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.« Abstract

17 Astrocytes play a pivotal role in central nervous system homeostasis and neuroinflammation.
18 Despite advancements in single-cell analyses, the heterogeneity of reactive astrocytes in

19 neurodegenerative diseases, particularly across species, remains understudied. Here, we

20 present an integrated atlas of 187,000 astrocytes from mouse models of Alzheimer's (AD) and
21 multiple sclerosis (MS) alongside 438,000 astrocytes from AD, MS, and Parkinson's (PD)

22 patients. Our analysis identified four distinct mouse astrocyte clusters, including two

23 disease-associated astrocyte (DAA) clusters, DAA1 and DAA2. DAA1 displayed reactivity

24 resembling responses to acute stimuli, including endotoxemia, while DAA2 expressed

25 well-known AD risk genes. In an AD model, DAA1 and DAA2 exhibited distinct spatial

26 relationships to amyloid plaques. In humans, we identified eight distinct astrocyte clusters,

27 encompassing homeostatic and disease-associated subtypes. Cross-species analysis linked
28 disease-associated clusters while also highlighting divergent expression in others. Our astrocyte
29 atlas is available through a user-friendly, searchable website:

30 http://research-pub.gene.com/AstroAtlas/.
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31

52 Introduction

33 Astrocytes are one of the most abundant cell types in the brain and play critical roles in

34 maintaining neuronal and synaptic homeostasis. They can become reactive in response to

35 insults or cues they receive from their environment, such as during ischemic stroke'?, after

36 cytokine release from neighboring cell populations®, or in response to neuropathologies in

37 neurodegenerative disease*®. Prominent features of reactive astrocytes include cellular

38 hypertrophy and upregulation of proteins, such as GFAP, although these features alone are

39 insufficient to define astrocyte reactivity’=°.

40

41 Reactive astrocytes can mediate both protective and toxic responses to nervous system injury.
42 For example, reactive astrocytes form glial scars that serve neuroprotective functions and

43 promote recovery from damage'. In contrast, reactive astrocytes can also elicit neurotoxic

44 effects by releasing toxic factors such as saturated lipids, causing damage to neurons and

45 oligodendrocytes®'®'". Astrocytes can also lose homeostatic functions, such as when their ability
46 to clear excess glutamate is decreased, resulting in excitotoxicity'?. The various functional

47 changes observed in reactive astrocytes indicate complex alterations in their transcriptional

48 profiles in response to environmental stimuli that are crucial to understand to decipher the roles
49 of astrocytes in health and disease. Early studies designed to characterize reactive astrocytes
50 using bulk transcriptomic analyses described two states induced by acute traumatic insults in
51 models of ischemic stroke and endotoxemia®. However, more recent single-cell RNA

52 sequencing studies in mouse models of chronic neurodegeneration have revealed complex

53 gene expression profiles within the broad population of reactive astrocytes®'*'8. Although these
54 recent analyses highlighted transcriptional profiles of reactive astrocytes, a more detailed

55 description of the heterogeneity of reactive astrocytes across chronic neurodegenerative

56 diseases, including Alzheimer’s Disease (AD) and Multiple Sclerosis (MS), is lacking.

57 Additionally, while integrative analyses of microglia and oligodendrocytes have successfully

58 identified distinct subpopulations of disease-associated cells'®%, a similar comprehensive

59 analysis has not been conducted for astrocytes, limiting our understanding of astrocyte

60 populations that may be relevant to disease.

61

62 The recent explosive increase of single-cell and single-nuclei RNA sequencing datasets from
63 human patient brains and rodent models provides an opportunity to leverage these data to

64 perform a broad and detailed characterization of astrocytes, providing a better understanding of
65 the diversity and complexity of their transcriptional programs. Therefore, we conducted an

66 integrative meta-analysis using mouse models of AD and MS and human patient astrocytes

67 from AD, MS, and Parkinson’s Disease (PD) samples. Our analysis included 187,000 mouse
68 astrocytes from 181 samples derived from 6 different AD and 3 MS models. Additionally, we

69 analyzed 438,000 human astrocytes from 6 AD, 4 MS, and 3 PD studies. Importantly, we

70 computationally removed ambient RNA from all data sets before integration to more accurately
71 characterize astrocytes and to help identify underrepresented cell states®*-?%, Our integrated
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72 mouse analysis revealed two distinct disease-associated populations of astrocytes found within
73 both AD and MS models. Comparison to previously generated data sets and additional data

74 generated for this study suggests that these distinct populations correspond to 1) a reactive

75 state that is also found in acute disease models (e.g. endotoxemia) and 2) a reactive state that
76 is more unique to neurodegeneration models. Importantly, we show that these two populations
77 have distinct spatial distribution patterns relative to disease pathology in an AD model. Our

78 integrated human analysis identified previously uncharacterized and distinct disease-relevant
79 clusters in MS and AD patients. We performed a cross-species analysis and identified those
80 mouse disease-associated clusters that best correspond to human disease-relevant clusters,
81 which can provide insight into the relevance of different models for modeling disease biology
82 and developing therapeutics. Together, our data provide a comprehensive description of

83 astrocytes across both mouse models and human neurodegenerative disease tissue samples,
84 providing unprecedented resolution of the transcriptional landscape of astrocytes in

85 neurodegenerative disease.

86

s Results

ss Development of an integrated single-cell atlas of astrocytes in
89 neurodegenerative disease

90 To develop an integrated single-cell atlas, we collected a broad set of publicly available MS and
91 AD mouse models and human AD, MS, and PD patient astrocyte data (Figure 1A and Table 1
92 &_2). Prior to integration, we applied rigorous pre-processing steps to each data set (Figure 1A
93 and Methods). In particular, our workflow aligns all reads to the same genome, calls cells using
94 CellRanger, removes ambient RNA contamination using CellBender?, filters doublets using
95 scDbIFinder?®, and annotates coarse cell types using label transfer from the same reference
96 dataset™®. Likely non-astrocytic cells were identified by scoring cells in the initial integrated
97 space using previously established brain cell type-specific markers (see Methods), and
98 high-scoring clusters were removed. Our approach generated a comprehensive compendium of
99 high-quality astrocytes from disease and normal tissue from both mouse and human samples.
100
101 Our initial analysis focused on mouse astrocytes. We integrated data from astrocytes isolated
102 from different AD and MS mouse models and their respective controls, including data from 12
103 publicly available datasets comprising 181 samples and 205,000 astrocytes. After rigorous QC,
104 we included 187,000 astrocytes in our integrative analysis (Table 1). Among the AD models, our
105 integrated data set contains amyloidosis-only models (PS2APP mice®'*2, 5xFAD mice333*),
106 tauopathy models (TauP301S*® and TauP301L3¢*"), and TauPS2APP animals with both amyloid
107 and tau pathology®***"*8, Among the MS models, we included astrocytes from mice that
108 underwent cuprizone- or lysolecithin-induced demyelination as well as astrocytes from mice with
109 experimental autoimmune encephalitis (EAE) induced by injecting MOG;5_55>°*°. Datasets from
110 AD models were generated from either the hippocampus or cortex, datasets from demyelination
111 models were generated from the corpus callosum, and datasets from the EAE model were
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112 generated from the whole brain. The number of astrocytes isolated per sample varied by study

113 (Table 1).

114

115 Differential expression across disease models highlights common and
116 distinct features of astrocytes in AD and MS models

117 As our integrated atlas of mouse astrocytes reflects responses to a wide range of pathologies
118 from distinct pre-clinical models, we first asked if astrocytes from AD or MS models shared

119 common and/or distinct gene expression changes. For this, we performed a pseudobulk

120 analysis comparing astrocytes from disease models with astrocytes from their respective

121 matched controls. To identify robust gene expression changes consistent across multiple

122 datasets, we employed a meta-analysis approach*'. This analysis highlighted significant and
123 robust alterations in gene expression related to astrocyte reactivity in both the AD and MS

124 models. For example, marked increases in the expression of C4b, Serpina3n, Gfap, and Vim
125 (Figure 1B; Supplemental Table 1) were observed across both AD and MS models. We also
126 used each model's ranked differentially expressed genes (DEGs) to conduct gene set

127 enrichment analysis (GSEA; see Methods). GSEA of data from both the MS and AD models
128 indicated a pronounced enrichment of immune regulatory responses, including responses to
129 interferon/bacterium and regulation of cytokine production (Figure 1C; Supplemental Table 1).
130 These results suggest that astrocytes from the AD and MS models potentially share a core

131 transcriptional response between the distinct disease states involved in immune regulatory

132 functions. Astrocytes are crucial for responding to neuroinflammatory signals and maintaining
133 neuronal health, and this may necessitate a conserved response mechanism across different
134 neurodegenerative conditions. In contrast to the analysis of the upregulated genes, the

135 pathways revealed by the downregulated genes from AD or MS models were quite distinct,

136 which may reflect different aspects of astrocyte function between disease models. The top

137 pathways downregulated in AD models were mitochondrial respiratory chain complex,

138 heterochromatin organization, and negative regulation of gene expression. The downregulation
139 of these pathways suggests impaired energy production, which could compromise the astrocytic
140 support of neurons and exacerbate reactive and neuroinflammatory responses. The top

141 pathways downregulated in MS models were related to cilium assembly and organization.

