nature neuroscience

Article

https://doi.org/10.1038/s41593-024-01791-4

Astrocyte transcriptomic changes along the
spatiotemporal progression of Alzheimer’s

disease

Received: 11 November 2022

Accepted: 17 September 2024

Published online: 11 November 2024

W Check for updates

Alberto Serrano-Pozo ® 2?7, Huan Li®"*, Zhaozhi Li"’, Clara Mufioz-Castro® '3,
Methasit Jaisa-aad'?, Molly A. Healey', Lindsay A. Welikovitch'?,

Rojashree Jayakumar', Annie G. Bryant', Ayush Noori®", Theresa R. Connors'?,
Miwei Hu', Karen Zhao?, Fan Liao*, Gen Lin®, Timothy Pastika®, Joseph Tamm?,
Aicha Abdourahman*, Taekyung Kwon*, Rachel E. Bennett®'3,

Maya E. Woodbury?, Astrid Wachter ®°, Robert V. Talanian*, Knut Biber®,

Eric H. Karran*, Bradley T. Hyman ® 23 & Sudeshna Das ® %*

Astrocytes are crucial to brain homeostasis, yet their changes along the
spatiotemporal progression of Alzheimer’s disease (AD) neuropathology
remain unexplored. Here we performed single-nucleus RNA sequencing of
628,943 astrocytes from five brain regions representing the stereotypical
progression of AD pathology across 32 donors spanning the entire normal
aging to severe AD continuum. We mapped out several unique astrocyte

subclusters that exhibited varying responses to neuropathology across the
AD-vulnerable neural network (spatial axis) or AD pathology stage (temporal
axis). The proportion of homeostatic, intermediate and reactive astrocytes
changed only along the spatial axis, whereas two other subclusters changed

along the temporal axis. One of these, atrophic factor-rich subcluster,
declined along pathology stages, whereas the other increasedin the

late stage but returned to baseline levels in the end stage, suggesting an
exhausted response with chronic exposure to neuropathology. Our study
underscores the complex dynamics of astrocytic responses in AD.

Alzheimer’s disease (AD) is defined by the widespread accumulation of
amyloid-f (Ap) plaques and phospho-tau (pTau) neurofibrillary tangles
(NFTs) throughout the brain, with the latter following a stereotypical
hierarchical spatiotemporal pattern along neural networks. These AD
neuropathological changes (ADNC) are accompanied by a dramatic
loss of synapses and neurons, as well as prominent morphological and
functional changes of glial cells, collectively termed reactive gliosis'.
Astrocytes are critical for maintaining brain homeostasis?, and the
emerging view from experimental datais that reactive astrogliosis may

contribute to neurodegeneration through both gains of toxic functions
and loss of normal functions'. Indeed, numerous astrocyte-specific
transcriptomic studies in various transgenic mouse models of AD**®
have supported this view. Recent single-nucleus RNA-sequencing
(snRNA-seq) studies’"” have begun to unravel the molecular underpin-
nings of reactive astrocytesin the human AD brain as well, but several
questions remain—(1) are there regional differences in astrocyte gene
expressionin the normal aging brain? (2) What are the gene expression
changes that astrocytes exhibit along the spatiotemporal progression
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of AD, and how does the severity of ADNC affect the astrocyte tran-
scriptome? (3) Are there different astrocyte transcriptional subpopula-
tions or dynamic states inthe AD brain? We addressed these questions
by conducting alarge snRNA-seq study in five brain regions from 32
control and AD donors with various degrees of ADNC, allowing us to
unravel the consequences of the hierarchical progression of AD for
astrocyte biology.

