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Abstract 

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS) characterized 
by immune cell-driven demyelination and progressive neurodegeneration. Senescent cells (SCs) have recently been 
observed in chronic MS lesions indicating their possible involvement in disease progression. However, the role of SCs 
and the potential therapeutic benefit of their reduction through senolytic therapy remains to be determined in exper-
imental autoimmune encephalomyelitis (EAE), a widely used preclinical model of MS. Here, we show that senescent-
like myeloid cells accumulate in the spinal cord parenchyma and meninges in mice after myelin oligodendrocyte 
glycoprotein  (MOG33–55) EAE induction. Treatment with the senolytic cocktail, Dasatinib and Quercetin (DQ), effec-
tively reduces the senescent-like myeloid cells, but this does not translate into improved clinical outcomes in EAE 
mice. Increasing DQ dosage or using INK-ATTAC transgenic mice also failed to ameliorate EAE severity. Additionally, 
histopathological analysis shows no significant differences in demyelination or axonal degeneration between treated 
and control groups. Our findings indicate that senescent-like myeloid cells are present in an immune-mediated 
demyelinating model of MS and can be reduced through senolytic therapy with Dasatinib and Quercetin. However, 
their reduction through DQ does not significantly impact inflammation or recovery, suggesting that the therapeutic 
potential of senolytics as disease-modifying drugs in MS may be limited.

Keywords Immune-mediated demyelination, Experimental autoimmune encephalomyelitis, Cellular senescence, 
Myeloid cells, Senolytics, Multiple sclerosis

Introduction
Multiple sclerosis (MS) is an immune-mediated chronic 
inflammatory disease of the central nervous system 
(CNS), characterized by the loss of myelin and axonal 
degeneration [1]. The clinical course of MS most often 
first presents as relapse-remitting MS (RRMS), which 
is characterized by periods of neurological disability 
(relapse) caused by adaptive immune system activation 
and demyelination, followed by recovery (remission) 
facilitated by the resolution of inflammation and remyeli-
nation [2, 3]. Individuals with MS eventually transition to 

*Correspondence:
Jeffrey K. Huang
jeffrey.huang@georgetown.edu
1 Department of Biology, Georgetown University, Washington, DC, USA
2 Interdisciplinary Program in Neuroscience, Georgetown University, 
Washington, DC, USA
3 Department of Oncology, Georgetown University, Washington, DC, USA

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12974-025-03425-3&domain=pdf


Page 2 of 15Manavi et al. Journal of Neuroinflammation          (2025) 22:101 

progressive MS (PMS), where they exhibit limited recov-
ery periods and chronic neuroinflammation, driven by 
activated innate immune cells and the inability of myelin 
to regenerate, leading to extensive neurodegeneration 
and accumulating disability [3, 4].

Several studies have demonstrated the presence of 
senescent cells (SCs) in chronic MS lesions [5, 6]. Cellu-
lar senescence is a stress-induced irreversible cell-cycle 
arrest response triggered by advanced age [7] or chronic 
inflammation and observed in many neurodegenerative 
diseases [8–14]. While transient levels of senescence can 
be beneficial in repair [15, 16], their continued accumula-
tion with aging or disease has been shown to have del-
eterious effects, as they can perpetuate inflammation and 
affect neighboring cells via paracrine SASP secretion [17, 
18]. Since many hallmarks of PMS, such as DNA damage, 
oxidative stress, and danger-associated molecular pat-
terns (DAMPs) [3, 19–21], are known drivers of cellular 
senescence, a feature of aging, it has been suggested that 
senescent cell (SC) accumulation in MS lesions results in 
prolonged inflammation through increased senescence-
associated secretory phenotype (SASP) [22, 23]. These 
findings support the possibility that senescence may play 
a role in PMS and disease progression through prolonged 
inflammation and impaired remyelination. Therefore, 
decreasing SC burden may be a promising strategy for 
improving repair in MS. However, to date, the contribu-
tion of SCs and the efficacy of senolytic therapy to reduce 
SCs in immune-mediated inflammatory demyelination 
has not been fully explored.

Here, we examined the role of cellular senescence and 
its reduction in mice after  MOG35–55 mediated experi-
mental autoimmune encephalomyelitis (EAE) induction, 
a widely used preclinical model of MS. We observed 
the presence of senescent myeloid cells in demyelinated 
lesions at the chronic stage of the disease, particularly 
in the vicinity of the inflamed leptomeningeal space. 
Re-analysis of a previously published single-cell RNA 
sequencing dataset collected from  MOG35–55 EAE CNS 
and meninges [24] revealed an increase in senescence-
associated gene signatures [25] in myeloid lineage cells 
with disease progression. However, genetic depletion of 
SCs using the INK-ATTAC transgenic line [26], or their 
pharmacological depletion using Dasatinib and Querce-
tin (DQ), a known senolytic cocktail [27], was insuffi-
cient to improve functional outcomes in mice with EAE, 
despite significant reductions in senescent myeloid cells. 
Furthermore, histopathology analysis of DQ and vehicle 
treated animals did not reveal a significant difference in 
the extent of demyelination or axonal degeneration. Our 
findings suggest SCs represent a proportion of myeloid 
cells in EAE and do not appear to significantly contrib-
ute to inflammatory demyelination. Further studies are 

needed to determine whether senolytic therapy, specifi-
cally DQ, could be effective in the treatment of MS.

Results
Canonical senescent markers increase in CNS meninges 
following EAE induction
Various CNS insults can trigger senescence, which has 
been suggested to contribute to disease pathogenesis [9, 
10, 13]. Furthermore, stressors characteristic in MS, such 
as inflammation and oxidative stress, are also known 
inducers of senescence [19, 21, 23]. To determine whether 
cellular senescence occurs under immune-mediated 
demyelination, we induced experimental autoimmune 
encephalomyelitis (EAE) in 10–12-week-old female mice 
by immunizing them with myelin oligodendrocyte gly-
coprotein 35–55  (MOG35–55) in complete Freund’s adju-
vant (CFA) and followed this with a pertussis toxin (PTX) 
injection (Fig. 1A). Next, we collected spinal cords from 
mice with EAE clinical score of 3 at 28 days post immu-
nization (dpi), corresponding to the chronic phase of the 
disease, and from EAE naïve mice for analysis of common 
markers of senescence (Fig. 1A, see Additional file 2: Fig. 
S1 for score breakdown). We observed positive staining 
for several canonical senescent markers, including senes-
cence-associated β-galactosidase (SA β-gal) (Fig. 1B), p16 
and p21 (Fig. 1C) in EAE ventral white matter compared 
to naïve. While some p21 and p16 positive cells were 
observed in the gray matter and inside lesions, most were 
localized to the dural venous sinus and leptomeninges 
adjacent to ventral demyelinating lesions, as indicated by 
PDGFRβ labeling of mural cells in the meningeal stromal 
niche [28] (Fig. 1D, E). The localization of senescent cells 
(SCs) to the meninges was confirmed using a  p16tdTom 
reporter line (Additional file  2: Fig. S2). Further, immu-
nostaining analysis for p21 revealed its expression in the 
spinal cord throughout EAE disease development, with 
the highest expression observed at the chronic stage of 
the disease (28 dpi) (Additional file  2: Fig. S3). We did 
not observe co-labeling of p16 or p21 positive cells with 
Ki67, a marker for cell proliferation (Fig. 1F) or cleaved 
caspase-3 (CC3), a marker for apoptosis (Fig.  1G), sug-
gesting these cells exhibited irreversible cell cycle arrest 
and resistance to apoptosis – both features of senescence 
[27]. Several studies suggest that glial cells such as oli-
godendrocyte lineage cells, the myelin producing cells 
in the CNS, and astrocytes may undergo age-induced 
or inflammation-induced senescence in MS, impair-
ing their regenerative capacity following injury [23, 
29–34]. However, we did not detect senescence mark-
ers in Olig2 + oligodendrocyte lineage cells (Additional 
file 2: Fig. S4). Similarly, these markers were also absent 
in  Sox9+ astrocytes (Additional file  2: Fig. S4). Since 
the meningeal compartment harbors heterogeneous 
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immune cell types involved in CNS immune surveillance 
[35–38], and meningeal inflammation is a key feature of 
progressive multiple sclerosis (PMS) [39, 40] and a PMS 
animal model [41], we next examined immune cell sub-
populations. We observed the expression of p16 and 
p21 in  B220+ B cells and  CD11b+ myeloid cells, but not 
in  CD3+ T cells (Fig. 1H). These results indicate cellular 
senescence occurs in select immune cell subpopulations 

