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Abstract 43 

Aging is associated with cell senescence and is the major risk factor for AD. We 44 

characterized premature cell senescence in post mortem brains from non-diseased 45 

controls (NDC) and donors with Alzheimer’s disease (AD) using imaging mass 46 

cytometry (IMC) and single nuclear RNA (snRNA) sequencing (>200,000 nuclei). We 47 

found increases in numbers of glia immunostaining for galactosidase beta (>4-fold) 48 

and p16INK4A (up to 2-fold) with AD relative to NDC. Increased glial expression of genes 49 

related to senescence was associated with greater -amyloid load. Prematurely 50 

senescent microglia downregulated phagocytic pathways suggesting reduced 51 

capacity for -amyloid clearance. Gene set enrichment and pseudo-time trajectories 52 

described extensive DNA double-strand breaks (DSBs), mitochondrial dysfunction 53 

and ER stress associated with increased β-amyloid leading to premature senescence 54 

in microglia. We replicated these observations with independent AD snRNA-seq 55 

datasets. Our results describe a burden of senescent glia with AD that is sufficiently 56 

high to contribute to disease progression. These findings support the hypothesis that 57 

microglia are a primary target for senolytic treatments in AD. 58 
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Introduction 76 

Alzheimer’s disease (AD) is the most prevalent form of late-life dementia. It is 77 

characterized neuropathologically by extracellular deposits of -amyloid and 78 

intracellular neurofibrillary tangles accompanied by microgliosis, astrogliosis, markers 79 

of pan-cellular mitochondrial and lysosomal dysfunction and neurodegeneration [63, 80 

74, 76]. Ageing is the greatest risk factor for AD [26, 53, 60] and is associated with 81 

cellular senescence. Accumulation of senescent cells in aging tissues can be 82 

accelerated by a wide range of cell stressors, including chronic inflammation [27].   83 

84 

Cell senescence characterized by an irreversible state of cell cycle arrest after 85 

proliferative cells reach the so-called “Hayflick limit” is known as replicative 86 

senescence [28]. However, premature senescence also is observed with chronic 87 

stressors in both proliferative and post-mitotic cells in association with chronic 88 

oxidative stress or mitochondrial dysfunction and the induction of DNA damage [5, 25, 89 

35, 59]. Expression of a senescence-associated secretory phenotype (SASP) with 90 

senescence in either context can initiate inflammatory responses and propagate 91 

locally with release of paracrine mediators [14]. Increased lysosomal β-galactosidase 92 

(GLB1) and the DNA damage repair protein p16INK4A (p16, encoded by CDKN2A) are 93 

commonly used immunohistological biomarkers of senescence [41].  94 

95 

Recent evidence has shown that pathological stressors can induce cell senescence 96 

in AD to levels above that seen with healthy aging. More than one mechanism may 97 

contribute to this. Aβ1–42 can induce senescence in astrocytes in vitro and greater 98 

numbers of p16-positive astrocytes have been reported in the frontal cortex of AD 99 

patients compared to that from non-diseased control brains [3]. Increased numbers of 100 

p16-positive astrocytes and microglia also have been reported with tau-mediated 101 

disease initiation and progression in a mouse model [8]. Associations of premature 102 

senescence with both oligodendrocyte progenitor cells (OPCs) [80] and microglia [32] 103 

in the APP/PS1 mouse and in post mortem AD samples have been described, along 104 

with evidence linking microglial senescence to increased replicative stress with aging 105 

and β-amyloid triggered generation of disease-associated microglia (DAM) [32, 49]. 106 

However, features of premature senescence associated particularly with DNA double-107 



strand breaks (DSBs) and p16 expression also have been described in post-mitotic 108 

cells such as neurons[16, 18, 29].   109 

 110 

Despite previous evidence of premature senescence of glia with AD, their aggregate 111 

burden, the cells most affected and the mechanistic triggers for senescence in them 112 

have not been well described. Here we have comprehensively characterized 113 

senescence in post-mortem human brain tissue from entorhinal, middle temporal and 114 

somatosensory cortices of non-diseased control (NDC) and AD donor brains. We used 115 

convergent methods based on immunostaining and distinct transcriptomic analyses, 116 

as well as confirmatory analyses of publicly available transcriptomics datasets, to 117 

enhance confidence in our findings. We found evidence for increased senescence in 118 

AD brains compared to NDC in microglia and more partial senescence signatures in 119 

oligodendrocytes, and astrocytes, but little evidence for this in OPCs or neurons. We 120 

showed a direct association between β-amyloid accumulation and microglial 121 

senescence and provide evidence for its potential functional significance with 122 

evidence that senescence reduces transcriptomic signatures of phagocytosis for β-123 

amyloid clearance. Finally, we distinguished mechanisms potentially responsible for 124 

initiating senescence pathways in the microglia as a foundation for the design of future 125 

senolytic therapies.  126 

 127 

Results 128 

Increased expression of markers of cellular senescence in glia in AD 129 

We performed imaging mass cytometry (IMC) on post mortem cortical tissue from the 130 

middle temporal gyrus (MTG) of neuropathologically diagnosed AD and non-diseased 131 

control (NDC) donors of similar ages (Cohort-1: n = 10 from each group, NDC: Braak 132 

stage 0–II, AD: Braak stage V–VI, Supplementary data S1) to assess the co-133 

localization of cell-type specific protein markers (microglia, IBA1; oligodendrocyte 134 

lineage, OLIG2 [72]; astrocyte, GFAP; endothelial cell, GLUT1; neuron, MAP2) with 135 

GLB1, which encodes β-galactosidase, a marker for senescence-associated 136 

increases in lysosomal content [42], and with p16, a marker of DNA damage [51]. We 137 

found 4.1-, 4.6- and 4-fold more GLB1+ microglia (p-value = 0.033), oligodendrocytes 138 

(p-value = 0.0031) and astrocytes (p-value = 0.02), respectively, in cortical tissue from 139 

donors with AD compared to NDC (Fig. 1a-b, Supplementary fig. 1a-c, Supplementary 140 

data S1). We found a 1.6-fold increase in p16 positive microglia with AD compared to 141 



NDC (p-value = 0.01) (Fig. 1b, Supplementary fig. 1a-c) but no significant differences 142 

between numbers of p16 positive oligodendrocytes (1.1-fold, p-value = 0.32) or 143 

astrocytes (1.3-fold, p-value = 0.31) were found. No differences were found in the 144 

numbers of GLB1+ endothelial cells and MAP+ neurons between AD and NDC 145 

(Supplementary fig. 1d). 146 

 147 

To understand the correlations between disease stages and activation of senescent 148 

pathways across cell types, we extended our findings by performing IMC with a larger 149 

panel of antibodies on a second cohort consisting of AD and non-diseased control 150 

(NDC) donors from a broader range of Braak stage (Cohort-2, NDC: Braak stage 0–151 

II, AD: Braak stage III–VI, Supplementary data S2). We obtained data from entorhinal 152 

cortex (EC, which had the highest pTau/β-amyloid pathology load of the tissues 153 

studied from each brain), middle temporal gyrus (MTG, which had a moderate pTau/β-154 

amyloid pathology load) and somatosensory cortex (SSC, which showed the lowest 155 

relative pTau/β-amyloid pathology load) from NDC (n = 8) and from donors with 156 

neuropathologically defined AD (n = 9). We included an antibody for p21CIP1 (p21, 157 

encoded by CDKN1A), that functions to maintain the viability of DNA damage‐induced 158 

senescent cells and one for γ-H2AX, a marker of DNA double-strand breaks (DSBs) 159 

[2, 79]. Because of the larger number of samples and antibodies in the panel, we used 160 

the automated image analysis method SIMPLI for processing this set of IMC images 161 

[7]. Using single-cell segmentation, we classified 19,947 cells which were grouped into 162 

15 distinct cell clusters following unsupervised clustering (Fig. 1c). Based on the 163 

marker expression profiles, we assigned clusters to major cell types, excluding those 164 

expressing more than one cell type marker (Iba1+ microglia, cluster-1, 9; GFAP+ 165 

astrocytes, cluster-7; OLIG2+ oligodendrocyte lineage, cluster-2, 3, 6; MAP2+ neuron, 166 

cluster-4, 5, 8; GLUT1+ endothelial cells, cluster-0, 11, 13) (Fig. 1d).  167 

 168 

We compared the proportion of cells expressing senescence markers (p16, p21, GLB1 169 

and γ-H2AX) in each cluster and found that cluster-9 representing microglia (Iba1+) 170 

was both enriched for β-amyloid (Fig. 1d) and had an increased proportion of 171 

senescent nuclei expressing GLB1, p21 and γ-H2AX in AD compared to NDC in MTG 172 

following a similar trend as we observed in Cohort-1 (p-value < 0.1, Fig. 1e, 173 

supplementary fig. 2a). We found increased numbers of OLIG2+GLB1+ (cluster-3) in 174 

the MTG, similar to our findings in Cohort-1 (p-value < 0.1, Fig. 1b, e). We also found 175 



increased numbers of cells expressing γ-H2AX and p21 in one neuronal cluster in the 176 

EC (cluster-5) (p-value < 0.1, Supplementary fig. 2b) providing evidence for responses 177 

to DSB in neurons independent of other senescence marker proteins. We did not find 178 

any cluster to be enriched specifically in AD compared to NDC (Supplementary fig. 179 

3a, b) suggesting the increased proportion of senescent microglia was not due to 180 

increased cell population. This confirmed a comprehensive profile of expression of 181 

senescence markers in microglia and suggested an association with β-amyloid in AD.  182 

Only a single senescence marker was expressed in oligodendroglia and markers of 183 