Results
A molecular survey of astrocytes in five brain regions affected
stereotypically in AD
Usinganenrichmentstrategy consisting of depletingNeuN-positive neu-
rons and OLIG2-positive oligodendrocytes via fluorescence-activated
nuclei sorting (FANS)"®"? (Fig. 1a and Supplementary Fig. 1a), we
obtained atotal of 628,943 astrocyte nuclei from five brain regions of
32individuals with autopsy findings along the normal aging to severe
AD neuropathological continuum (Fig.1a). The five brain regions were
selected to represent the hierarchical spreading of pTau NFTs along
brain networks as categorized by the Braak NFT staging system?>* and
included entorhinal cortex (EC), inferior temporal gyrus (ITG, Brod-
mann area (BA) 20), dorsolateral prefrontal cortex (PFC, BA46), second-
ary (association) visual cortex (V2,BA18/19) and primary visual cortex
(V1, BA17). Our strategy to enrich astrocyte nuclei was effective, as
indicated by the low numbers of neuronal and oligodendroglial nuclei
identified (Fig. 1b). Astrocyte nuclei were identified by the expression
levels of the marker genes ADGRVI (refs.13,22), ALDHIL1,aquaporin-4
(AQP4) and GFAP (Fig. 1c), resulting in over 100,000 astrocyte nuclei
in each brain region with =6,000 average total number of reads and
=2,500 average total number of genes detected, which is orders of
magnitude higher than previous studies’ " (Supplementary Fig. 1b).
Because astrocyte morphology changes near Af plaques and pTau
NFTs***, we quantified the local burden of ADNC in adjacent tissue
samples by measuring the 3D6-positive AB-immunoreactive percent-
age area fraction viaimmunohistochemistry and the pTau/total tau
ratio via ELISA. To reflect the progression of ADNC, we then grouped
the 32 donors into four pathology stages based on their global semi-
quantitative measures of neuritic plaques (Consortium to Establish a
Registry for Alzheimer’s Disease (CERAD) neuritic plaque (NP) score)
and NFTs (Braak NFT stages) complemented with these immunohis-
tochemical and biochemical quantitative measures of local Ap and
pTau burdens. The four pathology stages were as follows: (1) not AD/
low ADNC burden (no NPs, Braak NFT stages 0/I/1I), (2) intermediate
ADNCburden (sparse or moderate NPs and Braak NFT stages II/11l), (3)
high ADNC burden with moderate or frequent NPs and Braak NFT stage
Vand (4) high ADNC burden with moderate or frequent NPs and Braak
NFT stage VI. We separated the latter two groups because, by definition,
the primary visual cortex (V1region) bears NFTs only in Braak NFT stage
VI?°?, Figure 1d illustrates the quantitative measures of ADNC across
brain regions of the 32 donors grouped in these four pathological
stages. Within each stage, the AP plaque load was relatively constant
across brain regions except for higher levels in PFC at late stages. By
contrast, the pTau/tau ratio was highest in EC and demonstrated the
expected patternEC > ITG > PFC > V2 > V1 across all stages, consistent
with the stereotypical hierarchical accumulation of NFTs along neural
networks®>” (Fig. 1d and Supplementary Fig. 1c). The demographic
and neuropathological characteristics of the study donors, including
quantitative measures of AB and pTau, are summarized in Table 1and
detailedin Supplementary Datal.

Regional heterogeneity of astrocyte transcriptome in the
normal aging brain

Numerous transcriptomics studies have described the region-specific
diversity of astrocytes in the mouse®” 2, but less is known about the
transcriptomic heterogeneity of astrocytes across different cortical
areas in the aging human brain. Our eight control donors provided a