within the leptomeningeal compartment following EAE 
induction.

Myeloid cells are the primary immune cells expressing 
the p21 senescence marker
To identify which immune cells may be undergoing 
senescence, we analyzed p21 expression in fluorescence-
activated single cell (FACS) sorted immune cells from 

Fig. 1 Canonical senescent markers increase in CNS meningeal immune cells following EAE induction. A Schematic of EAE experimental timeline. 
Spinal cord tissue from mice with a score of 3 was collected at 28 days post-immunization (dpi). B Senescence-associated β-gal staining of naïve 
and EAE lumbar spinal cord shown with black arrows. C Naïve and EAE spinal cords stained with p16 and p21 are shown with white arrows, Iba1, 
and Hoechst nuclear stain. D Immunofluorescence (IF) staining of EAE spinal cord grey matter (GM), normal appearing white matter (NAWM), lesion, 
and leptomeninges with p21, Iba1 marker for microglia or PDGFRβ marker for mural cells, and Hoechst. E Quantification of d (one-way ANOVA 
with Tukey’s multiple comparison test;  F(4,10) = 45.51, df = 4, p < 0.0001). F IF staining of EAE spinal cord for Ki67 marker for proliferation, and G cleaves 
caspase 3 (CC3) marker for apoptosis. H IF staining of lumbar EAE spinal cord with p21 and p16 with markers for T cells (CD3), B cells (B220), myeloid 
cells (CD11b). Data are presented as ± SEM; n = 3 biological replicates, ns = not significant, ****P < 0.0001. Scale bars: b, 100 μm; c, 200 μm; d, f, g, h 
20 μm
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the spinal cord and meninges of mice with EAE at 28 dpi, 
corresponding to the chronic stage of the disease, and 
compared them to naïve mice. We gated on live CD45 
immune cells, and identified two distinct p21-express-
ing populations – one with dim/intermediate fluores-
cent intensity  (p21interm) and another with bright/high 
fluorescent intensity  (p21hi) (Fig.  2A). We observed no 

significant difference in the relative percentage of both 
 p21+CD45+ subpopulations in the EAE spinal cord com-
pared to naïve tissue (Fig. 2B). However, the total num-
ber of both  p21+CD45+ subpopulations was significantly 
higher in mice with EAE than in naïve mice (Fig.  2C). 
This observation was also consistent when the two pop-
ulations were combined (Additional file  2: Fig. S5). To 

Fig. 2 Myeloid cells are the primary immune cells expressing the p21 senescence marker. A Flow cytometry analysis of p21 population in naïve 
and EAE spinal cord and meninges at 28 dpi under  CD45+ gate. B Percentage of  p21hi (two-tailed t test; t = 0.4539, df = 7, p = 0.6637) and  p21interm 
(two-tailed t test; t = 1.560, df = 7, p = 0.1626). C Numbers of  p21hi (two-tailed t test; t = 5.159, df = 7, p = 0.0013) and  p21interm (two-tailed t test; 
t = 5.669, df = 7, p = 0.0008). D Flow cytometry analysis of  p21hi and  p21interm populations gated on T and B cells  (CD45+CD11b−), myeloid cells 
 (CD45hiCD11b+), and microglia  (CD45intermCD11b+). E Quantification of percentage of  p21hi shown in d. F Numbers of  p21hi shown in d (two-tailed 
t test; t = 5.523, df = 7, p = 0.0009). G Percent  p21hi population under different myeloid cell populations. DC: dendritic cells, Mono: monocytes, Neut: 
neutrophils, MΦ: macrophages. H Quantification of percentage of  p21interm shown in d (two-tailed t test; t = 2.795, df = 7, p = 0.0267). I Numbers 
of  p21interm shown in d (two-tailed t test; t = 4.414, df = 7, p = 0.0031). J Percent  p21interm under different myeloid cell populations. Data are presented 
as ± SEM, n = 4–5 biological replicates, ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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determine which cell populations corresponded to  p21hi 
and  p21interm, we assessed p21 expression in total T and 
B cells  (CD45+CD11b−), myeloid cells  (CD45hiCD11b+), 
and microglia  (CD45intermCD11b+) (Fig. 2D). In the spinal 
cord of EAE compared to naïve mice, we did not observe 
a significant difference in the percentage of  p21hi among 
the different immune populations (Fig.  2E). Conversely, 
we observed a significant increase in the number of infil-
trating myeloid cells, with no differences observed in 
microglia or T and B cells (Fig. 2F), suggesting that  p21hi 
myeloid cells increase with EAE. Myeloid cells are a het-
erogenous population that have been reported to acquire 
a senescent phenotype under chronic inflammatory con-
ditions [42–46]. Among  CD45hiCD11b+ myeloid cell 
subsets (see Additional file 2: Fig. S6 for gating strategy), 
we found that 42.35% of F4/80+ macrophages exhibited 
 p21hi expression, with little to no expression observed 
in  CD11c+/MHCII+ dendritic cells,  Ly6C+ monocytes, 
or  Ly6G+ neutrophils (Fig.  2G). We also quantified the 
distribution of  p21interm in immune cells and found that 
the percentage of  p21interm significantly increases in 
microglia, but not in other myeloid cells or T and B cells 
(Fig.  2H). Furthermore, the total number of  p21interm 
microglia and myeloid cells increased significantly in 
mice with EAE compared to naïve mice (Fig. 2I). Among 
the  CD45hiCD11b+ myeloid cell subsets, we found that 
59.65% of  Ly6G+ neutrophils expressed  p21interm with 
much lower expression observed in dendritic cells, 
monocytes and macrophages (Fig.  2J). Although the 
absolute number of myeloid cells was greater than that 
of lymphocytes in EAE (Additional file  2: Fig. S7), the 
percentage of myeloid cells expressing p21 was higher 
than in lymphocytes in EAE. Together, these results sug-
gest EAE induction leads to an increase in the number 
of p21 expressing macrophages  (p21hiCD45hiCD11b+), 
neutrophils  (p21intermCD45hiCD11b+), and microglia 
 (p21intermCD45intermCD11b+).