142 Astrocyte cilia are involved in regulating astrocyte morphology and neurodevelopment*? and
143 inflammatory responses, and disruption in their assembly could exacerbate the inflammatory
144 environment or hinder the repair and maintenance of tissue, contributing to the

145 inflammatory-induced neurodegeneration seen in MS*,

146 Integration of astrocytes from mouse models identifies 4 distinct astrocyte
147 gene programs, including two disease-associated clusters

148 To characterize astrocytes at the level of single-cell gene expression, we used Canonical

149 Correlation Analysis* to integrate all of the mouse datasets and identify shared transcriptional
150 profiles of astrocytes. Astrocytes were clustered using an iterative approach, ensuring that each
151 cluster had at least 5 unique marker genes compared to other astrocyte clusters (see Methods).
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152 This approach yielded an integrated space containing four high-quality subpopulations of

153 astrocytes with an even distribution of cells from each study (Figure 2 A-C), providing

154 confidence in our integration approach.

155

156 Of the 4 clusters identified, one cluster contained the largest proportion of cells. We termed this
157 cluster “Homeostatic” as it included a higher proportion of cells from samples of non-transgenic
158 and control conditions (Figure 2D). We termed the smallest cluster “Synapse-Related” as

159 astrocytes in this cluster had marker genes related to synapse function, such as DIg2 and Nrxn3
160 (Figure 2E). Astrocytes in this synapse-related cluster were not differentially abundant between
161 disease and matched control samples (Figure 2D), and recent literature also identified a similar
162 cluster of astrocytes expressing synaptic genes “>*. Interestingly, both of the remaining two

163 clusters were differentially abundant between disease samples and matched controls, and as
164 such, were termed “Disease-Associated Astrocyte Type 17 (DAA1) and “Disease-Associated
165 Astrocyte Type 2” (DAA2) (Figure 2D). Marker genes for the DAA1 cluster included canonical
166 reactive astrocyte markers such as Gfap and /d3 (Figure 2E; Supplemental Table 2). Of note,
167 marker genes for the DAA2 cluster included the AD risk-associated genes Apoe and Clu

168 (Figure 2E), which may suggest that this subpopulation of astrocytes may be critical for

169 understanding the effects of these genes during neurodegeneration. Using ranked DEGs

170 comparing each cluster to the other astrocytes, we performed GSEA analysis on KEGG and GO
171 Biological Process pathways (Figure 2F). The Homeostatic and Synapse-related clusters had
172 increased expression of genes associated with pathways, including cell adhesion and synaptic
173 transmission. The enrichment of these pathways was primarily driven by increased expression
174 of neurotrophic adhesion molecule genes such as Mdga2, Grid2, and Nrxn1 in the Homeostatic
175 cluster and Nrg3, DIg2, and Ptprd expression in the Synapse-related cluster. The pathways

176 enriched in the DAA1 cluster included gliogenesis and the complement cascade, influenced by
177 C4b, F3, and Serpine2. In contrast, pathways enriched in the DAA2 cluster were associated
178 with cell communication, driven by Apoe, Dbi, and Clu.

179

180 Next, we performed differential expression analysis between DAA1 and DAA2 to understand
181 their transcriptional programs. Our analysis highlighted significant differences in gene

182 expression (Figure 3A), suggesting distinct reactivity states (398 genes up-regulated in DAA1;
183 280 genes up-regulated in DAA2). GO enrichment analysis between DAA1 and DAA2 revealed
184 that DAA1 is enriched in annotations for cell junction and adhesion, while DAA2 shows

185 enrichment in translation related pathways and aerobic respiration (Figure 3D).

186

187 To further explore these differences, we compared each cluster to the Homeostatic cluster

188 (Figure 3B & C). Compared to the Homeostatic population, pathways upregulated in DAA1

189 were related to cytokine and immune responses and translation at the synapse (Figure 3D).
190 Similarly, comparing DAA2 to homeostatic astrocytes highlighted pathways related to immune
191 response. However, the DAA2 versus Homeostatic comparison also highlighted the

192 upregulation of pathways associated with the mitochondrial electron transport chain, which

193 could reflect cellular respiration alterations seen in AD*” and MS*®.

194
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195 Mouse DAA1 signatures resemble signatures derived from astrocytes after
196 acute LPS stimulation

197 Next, we compared DAA1 and DAAZ2 populations to reactive astrocytes from acute LPS

198 treatment. For this purpose, we injected mice intraperitoneally with LPS or saline and collected
199 brains 48 hours later for single-cell RNA sequencing analysis of the hippocampus. We

200 processed and subsetted astrocytes using the same protocol as our integrated map, yielding
201 five distinct clusters, including Cluster 4, which increased after LPS treatment (Figure 3E & F).
202

203 We performed two analyses comparing astrocytes from LPS-treated mice to our atlas from

204 disease models. The first involved differential expression analysis between LPS-treated and
205 PBS-treated astrocytes, identifying the set of upregulated genes in response to LPS treatment
206 (Supplemental Figure 3A). We then calculated the average expression of this set of 75

207 LPS-induced genes for each astrocyte in our neurodegeneration atlas, and strikingly, the

208 astrocytes in our atlas that scored highest were those within the DAA1 cluster (Figure 3G).

209 Similarly, the set of upregulated DEGs from a previous bulk LPS study or another acute model
210 of inflammation, the middle cerebral artery occlusion (MCAQO) model of acute ischemic stroke'*,
211 also predominantly mapped onto cells within the DAA1 cluster (Supplemental Figure 3B). For
212 the second analysis, we compared cluster identities from the two datasets by projecting cells
213 from our single-cell LPS dataset into the PCA space of our integrated atlas (see Methods). We
214 scored similarity between the nearest neighbors and visualized prediction scores using a

215 Sankey plot (Figure 3H). This analysis highlights that cells from the LPS Cluster 1

216 predominantly map to the Homeostatic cluster, while cells from the LPS-enriched cluster 4

217 predominantly map to the DAA1 cluster.

218

219 Together, these data indicate that DAA1 astrocytes most closely resemble acutely stimulated
220 astrocytes. While there are many differences between responses to LPS, amyloid, tau,

221 demyelination, and EAE, one interpretation of our analysis is that some reactive astrocytes in
222 chronic disease models may exhibit transcriptional signatures similar to acute inflammatory
223 responses like those to LPS or MCAO (DAA1), while other reactive astrocytes (DAA2) may
224 arise from a distinct, more chronic inflammatory brain environment seen in models of AD and
225 MS.

226 Mouse DAA1 and DAAZ2 astrocytes exhibit distinct spatial distribution
227 relative to amyloid plaques

228 Next, we wanted to characterize the spatial distribution of DAA1 and DAA2 populations in the
229 context of disease pathology. We used TauPS2APP mice for this analysis and performed in-situ
230 hybridization using multiplexed RNAscope and antibody staining to identify astrocyte subtypes
231 and amyloid pathology®®. The markers we used included DAPI to identify nuclei, 6E70 antibody
232 staining to identify amyloid plaques, S/lc7a3 RNA as a pan-astrocyte marker®!, and the

233 combination of Apoe and Igfbp5 RNA to discriminate between DAA1, DAA2, or other astrocytes
234 (Figure 4A, B). In particular, among Slc1a3 expressing cells, DAA1 cells were identified by high
235 Igfbp5 and moderate Apoe expression, and DAA2 cells were identified by low Igfbp5 and higher
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236 Apoe expression (see Methods; Figure 4A, B and Supplemental Figure 3C). Using this

237 approach, we observed a significant enrichment in the expression of DAA marker genes, and
238 the proportion of DAA populations counted in TauPS2APP animals compared to non-transgenic
239 controls (Supplemental Figure 3C).

240

241 Next, using this approach, we examined the spatial distribution of DAA1, DAA2, or non-DAA
242 astrocytes by quantifying the proportion of each astrocyte subtype relative to the distance to
243 amyloid plaques. Strikingly, our analysis revealed distinct spatial distributions of DAA1 and

244 DAA2 astrocytes. DAA1 astrocytes were significantly higher in abundance compared to DAA2
245 astrocytes in the regions closest to amyloid plaques, and the proportion of DAA1 astrocytes

246 decreased progressively with increasing distance from the plaques (Figure 4C). In contrast,
247 DAAZ2 astrocytes were relatively lower in abundance near amyloid plaques, and their proportion
248 progressively increased as the distance from the plaques increased (Figure 4C). This spatial
249 distribution of DAA1 astrocytes, which we found are more transcriptionally similar to acutely

250 reactive astrocyte populations, suggests that DAA1 astrocytes could be responding to direct
251 stimulation by the environment immediately adjacent to plaques. Conversely, DAA2 astrocytes
252 could reflect a chronic reactive state less dependent on ongoing stimulation by plaque-related
253 pathological processes.