DSB (associated with oxidative DNA damage) were found only in a sub-population of 184 

neurons. 185 

186 

Senescence-associated gene expression increases in microglia with AD 187 

We then performed single-nuclei RNA sequencing (snRNAseq) of cortical tissue from 188 

post-mortem brains (Cohort-2, as used for the IMC shown in Fig. 1c-e, NDC: Braak 189 

stage 0–II, AD: Braak stage III–VI, Supplementary data S2) to extend our 190 

characterization of cell senescence phenotypes with AD.  191 

192 

After rigorous quality control of the snRNAseq dataset (see Methods), 203,970 nuclei 193 

from seven major brain cell types were available for study (Fig. 2a-b, Supplementary 194 

fig. 4a, Supplementary data S2). We assessed the relative enrichments of the 195 

“canonical senescence pathway (CSP)”, “senescence initiating pathway (SIP)” [16] 196 

and of senescence associated secretory phenotype (SASP) transcripts for each of the 197 

cell-type specific clusters generated from the total set of AD and NDC brain nuclei. We 198 

found that the average expression of individual senescence gene was most in 199 

microglia (e.g., ATM, RB1, NFATC2 and GLB1) (Fig. 2c). Astrocytes showed low 200 

levels of TP53 (encoding p53) and GLB1 transcript expression. Oligodendrocytes, 201 

OPCs and vascular cells showed the lowest expression of senescence pathway gene 202 

transcripts, with the exception of CDKN1A (encoding p21) which was highly expressed 203 

in vascular cells. Only very low levels of GLB1 transcripts were expressed in neurons. 204 

These observations of individual genes were consistent with a relative enrichment for 205 

expression of the CSP in these cells: only microglia showed a significant (Wilcoxon 206 

test, p-value = 0.0087) increase of CSP gene set expression in AD relative to NDC 207 

(Fig. 2d, e). We then calculated the proportions of nuclei expressing CSP (senescent 208 

nuclei) as described in [16] and found an increase in the proportion of senescent nuclei 209 



with AD only for microglia in the MTG an observation consistent with our imaging mass 210 

cytometry observations (Fig. 2f, Supplementary fig. 4b). Additionally, increased 211 

proportion of senescent nuclei was also observed in SSC (Fig. 2f). 212 

We tested for increased, cell-specific expression of genes and pathways associated 213 

with chronic stress that could trigger the initiation of senescence in AD [59]. Differential 214 

expression analysis confirmed upregulation of DNA damage response genes (DDB2, 215 

RRM2B) and cellular senescence genes in microglia (CDK6, MDM2, SMAD2) with AD 216 

relative to NDC (Fig. 3a, b Supplementary data S3). Gene Ontology (GO) enrichment 217 

analysis defined upregulation of genes in microglia associated with the p53 signaling 218 

pathway, regulation of actin cytoskeleton reorganization and the positive regulation of 219 

phosphatidylinositol 3-kinase signaling in addition to those for the cellular senescence 220 

pathway (Fig. 3b, Supplementary data S4). Downregulated genes in microglia were 221 

enriched for phagocytosis-related pathways (Fig. 3c),  consistent with previous reports 222 

describing reduced phagocytic capacity of senescent microglia with ageing [57]. 223 

Pathways involved in trophic (e.g., “axonal transport”, “synaptic plasticity”) and 224 

metabolic support (e.g., “cholesterol and lipid homeostasis”) for neurons were 225 

downregulated in astrocytes, oligodendrocytes and OPCs. We did not find enrichment 226 

of any senescence related pathways in neurons. Instead, transforming growth factor 227 

beta (TGFβ)-related and the neuronal apoptosis pathway genes were upregulated with 228 

AD (Supplementary fig. 5a-f, Supplementary data S3, S4). 229 

 230 

We then tested for relative senescence gene set enrichment across these cell types 231 

using previously defined senescence and related pathways (see Methods for a 232 

description of gene set selections) (Supplementary data S5). The “canonical 233 

senescence pathway (CSP)” was significantly upregulated in microglia and 234 

oligodendroglia and the “regulation of cellular senescence” pathway was significantly 235 

upregulated in oligodendroglia in AD compared to NDC. Pathways for “regulation of 236 

mitochondrial depolarization” and “regulation of mitochondrial membrane 237 

permeability” also were upregulated in microglia (Fig. 3d). 238 

 239 

 240 

 241 

 242 



Premature senescence in microglia with AD is associated with increased β-243 

amyloid   244 

We hypothesized that the activation of senescence pathways in AD could be triggered 245 

by chronic oxidative stress from interactions with β-amyloid species [9]. Using our IMC 246 

images from cohort-1, we tested this hypothesis first by exploring whether microglia 247 

near β-amyloid plaques (peri-plaque, where highest exposures to β-amyloid may 248 

occur) more frequently express markers of increased senescence relative to microglia 249 

far from plaques (non-plaque). A co-localization analysis revealed more than 25% of 250 

microglia within 10 μm of β-amyloid plaques in AD showed expression of GLB1 while 251 

only 3% of microglia >10 μm distant from plaques expressed this or other senescence 252 

markers (Fig. 4a, b, Supplementary data S1).  253 

254 

To validate an association between increased senescence and β-amyloid using the 255 

snRNAseq data, we performed a regression analysis for individual gene expression 256 

related to increasing loads (log2FC/% area) of immunostained (4G8+) β-amyloid in 257 

paired tissue sections from the contralateral (cryopreserved) hemispheres of each 258 

brain (Extended Method Figure 1, Supplementary data S2) for each of the cell types. 259 

Transcripts for senescence associated genes including YPEL3, which encodes a 260 

protein downstream of p53 in the senescence pathway induced by DNA damage [36], 261 

IQGAP2, IL15, AXL, PIK3R1, CDK6, PECAM1 and CXCL16  were significantly 262 

upregulated in microglia with increasing -amyloid load (Fig. 4c, d) [61]. GLB1 and 263 

MRAS, a senescence regulator, were upregulated in astrocytes. Oligodendrocytes 264 

also upregulated senescence associated genes (CDK6, CDKN1C, ITPR1), but we 265 

could not detect upregulation of genes associated with senescence in OPCs, neurons 266 

or in vascular cells with increased tissue -amyloid (Fig. 4c, Supplementary data S6). 267 

We then tested for -amyloid or Braak stage associated increases in senescence 268 

pathways in glia using gene set enrichment analyses. Microglia showed a significant 269 

upregulation of senescence, mitochondrial and endoplasmic reticulum (ER) stress 270 

related gene sets for the “canonical senescence pathway (CSP)”, “senescence 271 

initiating pathway”, “regulation of cellular senescence” and “regulation of endoplasmic 272 

reticulum stress-induced intrinsic apoptotic signaling pathway” with greater -amyloid 273 

and increasing Braak stage (Supplementary fig. 6a-c, Supplementary data S5). 274 

Interestingly, “regulation of mitochondrial membrane depolarization”, which included 275 



LRRK2 and BCL2 genes, both of which can regulate apoptotic cell death pathways, 276 

was upregulated with increased -amyloid [64]. Oligodendrocytes upregulated 277 

pathways for “senescence initiators”, “regulation of cellular senescence” and “intrinsic 278 

apoptotic signaling pathway in response to endoplasmic reticulum stress” and 279 

astrocytes upregulated the “senescence initiating pathway” (Supplementary fig. 6a). 280 

Upregulation of CSP was found in oligodendrocytes when contrasted between AD and 281 

NDC (Fig. 3d) but not associated with β-amyloid suggesting the expression of full 282 

senescence phenotype in oligodendrocyte may not be pathology driven.  283 

 284 

We did not find evidence for an increase in senescence gene set expression in OPC. 285 

We found little evidence for drivers of senescence of neurons, although we found a 286 

significant albeit to low level upregulation of “senescence initiating pathway” genes in 287 

inhibitory neurons (Supplementary fig. 6a) with increased  -amyloid (Supplementary 288 

data S5). Together, these data thus describe comprehensive activation of a 289 

senescence transcriptional programme in microglia, expression only for senescence 290 

initiation pathways in astrocytes and oligodendroglia, and little evidence even for this 291 

amongst OPC and neurons.  292 

 293 

We validated these observations using independent snRNAseq data for microglia and 294 

astrocytes enriched by FACS sorting. Differentially expressed transcripts in each cell 295 

type were identified by regression analysis against 4G8+ β-amyloid levels. We found 296 

increased numbers of senescence genes upregulated in both microglia (YPEL3, 297 

IQGAP2, SQSTM1) and astrocytes (GLB1, SQSTM1, MRAS) with greater levels of 298 

tissue β-amyloid densities [66] (Supplementary fig. 7a, b, Supplementary data S7). 299 

Finally, we conducted a meta-analysis using published single-nucleus RNA 300 

sequencing (snRNA-seq) datasets using the “canonical senescence pathway (CSP)” 301 

[16] gene set in microglia. Our analysis, which was based on 14 datasets, confirmed 302 

significant upregulation of this pathway in microglia for the vast majority of these 303 

(12/14, p-value = 7e-04, Supplementary fig. 7c, Supplementary data S8). 304 

 305 

Senescence is a cell response to aging. We therefore formally tested for interactions 306 

between age and the β-amyloid pathology-associated senescence with AD in the 307 

datasets we used for the meta-analyses described above. First, we examined the NDC 308 



samples from our meta-analysis (who had an age range between 50-100 years old). 309 

Our findings revealed an increase in the expression of the CSP gene set with healthy 310 

aging in microglia; we found an apparent increase from 50-84 years of age in microglia 311 

(Supplementary fig. 7d), to reach an apparent plateau. This finding is in agreement 312 

with an earlier report in which the authors calculated microglial cell-cycle length and 313 

concluded that human microglia reach the Hayflick limit for replicative senescence by 314 

the age of ~80 years [1]. However, when we compared microglia from donors with AD 315 

to those from NDC, the age association was no longer observed (linear-plateau 316 

modelling, Control; p-value = 1.2e-05, AD; p-value = 0.1). We interpret this as 317 

evidence that the dominant determinants of senescence in microglia with AD are 318 

disease-associated cell stressors (e.g., β-amyloid pathology) rather than chronological 319 

aging (Supplementary fig. 7d).  320 

321 

Identification of cell-specific triggers to initiation of senescence  322 

We then explored biological pathways whose expression was enriched with  increased 323 