Myeloid cell recruitment into the CNS is closely asso-
ciated with the severity of EAE [47, 48]. Given that 
neutrophils are blood-derived and tissue-resident mac-
rophages can originate from circulating monocytes, we 
next sought to investigate whether p21-expressing mye-
loid cells are also present in peripheral immune organs, 
particularly the spleen, of mice induced with  MOG35–55 
EAE. The spleen plays a critical role in immune surveil-
lance and serves as a reservoir for immune cells that can 
migrate to inflamed tissues [48, 49]. To assess the pres-
ence of senescent myeloid cells in the periphery, we per-
formed flow cytometry on spleen samples from both 
naïve and EAE mice at 28 dpi. As observed in the spinal 
cord, we identified two distinct p21-expressing popu-
lations  (p21hi and  p21interm) in the EAE spleen, both of 
which showed a significant increase in percentage and 

number compared to naïve tissue (Additional file 2: Fig. 
S8A–C).  p21hi was predominantly observed in periph-
eral  Ly6C+ monocytes (Additional file  2: Fig. S8D–G), 
while  p21interm was observed in both  Ly6C+ monocytes 
and  Ly6G+ neutrophils (Additional file 2: Fig. S8D, H–J). 
These findings indicate the p21-expressing splenic neu-
trophils and monocytes observed in mice with EAE may 
be a contributing source to the CNS p21-expressing neu-
trophils and macrophages, possibly due to myelopoiesis 
in the bone barrow followed by recruitment to the CNS 
[48]. Overall, these data highlight the complex dynam-
ics of immune senescence in EAE, particularly within the 
myeloid cell compartment.

Myeloid cells display an increase in the SenMayo gene 
signature with disease progression
Since there is no universal marker for senescence, a 
combination of senescence-associated markers is com-
monly used to identify SCs in vivo [50, 51]. These mark-
ers include, but are not limited to, markers for cell-cycle 
arrest like cyclin-dependent kinase (CDK) inhibitor 
proteins, including  p16Ink4a and  p21CIP1, senescence-
associated β-galactosidase (SA β-gal) activity, and senes-
cence-associated secretory phenotype (SASP) factors, 
including chemokines, cytokines, growth factors, or tis-
sue remodeling proteases. Recently, the SenMayo gene 
signature has emerged as a valuable tool for identifying 
SCs [25]. This curated set of 125 genes in humans and 
119 in mice was developed from multiple studies to cap-
ture SCs, particularly those with a SASP profile, across 
different tissues and species. To confirm the presence 
of senescent-like cells in EAE, we applied the SenMayo 
geneset to an existing single cell RNA sequencing (scR-
NAseq) data set collected from  MOG35–55 EAE tissue 
[24] as an unbiased representation of senescent immune 
cell populations in the context of immune-mediated 
demyelination.

After quality control and filtering, scRNAseq yielded 
a total of 788 transcriptomic profiles in EAE spinal cord 
leptomeninges. Unsupervised clustering in naïve control 
tissue and across EAE tissues with increasing severity 
revealed 6 distinct cell types that were labelled accord-
ing to known marker genes (Fig. 3A, B). As expected, we 
observed an increase in myeloid cell populations at the 
onset and peak of EAE not seen in naïve and preclinical 
mice (Fig.  3A). Using the SenMayo geneset  (Additional 
File 1; Table 1), we showed that the majority of SCs are 
myeloid cells (Fig. 3C), and that senescence were highest 
at onset and peak EAE scores (Fig. 3D). SC gene expres-
sion, particularly by monocyte-derived macrophages and 
microglia, increased with EAE disease severity (Fig. 3E). 
We next compared Cdkn1a expression across myeloid 
cell types and EAE status, a widely used marker for SCs 
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[52, 53]. We found that similar to the SenMayo gene sig-
nature, SC expression increased across myeloid cell types 
with EAE progression, particularly in monocyte derived 
macrophages and microglia (Fig. 3F). We also compared 
SenMayo geneset expression with a disease-associated 
microglia (DAM) related geneset  (Additional File 1; 
Table 2) [54, 55]. Unsurprisingly, myeloid cell populations 

expressed the highest DAM gene signature (Fig. 3G), and 
at higher expression levels than SenMayo throughout 
EAE progression (Fig. 3C, D, G, H). Activated monocyte-
derived macrophage and meningeal macrophage DAM 
gene expression increased with disease severity (Fig. 3I). 
We further observed a positive correlation between Sen-
Mayo and DAM geneset scores (Fig.  3J), however only 

Fig. 3 Myeloid cells display an increase in the SenMayo gene signature with disease progression. A UMAP plot of 788 annotated leptomeningeal 
cells (left), split by EAE status(right). B Dot plot showcasing top marker genes of annotated  CD45+ cell populations. C Violin plots depicting 
the SenMayo gene set score in the leptomeninges grouped by annotated  CD45+ subclusters. D Violin plots depicting the SenMayo gene set score 
in the leptomeninges grouped by naïve, preclinical, onset, and peak EAE status. E Violin plots depicting the SenMayo gene set score in Monocyte 
Derived Macrophages (left), Meningeal Macrophages (center), and Microglia (right) grouped by naïve, preclinical, onset, and peak sample EAE 
status. F Violin plots with boxplot depicting Cdkn1a expression in 3 myeloid cell subtypes in the leptomeninges grouped by naïve, preclinical, 
onset, and peak EAE status. G Violin plots depicting the DAM gene set score in the leptomeninges grouped by annotated CD45 + subclusters. 
H Violin plots depicting the DAM gene set score in the leptomeninges grouped by naïve, preclinical, onset, and peak EAE status. I Violin plots 
depicting the DAM gene set score in Monocyte Derived Macrophages (left), Meningeal Macrophages (center), and Microglia (right) grouped 
by naïve, preclinical, onset, and peak EAE status. J Feature scatter plot showing the positive correlation between increasing DAM geneset scores 
and SenMayo geneset scores across all annotated cell types. K Venn diagram showing the 9 overlapping genes between the DAM and SenMayo 
genesets used to derive geneset scores, indicating that the two genesets are largely unique. L Senescence-associated β-gal staining of intact 
EAE spinal cord at pre-clinical, onset, and peak of the disease Image taken at 63X magnification. For violin plots of Cdkn1a expression, a box plot 
is plotted for each violin plot corresponding to EAE status. For all violin plots of geneset scores (C-E, G-I), a box plot is plotted, and the medians have 
been compared to assess statistical significance, using the Wilcoxon non-parametric test followed by Bonferroni correction. ns = not significant, 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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9 genes overlapped between the genesets (Fig. 3K), sug-
gesting that myeloid activation and senescence may be 
two independent characteristics of the myeloid popu-
lations in EAE. Furthermore, our SA β-gal staining of 
intact EAE spinal cord at the different stages of the dis-
ease parallels the overall myeloid findings from the Sen-
Mayo and DAM gene signatures suggesting a correlation 
between SA β-gal senescence marker and disease severity 
(Fig. 3L). Taken together, these data suggest that myeloid 
cells with a senescent gene signature increase with dis-
ease progression.