254 Development of an integrated map of astrocytes from human
255 single-nucleus data from AD, MS, and PD patients

256 To study the heterogeneity of human astrocytes in health and disease, we integrated astrocyte
257 expression profiles from 13 human single-nucleus RNA-seq studies spanning three

258 neurodegenerative diseases (AD, MS, PD) (Table 2). Raw sequencing reads were obtained for
259 each study and processed using the same pipeline as the mouse data, encompassing 995,000
260 astrocytes. We used a human reference dataset® to annotate coarse cell types (see Methods).
261 After rigorous QC, our integrated human atlas included a final total of 438,000 astrocytes. The
262 high degree of dropout we observed resulted from removing clusters that scored high for

263 markers of other brain cell types. This approach increases confidence that our dataset was

264 highly enriched for astrocytes.

265

266 The AD studies included Prefrontal Cortex (60 donors), Entorhinal Cortex (12 donors), Occipital
267 Cortex (18 donors), and Middle Temporal Gyrus (84 donors). The MS studies included cells

268 from lesioned and non-lesioned areas of the nervous system (29 donors) and Cortical

269 gray-white matter (80 donors). Lastly, the PD studies came primarily from Midbrain (11 donors)
270 and Substania Nigra (37 donors). Metadata for each study, including the number of donors,

271 brain region, and cell numbers, can be found in Table 2.

272

273 Using Harmony (see Methods), we generated an integrated space of human astrocytes (Figure
274 5A)%*%6, Astrocytes were clustered using an iterative approach similar to that described in the
275 mouse section above. Final clustering resulted in 8 distinct clusters with minimal study-driven
276 batch effects, as evidenced by the presence of cells from each study within each cluster, and
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277 the contribution of samples from each study to each cluster (Figure 5A-C, Supplemental
278 Figure 4) (Methods).
279

280 Diverse astrocyte populations are detected in the integrated space

281 Human astrocytes have been described as divergent from their rodent counterparts, especially
282 in specialized functions and morphology. Recent studies have shown that despite the general
283 conservation of cellular architecture, there are extensive differences between homologous

284 human and mouse cell types, including alterations in proportions, laminar distributions, gene
285 expression, and morphology®’. These species-specific features emphasize the importance of
286 directly studying human brain samples.

287

288 Our human integrative analyses uncovered a broader diversity of astrocyte subtypes and

289 populations than our mouse integration. In agreement with previous studies, based on marker
290 gene expression we detected presumptive interlaminar astrocytes (with elevated ID3 and

291 DPP10 ), protoplasmic astrocytes (lacking TNC, GFAP, and DPP10 with elevated SLC1A2/3),
292 and fibrous astrocytes (expressing high GFAP and TNC) (Figure 5A, 5D, Supplemental Figure
293 4A&B) % In our atlas, we detected eight clusters, which we named for distinguishing marker
294 gene expression. This included a fibrous astrocyte cluster that expressed NEAT1, which is

295 linked to heightened astrocyte reactivity °® (NEAT1-hi fibrous). Additionally, a separate GFAP-hi
296 cluster, a well-characterized marker of astrocyte identity and activation, presented increased
297 expression of ID3 and DPP10, suggesting a blend of fibrous and interlaminar characteristics

298 (GFAP-hi Fib/Interlam). We also detected a population of interlaminar astrocytes with high levels
299 of ADGRV1 (ADGRV1-hi Interlaminar). Four populations of protoplasmic astrocytes were also
300 detected. This included SLC1A2-hi and NRXN1-hi clusters, which also expressed high levels of
301 RORA. RORA has been shown to have a neurosupportive role in astrocytes, directly

302 transactivating the IL-6 gene. This direct control is necessary to maintain basal IL-6 levels in the
303 brain®. We also identified an APOE-hi cluster of protoplasmic astrocytes that expressed high
304 levels of APOE and CLU, well-established AD risk genes. Interestingly, a recent study showed
305 that the CLU AD risk allele leads to increased CLU expression and enhanced inflammatory

306 signaling in iPSC-derived astrocytes™. The fourth protoplasmic cluster we identified, DST-hi,
307 expressed high levels of DST and SAMDA4A, two genes shown to play a role in reactive

308 astrocytes’™""®. Lastly, we discovered a primate-specific BCYRN1-expressing cluster, reflecting
309 the absence of this cluster in mice. While the BCYRN1 gene has been studied heavily in cancer,
310 very little is known of its role in astrocytes. Combined, our integrative analysis identified

311 transcriptionally diverse astrocyte populations, highlighting their varying functions in healthy and
312 diseased brains.

313 Astrocytes display disease-associated activation signatures

314 To characterize global gene expression changes in astrocytes in response to AD, MS, or PD
315 pathology, we performed differential expression analyses using a similar meta-analysis

316 approach as used for the mouse model analysis above (see Methods). We identified 577, 297,
317 and 356 DEGs in AD, MS, and PD, respectively (Figure 6 A-C). The upregulated genes were,
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318 on average, largely replicated across datasets for each respective disease, pointing to the

319 reproducibility of the activation signature across studies (Figure 6 A-C).

320

321 Transcriptional changes between cases and controls across each disease were largely distinct,
322 with only 29 genes upregulated in all three diseases (Supplemental Figure 4). One example of
323 such an upregulated gene is CP, which is largely produced by astrocytes in the brain and affects
324 learning and memory in mice’. Another example, SLC5A3, was recently reported to be

325 upregulated in mouse astrocytes following stroke’, potentially pointing to a basic activation

326 profile for a subset of astrocytes reacting to diverse brain insults.

327

328 The transcriptional changes observed in AD were more closely correlated with those observed
329 in PD (as opposed to MS; r=0.31 vs.0.02, respectively) (Supplemental Figure 4D). Additionally,
330 genes consistently upregulated across AD and PD included collagens (COL27A1 and COL8A1),
331 proteins within the ubiquitination pathways (FBXO2 and FBX032), and metallothioneins (MT1F
332 and MT1G) as well as ST00A6, SPARC, SLC38A2, and others (Supplemental Figure 4D). The
333 shared transcriptional changes between AD and MS were less numerous; however, some

334 genes, like C3, were upregulated in both diseases’. PD and MS also shared some

335 transcriptional changes not seen in AD, including upregulation of SLC9B2 and ribosomal genes
336 (RPL32 and RPL39).

337

338 Although the gene-by-gene overlaps between diseases were minimal, a more sensitive

339 approach using GSEA found that similar transcriptional programs were shared across diseases.
340 For example, GSEA analysis of AD-associated genes identified an upregulation of pathways

341 related to regulation of transmembrane ion transport and response to wounding (Figure 6D,

342 Supplemental Table 3); MS-associated genes were also enriched in ion transport pathways

343 (Figure 6D); PD-associated pathways were strongly enriched in protein folding and translation
344 pathways, amongst others (Figure 6D, Supplemental Table 3). A comparative analysis of the
345 enriched pathways highlighted some shared pathways between diseases. For example, AD and
346 MS-associated genes were enriched in regulation of transmembrane transport (Figure 6D,

347 Supplemental Table 3).

348

349 Next, we performed cluster abundance analyses to identify astrocyte sub-populations over- or
350 under-represented across disease conditions (Figure 6E). We identified three clusters that were
351 differentially abundant in AD, two that were depleted in AD, and one that was enriched. The two
352 clusters depleted in AD samples were ADGRV-hi interlaminar astrocytes (p < 0.01) and

353 SLC1A2-hi protoplasmic astrocytes (p = 0.003), suggesting these clusters might represent

354 homeostatic astrocytes. The depletion of the SLC1A2-hi cluster was detectable across most

355 studies, while the depletion of the ADGRV-hi cluster was driven by a subset of studies (SEA-AD,
356 Cain, and Smith) (Supplemental Figure 4A). The single enriched cluster we identified was the
357 DST-hi protoplasmic astrocytes (p < 0.01), suggesting these might represent a reactive

358 AD-associated cluster. The expansion here was also driven by just a subset of studies (SEA-AD
359 and Morabito) (Supplemental Figure 4A).

360
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361 Similar to AD, in MS, ADGRV-hi interlaminar astrocytes and SLC1A2-hi protoplasmic astrocytes
362 were also significantly depleted (p < 0.001, p <0.001, respectively), supporting the interpretation
363 of these clusters as homeostatic astrocytes. In addition, the NRXN1-hi cluster was also

364 significantly depleted (p = 0.05) in MS. The depletion of SLC1A2-hi and NRXN1-hi clusters was
365 relatively consistent across MS studies, while the depletion of ADGRV-hi was driven by a subset
366 of MS studies (Bryois and Jakel, Figure 6E). At the same time, Neat1-hi fibrous-like astrocytes
367 were expanded in MS (p = 0.02), suggesting that this cluster might represent an MS-reactive
368 astrocyte population.