β-amyloid load and these glial signatures of premature senescence or its initiation [10, 324 

15]. We found lipid transport and homeostasis related inflammatory responses, cell 325 

migration, NF-kappa B signaling, p53 signalling pathway, regulation of cellular 326 

senescence, “negative regulation of oxidative stress-induced cell death” pathway 327 

upregulation and downregulation of G1/S transition of mitotic cell cycle in microglia, 328 

suggesting increased lipid metabolism, inflammatory response and cell cycle arrest 329 

were associated with premature senescence in response to greater -amyloid load. 330 

Both oligodendrocytes and astrocytes upregulated genes enriched for lipid 331 

metabolism and NF-kappaB signaling pathways. However, the pathways expressed 332 

varied between cells, e.g., upregulated genes in oligodendrocytes were associated 333 

with interleukin-1-mediated signaling pathway, while those in astrocytes were 334 

associated with more general reactive and migratory astrocytic responses (e.g., 335 

ACTN4, EGFR, SASH1) [43, 78]. (Supplementary fig. 8a, b, Supplementary data S9). 336 

In summary, microglia exhibited upregulation of pathways related to β-amyloid 337 

response, cell proliferation and migration, and senescence while oligodendrocytes 338 

upregulated lipid metabolism and NF-kappaB signaling pathways related to cellular 339 

inflammation and astrocytes showed evidence only for general activation and 340 

migration. 341 



 342 

Sub-populations of microglia and oligodendroglia are differentially susceptible 343 

to premature senescence with AD  344 

Glia dynamically adopts different cell states that can be transcriptomically and 345 

functionally distinguished. We hypothesized that sub-populations of glial are 346 

differentially susceptible to premature senescence with AD. To test this, we 347 

subclustered microglia, oligodendrocytes and astrocytes into transcriptomic sub-348 

populations distinguished by previously described marker genes [23, 33, 58].  349 

 350 

We identified six microglial sub-populations.  Micro1, Micro2, Micro4, Micro5 sub-351 

populations corresponded to previously identified HM_0, GPNMB_EYA2/LPL_CD83, 352 

CRM_CCL3 and HM_4 microglial phenotypes, respectively (Fig. 5a, Supplementary 353 

fig. 9a-c) [23]. Micro3 showed similarities to HM_3, HM_4 phenotype but also 354 

expressed APOE,  apoptosis associated genes XAF1, YWHAB, YWHAG, YWHAE 355 

encoding 14-3-3 protein subunits, cell-cycle and cell division control genes CDK12, 356 

MIS18BP1, TAF1D, BOD1L1 and CCAR1 [6, 30, 67]. This microglial nuclei sub-357 

population expressed fewer total genes and an increased percentage of mitochondrial 358 

genes relative to other sub-populations (Supplementary fig. 9a, d, e) [54]. We also 359 

identified microglia population (cycMicro) that appeared to be actively proliferating as 360 

defined by the expression of multiple centromere proteins (CENPF, CENPK, CENPU), 361 

mitotic checkpoint kinase (BUB1B) and regulator (CLSPN), similar to the proportion 362 

estimated previously to be in S phase by Ki67 immunohistology [1] (Fig. 5a, 363 

Supplementary fig. 9a; Supplementary data S10).  The relative numbers of Micro2 364 

nuclei were increased both with AD and with increased amyloid levels (Fig. 5b; logistic 365 

mixed-effect model, ** p-value <= 0.01, absolute log2(odds ratio-OR) > 2, Fig. 5c, 366 

Wilcoxon rank-sum, p-value = 0.004, Fig. 5d; Pearson’s correlation R = 0.63, p-value 367 

= 1.4e-06).  368 

 369 

The senescence gene set was more highly expressed in Micro1 and Micro2 nuclei 370 

from AD brains relative to controls (Fig. 5e). This was not found for other sub-371 

populations. We then calculated the fractions of individual nuclei in each sub-372 

population that were enriched for CSP gene set expression [16]. The fraction of Micro1 373 

nuclei enriched for CSP gene sets in AD was greater than in control tissue (Fig. 5f, 374 

Wilcoxon rank-sum, p-value < 0.01) and this fraction increased in Micro1 nuclei in 375 



proportion to the tissue -amyloid loads (Fig. 5g, Pearson’s correlation R= 0.34, p-376 

value = 0.021). Higher proportions of nuclei from the MTG expressed senescent gene 377 

sets than from the EC or SSC (Supplementary fig. 9 f, g). Together, these analyses 378 

thus provide evidence for increased senescence with AD and increasing -amyloid 379 

specifically amongst that HM (Micro1) and GPNMB_EYA2/LPL_CD83 (Micro2) sub-380 

populations. 381 

 382 

Finally, to test whether senescence in AD depends specifically on microglial activation 383 

with β-amyloid, we generated snRNA transcriptomes of microglia obtained from neuro-384 

pathologically defined AD donors carrying the TREM2 R47H variant allele, which is 385 

associated with reduced responsiveness of microglia to β-amyloid [68, 83]. We found 386 

a reduced senescence gene signature in microglia from donors carrying the TREM2 387 

R47H variant allele relative to the TREM2 common allele, consistent with our 388 

hypothesis of β-amyloid driven senescence activation (Fig. 5h). We did not detect 389 

differences in the senescence gene set expression in nuclei from these donors when 390 

stratified by either APOE or CD33 genotype (Supplementary fig. 9h, i). As TREM2 acts 391 

as a β-amyloid receptor, this suggests that drivers of senescence in microglia are 392 

downstream of β-amyloid induced microglial activation.   393 

 394 

We used the same approaches to explore senescence in oligodendrocyte and 395 

astrocyte sub-populations (Fig. 6, Supplementary fig. 10, Supplementary data S10). 396 

There were seven distinguishable sub-populations of oligodendroglia in addition to the 397 

committed oligodendroglia precursors (COP). We compared the transcriptomics 398 

profile of our oligodendrocyte sub-populations with those from the previous studies[33, 399 

48]. Oligo1 and Oligo2 showed similarities with COPs and OPCs suggesting these 400 

subpopulations are not fully matured oligodendrocytes (Fig. 6a, Supplementary fig. 401 

10a, b). While Oligo3 represents a mature myelin forming oligodendrocytes, Oligo4 402 

and Oligo7 resemblance to a mature but non-myelin forming oligodendrocytes. Finally, 403 

Oligo5 shows similarities to the end state of oligodendrocyte maturation as identified 404 

in[33].  Interestingly, Oligo1 and Oligo4 which showed signatures of imOLGs have 405 

increased senescence gene set expression with AD (Fig. 6b). As we found for 406 

microglia, specific sub-populations of immature oligodendroglia had evidence for 407 



increased senescence geneset expression, although we could not find a specific 408 

association with -amyloid load. 409 

410 

Finally, we also explored senescence pathway expression in the six astroglial sub-411 

populations that we described previously [66], but did not find that any of these sub-412 

populations showed greater expression of the senescence gene set with AD (Fig. 6c, 413 

d, Supplementary fig. 10c).  414 

415 

Mechanisms of microglial activation by β-amyloid promote premature 416 

senescence  417 

Senescence and apoptosis both can be triggered by aging and chronic cell stress[13, 418 

24].   To more specifically explore whether senescence with AD includes a contribution 419 

from pathology independent of age, we directly correlated the relative proportions of 420 

microglia sub-population with age in AD and NDC. We found that numbers of Micro3 421 

nuclei, which most highly expressed apoptotic pathway genes, decreased with 422 

increasing age in the NDC brain tissues, as expected for a sub-population prone to 423 

apoptosis. However, this was not observed in AD, consistent with induction of 424 

senescence pathways and reduced apoptosis (Supplementary fig. 11a). To further 425 

validate this with an independent dataset, we integrated microglia nuclei from all the 426 

datasets used in the meta-analysis and used “transfer labelling” according to our 427 

subcluster annotation and found again that the proportion of Micro3 nuclei decreases 428 

with increasing age in NDC but not in AD samples (Supplementary fig. 11b, 429 

Supplementary data S11). This suggests, AD associated pathology can trigger 430 

senescence as a reversal of apoptosis phenotype.    431 

432 

To define specific mechanisms conferring vulnerability to senescence in microglia with 433 

AD, we explored differential gene expression in the Micro1, Micro2 and Micro3 sub-434 

populations with AD relative to that in the NDC and with regression against β-amyloid 435 

load across all tissues studied, regardless of disease association. Our first level of 436 

analysis better defined mechanisms responsible for the induction of senescence.  All 437 

three microglial sub-populations showed upregulation of APOE, ATG16L2 (an 438 

autophagy antagonist gene), BCL2 (encoding a negative regulator of apoptosis), the 439 

CDK7 regulator gene CCNH and GAS7 (the growth arrest-specific protein 7 gene).  440 



Genes for  negative regulators of senescence such as GRB2 and NIBAN1 were 441 

downregulated with increasing β-amyloid [17, 21, 34, 55]. The Micro3 subpopulation 442 

increased  TAOK1 expression, the protein product of which is involved in mitotic G2 443 

DNA damage checkpoint signaling and the expression of genes for the positive 444 

regulators of senescence OXR1 (Oxidation Resistance 1) and PELI1 [46, 81] 445 

(Supplementary data S12).  446 

 447 

To further characterize associated gene expression pathways from which triggers for 448 

senescence induction could be inferred, we generated disease-related pseudo-time 449 

trajectories from the total set of control and AD nuclei.  We set Micro1 as the start of 450 

the pseudo-time as it most highly expressed homeostatic markers such as P2RY12 451 

and CX3CR1. Homeostatic  (Micro1) to GPNMB_EYA2/LPL_CD83 (Micro2) and 452 

CRM_CCL3 (Micro4) responses were found to be two independent activation routes 453 

mirroring the observations in a recent pre-print [47]. Micro3 branched into a third route 454 

of the trajectory (Fig. 7a). Our pseudo-time analysis identified genes that were 455 

differentially expressed along the pseudo-time trajectories. These genes were 456 

grouped into gene co-expression modules which characterized the transcriptomic 457 

identity of the microglial sub-populations along the trajectory. (Supplementary fig. 12a, 458 