Senolytics deplete senescent‑like myeloid cells but are 
not sufficient to improve EAE outcome
Pharmacological or genetic clearance of SCs has been 
shown to attenuate neurodegeneration and CNS inflam-
mation. Notably, the depletion of SCs has been shown to 
reduce brain inflammation and rejuvenate the immune 
cell landscape in aged mice [56]. However, whether clear-
ance of SCs is beneficial in reducing inflammation and 
clinical disability in EAE remains to be investigated. In 
line with previous studies, we next asked whether seno-
lytic treatment with Dasatinib and Quercetin (DQ) 
treatment reduces senescent-like myeloid cell burden 
and improves motor function in EAE. To this end, we 
treated naïve and EAE mice with DQ (5 mg/kg Dasatinib 
and 50  mg/kg Quercetin) or vehicle daily by oral gav-
age at the onset of the disease for 10 consecutive days 
(Fig. 4A). This dosage was shown to effectively eliminate 
SCs in  vivo according to previously published data [27, 
56, 57]. Mouse clinical scores and weights were moni-
tored daily from the start of the treatment at the onset 
of clinical disability (9–14 dpi) until 11  days post treat-
ment (dpt), followed by tissue collection at 11 dpt for 
flow cytometry and histology analysis. We observed 
no significant change in the disease severity or weights 
between DQ treated and control groups (Fig.  4B, C). 
Furthermore, increasing the dosage to 40  mg/kg of 
Dasatinib and 50  mg/kg of Quercetin, which has previ-
ously been reported to reduce  MOG35–55-EAE [58] and 
 PLP139–151-EAE [59] disease severity when administered 
separately also had no effect on clinical score (data not 
shown). Similarly, we found prophylactic treatment with 
DQ (Additional file 2: Fig. S9A–C) or the pharmacologi-
cal depletion of SCs using the synthetic drug AP20187 
(AP) in the INK-ATTAC mouse line [26] after EAE 
induction did not alter disease outcome (Additional 
file 2: Fig. S9D, E).

To determine if DQ treatment depleted senes-
cent-like myeloid cells, flow cytometry analysis for 
the level of CD4 and CD8 T cells  (CD45+CD11b−; 
CD4CD8), myeloid cells  (CD45hiCD11b+), and micro-
glia  (CD45intermCD11b+) was performed on spleen and 

spinal cord at 11 dpt (Fig. 4D). We observed a significant 
decrease in the spinal cord in the percentage and number 
of  p21hi macrophages (Fig. 4E, F) but not in  p21interm neu-
trophils (Fig. 4E, G). Similarly, in the spleen, we observed 
a significant decrease in the percentage of  p21hi  Ly6C+ 
monocytes, with no change detected in  p21interm neu-
trophils (Additional file 2: Fig. S10A-C). However, unlike 
in the spinal cord, there is a trend toward an increase 
in the overall myeloid cell population between the two 
groups, but this increase was not statistically significant 
(Additional file  2: Fig. S10D). Furthermore, in the spi-
nal cord, the relative proportion of  p21interm microglia 
decreased, while the absolute number of  p21interm micro-
glia remained unchanged (Fig.  4H, I). Additionally, the 
proliferation rate and cell death within EAE spinal cord 
lesions was not significantly different between the treat-
ment groups as shown by Ki67 (Additional file  2: Fig. 
S11A, B) and CC3 stains (Additional file  2: Fig. S11C, 
D). These findings suggest that DQ may be reducing p21 
expression in microglia rather than inducing cell death. 
To further interrogate this possibility, we measured the 
mean fluorescent intensity (MFI) of p21 in the microglia 
population and observed a significant reduction in DQ 
compared to vehicle-treated EAE mice (Fig. 4J). To assess 
whether SC reduction led to improved histopathology, 
we examined axonal integrity in EAE spinal cords by 
staining for NF200 (phosphorylated neurofilament) and 
SMI32 (non-phosphorylated neurofilament). Analysis 
of the relative signal intensity of SMI-32 normalized to 
NF200 revealed no significant differences in axonal dys-
trophy between the treatment groups (Additional file  2: 
Fig. S12A, B). Additionally, Luxol fast blue (LFB), utilized 
to evaluate demyelination, also did not show statisti-
cally significant difference in demyelination between the 
two groups (Additional file 2: Fig. S12C, D). We further 
did not observe a significant change in the proportion 
of CD4 and CD8 lymphocytes following DQ treatment 
(Fig.  4K), suggesting that DQ is only affecting the mye-
loid cell compartment.

Together, our findings indicate that DQ treatment 
does not exhibit disease-modifying properties in EAE 
(Fig.  4B). Interestingly DQ appears to have a selective 
effect on senescent-like myeloid cells. Specifically, DQ 
depletes  p21hi macrophages (Fig.  4F), with no impact 
on the  p21interm neutrophil population (Fig.  4G), and it 
appears to be reducing the proportion of p21 express-
ing microglia without any apparent induced cell death 
(Fig. 4I).

Discussion
Cellular senescence is a well-established mechanism 
that prevents tumorigenesis by inducing irrevers-
ible cell cycle arrest triggered by telomere shortening. 
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However, when immune-mediated clearance of senes-
cent cells (SCs) fails to take place, SCs accumulate, 
leading to aging [7] and age-related conditions such 
as cardiovascular disease [60], osteoarthritis [61], dia-
betes [62], and disc degeneration [57] among others. 
The prominence of SCs in various conditions led to the 
development of senolytic therapy that selectively target 
and deplete SCs with minimal effects on quiescent and 

proliferative cells, which have been shown to extend 
lifespan and ameliorate age-related conditions.

Senescence can also be induced independent of age, 
often as result of injury or under chronic inflammatory 
conditions as seen in Parkinson’s disease [10], stroke [12], 
traumatic brain injury [11], and AD [13, 14, 63], which 
may have both age-dependent and age-independent 
related SC accumulation. Importantly, these studies show 

Fig. 4 Senolytics deplete senescent-like myeloid cells but are not sufficient to improve EAE outcome. A Schematic of EAE experimental timeline 
treated with vehicle or DQ (5 mg/kg,50 mg/kg) for 10 consecutive days. Spinal cord and meninges were collected at 11 days post treatment (dpt) 
for flow cytometry analysis. B EAE mean clinical score of vehicle (n = 8) and DQ (n = 9) treated mice over time (Man-Whitney U test; p = 0.4807, 
two-tailed). C The percentage of baseline averaged weight over time (Man-Whitney U test; p = 0.67331, two-tailed). D Gating strategy for evaluation 
of CD4 and CD8 T cells  (CD45+CD11b−; CD4CD8), myeloid cells  (CD45hiCD11b+), and microglia  (CD45intermCD11b+). E Flow cytometry analysis 
of  p21hi and  p21interm myeloid under  CD45hiCD11b+ parent gate. F Quantification of  p21hi macrophages shown (two-tailed t test; for percentage 
t = 3.345, df = 9, p = 0.0086; for counts t = 2.396, df = 9, p = 0.0401) and G  p21interm neutrophils (two-tailed t test; t = 0.7175, df = 9, p = 0.4913; t = 0.6311, 
df = 9, p = 0.5437) shown in e. H Flow cytometry analysis of  p21interm microglia under  CD45intermCD11b+ gate. I Quantification of  p21interm microglia 
shown in g (two-tailed t test; t = 4.186, df = 9, p = 0.0024; t = 1.219, df = 9, p = 0.2538). J MFI of p21 in microglia. K Overall proportion of immune 
cells (two tailed t test; myeloid p = 0.9614, microglia p = 0.6222, CD4 cells p = 0.7179, and CD8 cells p = 0.4520) post treatment. Data are presented 
as ± SEM, n = 5–6 biological replicates, ns = not significant, *P < 0.5, **P < 0.01
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SC depletion mitigates neurodegenerative processes, 
underscoring the therapeutic potential of senolytic ther-
apy for treatment of neurodegenerative diseases. Dasat-
inib and Quercetin (DQ), a known senolytic cocktail, is 
currently being tested for efficacy in Alzheimer’s disease 
[64, 65]. While these findings represent a step toward 
novel therapeutic strategies, further studies are necessary 
to establish the efficacy and safety of senolytic therapy 
before clinical trial testing in a broader range of neuro-
degenerative conditions. In the context of MS, contribu-
tion of SCs and the potential benefit of senolytic therapy 
remains to be elucidated. While a few important studies 
suggest a role for senescence in MS [5, 6, 23, 33], and its 
animal models [21, 43, 66, 67], the specific role of SCs in 
immune-mediated demyelination and the effect of seno-
lytic therapy such as DQ has not been fully described.