369

370 We did not identify any clusters significantly differentially abundant in PD, although we did note
371 that expansion of NEAT-1 was trending towards significance (p = 0.07) (Figure 6E). The lack of
372 significant changes in abundance in PD samples could be related to lower power resulting from
373 fewer studies and samples than for AD or MS

374

375 Taken together, we identified robust pseudobulk transcriptional changes in astrocytes

376 associated with neurodegeneration in AD, MS, or PD that were replicated across studies.

377 Cluster abundance analysis highlighted putative disease-associated (NEAT 1-hi and DST-hi) and
378 homeostatic (ADGRV1-hi, NRXN1-hi, and SLC1A2-hi) astrocyte populations and substantial

379 variability across studies.

ss0 Expression of AD-associated genes is enhanced within the GFAP-hi
381 astrocyte population

382
383 Given the complex changes occurring at both pseudobulk and cluster abundance levels, we
384 wanted to investigate whether disease-specific DEGs were preferentially expressed in any of
385 the astrocyte subtypes we identified. Interestingly, AD DEGs showed the most distinct

386 expression pattern and were enriched in GFAP-hi astrocytes (Figure 7A-B; Supplemental

387 Figure 4C). To further investigate this population, we subclustered these GFAP-hi astrocytes,
388 which resulted in four additional subpopulations (Figure 7C). We discovered both fibrous-like
389 (NEAT1"/TNC" SubCluster 2) and interlaminar (DPP10" SubCluster 4) within the GFAP-hi

390 cluster as well as two additional subpopulations (CTNND2" astrocytes, SubCluster 3 and

391 HSP90AA 1" astrocytes, SubCluster 1) (Figure 7C, Supplemental Figure 5A). Interestingly,
392 Subcluster 1 was trending towards expansion in AD (p = 0.054), with most studies showing a
393 moderate to considerable increase in this population in AD. While Subcluster1 was not

394 differentially abundant between disease and normal states, the transcriptional program in this
395 subset of GFAP-hi astrocytes may reflect disease-specific activation states. Also of note,

396 subcluster 4 (DPP10-hi) exhibited significant enrichment for pathways related to cilia assembly
397 and organization (Supplemental Figure 5B). This subcluster also had elevated expression of
398 FOXJ1 and SPAG17, both key markers associated with ciliary structure and function. These
399 findings align with a recent study identifying SPAG17+ ciliated astrocytes in MS lesion

400 contexts*®. Within our study, the prominence of these markers in subcluster 4 suggests a

401 specialized function for these astrocytes in cilia-associated pathways, potentially contributing to
402 cellular signaling and environmental modulation in neurological conditions.
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403

404 Transcriptional programs induced in human disease are partly
405 recapitulated by mouse models of disease

406 To determine how our clustering and integration in mice and humans compare, we first wanted
407 to compare global differential gene expression changes across species and by disease. To this
408 end, we examined the concordance of gene expression changes in human disease and mouse
409 models of AD (Figure 8A & B) and MS (Figure 8C & D). The comparison of significantly

410 upregulated astrocyte genes in AD or MS mouse models vs patients revealed a large distinction
411 between the species, with only 35 genes in common in AD and 4 in MS. Interestingly, one of the
412 genes most strongly induced in both mouse and human AD samples is C3, a central component
413 of the complement signaling pathway that mediates synapse loss and neurodegeneration in

414 mouse models of AD """8, Furthermore, we observed a shared upregulation of other genes likely
415 to be involved in microglia communication and astrocyte activation (CX3CL1, C1QL1)%®,

416 neuroprotection and repair (CP, STPR3)%?#®, and genes linked to astrocyte-induced

417 inflammation (ITGA5, IGFBP5)*-%. In MS, although fewer genes had consistent differential

418 expression patterns between species, we identified differential expression of canonical reactive
419 astrocyte genes related to a pro-inflammatory state (TMSB4X, VIM)'*°. The fact that we

420 identified fewer similarities between mouse models of MS and human disease may suggest that
421 mouse models of MS included in this atlas incompletely model the full spectrum of human

422 astrocyte disease responses.

423

424 To further characterize the distinct and shared responses across species, we conducted GO

425 enrichment analyses on the shared and distinct genes in AD and MS (Figures 8B & D). In AD,
426 the shared genes pointed primarily to extracellular organization, highlighting the likely

427 morphological response commonly seen in astrocytes in both humans and mice in response to
428 neuropathologies. A notable species-specific divergence was observed; mouse astrocytes

429 showed an interferon response, while human astrocytes predominantly upregulated genes

430 associated with synaptic organization (Figure 8B). In the case of MS, the lack of sufficient

431 shared upregulated genes precluded a robust enrichment analysis. Nevertheless, the distinct
432 pathways revealed similarities to AD; mouse astrocytes showed a pronounced immune and

433 inflammatory response, while human astrocytes upregulated synapse signaling-related genes
434 (Figure 8D). These findings highlight the critical role of astrocytes in neuroinflammation and

435 synaptic regulation and suggest that these cells may play different roles in human disease vs
436 mouse models. At the same time, within species, global gene expression changes seen in

437 astrocytes across diseases are actually highly conserved.

438 Cross-species comparison of astrocyte clusters reveals correlated
439 subpopulations

440 To evaluate the conservation of astrocyte clusters between mice and humans, we leveraged
441 MetaNeighbor to assess cell-type replicability across our integrated dataset ®. This approach
442 has been used previously for inter-species comparisons®®. We quantified transcriptional
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443 similarities by using the mean area under the receiver operator characteristic (AUROC) scores,
444 enabling us to use hierarchical clustering to sort clusters with similar AUROC scores (Figure
445 8E). High AUROC values between clusters demonstrate striking cross-species similarities.

446 Notably, the mouse Homeostatic astrocytes cluster closely with human protoplasmic astrocyte
447 clusters, NRXN1-hi and SLC1A2-hi. All three of these clusters are significantly reduced in

448 disease samples, which would be consistent with all three functioning in homeostatic roles.

449 Further, the mouse DAA populations cluster with distinct human populations. The DAA1

450 population clusters most closely with human fibrous GFAP-hi astrocytes. Across these human
451 and mouse clusters, we noted enrichment not only of GFAP, but of other canonical reactive

452 astrocyte genes such as VIM and ID3. On the other hand, the mouse DAA2 population clusters
453 most closely with human protoplasmic APOE-hi astrocytes. In both human and mouse samples,
454 these astrocytes are distinguished by the expression of AD-associated genes, APOE and CLU,
455 which could point to a causal role in disease biology. Together, these data highlight that the

456 foundational astrocyte states are conserved across species and emphasize the shared

457 biological frameworks that persist amidst species-specific adaptations (Figure 8E).

153 DISCUSSION

459 Here, we present a comprehensive meta-analysis of astrocytes across species and diseases,
460 leveraging the massive amount of publicly available single-cell datasets. Our analysis of mouse
461 samples identified clusters of astrocytes, including Homeostatic, Synapse-related, and two

462 distinct disease-associated populations, DAA1 and DAA2. A detailed characterization of DAA1
463 and DAAZ2 highlighted transcriptional differences between these populations as well as

464 differences in their spatial proximity to disease pathology. These data point to potentially

465 divergent biological functions. Specifically, DAA1 astrocytes are proximal to amyloid plaques
466 and have an expression profile resembling acute activation by LPS, while DAA2 are distal to
467 amyloid plaques and have an expression profile that is more distinct from acute activation.

468 Further understanding the differences between these two subtypes may offer insights into the
469 spatiotemporal dynamics of astrocytes in plaque-rich vs. plaque-distal regions, which could be
470 crucial to understanding AD progression and inspire therapeutic strategies targeted toward

471 beneficial versus harmful astrocyte responses.

472

473 In parallel to the characterization of mouse astrocytes, we performed an analysis of human

474 tissue samples, capturing the three categorical subtypes of astrocytes: protoplasmic astrocytes,
475 which populate the grey matter and are the most abundant subtype; fibrous astrocytes; and

476 interlaminar astrocytes. Interestingly, while human astrocytes do not exhibit universal disease
477 programs as seen in mouse samples (Supplemental Figure 4D), subtype-specific

478 disease-enriched populations were identified (Figure 6E). Most gene expression changes

479 occurring in disease were observed in the fibrous/interlaminar GFAP-hi subtype of astrocytes,
480 particularly in Alzheimer's Disease (AD) and Parkinson's Disease (PD) (Figure 7A,

481 Supplementary Figure 4C), suggesting that these astrocytes may be more reactive or

482 vulnerable to pathological stimuli than other subtypes. This is in contrast with our analysis of MS
483 samples, where gene expression changes were observed across multiple astrocyte subtypes.
484 Of particular note is the high correlation between the mouse DAA1 and DAA2 populations, and
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485 the human fibrous and a subset of protoplasmic astrocytes, respectively, pointing to shared

486 biological processes across these cell types. Intriguingly, the DAA2 cluster and corresponding
487 protoplasmic cluster both express high levels of APOE and CLU, two well-known AD

488 GWAS-associated disease loci. This could suggest that these populations of cells play key roles
489 in the pathogenesis of AD. Our analysis comparing integrated human and mouse astrocyte

490 subclusters highlight the power of our atlas to aid in identifying and characterizing preclinical
491 models most relevant to studies of human disease. At the same time there was overall low

492 correlation between disease DEGs in mouse vs human astrocytes, especially in MS, suggesting
493 caution in interpreting the detailed roles of astrocytes in disease based solely on preclinical

494 models. However, the partial overlap observed in AD models and patient AD samples indicates
495 that certain aspects of mouse astrocyte function could be relevant for understanding astrocyte
496 biology in human samples.