Supplementary data S13). Functional pathways including “lamellipodium assembly”, 459 

“Fc-gamma receptor signaling pathway involved in phagocytosis” and “chemokine 460 

signalling pathway” (were enriched in the Module-3 and Module-4 genes that found 461 

predominantly in early-pseudotime suggesting early microglial activation in response 462 

to β-amyloid accumulation (Fig. 7b, c, Supplementary data S13). Module-5, which was 463 

highly expressed in mid-pseudotime, included GPNMB_EYA2 associated genes 464 

GPNMB, PLA2G7, MYO1E, SLC1A3, CPM, and NPL and pathways involving 465 

“regulation of macrophage derived foam cell differentiation”, “cellular response to low-466 

density lipoprotein particle stimulus” and “positive regulation of inflammatory 467 

response” suggesting a β-amyloid associated pro-inflammatory and potentially 468 

harmful phenotype (Fig. 7c, Supplementary fig. 12a). We found that SERPINE1, a 469 

known senescence marker and SASP factor, was co-expressed with these genes in 470 

Module-5 [73]. Regression analyses showed that module-5 gene set correlated 471 

strongly with increasing β-amyloid (Supplementary fig. 12b, Supplementary data S14). 472 

This suggests that microglial pro-inflammatory activation and senescence phenotype 473 

are downstream of β-amyloid response. Module-10 also was highly expressed in 474 



Micro2, which was enriched for “NF-kappa B signaling pathway”, “mTOR signaling 475 

pathway” and “cellular senescence” pathways (Fig. 7c, Supplementary fig. 12a, 476 

Supplementary data S13). Module-8, which also showed enrichment for cellular 477 

senescence pathways, was most highly expressed in Micro3 and in late-pseudotime 478 

(Supplementary fig. 12a). ZFP36L2, ZFP36L1, ATM, CX3CR1 and C3 were amongst 479 

the genes highly expressed in module-8 (Fig. 7d). ZFP36L2, ZFP36L1 are associated 480 

with SASP and ATM is known to be the key driver of DNA-damage induced 481 

senescence [82]. The Micro3 sub-population also highly expressed module-7 genes 482 

such as CD74, APOE, FTL and FTH, reflecting functional activation for chemokine-483 

mediate migration and an immunosuppressive or pathological immune “exhaustion” 484 

(dystrophic) phenotype with greater β-amyloid load (Supplementary data S13). The 485 

co-expression of microglial functional activation and DNA damage gene expression 486 

and senescence transcripts in Micro3 suggest that β-amyloid induced activation can 487 

increase pro-survival phenotype in an otherwise apoptotic cell. Together, these 488 

trajectory analyses support the hypothesis that the senescence phenotype in microglia 489 

is expressed as part of a microglial inflammatory activation response to β-amyloid.  490 

 491 

Discussion 492 

Although recent evidence has identified premature cell senescence in AD brains [59], 493 

we are not aware of a comprehensive characterization of which cell types are most 494 

affected, their relative numbers or the mechanisms responsible [5, 25, 35].  Here, we 495 

have used a combination of snRNA sequencing and imaging mass cytometry to 496 

characterize cell senescence in AD, describing cell types affected, the association 497 

between senescence and AD pathology and providing transcriptomic evidence for 498 

mechanisms of senescence. Our results demonstrate that there is a substantial 499 

burden of senescent cells in brain cortical grey matter with AD and that cell 500 

senescence signatures are most prevalent in microglia and associated with 501 

inflammatory activation and downregulation of genes related to β-amyloid 502 

phagocytosis. We also provide evidence that microglial senescence in AD is related 503 

to β-amyloid by showing greater proportions of senescent microglia near β-amyloid 504 

plaques and with greater β-amyloid load, particularly in the sub-population of microglia 505 

most enriched for homeostatic markers (Micro1) and DAM-associated genes (Micro2). 506 

Additional supportive evidence of β-amyloid induced senescence came from 507 



demonstration of the TREM2 genotype dependence of the senescence signature (see 508 

also recent preclinical evidence presented in pre-print [56]). An intriguing aspect of our 509 

results is the observed lack of senescence in carriers of the TREM2-R47H variant. 510 

Contrary to expectations, this absence of senescence does not confer protective 511 

effects, as senescence may not be the predominant phenotype in microglia carrying 512 

R47H mutations. Instead, our data suggest that the overall pathology burden 513 

associated with R47H, particularly in the context of reduced microglial activation, may 514 

overshadow any potential neurotoxic effects attributed to senescent microglia. Our 515 

data additionally suggests mechanisms that DNA damage, mitochondrial dysfunction 516 

and ER stress associated with inflammatory activation together confer vulnerability to 517 

premature senescence in microglia with AD. These associations were supported by 518 

pseudo-time analyses that demonstrated the relationships of expression of these 519 

pathways with senescence along the inferred progression of microglia towards the 520 

alternative end states of apoptosis or senescence, expression of which may be related 521 

to the severity and chronicity of the stressors responsible [59].   522 

523 

Previous studies have highlighted senescence in multiple brain cell types in AD [3, 16, 524 

32, 52, 80]. Most have focused on single or small numbers of markers of senescence, 525 

which likely accounts for some differences in conclusions that have been drawn. We 526 

employed multiplexed immunohistology and transcriptomics analyses of post-mortem 527 

human brains to assess senescence more comprehensively. This highlighted the 528 

complexity of profiling senescence-related cell phenotypes. For example, we found 529 

increased levels of GLB1 protein expression [19, 75] in microglia, oligodendrocytes 530 

and astrocytes. However, as GLB1 expression alone cannot distinguish between 531 

senescent cells and cells with intrinsically high lysosomal content and is less 532 

associated to senescence in post-mitotic cells such as neurons, we also employed 533 

p16 and p21 as markers of an arrested cell cycle  and γH2AX to detect DNA double-534 

strand breaks (DSBs)[41, 52].  We found microglia to be the only cell type with 535 

significant increase in all markers in AD. Microglia, oligodendrocytes and astrocytes 536 

transcriptomes all showed enrichment for genes upregulated in an early senescence 537 

(“senescence initiators”) pathway, but only microglia showed full expression of the full 538 

canonical senescence pathway (CSP) [16].  By this criterion, only microglia showed 539 

strong evidence for premature senescence with AD. Our data suggest mitochondrial 540 



dysfunction and ER stress are common mechanisms driving the premature microglial 541 

senescence in AD, but does not directly implicate impaired autophagy, as suggested 542 

by a recent preclinical study [69]. However, this deserves further investigation as it 543 

may reflect limitations of the range of cell processes, we were able to interrogate. Also 544 

mitochondrial dysfunction can lead to ER stress through impaired autophagy [4].   545 

 546 

While we identified Olig2+ cells expressing some senescence markers, joint use of 547 

transcriptomic data was able to more probably ascribe this senescence signature 548 

predominantly to oligodendrocytes rather than OPC, which had been implicated in an 549 

earlier preclinical study [80]. Oligodendroglial cells also increased expression of ER 550 

and related cell stress pathway transcriptomes with increasing β-amyloid load. We 551 

found only a smaller, more partial senescence response associated with DSB 552 

identified by γH2AX and DNA damage associated pathway expression in inhibitory 553 

neurons specifically. Dehkordi et al. previously concluded that excitatory neurons 554 

uniquely expressed a senescence signature based on relative enrichment of nuclear 555 

genes expressed with an eigengene reflecting a canonical senescence response [16]. 556 

Our different conclusion likely reflects the lower specificity of the eigengene approach 557 

relative to the simultaneous application of the multiple approaches here, but also could 558 

be influenced by differences between the brains sampled in two studies, differences 559 

in pathological features correlated (early β-amyloid pathology here vs later phospho-560 

Tau pathology in the earlier paper) and relative weights of the marker gene expressed 561 

(i.e., use of CDKN2D in excitatory neurons[16]). In line with this, we found an apparent 562 

difference in senescence cell burden between allocortex (EC) and neocortex (MTG, 563 

SSC).  564 

 565 

The strengths of our study were that we applied both immunohistological and 566 

transcriptomic analyses to identify cells expressing senescence markers with AD and 567 

that we included analyses of regions showing different levels of AD pathology in each 568 

brain. However, like all previous studies of AD, our analyses described markers 569 

associated with senescence rather than providing direct evidence of permanent 570 

growth arrest for the potentially replicating glia. Processes leading to senescence also 571 

evolve dynamically, as our results showing varying degrees of partial senescence 572 

phenotypes with pseudo-time imply.  Describing a dynamic process using a cross-573 

sectional sampling strategy can lead to strong biases in inferences particularly 574 



regarding the proportion of end stage events. This could introduce bias particularly 575 

towards underestimates of the senescent cell burden. Cell senescence also is related 576 

to aging, as we showed for the non-diseased control brains. Our analysis of the 577 

contribution of aging to senescence in AD (either directly or through interactions) was 578 

limited by the low range of ages in the donor population.  As aging is the strongest risk 579 

factor for AD, this deserves further study.  Finally, the power to detect differentially 580 

expressed genes with AD or β-amyloid depends strongly on numbers of independent 581 

samples [62]. While 49 different brain blocks were characterized for our study, the 582 

three regions studied from each brain are not fully independent. This limits confidence 583 

particularly for single gene identifications. We mitigated this by replication of key 584 

observations with independent datasets, by highlighting results in agreement with prior 585 

studies that this work was extending and by analyses of gene sets, for which power 586 

should be substantially higher. Nonetheless, more work needs to be done to more 587 

confidently define specific genes whose expression appears to drive the pathology.   588 