In the current study, we found SCs accumulated in 
 MOG35–55 induced EAE and identified three primary 
myeloid cell subsets in the CNS displaying senescent-like 
features:  CD45hiCD11b+ F4/80+ macrophages with high 
p21 expression, and  CD45hiCD11b+  Ly6G+ neutrophils 
and  CD45intermCD11b+ microglia with intermediate p21 
expression. Previous studies have also observed the pres-
ence of p21 high and intermediate populations [68–71]. 
Whether senescent markers expressed in these cells indi-
cate a true senescent state or a different physiological 
response to injury and inflammation remains unclear. It 
has been reported that p21 expression in neutrophils and 
macrophages may be induced independent of senescence. 
For example, in neutrophils, p21 is required for neutro-
phil NET formation [72], while in macrophages, it is sug-
gested to be required for the transition from the M1 to 
M2 phenotype [73, 74]. In fact, there are ongoing discus-
sions as to whether macrophages exhibiting senescence 
markers should be classified as senescent [60, 75, 76] or 
senescent-like/activated [73, 77]. This distinction is chal-
lenging because of the overlap between senescence genes 
and stress-associated genes upregulated in activated 
immune cells during inflammation [78]. In line with this, 
Cellular Senescent network (SenNet) and other groups 
have recognized this concern, noting that activated 
monocytes and macrophages, are producers of SASP fac-
tors such as IL-1α, IL-1β, IL-6, and HMGB1, which can 
lead to their misclassification as a senescent population 
by the SenMayo gene panel [51]. Indeed, in our EAE sin-
gle cell RNA sequencing re-analysis, we observed mono-
cyte-derived macrophages, meningeal macrophages, and 
microglia enriched for the SenMayo panel and disease 
associated microglial (DAM) genes, highlighting the need 
for careful characterization of these cells as to whether 
they are senescent or simply upregulating stress-asso-
ciated genes in response to injury, which coincidentally 
overlap with SASP factors. While it has been challenging 

to classify activated macrophages as SCs, there is grow-
ing evidence demonstrating that in Alzheimer’s dis-
ease (AD) models a subpopulation of disease-associated 
microglia (DAMs), and not monocyte-derived  (CCR2+) 
or border associated-macrophages  (Mrc1+), may enter a 
senescent state upon injury and inflammation [44, 45], 
in which DAMs that undergo proliferative exhaustion 
become senescent [71]. Overall, our data demonstrates 
that  MOG35–55 EAE captures p21-expressing myeloid cell 
populations which may be senescent or senescent-like/
activated. Several studies have shown that both microglia 
and macrophages may represent a senescent population 
implicated in the aging brain [68, 69, 79] and in MS and 
its animal models [5, 6, 21, 43, 66, 67]. Notably, a recent 
study showed that the senolytic drug ABT-263 is able to 
improve recovery in mice with EAE [66]. However, we 
found here that DQ treatment or the pharmacological 
reduction of SCs in INK-ATTAC mice was insufficient 
to alleviate disease severity or neuropathology associated 
with  MOG35–55 EAE. It remains unclear why ABT-263 
is more effective in improving recovery from EAE com-
pared to DQ. One possibility is that the therapeutic effec-
tiveness of senolytics depends on the specific cell types or 
pathways targeted by senolytic drugs, as not all senolytics 
are equally effective at inducing senolysis [80, 81].

Recent work from our lab [43] indicates that DQ was 
more effective in enhancing remyelination in young mice 
compared to aged mice, suggesting other inflammatory 
factors may be inhibiting remyelination. Therefore, while 
senolysis may reduce senescent cells in EAE, the ongoing 
inflammatory environment observed in this model, much 
like in aged tissues, may limit its therapeutic efficacy. In 
both cases, it is not simply the presence of senescent cells 
that inhibits recovery, but also the broader inflammatory 
context and the presence of additional inhibitory factors 
that may prevent the efficiency of repair mechanisms. 
Additionally, it is known that middle-aged mice with EAE 
experience more severe disease progression and wide-
spread microglial activation compared to younger mice 
[82]. However, it remains unclear whether aging leads 
to an increase in senescence markers within the micro-
glial population and whether DQ treatment could be 
more beneficial in older animals. It is possible that the 
inflammatory environment in aged EAE tissue, similar 
to the age of lysolecithin demyelination [43], may already 
impose a significant barrier to remyelination, limiting the 
potential benefits of senolysis in such contexts.

The inability of DQ to enhance clinical recovery in 
mice with EAE might also be attributed to the fundamen-
tal differences observed between MS and its preclinical 
model. It is important to note that the  MOG35–55 EAE 
model does not fully replicate the pathological features of 
progressive MS [83–85].  MOG35–55 EAE in C57BL/6 and 
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nonobese diabetic (NOD) mice primarily model an acute, 
monophasic disease with chronic stabilization of deficits, 
rather than the slow, progressive degeneration seen in 
progressive MS [86, 87]. As a result, this model imposes 
limitations on our understanding of the potential role of 
cellular senescence and the therapeutic effects of seno-
lytic therapy in progressive MS. Thus, the development 
of animal models that more closely resemble progressive 
MS is crucial to determining whether reducing chronic 
SC accumulation can enhance CNS repair or recovery 
in progressive MS, where disease progression occurs 
behind a closed blood–brain barrier with compartmen-
talized inflammation [88]. Furthermore, in recent years, 
there has been growing discussion that the pathology of 
 MOG35–55 EAE resembles that of myelin-oligodendro-
cyte-associated demyelinating disease (MOGAD) [89]. 
Therefore, one could argue that the strategy using Dasat-
inib and Quercetin in  MOG35–55-mediated EAE may be 
a more appropriate model for MOGAD rather than MS. 
Future investigations may benefit from exploring seno-
lytics in combination with disease-modifying therapy or 
using models that more accurately reflect PMS to bet-
ter understand the role of senescent macrophages and 
microglia in disease progression.

Materials and methods
Mice
All experiments were performed according to the proto-
col approved by the Institutional Animal Care and Use 
Committee (IACUC) at Georgetown University. Mice 
were housed in a pathogen-free barrier environment 
throughout the study. Cages were maintained on a 12-h 
light/dark cycle with food and water ad libitum. C57BL/6 
mice (RRID: IMSR_JAX:000664) were purchased from 
The Jackson Laboratory.  p16tdTom mice were purchased 
from the NIH Mutant Mouse Resource & Research 
Center and bred as heterozygotes with C57BL/6 mice. 
Heterozygote  p16tdTom mice were used for all experi-
ments. p16 INK-ATTAC mice were purchased from 
Unity Biotechnology and bred and used as homozy-
gotes. All experiments were performed on female mice 
9–12 weeks old.