unique opportunity to examine regional differences in the astrocyte
transcriptome in the normal aging brain because these donors had
essentially no 3D6-positive AP plaques across the five brain regions
and very low pTau/tau ratios except for the EC, as expected in Braak
NFT stages O/I/11 (Fig. 1d). Thus, we asked whether the astrocyte tran-
scriptome varies across regions in the normal aging brain. To address
this question, we integrated a total of 246,464 nuclei from all brain
regions of these eight individuals and conducted a differential gene
expression analysis of each brain region relative to all other regions
(Supplementary Data 2). Remarkably, the EC and V1regions had the
highest number of differentially expressed genes (DEGs; EC: 137 up
and 152 down; V1: 93 up and 122 down; see Venn diagrams in Fig. 2a).
A heatmap with relevant DEGs per region is shown in Fig. 2b. Among
other genes of interest, APOE, APP, AQP4 and GJAI were upregulated,
whereas ALDHIL1,LRP1B, microtubule-associated protein tau (MAPT)
and SLC1IA2were downregulated in ECrelative to the otherbrainregions.
Conversely, CLU, GFAPand MAOB were upregulated, whereas AQP4 and
GJAI were downregulated in V1 versus all other brain regions. Valida-
tion withimmunohistochemistry confirmed the regional differences
between EC and V1 for AQP4 and GJA1 at the protein level (Fig. 2c and
Supplementary Figs.2 and 3).

These results suggest some degree of region-specificity of astro-
cytetranscriptomeintheallocortex (EC) versus primary neocortex (V1)
versus association neocortex (ITG, PFC and V2). To further examine this
possibility, we asked whether EC DEGs are driven by the EC microen-
vironment (that is, allocortex versus neocortex) or by the amount of
local EC pTau pathology already presentin Braak stages Iand Il donors
(Fig. 1d and Supplementary Data 2). First, we identified a gene set
associated with the local pTau burden by regressing gene expression
levels against the pTau/tau ratio across all five brain regions in these
eight donors (148 positively and 433 negatively correlated genes, false
discoveryrate (FDR) < 0.05; Supplementary Data3 and volcano plotin
Fig.2d). Then, to disambiguate EC-specific versus pTau-driven genes,
we overlapped these pTau-correlated genes withthose enrichedinthe
EC (see Venn diagrams in Fig. 2e). Only 18 of the 137 EC-upregulated
genes were positively correlated with the pTau/tau ratio (notably
including cytoskeletal genes such as MAP2 and the master transcrip-
tionfactorregulating cholesterol metabolism, SREBFI), whereas only
37 of 152 EC-downregulated genes were negatively correlated with the
pTau/tau ratio (including extracellular matrix/glycosaminoglycan
metabolism genes, such as LARGEI and PTN). Taken together, these
results support the existence of an allocortex-specific gene expres-
sion profilein EC astrocytes, which s distinct from a pTau signature.

Astrocyte transcriptomic changes along the stereotypical
spatial progression of AD

Next, we examined whether astrocyte gene expression changes track
with the stereotypical spatiotemporal progression of AD neuropa-
thology. The present study design with 32 donors along the normal
aging to severe AD continuum and five sites that are hierarchically
involvedin stereotypical AD enabled us to address the hypothesis that
the magnitude of astrocyte transcriptomic changes would parallel
both the regional vulnerability of neural networks to ADNC (spatial
progression) and the temporal accrual of ADNCin agiven brain region
(temporal progression).

First, to determine whether astrocyte transcriptomic changes
follow the neural network predilection of AD progression, we rank
ordered the five brain regions based on their known vulnerability to
neurofibrillary degeneration’** (thatis, EC > ITG > PFC > V2> V1) and
performed a differential expression analysis comparing each node of
the network with the next (that is, EC versus ITG, ITG versus PFC, PFC
versus V2and V2 versus V1), including all 32 donors and controlling for
within-donor correlations. The resulting 504 DEGs between any two
adjacent network nodes were then grouped into six spatial gene sets
following distinct trajectories along the neural network (Fig. 3a and
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Fig.1| Amolecular survey of astrocytes in five brain regions affected
stereotypically in AD. a, Experimental overview of our snRNA-seq study.