 589 

Preclinical studies using different models have suggested that senolytic treatments 590 

can reduce the abundance of senescent cells, disease-relevant pathology and 591 

cognitive deficits [8, 56, 80].  The extent to which cell senescence could contribute 592 

either to susceptibility to or the progression of human AD is important to answer fully 593 

in assessing the therapeutic potential of senolytics for this indication. Our study 594 

describes extensive cell stress associated with premature senescence in microglia in 595 

established AD. It additionally highlights that, by reducing phagocytic gene signatures 596 

in microglia in association with the induction of premature senescence, β-amyloid 597 

could reduce its own clearance and potentiate disease progression.  Based on our 598 

observations, we hypothesise that microglia should be a primary focus for senolytic 599 

treatments in AD. They might be used synergistically with other strategies to enhance 600 

clearance of β-amyloid pathology [11]. This therapeutic opportunity provides a 601 

rationale for further characterization of mechanisms responsible for premature 602 

senescence in microglia. 603 

 604 

 605 

 606 

 607 

 608 



Methods 609 

Brain tissue 610 

This study was carried out in accordance with the Regional Ethics Committee and 611 

Imperial College Use of Human Tissue guidelines. Cases were selected based first on 612 

neuropathological diagnosis from UK brain banks (London Neurodegeneration [King’s 613 

College London] and Parkinson’s UK [Imperial College London] Brain Bank). We then 614 

excluded cases with clinical or pathological evidence for small vessel disease, stroke, 615 

cerebral amyloid angiopathy, diabetes, Lewy body pathology (TDP-43), or other 616 

neurological diseases.  Where the information was available, cases were selected with 617 

a post-mortem delay of less than 60 h (Supplementary file 1, 2). Cohort-1 included 618 

MTG cortical tissue from 10 donors (Braak stage 0–II) without evidence of clinically 619 

significant brain disease (non-diseased controls, NDC) and 10 neuropathologically 620 

defined AD (Braak stage V–VI)) donors (Supplementary file 1).  Cohort-2 included 621 

EC, MTG and SSC cortices from a final set of 17 cases including 8 NDC donors (Braak 622 

stage 0–II) and 9 neuropathologically defined AD (Braak stage III–VI) donors (total of 623 

49 brain samples) (Extended Method Fig. 1, Supplementary file 2). Cortical 624 

samples from three regions were prepared from each brain to characterise pathology 625 

and transcript expression. 626 

627 

Immunohistochemistry (IHC) 628 

IHC (Table-1) was performed on FFPE sections (n=49) from the EC, MTG and SSC 629 

of each brain studied and paired with material from the cryopreserved contralateral 630 

hemisphere used for nuclear preparations for snRNA sequencing. Standard 631 

immunostaining procedures as recommended by the manufacturer were followed 632 

using the ImmPRESS Polymer (Vector Laboratories) and Super Sensitive Polymer-633 

HRP (Biogenex) kits. Briefly, after dewaxing and rehydration of slides, endogenous 634 

peroxidase activity was blocked with 0.3% H2O2, followed by antigen retrieval. For 635 

immunostaining using ImmPRESS kits, non-specific binding was blocked using 10% 636 

normal horse serum. Primary antibodies were incubated overnight at 4 °C. Species-637 

specific ImmPRESS or Super Sensitive kits and DAB were used for antibody 638 

visualisation. Tissue was counter-stained by incubation in Mayer’s haematoxylin (TCS 639 

Biosciences) for 2 min, followed by dehydration, clearing and mounting. 640 

641 

642 



Image Analysis 643 

Digital images were generated from IHC stained slides scanned using a Leica Aperio 644 

AT2 Brightfield Scanner (Leica Biosystems). Images were analysed using Halo 645 

software (Indica Labs) after optimisation of Indica Labs macros. Data from all cortical 646 

regions in each brain were combined.   647 

 648 

Imaging Mass Cytometry (IMC) 649 

FFPE 5-10μm sections were immunostained using lanthanide tagged antibodies 650 

before ablation. The slides underwent routine dewaxing and rehydration before 651 

undergoing antigen retrieval, in a pH8 Ethylenediaminetetraacetic acid (EDTA) buffer. 652 

The slides were then treated with a 10% normal horse serum (Vector Laboratories) 653 

blocking solution before incubation with an antibody cocktail at 4⁰C overnight. The 654 

slides were washed in 0.02% Triton X-100 (Sigma-Aldrich) before incubation with the 655 

Iridium-intercalator (Fluidigm) then washed and air-dried. All antibody conjugation was 656 

performed using the Maxpar X8 protocol (Fluidigm). 657 

 658 

IMC was performed using a Hyperion Tissue Imager (Standard BioTools, San 659 

Francisco, USA) coupled to a Helios mass cytometer. The instrument was first tuned 660 

using the manufacturer’s 3-Element Full Coverage Tuning Slide before the slides were 661 

loaded into the device. Four 500x500μm2 regions of interest (ROI) within the grey 662 

matter were selected and ablated using a laser operating at a frequency of 200Hz with 663 

1μm resolution. The data was stored as .mcd files compatible with MCD Viewer 664 

software (Fluidigm) and exported as TIFF files.  665 

 666 

Co-localisation of IMC markers for Cohort-1 667 

For the first IMC experiment (Cohort-1, Fig. 1a, b), the panel included antibodies listed 668 

in Table-2. The IMC channels which define a cell type were selected for masking, 669 

namely Iba1, GFAP, OLIG2, GLUT1, and MAP2. ImageJ (1.53c) was used for 670 

threshold correction and the despeckle function to reduce background noise. All of 671 

these channels were merged into a single field, alongside a DNA channel. The DNA 672 

channel was rendered red, while the cell type channels were rendered green before 673 

being saved as a JPEG. This JPEG was then used in Ilastik (1.1.3post3) using the 674 

pixel classification tool, this was then used to create a probability map clearly defining 675 

the images nuclei, cell signal and background. Finally, this probability map was 676 



imported to CellProfiler (4.2.1) for masking. Once masked the sample was opened in 677 

HistoCAT (1.76) and the masked cell data was exported as a csv, with quantitative 678 

values for the signal of each IMC channel for each cell. 679 

 680 

For peri-plaque microglia calculation (Fig. 4a, b, S1), the IMC channels Iba1, 4G8, p16 681 

and GLB1 were saved as individual JPEGs for each sample using the ImageJ (1.53c) 682 

software, these images were then imported to Ilastik (1.1.3post3) were the cell signal 683 

and background were clearly identified as probability maps. These probability maps 684 

were then imported into CellProfiler (4.2.1). Each image was masked to identify cell 685 

signal as primary objects. The 4G8 primary objects were dilated by 10µm to 686 

encompass any high proximity microglia. The Iba1, p16 and GLB1 objects were then 687 

merged, keeping only overlapping objects to identify either p16+, GLB1+ or p16+GLB1+ 688 

positive microglia, the masked cell data was exported as a csv, with quantitative values 689 

for the signal of each IMC channel for each cell. 690 

 691 

Automated IMC image analysis for Cohort-2 692 

For the first IMC experiment (Cohort-1, Fig. 1c-e, S2, S11), the panel included 693 

antibodies listed in Table-3. The SIMPLI[7] pipeline (v. 1.1.0) was used for automated 694 

image processing and analysis for cohort-2 (4 ROI per section taken from 49 different 695 

brain blocks resulting in 194 QC-passed ROIs). This includes image processing 696 

(extraction of single .txt files from each ROI to TIFF images), normalisation and pre-697 

processing using CellProfiler, where threshold smoothing scale, correction factor, 698 

lower and upper bounds, and manual threshold in were adjusted for each channel to 699 

remove background and keep specific signal only. Single-nuclei segmentation was 700 

performed within SIMPLI based on the intercalator (191Ir/193Ir) channel using 701 

StarDist, with the “2D_versatile_fluo” model and a probability threshold of 0.05. Single-702 

nuclei channels intensity was used by SIMPLI for masking all detected nuclei to 703 

identify those expressing at least one of the cell type markers used (Iba1, OLIG2, 704 

MAP2, GFAP, GLUT1). Seurat, included in SIMPLI, was then used for unsupervised 705 

clustering of the identified cells (resolution 0.8). Resulting clusters were assigned to 706 

cell types based on cell type markers expression: 4 GLUT1+ clusters were assigned 707 

to endothelial cells (cluster 0, 11, 13, 14), 2 Iba1+ clusters to microglia (cluster 1, 9), 708 

4 OLIG2+ clusters to oligodendrocytes (cluster 2, 3, 6, 12), 1 GFAP+ cluster to 709 

astrocytes (cluster 7) and 4 MAP2+ clusters to neurons (cluster 4, 5, 8, 10). Cluster 710 



that expressed more than one marker were excluded from downstream analysis 711 

(cluster 10, 12, 14) with the exception of cluster7 which was the only cluster expressing 712 

GFAP. 713 

714 

Calculation of senescent nuclei in IMC for Cohort-2 715 

First, mean senescence marker (GLB1, p16, p21, γ-H2AX) expression was calculated 716 

per ROI and ROIs with the lowest 1% expression were excluded. Cells with the lowest 717 

1% cell marker (Iba1, GFAP, MAP2, OLIG2, GLUT1) expression were removed from 718 

each ROI. The number of cells were then summed up across the ROIs at the sample 719 

level. The final numbers of ROIs per sample ranged between 3-4. Samples with < 3 720 

cells per cluster were removed from subsequent analysis. Proportion of senescent 721 

nuclei per sample was then calculated by taking the ratio of cells co-expressing cell 722 

and senescence markers to cells positive for cell markers only. A Wilcoxon rank-sum 723 

test was performed to compare the differences of senescent nuclei proportion between 724 

