean ± SD, * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. One representative of 3 

experiments is shown. 
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Figure 4. SIRT1 enhanced A1 astrocytes by inhibiting the activity of NRF2. mRNA was extracted from 

sgSirt1- or sgScram-treated astrocytes after stimulation with the cocktail containing C1q, IL-1α and TNF 

for 24 h and used for RT-PCR analysis. (A) The expression of NRF2 target genes by RT-PCR. n=3 per 

group, unpaired two-tailed t test. (B) IP analysis of NRF2 acetylation in sgSirt1 and sgScram treated 

astrocytes. (C) Immunostaining of NRF2 in astrocytes. Scale bar: 50 µm. (D-F) Primary astrocytes were 

transduced with sgSirt1, sgSirt1& sgNfe2l2, or sgScram vectors, then stimulated with the cocktail for 24 

h. (D) Structure of lentivirus carrying sgSirt1 and sgNfe2l2. (E) Western-blot verification of knockout of 

Sirt1 and Nfe2l2. (F) Expression of certain reactive astrocytes markers and cytokines was determined by 
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RT-PCR. n=3 per group, one-way ANOVA. All results are expressed as mean ± SD, a: p<0.05; b: p<0.01; 

c: p < 0.001; d: p<0.0001. One representative of 3 experiments is shown. 

 

 

Figure 5. CRISPR/Cas9-mediated astrocyte-specific Sirt1 knockout effectively alleviated ongoing 

EAE. (A) Structure of AAV plasmid for Sirt1 knockout in vivo. (B-H) EAE was induced in LSL-Cas9 

mice (C57BL/6 background) by MOG35-55 peptide in CFA and pertussis toxin. AAV carrying Sirt1 sgRNA 
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or scramble sgRNA was injected through the tail vein at day 15 p.i. Mice were sacrificed at day 30 p.i. and 

brain, spinal cord, and spleen were harvested. (B) Knockout efficiency of Sirt1 in astrocytes was 

determined by immunostaining of lumbar spinal cord. Scale bar: 100 µm. The right panels are the larger 

magnification of the inserts shown in the left panel, scale bar: 20 μm. (C) EAE score of AAV-sgSirt1 and 

AAV-sgScram injected mice. n=5 mice for AAV-sgSirt1 group and n=8 mice for AAV-sgScram group, 

two-way repeated measures ANOVA. (D) Statistical analysis of the numbers of MNCs in the CNS of mice 

with EAE. (E) Flow cytometry analysis of percentages of different phenotypes of microglia (CD45lo CD11+) 

and macrophages (CD45hi CD11+) in the CNS of mice with EAE. (F) Statistical analysis of (E). (G) Spinal 

cords from AAV-sgSirt1- or AAV-sgScram-injected mice with EAE were co-stained with GFP (astrocytes 

infected by AAV) and S100A10. Scale bar: 100 µm. The right panels are the larger magnification of the 

inserts shown in the left panel, scale bar: 20 μm.  (H) Statistical analysis of percentages of S100A10+ 

astrocytes. D-H, n=5 mice per group, unpaired two-tailed t test. All results are expressed as means ± SD, 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. One representative of 2 experiments is shown. 
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Figure 6. Immunostaining analysis of astrocytes in astrocyte-specific Sirt1 knockout and WT EAE 

mice. Spinal cords from AAV-sgSirt1- or AAV-sgScram-injected mice with EAE were co-stained for 

GFAP and CHI3L1 (A,B), SRXN1 (C,D), Trail (E,F). A,C,E: scale bar: 100 µm. The right panels are the 

larger magnification of the inserts shown in the left panel, scale bar: 100 μm. B,D,F: n=5 mice per group, 

unpaired two-tailed t test. All results are expressed as means ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001. One representative of 2 experiments is shown. 
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Figure 7. SIRT1 is highly expressed in A1 astrocytes in lesions of MS patients. (A) Brain tissues from 

MS patients were co-immunostained for GFAP, SIRT1, and DAPI with C3 or S100A10; and NAWM 

served as control. The left and right panels are the larger magnification of the inserts shown in the middle 

panel, scale bar: 100 μm.  (B) Statistical analysis. For quantification, lesion tissues from the brain of three 

MS patients were examined. Nine sections (three per lesion) were randomly selected and quantitated. The 

number of stained cells per section was counted under ×40 magnification. Data are expressed as mean ± 

SD; unpaired two-tailed t test; ***p < 0.001. 
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