497

498 Our analysis highlights a number of insights into astrocyte subcluster biology that are

499 concordant with other recent data sets. For example, in our dataset we observed that mouse
500 Homeostatic and Synapse-related and human (SLC1A2-hi and NRXN1-hi protoplasmic)

501 homeostatic clusters are the highest expressers of the synaptic neuron and astrocyte program
502 (SNAP) (Supplemental Figure 5C&D). The SNAP program includes astrocyte genes involved
503 in synaptic functions and was observed to decline both by age and also in patients with

504 schizophrenia® . The identification of SNAP expression in these cells is consistent with SNAP
505 expression being beneficial, and the loss of these cells in neurodegeneration likely leading to
506 disrupted astrocytic support of neurons. Another interesting observation from our analysis is that
507 our NRXN1-hi protoplasmic cluster expressed similar marker genes and proportional changes
508 as those in the Astro-2 population identified in the Seattle Alzheimer’s Disease Brain Cell

509 Atlas®. This points to the high reproducibility of a particular subcluster of protoplasmic

510 astrocytes, that is specifically lost during disease, expresses SLC1A2 and NRXN1, and

511 performs homeostatic functions in the brain.

512

513 A recent atlas of cellular communities in the prefrontal cortex during aging and in AD identified
514 an astrocyte subpopulation, Ast.10, implicated by causal modeling in mediating the effects of
515 Tau on cognitive decline °'. Our analysis highlighted that the Ast.10 cluster from this study has
516 transcriptional similarities to both DAA1 and DAAZ2, including expression of Mt1 and Mt2

517 (Supplemental Figure 5C&D), supporting that further analysis of the programs in these cells
518 could reveal novel disease-relevant functions. In humans, we see increased expression in the
519 APOE-hi cluster. Another recent publication mapped astrocyte transcriptomic changes along the
520 spatiotemporal progression of AD%. They identified two reactive populations, astR1 and astR2
521 that increased in proportion during disease progression. Similar to our NEAT1-hi and GFAP-hi
522 fibrous clusters, astR1 and astR2 marker genes included GFAP, AQP4, CD44 and TNC.

523 Additionally, a subset of GFAP-hi astrocytes also shared expression of stress response genes
524 like HSP90AA1. The commonalities observed across distinct efforts to catalog aspects of

525 astrocyte state in disease and our integrated analysis validates the utility and strength of our
526 atlas in interrogating astrocyte biology.

527
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528 Our study significantly enhances our understanding of astrocyte heterogeneity by integrating
529 data from multiple neurodegenerative diseases, including AD, multiple sclerosis (MS), and
530 Parkinson's disease (PD). Through cross-species analysis, we highlight both conserved and
531 disease-specific astrocyte clusters, showcasing the functional diversity of these cells across
532 different pathological contexts. The distinct and disease-specific nature of astrocyte populations
533 highlights the importance of considering cell-type-specific responses in neurological diseases.
534 The annotation of cell types across species with high resolution advances the translational
535 understanding of astrocytes in healthy and neurodegenerative contexts. Similarities between
536 mouse and human DAAs underscores the utility and limitations of mouse models in studying
537 human neurological diseases. Our atlas (http://research-pub.gene.com/AstroAtlas/) will be
538 valuable for guiding future research using targeted experimentation to elucidate the specific
539 roles of varying astrocyte subtypes in these disease contexts and developing appropriate

540 therapeutic interventions.

5.1 Methods

542 Mouse data preprocessing and clustering

543 A total of 15 mouse datasets were analyzed spanning 6 AD and 3 MS models, and 181

544 samples. Mouse and human datasets included in this study are listed in Tables 1 and 2. We
545 collected publicly available FASTQs from Gene Expression Omnibus (GEO) with GSE IDs, as
546 indicated in Table 1. Additionally, we retrieved metadata for each sample, including mouse

547 strain, age, genotype, and treatment, and technical variables, including library preparation,

548 sequencing protocol, or any batch structure, when provided. FASTQs were processed through
549 the cellranger pipeline if 10X data or the Drop-seq pipeline if drop-seq data %***, using default
550 parameters in both cases. For 10X samples, ambient RNA was identified and filtered using Cell
551 Bender. For Drop-seq data, ambient RNA was filtered using SoupX on unfiltered counts tables.
552 Each dataset was processed separately using Seurat standard processing protocols. Briefly, we
553 calculated the number of unique features (nFeature), total number of unique UMIls, percentage
554 of mitochondrial genes (percent.mito), and percentage of ribosomal genes (percent.ribo).

555 Additionally, doublets were identified using scDoubletFinder.

556

557 To identify astrocytes, we scored each cell for hallmark brain cell gene markers. The final cells
558 included from each study were cells labeled as astrocytes through marker expression and met
559 all other QC metrics (nGene > 200, percent.mito < 25%, cell.class == Singlet,

560 microglia/oligo/OPC/neuron/BMEC/VSMC score < 0.5 ).To ensure consistent identification of
561 astrocytes within each sample we used a label transfer of cell labels from GSE15389 using

562 SingleR. Supplemental Table 1 summarizes the final dataset by study. For each dataset, data
563 was normalized, and the top 2000 variable genes were identified using the VST selection

564 method.

565

566 We performed integration using Seurat Canonical Correlation Analysis, using the 2000 most
567 variable genes from each study as anchors. Using the integrated experiment object, we

568 generated UMAPs and PCA using the 2000 anchor features.
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569
570 Integration quality was assessed using multiple approaches. First, we generated a Uniform

571 Manifold Approximation and Projection Map (UMAP) of the integrated space and conducted a
572 visual assessment of the projection of cells by study. In addition, we conducted a quantitative
573 analysis. Here, we divided the UMAP space into 12 bins. Within each bin, we assessed whether
574 any study was over-represented in a specific bin using a hypergeometric test. We conducted
575 this test split unbiasedly across a various number of bins as well as other sample information
576 bins, including data types(single cell/single nuclei), library preparation (10x/drop-seq), and brain
577 region (hippocampus/cortex/hemisphere). Data from this analysis can be found in

578 supplementary figure 1.

579

580 We used Seurat's FindClusters function to iterate over a range of clustering resolutions, from
581 low (res=0.05) to high (res=1), to determine an appropriate number of clusters. At each

582 resolution, cluster markers were generated using scoreMarkers.chan from the scran.chan

583 package in R. The final resolution, resulting in 4 clusters, was used for the analysis as it was the
584 lowest resolution and produced at least 20 significant (Cohen.mean > 0.5) markers per cluster.

585 Human data preprocessing and clustering

586 We aggregated 16 human datasets from AD, MS, PD, and Control tissues. Each dataset was
587 individually preprocessed. perCellQCMetrics.chan() and perCellQCFilters.chan() function from
588 scran.chan package was used to filter out low-quality cells (either due to low UMI counts, low
589 detected genes, or high percent mitochondrial UMI). Astrocyte-labeled cells were then extracted
590 from each dataset. All astrocyte profiles were then merged into a single counts matrix and

591 multiBatchNorm(normalize.all = TRUE, batch = batch) function from the batchelor package was
592 used to compute batch-corrected normalized log-expression values. To avoid capturing batch
593 effects, the top 2000 highly variable genes were identified in every dataset individually using

594 modelGeneVar.chan function; highly variable genes were then ranked based on the number of
595 datasets they were identified in and their median variance across datasets; consensus top 2K
596 variable genes were then selected and used for downstream analysis. PCs were computed

597 using fixedPCA function from scran package. Initial integration was performed using a

598 runHarmony(theta=2) function from the harmony package. UMAP was computed using

599 runUMAP function from the scater package followed by clusterSNNGraph.chan from scran.chan
600 package with default parameters to obtain initial clustering of the integrated space. To remove
601 potential non-astrocytic cells, we scored the space based on canonical markers of other

602 brain-resident cell types. We identified small clusters that likely represented microglia and

603 perivascular macrophages, ependymal cells, oligodendrocytes, and neurons. Donors with less
604 than 20 cells were also removed. After removing contaminating clusters, variable genes, PCs,
605 UMAP, and integrated space (runHarmony(theta=1.5)) were recomputed using the same

606 approach described above. Clusters were computed at varying resolutions from 0.1 to 1 with an
607 increment of 0.1 using the clusterSNNGraph.chan function. A resolution at which each cluster is
608 significantly different from all others (cohen.mean > 0.5) by at least one marker. Resolution of
609 0.5 was selected in this manner.
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610 Cellularity and Differential Abundance Analysis

611 Cellularity results were obtained by computing cluster abundances per donor and using a

612 cpmByGroup function from the edgeR package to obtain normalized counts per cluster per

613 donor that were then visualized as percentages per cluster in Figures 2 and 4. To test if any of
614 the clusters were associated with a disease state, we performed differential abundance testing.
615 Since cellularity is compositional, we transformed the proportions using a Center log-ratio (CLR)
616 transformation. We then performed a kruskal-wallis non-parametric significance test on each
617 cluster. Significant clusters were identified as significant after p-values were adjusted for

618 multiple hypothesis testing (pVal/ #clusters tested). Significant clusters were followed up with a
619 post-hoc Wilcox test between disease and control samples. The resulting p-values were FDR
620 corrected, and clusters that passed an FDR 5% cutoff were deemed significantly different.