The figure was created with BioRender.com b, UMAP visualization showing
clustering of NEUN"/OLIG2™ nuclei. ¢, Violin plotsillustrate the expression
levels of cell type-specific marker genesin NEUN"/OLIG2™ nucleiacross the five

brainregions. d, Results of A plaque load (percentage of immunoreactive
areafraction) and pTau/tau ratio (measured by ELISA) in adjacent samples
to those used for snRNA-seq across brain regions and pathology stages.
SVC, secondary (association) visual cortex; PVC, primary visual cortex; IHC,
immunohistochemistry; FANS, fluorescence-activated nuclei sorting.
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Table 1| Donor summary characteristics

Summary Pathology stage 1 Pathology stage 2 Pathology stage 3 Pathology stage 4
Age at death (meants.d.) 79.5+12.3 86+6.6 82.875+7.9 79.5+10.4

Sex, n (% female) 4 (50) 5(62.5) 6 (75) 4 (50)

APOE €4 carriers, n (%) 0(0) 0(0) 3(37.5) 4 (50)

Braak NFT stages o/I/1 11/10 Vv VI

CERAD NP scores None Sparse or moderate Moderate or frequent Moderate or frequent
AR plaque burden (mean+s.d.) 0.070+£0.152 1.855+1.384 4.072+2.103 4.909+2.536

EC 0.031+0.036 2.420+1153 3.072+1.380 3.484+0.571

ITG 0.192+0.274 2.513+0.845 4662+1.842 5.938+2.568

PFC 0.018+0.010 2.448+1.900 6.869+1.539 7.556+2.544

V2 0.040x0.061 1.271£0.943 2.467+0.701 3.524+2.278

Vi 0.021+0.019 0.908+1.277 3.039+1.180 3.894+1.072
pTau/tau (meants.d.) 0.257+0114 0.286+0.109 0.343+0.178 0.443+0.204

EC 0.385+0.051 0.374+014 0.512+0.107 0.600+0.109

ITG 0.343+0.043 0.347+0.056 0.494+0.104 0.547+0.162

PFC 0.348+0.021 0.333+0.058 0.383x0.124 0.505+0.152

V2 0.193+0.119 0.212+0.100 0.208+0.128 0.256+0.147

Vi 0.150+0.017 0.175+0.038 0.162+0.079 0.328+0.221

Demographics, APOE genotype and neuropathology of donors are presented across the different stages of pathology. Summary statistics for AB plaque burden and the pTau/tau ratio for each

brain region are also reported.

Supplementary Data4). Two spatial gene sets changed their expression
level monotonically along the network, either decreasing from EC to V1
(geneset1) orincreasing from EC to V1 (gene set 2). Two other spatial
gene sets had relatively stable expression levels across all brain regions,
except forapeak of upregulation (gene set 3) or downregulation (gene
set 4) at the PFC. The last two spatial gene sets exhibited relatively
constant expression levels in EC, ITG and PFC, but either decreased
(gene set 5) or increased (gene set 6) from the PFC to V2 and V1. Thus,
this analysis suggested a significant association between astrocyte
gene expression and relevant regions that are hierarchically affected
by the AD pathophysiological process. A heatmap depicting the dif-
ferential expression of the individual genes comprising these spatial
genesetsacross brainregions attheindividual donor level is shownin
Supplementary Fig. 4a, demonstrating remarkable consistency with
the average profile of these gene sets shown in Fig. 3a. Donor-level
expression of representative genes for each spatial trajectory is shown
inSupplementary Fig. 4b.

Previous transcriptomic studies comparing AD mouse models
havereported similarities and differencesinastrocyte responsesto A3
plaques versus pTau NFTs>*, To test whether the spatial trajectories of
astrocyte gene expression are also related tolocal AB and pTaulevels,
we correlated the average standardized expression of each of these
spatial gene sets for each brain region and donor with the Af plaque
burdenandthe pTau/tauratio measuredin the same brain regions and
donors, while controlling for within-donor correlation (Fig. 3b and
Supplementary Fig. 4c). Interestingly, the gene set decreasing linearly
from EC to V1 (gene set 1) was positively correlated with the pTau/tau
ratio, whereas the one increasing from EC to V1 (gene set 2) was nega-
tively correlated with the pTau/tau ratio, suggesting that these two
gene sets contain a pTau-associated signature. Gene set 1 contained
synapse-associated (GRIA1, GRIP1, KCND2, KCNE4,KCNN3, SYNPO2 and
SYTL4), cell-cell communication (APP, AQP4,CNTNI1, L33, ITGB4 and
TJP2), cytoskeleton (GSN, MAP2, MAP7, MYBPC1, TLN2and TTN), extra-
cellular matrix (ADAMTSL3, COL21A1,LAMA4, SERPINI2 and VCAN) and
some trophic factors (ANGPTI1, EGF, NRP2 and NTRK2), metal binding
(CPand FTHI) and lipid metabolism (ABCA1 and LRAT) genes, whereas
gene set 2 included genes involved in glutamate neurotransmission