AD and NDC across all clusters stratified by brain region and the effect sizes was 725 

calculated by the rank-biserial correlation[37]. The Wilcoxon rank-sum test was 726 

performed by wilcox.test() function, the p-value and the 95% confidence intervals were 727 

calculated by rank_biserial() function from effectsize (v. 0.8.6) package in R.  728 

729 

Single nucleus isolation 730 

Single nucleus isolation was conducted on 49 tissue blocks from (n=24, NDC; n=25, 731 

AD). Two samples were not available for sample preparation. Homologous fresh 732 

frozen brain tissue blocks from the EC, MTG and SSC were cryosectioned at 80um 733 

and 200mg of grey matter was collected in RNAse-free Eppendorf tube, as previously 734 

described [66]. Nuclei were isolated as previously described[66] using a protocol 735 

based on [40]. All steps were carried out on ice or at 4°C. Tissue was homogenised in 736 

buffer (1% Triton X-100, 0.4 U/μl RNAseIn + 0.2 U/μl SUPERaseIn, 1ul 1mg/ml DAPI) 737 

using a 2ml glass douncer. The homogenate was centrifuged at 4°C for 8mins, 500g 738 

and supernatant removed. The pellet then was resuspended in homogenisation buffer 739 

and filtered through a 70um filter followed by density gradient centrifugation at 13,000g 740 

for 40mins. The supernatant was removed and nuclei were washed and filtered in PBS 741 

buffer (PBS + 0.5mg/ml BSA + 0.4 U/μl RNAseIn + 0.2 U/μl SUPERaseIn). Nuclei were 742 

pelleted, washed twice in PBS buffer and resuspended in 1ml PBS buffer. 100ul of 743 

nuclei solution was set aside on ice for single nuclear processing.  744 



Single nucleus processing and sequencing 745 

Isolated nuclei stained with Acridine Orange dye were counted on a LUNA-FL Dual 746 

Fluorescence Cell Counter (Logos Biosystems, L20001). Approximately 7000 nuclei 747 

were used for 10x Genomics Chromium Single Cell 3ʹ processing and library 748 

generation. All steps were conducted according to the 10x Genomics Chromium 749 

Single Cell 3' Reagent Kits v3 User Guide, with 8 cycles of cDNA amplification until 750 

fragmentation, where 25ng of amplified cDNA per sample was taken through for 751 

fragmentation. The final index PCR was conducted at 14 cycles. cDNA and library 752 

prep concentration were measured using Qubit dsDNA HS Assay Kit (ThermoFisher, 753 

Q32851) and DNA and library preparations were assessed using the Bioanalyzer 754 

High-Sensitivity DNA Kit (Agilent, 5067-4627). Pooled samples at equimolar 755 

concentrations were sequenced on an Illumina HiSeq 4000 according to the standard 756 

10X Genomics protocol. 757 

 758 

Pre-processing and quality-control of snRNA sequencing data 759 

Alignment and demultiplexing of raw sequencing data was performed using 10X 760 

Genomics Cell Ranger v3.1, with a pre-mRNA GRCh38 genome reference including 761 

both introns and exons.  Downstream primary analyses of gene-cell matrices were 762 

performed using our scFlow pipeline [38]. Ambient RNA profiling was performed using 763 

emptyDrops with a lower parameter of <100 counts, an alpha cutoff of ≤0.001, and 764 

with 10,000 Monte-Carlo iterations [45].  Cells containing ≥200 total counts or total 765 

expressive features, where expressivity was defined as a minimum of 2 counts in at 766 

least 3 cells, were included. An adaptive threshold was used to exclude nuclei with 767 

more than 4 median absolute deviation (MAD) total counts or total expressive features 768 

within a sample. The maximum proportion of counts mapping to mitochondrial genes 769 

was set to 5%. Doublets were identified using the DoubletFinder algorithm, with a 770 

doublets-per-thousand-cells increment of 8 cells (recommended by 10X Genomics), a 771 

pK value of 0.005, and embeddings were generated using the first ten principal 772 

components calculated from the top 2000 most highly variable genes (HVGs) [50].   773 

 774 

Integration, clustering, and visualization of data 775 

The linked inference of genomic experimental relationships (LIGER) package was 776 

used to calculate integrative factors across samples [77].  LIGER parameters used 777 

included: k: 20, lambda: 5.0, thresh: 0.0001, max_iters: 100, knn_k: 20, min_cells: 2, 778 



quantiles: 50, nstart: 10, resolution: 1, num_genes: 3000, center: false. Two-779 

dimensional embeddings of the LIGER integrated factors were calculated using the 780 

uniform-manifold approximation and projection (UMAP) algorithm with the following 781 

parameters: pca_dims: 30, n_neighbours: 70, init: spectral, metric: euclidean, 782 

n_epochs: 200, learning_rate: 1, min_dist: 0.7, spread: 0.85, set_op_mix_ratio: 1, 783 

local connectivity: 1, repulsion_strength: 1, negative_sample_rate: 5, fast_sgd: false 784 

(McInnes et al., 2018).  The Leiden community detection algorithm was used to detect 785 

clusters of cells from the 2D UMAP (LIGER) embeddings; a resolution parameter of 786 

0.0001 and a k value of 40 was used [70]. 787 

 788 

Assigning cell type labels to snRNAseq cells 789 

Automated cell-typing was performed essentially as previously described using the 790 

Expression Weighted Celltype Enrichment (EWCE) algorithm in scFlow against a 791 

previously generated cell-type data reference from the Allan Human Brain Atlas [38, 792 

65].  The top five marker genes for each automatically annotated cell-type were 793 

determined using Monocle 3 and validated against canonical cell-type markers [71].  794 

 795 

Differential gene expression analysis 796 

We used model-based analysis of single-cell transcriptomics (MAST) to identify genes 797 

differentially expressed (associated) between AD and NDC and with histopathological 798 

features (using 4G8 amyloid), using each feature as a dependent variable in a zero-799 

inflated regression analysis using a mixed-model [20]. Data from both regions was 800 

combined.  Additionally, diagnosis (control, AD) was used as a dependent variable to 801 

identify DGE between experimental groups. Models were fit separately for each cell-802 

type.  The model specification was zlm(~dependent_variable + (1|sample) + 803 

cngeneson + pc_mito + sex + brain_region + age + PMI, method = “glmer”, ebayes = 804 

F). The fixed-effect term cngeneson is the cellular detection rate as previously 805 

described, and pc_mito accounts for the relative proportion of counts mapping to 806 

mitochondrial genes.  Each model was fit with and without the dependent variable and 807 

compared using a likelihood ratio test.  Genes expressed in at least 10% of cells 808 

(minimum of 2 counts per cell) were evaluated for gene expression.  The threshold for 809 

significant differential gene expression was a log2 fold-change of at least 0.25 and an 810 

adjusted p-value < 0.05.     811 

 812 



Impacted pathway analysis 813 

Impacted pathway analysis (IPA) was performed essentially as previously described 814 

using the enrichR packages in scFlow [12, 44]. Statistically significant differentially 815 

expressed genes were submitted for IPA with the over-representation analysis (ORA) 816 

enrichment method against the ‘GO_Biological_Process’ and ‘KEGG’ databases. The 817 

false-discovery rate (FDR) was calculated using the Benjamini-Hochberg method and 818 

filtering was applied at a significance threshold of ≤0.05.   819 

820 

Gene set score visualisation 821 

Dot plot (Fig. 2c) was generated using Seurat DotPlot() function using CSP, SIP and 822 

custom list (Supplementary data S5). Genes expressed in less than 10% of any cell 823 

population were excluded. Gene set or module featureplots were generated by first 824 

calculating aggregated gene set scores using AddModuleScore() function from Seurat 825 

and then plotted using FeaturePlot scCustom() from scCustomize (v. 2.0.1).  826 

827 

Gene set enrichment analyses (GSEA) 828 

Gene sets were collected either from published literature or from publicly available 829 

databases. “canonical senescence pathway”, “senescence initiating pathway” and 830 

“senescence response pathway” was collected from [16]. A custom set of senescence 831 

genes were used in Fig. 2c and S3a. Additional pathways were selected from Gene 832 

Ontology (GO) and KEGG databases using the search terms “senescence”, 833 

“endoplasmic reticulum stress”, “endosome”, “endosomal”, “lysosome”, “lysosomal”, 834 

“mitochondrial” and “oxidative stress”. Pathways with less than 10 genes were 835 

excluded. Pathways that included positive or negative regulation in the description 836 

also were excluded from the resultant term list, yielding 33 biological processes 837 

(Supplementary data S5). We then used AUCell (R package v1.6.1) to quantify the 838 

expression of the gene set signature in each nucleus. Normalised data were 839 

processed in AUCell using the AUCell_build. Rankings function to generate ranking of 840 

each gene. The resulting rankings, along with the gene lists of interest, were then run 841 

by the function AUCell_calcAUC (aucMaxRank set to 5% of the number of input 842 

genes) to generate AUC scores of the gene in each nucleus. We then used the dream 843 

function from variancePartition package in R [31] to compare the expression changes 844 

across the categorical variables or regressed against β-amyloid densities.  We used a 845 

linear mixed-model where individual sample “manifest” were set as the random effect 846 



to avoid the pseudoreplication bias and the following covariates 847 

(total_features_by_counts, pc_mito, sex, brain_region, age and PMI) were set as fixed 848 

effects.  849 

 850 

Quantification of senescent nuclei fraction using gene set score 851 

Gene set scores for the “canonical senescence pathway (CSP)” was calculated per 852 

nucleus as described in the previous section. Cells were considered senescent if the 853 

gene set score was >median + 3 MADs (median absolute deviation).  854 

 855 

Meta-analysis 856 

Publicly available snRNA sequencing data (Supplementary data S8) were 857 

downloaded with appropriate authorization where required. Individual datasets were 858 

processed uniformly with similar parameters using nf-core/scflow as described above. 859 