621 Differential Gene Expression Analysis

622 A challenge in determining meaningful changes in large meta-analyses is the heterogeneous
623 nature of the data, which can lead to false positives and negatives due to the effect of outliers.
624 Therefore, we performed differential expression through the random effects approach described
625 in *1. This method assumes that the different studies are estimating different, yet related, effects
626 due to disease conditions. Differential expression results are calculated on pseudo-bulked cells,
627 by sample, for each study separately, using edgeR. The standard errors of the study-specific
628 logFC estimates are adjusted to incorporate a measure of the extent of variation, or

629 heterogeneity, among the disease effects observed in different studies using the metafor

630 package in R. The amount of variation, and hence the adjustment, can be estimated from the
631 disease effects and standard errors of the studies included in the meta-analysis. The

632 significance of the effects reported using this random effects model was calculated using

633 Fisher's combined probability test similarly and carried out using the metap package in R. For
634 both mouse and human studies, significant genes were identified as those genes where |dl_mu|
635 >= 0.5, FDR <=0.05, with the directionality of the effect estimated as positive for upregulated
636 genes or as negative for downregulated genes in at least half the studies for a given disease.
637 Given the higher variability of the human data, we required that upregulated and downregulated
638 genes had a positive or negative estimated effect in all of the studies in MS (4 studies) and PD
639 (3 studies). Given that we had more AD studies included (7 studies), we required that 4 out of
640 the 7 studies had an estimated effect size of |dl_mu| >= 0.5.

641

642 Gene Set Enrichment Analysis

643 Differentially expressed genes by disease or by cluster were ordered by effect size (“beta” for
644 DE analysis, LogFC for all others). Genesets from GO Biological Process, GO Molecular

645 Function, and KEGG were retrieved from the clusterProfiler package in R *. To identify enriched
646 pathways for each database we conducted Gene Set Enrichment Analysis for the corresponding
647 database (gseGO, gseKEGG) with default settings, limiting geneset sizes to a minimum of 10
648 genes.

649
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650 Mouse LPS Single-Cell Study

651 Animals

652 Male C57BL6 (Charles River Hollister) aged 4-5 months were injected intraperitoneally with
653 PBS vehicle control or LPS (1mg/kg) n=5 for each group. All protocols involving animals were
654 approved by Genentech’s Institutional Animal Care and Use Committee, following guidelines
655 that adhere to and exceed state and national ethical regulations for animal care and use in
656 research. All mice were maintained in a pathogen-free animal facility under standard animal
657 room conditions (temperature 21 + 1°C; humidity 55%—60%; 12h light/dark cycle).

658 Mice Perfusion and preparation of single-cell suspensions

659 48 hours post-injection, mice were perfused with ice-cold PBS, and the hippocampi were

660 immediately sub-dissected. Single-cell suspensions were prepared from the hippocampi as
661 described by. Briefly, hippocampi were chopped into small pieces and dissociated with enzyme
662 mixes in Neural Tissue Dissociation Kit (P) (Miltenyi 130-092-628) in the presence of

663 actinomycin D. After dissociation, cells were resuspended in Hibernate A Low Fluorescence
664 medium (Brainbits) containing 5% FBS, with Calcein Violet AM (Thermo Fisher C34858) and
665 propidium iodide (Thermo Fisher P1304MP). Flow cytometry was used to sort and collect live
666 single-cell suspensions for the single-cell RNA-seq study.

667 Single-cell RNA-seq library preparation and sequencing

668 Sample processing and library preparation were carried out using the Chromium Next GEM
669 Automated Single Cell 3' Library & Gel Bead Kit v3.1 (10X Genomics) according to the

670 manufacturer’s instructions. Cells were prepared to aim for 10,000 cells per sample, and
671 libraries were sequenced with HiSeq 4000 (lllumina).

672 Analysis

673 FASTQ files were analyzed with an in-house pipeline incorporating Cell Ranger to count and

674 CellBender to filter ambient RNA. Sample quality was further assessed based on the distribution
675 of per-cell statistics, such as total number of reads, percentage of reads mapping uniquely to
676 the reference genome, percentage of mapped reads overlapping exons, number of detected

677 transcripts (UMIs), number of detected genes, and percentage of mitochondrial transcripts using
678 Seurat. Finally, astrocytes were identified as described above and filtered for comparative

679 analysis.

680

681 Differential Expression analysis was performed using psuedobulk astrocytes by sample and run
682 through a standard voom-limma workflow to generate log fold-changes and p values. Significant
683 genes were labeled as those with absolute value logFC > 1 and p < 0.05.

684
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685 Spatial Profiling of Astrocytes using RNAscope

686 The Institutional Animal Care and Use Committee (IACUC) at Genentech approved all

687 experimental procedures involving transgenic animals. Tissue harvest, in situ hybridization, and
688 image analysis were performed as described in Rao. et. al. STAR Protocols®. Briefly,

689 10-12-month-old wild type and TauPS2APP were anesthetized with an intraperitoneal injection
690 of 2.5% Avertin. At least 3 mice of each genotype were used for experimental analysis. Animals
691 were transcardially perfused with ice-cold phosphate-buffered saline and hemibrains were

692 dissected, immediately embedded in cryoprotectant, and stored at -80°C. Coronal 5-7um tissue
693 sections were collected to perform in situ hybridization using commercially available

694 RNAscope™ probes followed by immunohistochemistry for AR plaques (anti-B-amyloid 1-16
695 6E10, mouse, Biolegend cat# 803003). AB signal was amplified using a horseradish peroxidase
696 secondary antibody, followed by TSA-Digoxigenin labeling and detection with an anti-DIG

697 antibody (Opal 780 Reagent Pack, Akoya Biosciences, cat# FP1501001KT). Sections were

698 mounted with Prolong Gold (Millipore Sigma, Cat#P36930) and imaged within a week. All

699 samples were imaged using an Olympus VS200 slide scanner equipped with an X-Cite XYLIS
700 XT720S LED light source (Excelitas). Wide-field fluorescent Z-stacks were acquired using a 20x
701 air-objective, with a 5um axial range, 0.5um, and 0.325um axial and X-Y resolution,

702 respectively. DAPI, FITC, TRITC, Cy5, and Cyf7 filter sets (Excelitas) were used to capture

703 16-bit fluorescent images. Single fluorophore, and fluorophore-minus-one controls were

704 generated for each fluorophore used to determine optimal exposures and absence of spectral
705 bleed-through. Images of coronal sections were processed by segmenting brain sections by
706 anatomical region (hippocampus, cortex, and white matter) using the Allen Brain Atlas as a

707 reference. Cell boundaries were approximated with 5um expansion around DAPI-positive nuclei
708 and mRNA puncta and plaque signal by respective fluorophore signal using QuPath

709 (https://qupath.github.io/). Data was exported and analyzed in R Studio

710 (http://www.rstudio.com/) to calculate mMRNA puncta detected per cell for all samples.

711 Nearest-neighbor analysis was performed to determine how cell types changed expression of
712 genes across tissue sections. Once cells were identified and gene expression was assessed in
713 each cell, expression was normalized to cell size by dividing total expression by cell area.

714 Normalized expression was used to determine if a cell was indeed an astrocyte and which

715 subtype was used. Various expression cutoffs were used, and final expression cutoffs were

716 determined based on assumed proportions of astrocytes in tissue using reference data, while
717 subtype cutoffs were based on assumed proportions from our integrated map. Each cell in

718 transgenic animals was then assessed in terms of its distance to the nearest plaque using the
719 physical (euclidean) distance from the cell center to the plaque center. Lastly, the total number
720 of astrocytes was then totaled at each binned distance away from plaques, and subtype ratios
721 were calculated and plotted.

722
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725 Table 1.