Experimental autoimmune encephalomyelitis (EAE)
C57BL/6 female mice (Jackson Laboratory) at age 
9–12  weeks were acclimatized for 7  days prior to EAE. 
EAE was induced according to the Hooke Laborato-
ries protocol (EK-2110). Briefly, mice were immunized 
by two 100ul subcutaneous injections of an emulsion 
of  MOG35–55 in complete Freund’s adjuvant (CFA) (Day 
0), followed by administration of 200  ng pertussis toxin 
(PTX) in 1X phosphate-buffered saline (PBS) intraperito-
neally on the day of immunization (Day 0), and again, the 

following day (Day 1). The mice were scored daily from 
EAE Day 7 until the end of the experiment. Mice were 
scored according to the Hook Lab protocol as follows: 
0.0 = no obvious changes in motor function; 0.5 = tip 
of tail is limp; 1.0 = limp tail; 1.5 = limp tail and hind leg 
inhibition; 2.0 = limp tail and weakness of hind legs or 
signs of head tilting; 2.5 = limp tail and dragging of hind 
legs or strong head tilting; 3.0 = limp tail and complete 
paralysis of hind legs or limp tail with paralysis of one 
front and one hind leg; 3.5 = limp tail and complete paral-
ysis of hind legs plus mouse unable to right itself when 
placed on its side; 4.0 = limp tail, complete hind leg and 
partial front leg paralysis, mouse is minimally moving but 
appears alert and feeding; 4.5 = complete hind and partial 
front leg paralysis, no movement around the cage, mouse 
is not alert; 5.0 = mouse is found dead due to paralysis or 
mouse is euthanized due to severe paralysis.

Senolytic treatments
For Dasatinib and Quercetin (DQ) treatment studies, 
wildtype;EAE mice were randomly assigned to Dasat-
inib (5  mg/kg, ThermoFischer, 462320010) and Querce-
tin (50 mg/ml, ThermoFischer, 174070100) or vehicle (5% 
DMSO, 30% PEG400, 5% tween 80, and 60% water). DQ 
or vehicle at the equal volume of 100 ul was administered 
via oral gavage at the onset of the disease (score 1) for 10 
consecutive days. The clinical scores and weight of mice 
were recorded daily from the start of the treatment.

For AP20187 (AP) treatment, INK-ATTAC;EAE mice 
were administered AP (2  mg/kg, MedchemExpress B/B 
homo-dimerizer, HY-13992) or vehicle (4% DMSO, 10% 
PEG400, 1.72% tween 20). AP, or vehicle, was injected 
intraperitoneally twice a week from the day of immuniza-
tion (day 0). The clinical scores and weight of mice were 
recorded daily from the start of the treatment.

Senescence associated β‑galactosidase staining (SA β‑gal)
SA β-gal was performed according to the manufacturer’s 
protocol (Cell Signaling, 98605) with modifications. Mice 
were first perfused with ice-cold 1X PBS, and the spinal 
cord tissue was then embedded in O.C.T., followed by 
flash freeze, and then immediately sectioned and pro-
cessed for SA β-gal per the manufacturer’s instructions. 
The tissue sections were stained with Nuclear Fast Red 
counterstain stain (Bioenno, 003034), followed by a PBS 
wash, and mounted with Fluoromount-G (Southern Bio-
tech 0100-01). For the SA β-gal staining of the intact tis-
sue, mice were perfused with 4% PFA, post-fixed in PFA 
for 30 min, and washed with PBS before transferring to 
β-gal staining solution (pH = 5.9). Images were taken on 
OLYMPUS cellSens at 63× magnification.
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Flow cytometry (FCM)
Spinal cords with meninges and spleens were collected 
from EAE mice in RPMI 1640 (Gibco, 11835030) and 
mechanically dissociated. Briefly, the spleen was homog-
enized by passing through a 70  um cell strainer and 
rinsed with 1X PBS. The samples were then incubated 
in RBC Lysis Buffer for 10  min, and were then deacti-
vated, and washed with PBS. Cells were resuspended in 
PBS for  106 cells/100  ul reaction. The spinal cord was 
finely chopped and digested in Accutase (Sigma-Aldrich, 
A6964) for 30  min at 37°. Homogenized tissue was 
passed through a 100  um cell strainer and rinsed with 
RPMI 1640 supplemented with 10% FBS (Sigma-Aldrich, 
12306C). Myelin debris were removed next using a 40% 
Percoll gradient (Sigma-Aldrich, P1644) at 650  g for 
25 min at room temperature. Cells were washed with PBS 
and generated  105–106 live cells per 100 ul reaction. Cells 
from spleens and spinal cords were then incubated with 
Live/Dead Zombie Violet staining, followed by cell sur-
face staining. FcR block was added to the cells and incu-
bated for 10 min before adding the following cell surface 
antibodies with monocyte blocker: CD45 BV650, CD11b 
APC Cy7, CD11c BV785, MHC II BV510, Ly6C BV605, 
Ly6G PerCP Cy5, F4/80 FITC, CD3 PE Cy7, B220 BV711. 
For intracellular staining, cells were incubated in Fixa-
tion Buffer and then permeabilized using Intracellular 
Permeabilization Buffer before incubating with p21 anti-
body (Santacruz, sc-6246, AF680). Cells were gated at the 
Georgetown Lombardi Comprehensive Cancer Center 
Flow Cytometry and Cell Sorting Shared Resource 
(FCSR). All reagents and antibodies were purchased from 
BioLegend unless noted otherwise. Cells were analyzed 
on the BD LSRFortessa flow cytometer at the George-
town Lombardi Comprehensive Cancer Center Flow 
Cytometry and Cell Sorting Shared Resource. The flow 
cytometry results were analyzed using FlowJo™ v10.10.0 
Software (BD Life Sciences).

Immunofluorescent (IF)
Mice were perfusion-fixed with 4% (w/v) paraformal-
dehyde (Sigma-Aldrich) in PBS. Spinal cord tissue was 
dissected and postfixed in 4% PFA for 30  min. Tissue 
was cryoprotected in 30% (w/v) sucrose (Sigma) in PBS 
before freezing in Tissue-Tek O.C.T. compound (Sakura) 
on dry ice. Frozen tissues were cut into 12  µm sections 
with cryostat and collected on SuperFrost®Plus slides 
(VWR International) and were allowed to dry for 1  h 
before storing at − 80  °C. For immunostaining, the sec-
tioned tissues were dried for 1  h at room temperature 
(RT), and ImmEdge Hydrophobic Barrier PAP pen was 
used to draw boundaries around the tissue. Sections 
were washed with TBST (0.05% Tween 20 in 1X TBS) 
and subsequently with TBS (1X TBS in PBS), and then 