For meta-analysis, microglial clusters were isolated, “canonical senescence pathway” 860 

gene set scores were calculated per nuclei as described above. Gene set scores were 861 

then averaged across all the nuclei per sample and meta-analysis was performed 862 

using the runMetaAnalysis() function from R package MetaIntegrator (v. 2.1.3). Meta-863 

analysis result was visualised as a forest plot generated from R package forestplot (v. 864 

3.1.1).  865 

 866 

Sub-clustering and annotation 867 

We generated transcriptomically-defined subsets for each of the glial cell type clusters 868 

(astrocytes, microglia and oligodendrocytes). To do this, individual cell type clusters 869 

were first normalized and scaled using Seurat’s NormalizeData and ScaleData 870 

functions respectively. RunPCA function was used to calculate the first 20 PCs using 871 

the top 2000 highly variable genes. Individual samples were re-integrated using 872 

Harmony [39], using Seurat’s RunHarmony() function (group.by.vars = "manifest"). To 873 

produce the final UMAP, we used the following parameters in RunUMAP() (dims = 874 

1:20, n.epochs = 200). To identify clusters, we used first the function FindNeighbors() 875 

(dims = 1:20) and then performed unbiased clustering by using FindClusters() 876 

(resolution = 0.5). To annotate the sub-population of microglia, we used the gene sets 877 

from [47]. 878 

 879 

 880 



Pseudo-time 881 

Pseudo-time analysis was performed to infer the phenotypic transitions happening 882 

between the different sub-population of each glial cell types. Unsupervised single-cell 883 

trajectory analysis was performed with Monocle3, an algorithm that allows to learn the 884 

sequence of gene expression changes each cell must go through as part of a dynamic 885 

biological process. We used SeuratWrappers to convert our Seurat object into a 886 

Monocle object with as.cell_data_set(). We kept the UMAP embeddings previously 887 

calculated with RunUMAP() in order to estimate the phenotypic transitions between 888 

our annotated cell states. We run cluster_cells() and learn_graph() (resolution = 0.001, 889 

use_partition = F, close_loop = F, learn_graph_control = list(rann.k=100, prune_graph 890 

= TRUE, orthogonal_proj_tip = F, minimal_branch_len = 10, ncenter = 300)) to learn 891 

the trajectory. 892 
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Table 1: Antibodies used for Immunohistochemistry.  CB=citrate buffer. EDTA= 1280 

ethylenediaminetetraacetic acid. 1281 

1282 

Antibody Supplier Dilution Antigen 

retrieval 

Staining kit 

-Amyloid

(4G8) 

Biolegend, 

800711 

1:15,000 Steamer, CB 

pH6 

Super Sensitive 

Polymer-HRP 

1283 

1284 

Table 2: Antibodies used for imaging mass cytometry for Cohort-1.  1285 

Antibody Gene name Manufacturer Catalouge Metal-

conjugate 

β-amyloid 

(4G8) 

Biolegend 800702 144 Nd 

Iba1 AIF1 WAKO 019-19741 169 Tm 

GFAP GFAP Abcam ab218309 162 Dy 

MAP2 MAP2 Abcam ab236033 160 Gd 

OLIG2 OLIG2 Abcam ab220796 156 Gd 

GLUT1 SLC2A1 Abcam ab252403 176 Yb 

p16 CDKN2A Abcam ab54210 141 Pr 

GLB1 GLB1 Thermofisher PA5-64417 161 Dy 

DNA 191 Ir 

1286 

1287 

Table 3: Antibodies used for imaging mass cytometry for Cohort-2.  1288 

Antibody Gene name Manufacturer Catalouge Metal-

conjugate 

β-amyloid 

(4G8) 

Biolegend 800702 144 Nd 

Iba1 AIF1 WAKO 019-19741 169 Tm 

GFAP GFAP Abcam ab218309 162 Dy 

MAP2 MAP2 Abcam ab236033 160 Gd 

https://www.biolegend.com/fr-fr/products/purified-anti-beta-amyloid-17-24-antibody-11233
https://labchem-wako.fujifilm.com/us/product/detail/W01W0101-1974.html
https://www.abcam.com/gfap-antibody-epr1034y-bsa-and-azide-free-ab218309.html
https://www.abcam.com/map2-antibody-epr19691-bsa-and-azide-free-ab236033.html
https://www.abcam.com/olig2-antibody-epr2673-bsa-and-azide-free-ab220796.html
https://www.abcam.com/glucose-transporter-glut1-antibody-epr3915-bsa-and-azide-free-ab252403.html?productWallTab=ShowAll
https://www.abcam.com/cdkn2ap16ink4a-antibody-2d9a12-ab54210.html
https://www.thermofisher.com/antibody/product/GLB1-Antibody-Polyclonal/PA5-64417
https://www.biolegend.com/fr-fr/products/purified-anti-beta-amyloid-17-24-antibody-11233
https://labchem-wako.fujifilm.com/us/product/detail/W01W0101-1974.html
https://www.abcam.com/gfap-antibody-epr1034y-bsa-and-azide-free-ab218309.html
https://www.abcam.com/map2-antibody-epr19691-bsa-and-azide-free-ab236033.html


OLIG2 OLIG2 Abcam ab220796 156 Gd 

GLUT1 SLC2A1 Abcam ab252403 176 Yb 

p21 CDKN1A Abcam ab218311 158 Gd 

p16 CDKN2A Abcam ab54210 141 Pr 

GLB1 GLB1 Thermofisher PA5-64417 161 Dy 

yH2Ax H2AX Novus NB100-384 152 Sm 

Ki67 MKI67 Fluidigm 3168022D 168 Er 

DNA 191 Ir 
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1290 

Figure Legends 1291 

Figure 1: Numbers of senescent glial cells are increased in brains of AD compared to 1292 
those from NDC donors. a) Multiplexed imaging mass cytometry (IMC) (scale bar = 50 µm) 1293 
revealed overlapping expression of senescence (GLB1 and p16) and cell type specific 1294 
markers (IBA1; microglia, OLIG2; oligodendrocyte lineage, GFAP; astrocyte) in cohort-1. b) 1295 
Proportions of GLB1+, p16+ and GLB1+p16+ microglia (IBA1+), oligodendrocyte (OLIG2+) and 1296 
astrocyte (GFAP+) were calculated in AD and NDC using cohort-1 IMC data (Wilcoxon rank-1297 
sum test, *p <= 0.05. **p <= 0.01). c) UMAP showing the cellular clusters generated by SIMPLI 1298 
from cohort-2 IMC data. d) Marker mean expression heatmap by clusters. e) Proportion of 1299 
nuclei of all clusters expressing senescence markers in AD and NDC (Wilcoxon rank-sum test, 1300 
p <= 0.1 is reported). 1301 

1302 

 Figure 2: The microglial transcriptome is enriched for senescence gene expression in 1303 
AD. a) Study design showing the three regions from each of the 17 brains from which nuclei 1304 
were isolated to generate snRNAseq data. b) UMAP of seven distinct cell type populations 1305 
characterized from snRNAseq data generated from 49 brain blocks. c) Dot plot showing 1306 
average scaled expression of genes and percentage of cells expressed from the ‘canonical 1307 
senescence pathway (CSP)’, the ‘senescence initiating pathway (SIP)’ [16] and a custom 1308 
senescence set (Supplementary data S5) for each cell type. d) Normalised aggregated 1309 
expression of genes as in (c) projected on UMAP. Color gradient scale showing aggregated 1310 
gene set score in each nuclei. e) Box plot showing scaled mean expression of the CSP genes 1311 
in each cell type (Wilcoxon rank-sum test). f) Percentage of senescent nuclei between AD and 1312 
NDC across all cell types stratified by brain regions (Wilcoxon rank-sum test, *p <= 0.05) 1313 
(Astro, astrocytes; Micro, microglia; Oligo, oligodendrocytes; OPC, Oligodendrocyte 1314 
progenitor cells; Vasc, vascular cells; Exc, excitatory neurons, Inh; Inhibitory neurons).   1315 

1316 

Figure 3:  Senescence-associated genes are differentially expressed in microglia from 1317 
AD and NDC donors. a) Volcano plot showing differentially expressed genes between AD 1318 
and NDC in microglia; senescence genes are annotated in blue. b,c) Barplots showing up- (b) 1319 
and down-regulated (c) gene pathway enrichments in microglia with AD relative to NDC. d) 1320 
Heatmap showing senescence and other relevant gene set enrichments in AD relative to NDC 1321 
(adjusted p, *p<=0.05, **p<=0.01, ***p<=0.001).  1322 

1323 

https://www.abcam.com/olig2-antibody-epr2673-bsa-and-azide-free-ab220796.html
https://www.abcam.com/glucose-transporter-glut1-antibody-epr3915-bsa-and-azide-free-ab252403.html?productWallTab=ShowAll
https://www.abcam.com/p21-antibody-epr362-bsa-and-azide-free-ab218311.html
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https://www.thermofisher.com/antibody/product/GLB1-Antibody-Polyclonal/PA5-64417
https://www.novusbio.com/products/gamma-h2ax-antibody_nb100-384
https://store.standardbio.com/ccrz__ProductDetails?sku=3168022D&cclcl=en_US&_ga=2.214813535.936354247.1651063133-294827680.1644334686