726 Table of datasets included in the mouse astrocyte atlas.
727 @ Table_1.pdf

Disease # Library
GEO Accession| First Author | Last Author Brain Region Model Model Sample Size astrocytes | Data type Prep
GSE140511 Zhou, S. Colonna, M Left Hemisphere AD 5xFAD 6 (6M,0F) 9,075 Nuclei 10x
GSE 143758 Habib, N Schwartz, M Hippocampus AD 5xFAD 30 24,689 Nuclei 10x
GSE166261 Shi, Y.| Holtzman, DM. Hippocampus AD P301S| 6 (pooled animals) 735 Nuclei 10x
GSE161227 Zhao, N. Ren, Y. Cortex AD! 5xFAD 24 (12M,12F) 24,958 Whole-cell 10x V3
GSE161224 Zhao, N. Ren, Y. Cortex AD 5xFAD 24 (12M,12F) 46,674 Whole-cell 10x V3
GSE 150934 Choi, H. Lee, DS. Hippocampus AD 5xFAD 4 449 Whole-cell 10x
GSE153895 Lee, SY Hansen, D. Hippocampus AD PS2APP, P301L 12(M) 2,870 Whole-cell 10x!
GSE181786 Lee, SY Bohlen CJ Hippocampus AD| PS2APP, TauPS2APP 11(M) 6,728 Whole-cell 10x
GSE160512 Lee, SY| Bohlen, CJ Hippocampus AD PSAPP 12(F) 3,093 Whole-cell 10x
GSE180041 Wang Y, Hanson,J Hippocampus AD TauP301s 9 13,773 Whole-cell 10x V2
GSE148676 Shen, K. Friedman, B. Corpus Callosum MS Cuprizone 20 2,647 Whole-cell 10x V2
GSE129763|  Wheeler, MA Li, Z.| Whole brain (sorted) MS EAE 12 12,186 | Whole-cell drop-seq
GSE129609| Wheeler, MA L5z Whole brain MS EAE 27 6,891 Whole-cell drop-seq
GSE182846 Shen 'Y, Freidman, B. Corpus Callosum MS! Lysolecithin 12 683 Whole-cell 10x V2

728

729 Table 2.

730 Table of datasets included in the human astrocyte atlas.
731 @ Table_2.pdf

# Library
Access First Author Last Author Brain region Disease Sample size | astrocytes Data type re|
GSE174367 Morabito, S. Swarup, V. Prefrontal cortex AD| ik 5,072 Nuclei 10x v3|
syn16780177 Cain, A. De Jager, P. DLPFC AD| 24 52,866 Nuclei 10x v2|
Entorhinal and somatosensory cortex
GSE160936 Smith, A. Matthews, P. (sorted) AD 12| 55,399 Nuclei 10x v3|
GSE148822 Gerrits, E. Boddeke, E.|  Occipital and occipitotemporal cortex AD 18] 122,211 Nuclei 10x v3|
GSE167494 Sadick, J. Liddelow, S. Prefrontal cortex AD| 17 35,522 Nuclei 10x v3|
syn52146347|SEA-AD/Allen Brain Atlas Middle temporal gyrus AD| 84 31,638 Nuclei 10x v3|
GSE118257 Jakel, S.[ Castelo-Branco, G. Non-lesions and lesioned areas MS 9 1,897 Nucle 10x v3|
PRJNAS544731 Schirmer, L. Rowitch, D.| Cortical & subcortical WM MS lesions MS 20 8,596 Nuclei 10x v2|
Frontal white matter - controls; chronic
GSE180759 Absinta, M. Reich, D. active & chronic inactive lesions MS 9 8,507 Nuclel 10x v3|
EGAS00001006345 Bryios Cortical gray and white matter, MS] 80 69,836 Nuclei 10x v3|
GSE184950 Wang, Q. Yue, Z. Substantia nigra PD 26 6,202 Nuclei 10x v3|
GSE157783 Smaijic, S. Spielmann, M. Midbrain PD 11 4,251 Nuclel 10x v3|
GSE178265 Kamath, T Macosko, E. Substantia nigra PD 18 36,030 Nuclei 10x v3|

732
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735 Figure 1: Integration of Mouse Neurodegenerative Datasets reveals
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736 disease-specific changes in astrocytes.

737 (A) Schematic depicting computational analysis pipeline highlighting pre-processing

738 steps. (B) Volcano Plot indicates differential expression between disease and normal
739 astrocytes, Alzheimer's disease models (left), and Multiple Sclerosis models (right). Red
740 and blue colors indicate significantly differentially expressed genes

741 (Imeta-logfoldChange| > 0.5, metaFDR < 0.05), and grey indicates no significant

742 change. (C) Gene Set Enrichment Analysis of Gene Ontology Biological Pathways

743 upregulated in AD models or MS models (left) or downregulated in AD models or MS
744 models (right). The color of the circles indicates the adjusted p-value, and the size

745 indicates the Normalized Enrichment score (NES) for the specific pathway. Row names
746 include the top 5 scoring gene ontology categories for each disease.
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748 Figure 2: Cell-level clustering of mouse astrocytes reveals multiple
749 disease-associated astrocyte clusters.

750 (A) Uniform Manifold Approximation and Projection (UMAP) of astrocytes from mouse
751 models of neurodegeneration and healthy littermates. lterative clustering (see Methods)
752 resulted in four distinct clusters, and the inset violin plot shows GFAP expression within
753 each cluster. (B) Counts of cells by cluster. (C) Proportion of cells per cluster, colored by
754 study. (D) Barplots indicating cellularity percent by cluster and disease indication. Each
755 dot represents a sample from an individual study. The y-axis represents the sample's
756 percentage of cells contributing to a specific cluster. P-values are indicated over groups
757 with significant differences in cellularity and were generated from the Kruskal-Wallis test
758 and post-hoc Wilcox test on center-log transformed proportions (see Methods). (E)
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759 Dotplot of the top 5 cluster markers of each cluster. Color represents the scaled

760 expression of each cell in that cluster. Dot size represents the percentage of cells that
761 express that specific marker. (F) Dotplot of top differential pathways KEGG (left) and

762 Gene Ontology Biological Process pathways (right). The color of the circles indicates

763 the adjusted p-value, and the size indicates the Normalized Enrichment Score (NES) for
764 the specific pathway. Row names include the gene ontology categories. Pathways were
765 identified using Gene Set Enrichment analysis on Gene Ontology biological pathways.
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767 Figure 3: Differences between DAA1 and DAA2 astrocytes and comparison to
768 reactive astrocytes from acute insult models.

769 (A) Volcano Plot of PseudoBulk differential expression analysis of DAA1 vs DAA2

770 astrocytes. Gold indicates significance in DAA1, red indicates significance in DAA2 (
771 |logfoldChange| > 1, p < 0.05), and grey indicates no significant change. (B) Volcano
772 Plot of PseusdoBulk differential expression analysis of DAA1 vs. Homeostatic

773 astrocytes. Gold indicates significance in DAA1, blue indicates significance in

774 Homeostatic ( |logfoldChange| > 1, p < 0.05), and grey indicates no significant change.
775 (C) Voolcano Plot of PseudoBulk differential expression analysis of DAAZ2 vs.

776 Homeostatic. Red indicates significance in DAAZ2, blue indicates significance in

777 homeostatic ( |logfoldChange| > 1, p < 0.05), and grey indicates no significant change.
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778 (D) Dotplot of GSEA of Gene Ontology Biological Pathways on differentially expressed
779 genes between DAA1 and DAAZ (top). Top 5 categories are shown for each subtype, as
780 indicated. The color of the circles indicates the adjusted p-value, and the size indicates
781 the ratio of genes in that pathway. GSEA of Gene Ontology Biological Pathways for

782 DAA1 vs Homeostatic, or DAA2 vs Homeostatic(bottom). Top 5 categories for each

783 comparison are shown in dotplot. The color of the circles indicates the adjusted p-value,
784 and the size indicates the Normalized Enrichment Score for the specific pathway. (E)
785 Uniform Manifold Approximation and Projection (UMARP) of mouse LPS stimulated and
786 control astrocytes. Circled numbers indicate cluster numbers (F) Barplots indicating

787 cellularity percent by cluster and treatment. Each dot represents an individual mouse.
788 The y-axis represents the sample's percentage of cells contributing to a specific cluster.
789 Cluster numbers are indicated at the top of each plot.(G) Scoring integrated

790 neurodegeneration astrocytes shown in Figure 2A with differentially expressed genes
791 from LPS-stimulated astrocytes. (H) Sankey plot of the predicted clusters of cells

792 following cell-level PCA projection of LPS-stimulated astrocytes into our integrated

793 dataset. The sankey plot shows that DAA1 in integrated space, primarily maps onto the
794 LPS-induced cluster 4.