permeabilized for 5  min with permeabilization solution 
(1%Triton X-100 in 1X TBS). Sections were then incu-
bated in blocking solution (10% Donkey serum 0.25% 
(v/v) Triton™ X-100 in 1X TBS) for 1 h at RT, followed 
by MOM IgG blocking solution (Vector laboratories) for 
1 h at RT before adding the following primary antibod-
ies: rabbit anti-Iba1 (Fujifilm Wako, 019-19741, 1:400), 
mouse anti-p16 (Abcam, ab54210, 1:500), mouse anti-
p21 (Santa Cruz, sc6246, 1:500), goat anti-PDGFRβ (R&D 
systems, AF1042, 1:200), rat anti-CD3 (eBioscience, 
14–0032-85, 1:100), rat anti-B220 (Invitrogen, 14–0452-
81, 1:100), rat anti-CD11b (Biorad MCA74G, 1:100), rab-
bit anti-Olig2 (Millipore Sigma, AB9610, 1:300), rabbit 
anti-Sox9 (EMD Millipore, AB5535, 1:1500), rabbit anti-
RFP (Rockland Immunochemicals 600–401-379, 1:1000) 
or rabbit anti-DsRd (Clontech, 632496, 1:500), rabbit 
anti-KI67 (ThermoFischer Scientific, PA5-19462, 1:200), 
rabbit anti-cleaved-caspase-3 (Cell Signaling, 9661S, 
1:100), mouse anti-NF200 (Sigma-Aldrich, N4142, 1:100), 
and rabbit anti-SMI32 (BioLegend, 801702, 1:500). Slides 
were then washed in TBST and TBS before being incu-
bated for 1 h in the dark at RT with the following fluo-
rescent conjugated secondary antibodies: Alexa Fluor 
488 (Invitrogen, 1:1000), Alexa Fluor 594 (Invitrogen, 
1:500) and Hoechst 33342 (Invitrogen, 1:20,000). Follow-
ing incubation, the slides were washed again in TBST and 
TBS before being mounted with Fluoromount-G mount-
ing medium. Primary and secondary antibodies were 
diluted in blocking solution and applied to sections. For 
the detection of Olig2, antigen retrieval was performed 
before immunostaining with 1X Antigen Unmasking 
Solution (Vector laboratories).

Luxol fast blue stain (LFB)
LFB stain and analysis was performed by Hook Laborato-
ries. OCT embedded cryosectioned slides were prefixed 
in 10% neutral buffered formalin and rinsed in distilled 
water. Slides were placed in 0.1% LFB solution overnight 
at 60 °C. The slides rinsed with 95% alcohol followed by 
distilled water distilled water and briefly placed in 0.05% 
lithium carbonate solution. The slides were then differ-
entiated in a 70% alcohol solution and rinsed with water 
followed by 0.1% cresyl violet stain for 1 min. The Spinal 
cord sections were scored by Hook Lab pathologist as 
follows: 0—no demyelination (less than 5% demyelinated 
area), 1—5–20% demyelinated area, 2—20–40% demyeli-
nated area, 3—40–60% demyelinated area, 4—60–80% 
demyelinated area, 5—80–100% demyelinated area.

Re‑analysis of mouse EAE scRNA‑sequencing data
The published single cell dataset of isolated CD45 + cells 
from various CNS compartments in mouse EAE 
(GSE118948) was used to validate the appearance of 
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senescent-like cells during  MOG35–55 EAE. Processed 
data files were acquired directly from Gene Expres-
sion Omnibus, and the subsequent quality control, 
dimensionality reduction, clustering, and analyses were 
performed using Seurat (v5.1.0) in R (v4.4.1). All data 
were converted to SeuratObjects using the Create-
SeuratObject() function, retaining genes expressed in 
at least 5 cells. Metadata to assess quality control and 
group data were applied to SeuratObjects, and filter-
ing was conducted to exclude cells with low UMI counts 
(nUMI < 1500), probable doublets (nUMI > 20,000), low 
quality determined by large percentage expression of 
Kcnq1ot1 (percent Kcnq1ot1 >= 2.0), and low quality 
determined by large percentage expression of mitochon-
drial genes (percent_mito > 10.0). After quality control, 
all samples were merged, totaling 3,748 cells and 13,681 
genes for downstream analysis. The merged data were 
normalized using the SCTransform() function [90, 91] 
in Seurat (variable features = 2,000, vst.flavor = “v2”). At 
this point, quality control was assessed on a cluster basis 
and a second round of filtration occurred to exclude clus-
ters low in gene numbers with near absent expression of 
Ptprc (CD45), indicative of CD45 negative cellular con-
tamination. The remaining 2,883 nuclei were re-normal-
ized, as described above, clustered (dimensions = 1:20, 
resolution = 0.3), and annotated according to the original 
article. The leptomeningeal compartment (788 nuclei) 
was subset, clustered, and annotated, as described above 
(exception: resolution = 0.2). Annotated final clustering 
was projected onto a UMAP using the dimplot() func-
tion. Marker genes were calculated using the FindAll-
Markers() function, and chosen based on ranked adjusted 
p-value. Gene signature scores are based on the SenMayo 
senescence geneset [25] and DAM related genes [54, 
55]. Scores were calculated by the aggregate normalized 
sum expression of the SenMayo genes (87 genes) and 
DAM genes (62 genes) found in the overall dataset per 
nuclei barcode (Additional file 1: Data Tables 1 & 2), and 
were plotted using scCustomize (v2.1.2, DOI: 10.5281/
zenodo.5706430). P values in violin plots were calcu-
lated using compare_means() from the ggpubr package 
(v0.6.0), using the Wilcoxon non-parametric test followed 
by Bonferroni correction for multiple comparisons. P 
values were then plotted using stat_pvalue_manual() 
from the ggpubr package (v0.6.0). ns = not significant, 
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.

Experimental design, imaging and statistical analyses
Images were taken on a Zeiss LSM 800 completed system 
confocal imager. Lumbar spinal cord collected from mice 
were used for immunostaining analysis. For SA β-gal 
imaging, a minimum of four images were analyzed from 
n = 1 mice per group. Images were taken on OLYMPUS 

cellSens at 63X magnification. EAE lesions were located 
by visualizing the accumulation of Hoechst-positive 
nuclei within the dorsal and ventral white matter. Menin-
ges were visualized using PDGFRβ vascular staining. A 
minimum of three lesions/section (3 sections/slide) from 
n = 3 mice were analyzed for p16 and p21 cell density. To 
calculate the area of NAWM, the GM area was subtracted 
from the lesion area. Area was calculated using Zeiss Zen 
software. Density per square millimeter was calculated 
in Microsoft Excel. All statistics were performed using 
GraphPad Prism. Data are expressed as mean ± SEM. 
Comparisons were analyzed by, one-way ANOVA with 
Tukey’s multiple comparison test, or two-tailed t test. 
EAE score and weight comparison were performed using 
the Man-Whitney U test.

Abbreviations
ABT-263  Navitoclax
AD  Alzheimer’s disease
AP  AP20187 B/B homodimerizer
CC3  Cleaved-caspase 3
CDK  Cyclin-dependent kinase
CNS  Central nervous system
DAM  Disease-associated microglia
DAMPs  Danger-associated molecular patterns
DQ  Dasatinib and quercetin
EAE  Experimental autoimmune encephalomyelitis
GM  Grey matter
LFB  Luxol fast blue
MFI  Mean fluorescent intensity
MOG  Myelin oligodendrocyte glycoprotein
MOGAD  Myelin oligodendrocyte glycoprotein antibody-associated 

disease
MS  Multiple sclerosis
NAWM  Normal appearing white matter
PMS  Progressive MS
RRMS  Relapse-remitting MS
SA β-gal  Senescence-associated β-galactosidase
SASP  Senescence-associated secretory phenotype
ScRNAseq  Single cell RNA sequencing
SCs  Senescent cells
SenMayo  Senescence-associate gene signature 
TBI  Traumatic brain injury
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Additional file 1. Table 1. SenMayo gene signature. Table 2. Disease-
associated microglia gene set.