 Figure 4:  Senescence-associated genes are differentially expressed in microglia from 1324 
AD and NDC donors. A) IMC data (cohort-1) were used to quantify the number of cells 1325 
positive for senescence markers GLB1, p16 or both by co-localizing them with the microglia 1326 
specific marker IBA1 and 4G8+ β-amyloid plaque (yellow pixels). i and ii shows two plaque 1327 
regions containing IBA1+ positive cells. IBA1+ microglia within 10 μm of plaques were defined 1328 
as peri-plaque microglia. b) The proportion of peri-plaque microglia expressing senescence 1329 
markers was significantly higher than for non-plaque microglia in AD (Wilcoxon rank-sum test, 1330 
*p<=0.05, **p<=0.01, ***p<=0.001). c) Heatmap showing top 5 differentially expressed genes1331 
by logFC (adjusted p-value 0.05) against β-amyloid loads measured by 4G8+1332 
immunohistochemical staining densities in all cell types in snRNAseq data. d) The gene1333 
expression graph illustrates its correlation with β-amyloid densities. The upper section displays1334 
the log2-normalized expression of each gene in individual nuclei, with median expression1335 
denoted by a black circle. The lower section indicates the percentage of non-zero nuclei in1336 
each sample.1337 

1338 
Figure 5: Sub-populations of microglia differentially express senescence gene 1339 
signatures. a) UMAP dimensionality reduction plot showing microglial sub-populations b) 1340 
Odds-ratio estimates of microglial sub-populations associated with AD (circle; OR estimate 1341 
obtained from MASC[22], bars; 95% CI). c) Differences in relative numbers of each of the 1342 
microglial sub-populations isolated from AD and NDC cortical brain tissue. d) Percentages of 1343 
microglial sub-populations as a function of β-amyloid load (Micro2 Pearson’s R = 0.63, p-value 1344 
= 1.4e-06). e) Boxplot showing normalised mean expression of the CSP gene set in the different 1345 
microglial sub-populations (Wilcoxon rank-sum test). f) Bar plots comparing the proportions of 1346 
senescent nuclei between AD and Control for Micro1-3 (Wilcoxon test, **p-value < 0.01). g) 1347 
Correlations of the proportions of Micro1-3 senescent nuclei with β-amyloid (4G8+) 1348 
immunostained areas in sampled region of each brain (Micro1 Pearson’s R = 0.34, p-value = 1349 
0.021). h) Boxplots showing the scaled mean expression of CSP gene set across microglial 1350 
sub-population grouped by TREM2 genotype (CV, common allele, or the R47H AD risk 1351 
variant).  1352 

1353 

Figure 6: Sub-clustering of oligodendrocytes and astrocytes. Sub-clustering of 1354 
oligodendrocytes (a-b) and astrocytes (c-d) show diverse functional sub-populations. a, c) 1355 
UMAP dimensionality reduction plots describing these sub-populations for oligodendroglia (a) 1356 
and astrocytes (c). b, d) Normalised mean expression of CSP between AD and Control across 1357 
sub-populations of oligodendrocytes (b) and astrocytes (d).  1358 

1359 

Figure 7: Premature senescence of microglia with greater pseudo-time in AD is 1360 
associated with gene signatures for inflammatory activation. a) UMAP plot colored by 1361 
microglial pseudo-time trajectory calculated by Monocle3 [71]. b) Heatmap showing the 1362 
relative enrichment of gene co-expression modules differentially expressed with increasing 1363 
pseudo-time. Module names are colored according to pseudotime progression: Purple, early-1364 
; lilac, mid-; yellow, late-pseudotime c) Significantly enriched pathway of the co-expression 1365 
module genes. Pathway names are colored according to plot (b).  d) Network plot showing 1366 
hub genes for each module (distinguished by colours) with senescence pathway associated 1367 
genes highlighted (black circle).  1368 

1369 
Supplementary figure 1: Representative IMC images showing overlapping expression 1370 
of cell type and senescence markers. Multiplexed imaging mass cytometry (IMC) (scale bar 1371 
= 50 µm) revealed overlapping expression of a) microglia (IBA1), b) oligodendrocyte lineage 1372 
(OLIG2) and c) astrocyte (GFAP) markers with senescence markers (GLB1 and p16). Orange 1373 



arrowheads highlight senescent cells. d) Proportions of GLB1+ endothelial cells (GLUT1+) and 1374 
neurons (MAP2+) were calculated in AD and NDC using IMC. 1375 

1376 
Supplementary figure 2: Cells expressing senescence markers in entorhinal and 1377 
somatosensory cortices detected by IMC. a)  Multiplexed imaging mass cytometry (IMC) 1378 
revealed overlapping expression of DNA damage marker γH2AX and cell type specific 1379 
markers (IBA1; microglia, MAP2; neuron, GFAP; astrocyte). Proportion of nuclei of all clusters 1380 
expressing senescence markers in AD and NDC in b) entorhinal cortex (EC) and c) 1381 
somatosensory cortex (SSC) (Wilcoxon rank-sum test, p <= 0.1 is reported).   1382 

1383 
Supplementary figure 3: All cell clusters are equally represented in both AD and NDC 1384 
groups. a) UMAP showing the cellular clusters generated by SIMPLI from cohort-2 IMC data 1385 
grouped by Control or AD in each brain regions. b) Proportions of all cell clusters identified by 1386 
SIMPLI are equally represented in AD and Control. 1387 

1388 
Supplementary figure 4: Canonical marker gene expression reveals distinct cell types. 1389 
a) UMAP featureplots of canonical cell marker genes for astrocytes (GFAP), microglia1390 
(CSFR1), oligodendrocytes (PLP1), oligodendrocyte precursor cells (PDGFRA), vascular cells1391 
(CLDN5, COL4A1, DCN) and neurons (GAD1, GAD2, CUX2, RORB, SST, PVALB, SV2C,1392 
VIP). b) Percentage of senescent nuclei between AD and NDC across all cell types (Wilcoxon1393 
rank-sum test, Astro, astrocytes; Micro, microglia; Oligo, oligodendrocytes; OPC,1394 
Oligodendrocyte progenitor cells; Vasc, vascular cells; Exc, excitatory neurons, Inh; Inhibitory1395 
neurons).1396 

1397 
Supplementary figure 5: Differential gene and pathway expression between AD and 1398 
NDC cortical brain tissue for nuclei from different cell types. Volcano plot showing 1399 
differentially expressed genes in AD compared to NDC at logFC cut-off 0.25 and adjusted p-1400 
value cut-off 0.05 for a) astrocytes, b) oligodendrocytes, c) OPC, d) excitatory neurons and e) 1401 
inhibitory neuron and f) vascular cells. Orange and blue bar plots are show major gene 1402 
ontologies (GO Biological Processes) for upregulated or downregulated genes, respectively. 1403 

1404 
Supplementary figure 6: Gene set enrichment analysis associated with increasing 4G8+ 1405 
β-amyloid load. a) Heatmap showing z-scores for enrichments in senescence gene sets 1406 
associated with the same measures of β-amyloid pathology load across cell types. b, c) CSP 1407 
gene set score per sample is plotted as a function of b) %4G+ area (β-amyloid) densities and 1408 
c) braak stages. Linear mixed model, adjusted pval is reported.1409 

1410 

Supplementary figure 7: Meta-analysis of senescence-associated gene expression in 1411 
previously published AD snRNAseq datasets. We re-analysed previously published 1412 
datasets [66]) to explore senescence-associated gene expression upregulated in a) astrocytes 1413 
or b) microglia with increasing %4G8+ (β-amyloid) load. c) Forest plot showing the meta 1414 
log2FC (orange diamond), meta p-value and log2FC effect sizes (red square) along with 95% 1415 
CI (error bars) of “canonical senescence pathway” gene set expression between AD and NDC 1416 
samples in individual datasets calculated from the meta-analysis of 14 previously published 1417 
AD snRNAseq datasets. d) Contrast of the mean CSP gene set scores as a function of age 1418 
for AD and NDC samples. Linear plateau modelling, pval is reported. 1419 

1420 



Supplementary figure 8: Gene Ontology (GO) pathway enrichment in genes up- and 1421 
down-regulated with greater 4G8+ β-amyloid areas in tissue sections paired to those for 1422 
snRNAseq. Top significantly enriched pathways from regression of gene expression against 1423 
%4G8+(β-amyloid) area for a) upregulated and b) downregulated genes from each cell type. 1424 
Pathways were considered significant at 0.05 FDR.  1425 
 1426 
Supplementary figure 9: Senescence-associated gene signatures were differentially 1427 
expressed for different microglia sub-types. a) Heatmap showing the top 5 marker genes 1428 
distinguishing microglial sub-types. b) Mean expression of marker gene sets [47] 1429 
distinguishing microglial sub-populations. c) Enrichment of marker gene sets from [23] in the 1430 
markers detected in microglial sub-populations in this study. d, e) UMAP color-scaled 1431 
featureplots showing total numbers of genes expressed (d) and the percentages of 1432 
mitochondrial genes (e) in microglia nuclei highlighting that increased relative proportions of 1433 
senescence genes are expressed in nuclei expressing lower mitochondrial gene numbers. f, 1434 
g) Percentages of senescent nuclei in AD and NDC (f) and as a function of 4G8+ β-amyloid 1435 
load (g) for the major microglial sub-types stratified by brain region. h, i) Boxplots showing the 1436 
scaled mean expression of canonical senescence gene set across microglial sub-population 1437 
grouped by h) CD33 variants and i) APOE variants. 1438 
 1439 
Supplementary figure 10: Oligodendrocyte and astrocyte subcluster characterisation. 1440 
a) Heatmap showing the top 5 marker genes distinguishing oligodendrocytes subpopulations. 1441 
b) Dotplot showing enrichment of external marker genes [33, 48] for oligodendrocyte sub-1442 
clusters across the sub-population identified in this study. c) Heatmap showing the top 5 1443 
marker genes distinguishing astrocyte subpopulations. 1444 

 1445 
Supplementary figure 11: Microglial sub-population changes as a function of age. a, b) 1446 
Percentages of nuclei for microglial sub-populations as a function of donor age at death in this 1447 
study cohort-2 (a) and in the integrated data used for the meta-analysis (b). 1448 

 1449 

Supplementary figure 12: Microglia trajectory module featureplots. a) Module 1450 
featureplots showing the expression of gene modules derived from microglial trajectory 1451 
analyses. b) Module-5 gene set expression as a function of %4G8+ densities. 1452 
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