795


https://doi.org/10.1101/2025.02.12.637903
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.12.637903; this version posted February 14, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

a Other Astros DAA1  DAA2
AN In situ expression Percent expressed Average expression
4 Higher expr. + 40 e
® 60 0.5
l Lower expr. @30 00
Sic1a3 <« Avg. expr. @00 ac;
Astrocyte marker e
Homeo. DAA2 Synapse
Igfbp5 * + * lgfbp5
DAA1 marker DAA1 marker ) e
Apoe S A * Apoe O O o [ ]
DAA2 marker DAA2 marker

C " DAA1 H DAA2 M OtherAstros
0.20 .
c
é 0.15 %
g s
g £ 050
"GS)\ 0.10 ‘3
: . N
2 q l .q’ QF .! E ' <

0.05 .

0.00 : 0.00
0-10 pym 10-20 ym 20-30 pm 30-40 um 40-50 pm 50+ um

796 Distance to nearest plaque Distance to nearest plaque

797 Figure 4. DAA1 And DAA2 have distinct spatial relationships to amyloid plaques.

798 (A) Graphical representation of the combination of marker gene expression profiles

799 used to identify astrocyte subtypes with in-situ RNA analysis (left), and dotplot showing
geo expression of those marker genes from the integrative atlas (right). Dot color represents
ge1 the scaled expression of each cell in that cluster and dot size represents the percentage
802 Of cells that express that specific marker. See Supplemental Figure 3C-E for details of
8e3 image analysis (B) Low-resolution representative photomicrograph of TauPS2APP

8e4 mouse brain section (left). Boxed region reflects the region shown in high resolution

8e5 iImages depicting the relationship of astrocyte subtype markers to amyloid plaques
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ge6 (DAPI in blue; Sic1a3 in green; Igfbpf in red; Apoe in gray; 6e10 in turquoise; scalebar =
ge7 20um). (C) Quantification of cortex and hippocampus astrocyte subtypes by distance to
ges amyloid plaques (n = 4 TauPS2APP mice, average value for all astrocytes across two
809 sections is shown for each mouse). (left) Proportion of astrocyte subtype by distance to
810 nearest plaque depicted as boxplot. Proportion was calculated as the total number of an
811 astrocyte subtype / total astrocytes at a given distance bin from amyloid plaques. Stars
812 represent significant comparisons (Anova with Bonferroni correction;n = 4 mice p

813 <0.001). (right) Ratio of astrocyte subtype by distance to nearest plaque depicted as

814 stacked bar plot.


https://doi.org/10.1101/2025.02.12.637903
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.12.637903; this version posted February 14, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

GFAPhi SLC 1 A?”I\ 1.00-
Fib./Interlam. Protoplasmic 7
: . ﬁ Study name
NRXN1" 2 [ SEA-AD
. - = 1 Absinta
Protoplasmic  § s 1 ryos
e} = I cain
5] I Gerrits
= 2 os0- [ Jakel
BCYRN1M 8 g EMbW
. “gu = [re lorabito
Unidentified o o 1 Schimer
9 c I Smajc
— o 1 Smith
g € [ Wang
hi Q
~ N!EAT1 9 : g.
& Fibrous APOEM o
s Protoplasmic X °»°; \@Q < Soog o
&S N
> &S T K IEES
UMAP1
Cluster
° 200000000 000 ¢ 0000000000000 00 000000000 51.C 142" NEAT1"
GFAPM
) | _|DST™
000 20000000 * @00 0 JOOC0OC0OFOCOC0S OO E0FOOOC00Ceeeeeeeeo| APOE N BCYRN1"
__|ADGRV1"
) hi
02 000000[00 - O 00 ° JOOOOOOOOTOOOOOOOAHOVOOOTOOVOOOTO0 0000000 NRXN1 hi 25())(2*] I
L IsLc1A2n
(OO0 0000 000000000 JOOOOO0OOY0000OCOOHOOOOOGOOOOOOTJOO0 0000000 .
Scaled expression
) 2
00000 0006{00 00006 JdO0000COOTROOOOCBOOCOOOGOOO0C0TO00000000 BCYRN 1 1
0
0000000 000/00 00 ° 00 JAOOOOOOOGOOOOOOOOOOO0OGOOOOOOTOO00000 00| -1
00000000 dOe00 e 0000000000000V 0000000| GFAPNI Percent of cells
O 25%
hi O 50%
©0000000000000000 oooooooooolooooooooooooooolooooo.olooooooooo NEAT1M O 75%

815

SORBS1
LINC00609!
DCLK2
LINC01088,
DPP6

DST

SLC1A3
SAMD4A
GPC5
MACF1
GNA14
CACNB2
DTNA
TRPM3
BCYRN1
LRP1B
CADM2
MT-RNR2
CADM1
GPM6A
FYN
HMGB1
ADGRV1

TNIK
ZNRF3
AHCYL2

g
2

CTNNA2
PPP2R2B
PRKG1
ARHGEF4
SLC1A2
NRXN1

816 Figure 5:Cell-level clustering of human astrocytes identifies broad astrocyte

817 subtypes.

818 (A) Uniform Manifold Approximation and Projection (UMAP) of human
819 neurodegeneration and control astrocytes revealing eight distinct clusters. (B) Counts of
820 cells by cluster. (C) Proportion of cells per cluster, colored by study. (D) Dotplot of the
821 top 10 cluster markers of each cluster. Color represents the scaled expression of each
822 cell in that cluster. Dot size represents the percentage of cells that express that specific

823 marker.
824
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826 Figure 6: Gene expression changes in human astrocytes across diseases

827 Differential expression analysis between disease and normal astrocytes for Alzheimer's
828 disease (A), Multiple Sclerosis (B), and Parkinson’s Disease (C). (left) Volcano plots for
829 each differential expression analysis. Red and blue colors indicate significantly

830 differentially expressed genes (meta-logfoldChange > 0.5, metaFDR < 0.05), and gray
831 indicates no significant change (See Methods). (right) Boxplots showing average

832 expression of upregulated Genes shown in the volcano plot, faceted by study. Dots

833 represent an individual sample from the respective study and the y-axis represents the
834 average expression of upregulated genes by disease. Study names are indicated at the
835 fop of each plot (see table 2 for details). (D) Gene Set Enrichment Analysis of Gene

836 Ontology Biological Pathways. The color of the circles indicates the adjusted p-value,
837 and the size indicates the Normalized Enrichment score for the specific pathway. Row
838 names include the top scoring gene ontology categories. (E) Barplots indicating

839 cellularity percent by study, cluster, and disease indication. Each dot represents a

840 sample from an individual study. The y-axis represents the sample's percentage of cells
841 contributing to a specific cluster. Cluster names are indicated at the top of each plot.

842 P-values are indicated over groups with significant differences in cellularity and were
843 generated from the Kruskal-Wallis test and post-hoc Wilcox test on center-log

844 transformed proportions(See Methods).

845
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846
847 Figure 7. AD-associated genes are enriched in GFAP-hi Astrocytes.

848 (A) Scoring human integrated neurodegeneration astrocytes with differentially

849 expressed genes between AD and control astrocytes (logFC>0.5 p <0.05). UMAP

850 indicates the distribution of expression scores. Dotted line indicates the GFAP-hi cluster.
851 (B) Violin plot of AD score, by cluster. (C) UMAP showing subclustering of the human
852 GFAP-hi cluster. Iterative clustering resulted in four distinct subclusters. (D) Human
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853 GFAP-hi subclusters scored by differentially expressed genes from AD astrocytes. (E)
8s4 Barplots indicating cellularity percent by cluster and disease indication. Each dot

855 represents a sample from an individual study. The y-axis represents the sample's

856 percentage of cells contributing to a specific cluster. Cluster names are indicated at the
857 top of each plot. P-values are indicated over groups with significant differences in

858 cellularity and were generated from the Kruskal-Wallis test and post-hoc Wilcox test on
859 center-log transformed proportions.
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862 Figure 8. Cross-species comparison reveals species-specific gene expression
863 changes in disease but conservation of subpopulations.

8e4 Comparison of differentially expressed genes between human and mouse astrocytes
8e5 AD vs. control (A), and MS vs. control (C). The y-axis represents log-fold changes in
866 mouse disease models vs controls, and the x-axis represents log-fold changes in

867 human patients vs controls. Color represents significantly changed genes in both

868 species (blue), only in humans (red), only in mice (yellow), or not changed in either
869 species (gray). Dotplot of Gene Ontology overrepresentation analysis of shared and
g7e distinct differentially expressed genes between mouse and human in AD (B) and MS
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871 (D). The color of the circles indicates the adjusted p-value, and the size indicates the
872 ratio of genes in that pathway. (E) Heatmap of the mean area under the receiver

873 operator characteristic (AUROC) from analysis of human and mouse clusters by

874 MetaNeighbor. Colors represent the strength of the comparison, with red values

875 reflecting more similarity between cells, and blue values reflecting less similarity

876 between cells. Top and side annotations represent clusters from human (black) or
877 mouse (gray). Cluster names are labeled on both columns and rows. Black boxes
878 indicate similar clusters across species that are highlighted in the text.
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