Additional file 2: Fig. S1. Clinical course of EAE miced utilized for the 
characterization of the senescent cells in the spinal cord. The clinical 
scores of individual animals and the average clinical score of animals 
used for immunostaining analysis in Fig. 1. The peak of disease sever-
ity, indicated by the highest clinical scores, was observed between 14 
and 17 dpi. All mice reached a clinical score of 3 by the experimental 
endpoint (28 dpi). Fig. S2. Increase in  p16tdTom positive cells in CNS 
meninges following EAE induction. Spinal cord section of  p16tdTom+ 
naïve and EAE induced with  MOG35–55 EAE stained with DsRed and 
Hoechst. Scale bar: 200 μm. Fig. S3. Senescence hallmarks increase in 
EAE spinal cord with clinical score progression. IHC staining of lumbar 
EAE spinal cord with p21 (red) Iba (green) and Hoescht at onset, peak, 
and chronic stage. Quantification of p16 (one-way ANOVA with Tukey’s 
multiple comparison test;  F(2,6) = 76.90, df = 6, p < 0.0001) and p21 
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(one-way ANOVA with Tukey’s multiple comparison test;  F(2,6) = 52.73, 
df = 6, p = 0.0001) in EAE and naïve spinal cord. Data are presented 
as ± SEM, ns = not significant, **P < 0.01, ****P < 0.0001. Scale bars: 
200μm and 10μm. Fig. S4. Senescent markers are not expressed by 
oligodendrocyte lineage cells and astrocytes. Immunofluorescence 
staining of lumbar EAE spinal cord with p21 and p16, Olig2 mark-
ers for oligodendrocyte lineage cells and Sox9 marker for astrocytes. 
Scale bar: 20 μm. Fig. S5. Combined analysis of p21 subpopulations 
in the spinal cord of EAE and naïve mice. Percentage (two-tailed t 
test; t = 1.517, df = 7, p = 0.1731) and total number (two-tailed t test; 
t = 6.429, df = 7, p = 0.0004)of combined p21 populations assessed 
by flow cytometry. Data are presented as ± SEM, n = 4–5 biological 
replicates, ns = not significant, ***P < 0.0001. Fig. S6. Gating strategy 
and immunophenotyping of spinal cord. Gating strategy for evaluation 
of live single cell populations. Gating is as follows:  CD45+CD11b− gate 
for T and B cells,  CD45hiCD11b+ for myeloid cells,  CD45intermCD11b+ 
for microglia,  CD45hiCD11b+CD11c+MHCII+ for dendritic cells 
 CD45hiCD11b+Ly6C+Ly6G− for monocytes,  CD45hiCD11b+Ly6C−Ly6G+ 
for neutrophils, and  CD45hiCD11b+Ly6C−Ly6G+F4/80+ macrophages. 
p21 was analyzed under the described gates. Fig. S7. Comparison of 
absolute counts of myeloid cells versus lymphocytes in EAE. Absolute 
count of myeloid and lymphocyte cell populations assessed by flow 
cytometry (two-tailed t test; t = 2.686, df = 6, p = 0.0363). Data are 
presented as ± SEM, n = 4 biological replicates, ns = not significant, 
*P < 0.05. Fig. S8. Increase in p21 positive peripheral myeloid cells in 
EAE spleen. (A) Flow cytometry analysis of p21 population in naïve 
and EAE spleen at 28 dpi under  CD45+ gate. (B) Percentage of  p21hi 
(two-tailed t test; t = 3.612, df = 7, p = 0.0086) and  p21interm (two-tailed 
t test; t = 11.58, df = 7, p < 0.0001). (C) Numbers of  p21hi (two-tailed t 
test; t = 3.500, df = 7, p = 0.010) and  p21interm (two-tailed t test; t = 11.81, 
df = 7, p < 0.0001). (D) Flow cytometry analysis of  p21hi and  p21interm 
gated on T and b cells  (CD45+CD11b−), and peripheral myeloid cells 
 (CD45hiCD11b+). (E) Quantification of percentage of  p21hi shown in 
d (two-tailed t test; t = 4.070, df = 7, p = 0.0047). (F) Numbers of  p21hi 
shown in d (two-tailed t test; t = 5.813, df = 7, p = 0.0007). (G) Percent 
 p21hi population under monocytes (Mono) and neutrophils (Neut). 
(H) Quantification of percentage of  p21interm shown in d. (I) Numbers 
of  p21hi shown in d (two-tailed t test; t = 12.12, df = 7, p = < 0.0001). (J) 
Percent of  p21interm population under monocytes and neutrophils. Data 
are presented as ± SEM, n = 4–5 biological replicates, ns = not signifi-
cant, *P < 0.05, **P < 0.01, ****P < 0.0001. Fig. S9. Prophylactic depletion 
of the senescent population using genetic and pharmacological 
approaches does not improve EAE clinical score. (A) The experimental 
timeline of WT;EAE mice treated with vehicle or DQ (5 mg/kg, 50 mg/
kg) daily by oral gavage at the onset of the disease for 14 consecutive 
days. (B) EAE mean clinical score of vehicle- and DQ-treated mice over 
time (Man-Whitney U test; p = 0.6061, two-tailed). (C) The percentage 
of baseline weight over time averaged across vehicle (n = 8) and DQ 
(n = 5) treatment (Man-Whitney U test; p = 0.6730, two-tailed). (D) The 
experimental timeline of INK-ATTAC;EAE mice treated with vehicle or 
2 mg/kg AP daily post immunization for 28 days. (E) EAE mean clinical 
score of INK-ATTAC;EAE mice treated with vehicle (n = 4) and AP (n = 4) 
over time (Man-Whitney U test; p = 0.8857, two-tailed). Fig. S10. Seno-
lytic treatment with Dasatinib and Quercetin in EAE spleen. (A) Gating 
strategy for evaluation of splenic CD4 and CD8 T cells  (CD45+CD11b−; 
CD4CD8) and peripheral myeloid cells  (CD45hiCD11b+). (B) Flow cytom-
etry analysis of  p21hi population under  CD45hiCD11b+ parent gate. 
(C) Quantification of  p21hi and  p21interm cells shown in b (two-tailed 
t test; t = 2.285, df = 9, p = 0.0482). (D) Overall proportion of immune 
cells. Data are presented as ± SEM, n = 5–6 biological replicates, ns = not 
significant, *P < 0.05. Fig. S11. DQ treatment does not affect the rate 
of proliferation or cell death in EAE spinal cord. (A) IF staining of EAE 
lumbar spinal cord for Ki67, CD11b, and Hoechst. (B) Quantification of a 
(two-tailed t test; t = 0.4797, df = 5, p = 0.6517). (C) Staining of EAE spinal 
cord for cleaves caspase 3 (CC3), CD11b, and Hoechst. (D) Quantifica-
tion of c (two-tailed t test; t = 1.209, df = 5, p = 0.2808). Scale bar, 50 
μm. Data are presented as ± SEM, n = 3–4 biological replicates, ns = not 
significant. Fig. S12. Histopathological assessment of EAE spinal 
cord following Vehicle or DQ treatment. (A) IF staining of EAE lumbar 
spinal cord for NF200 phosphorylated neurofilament, SMI32 marker 

for non-phosphorylated neurofilament, and Hoechst. SMI-32+NF200+ 
co-labelling indicates axonal dystrophy. (B) Relative SMI-32 signal intensity 
normalized to NF200 and average lesion size showing comparable lesions 
between the two groups. (C) Luxol fast blue staining of lumbar spinal 
cord sections demonstrates the extent of demyelination (light blue/pale) 
compared to intact myelin (dark blue). (D) Percent demyelination was 
calculated as the ratio of demyelinated area to total white matter area 
Scale bar, 50 μm. Data are presented as ± SEM, unpaired t-test, ns = not 
significant.
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