(GLUL, GRIA2, NRXNI and SLCIA2) and extracellular matrix (ADAM12,
FREM2, MGATS and PTN; Fig. 3c).

By contrast, the gene set specifically upregulated at the PFC
(gene set 3) was only positively correlated with the A plaque bur-
den, which was highest in this brain region (Fig. 1d), suggesting
that this is an AB-associated signature. This gene set was enriched
in synapse-associated (DISCI, GRIA4, GRID2 and SYNDIGI), cell-cell
communication (APBBI1IP, EFNAS, EPHA6 and SPPI) and cytoskeletal
(SYNM and FMNI) genes that were distinct from those associated with
the pTau/tau ratio (Fig. 3c). On the other hand, the gene set specifi-
cally downregulated in the PFC (gene set 4) contained important
genes involved in cytoskeleton (ACTB, CAP2, GFAP, MAPIB and VIM),
lipid metabolism (APOE, CLU and DGKB) and calcium homeostasis
(CALM2,CNN3,RTN1,S100A1and S100B), as well as many extracellular
matrix (CST3, KAZN, HS6ST3, LAMA2, MATN2, SDC4, SERPINA3, SER-
PINH1, SPARC and TNC), proteostasis (BAG3, CRYAB, DNAJA1, DNAJBI,
HSP90AA1, HSPA1A, HSPA1B, HSPB1, HSPBS, HSPD1, HSPE1, HSPH1, UBB
and UBC) and antioxidant defense genes (PRDX1, SOD2 and the metal-
lothioneins MTIE, MTIF, MT1G, MTIM, MT1X, MT2A, MTIM, MT2A and
MT3; Fig. 3¢). While this gene set was negatively correlated with both
AP plaque burden and pTau/tau ratio, the statistical significance was
lost after controlling for brain region.

Finally, spatial gene set 5was positively correlated withboth pTau/
tau ratio and AP plaque burden, whereas gene set 6 was negatively
correlated with both measures, likely representing ADNC-associated
pan-reactive upregulated and downregulated signatures, respectively.
The pan-reactive genes positively correlated with pTau and A levels
included many genesinvolved in G-protein-coupled receptor (GPCRs)
signaling (ARHGEF12, GNA14, GNAQ, PDE3B, PDE4D, PDE4DIP, PDESA
and PRKGI) and intracellular transport (CPQ, DNAH7, DNM3, RANBP3L,
SLCIA3, SLCI5A2, SLC44A3 and SLCOICI), suggesting activation of
second messenger-mediated signaling cascades and intracellular traf-
ficking of solutes and vesicles (Fig. 3c). Remarkably, the pan-reactive
genes negatively correlated with pTau and A levels were predomi-
nantly related to cell motility (ACTN, ASAP3, CXCL14, DAAM2, MYH9
and SERPINE2) and metabolism, including glucose (ALDH1A1, DPP6,
GAPDH, GYS1,LDHB and MIDN), lipid (ABHD3, OSBPL3 and SLC27A1) and
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Fig. 2| Regional heterogeneity of astrocyte transcriptome in the normal
agingbrain. a, Venn diagrams show the DEGs—upregulated in red and
downregulated in blue—in each brain region relative to all other brain regions
inn =8 donors at pathology stage 1 (no neuritic plaques and Braak NFT stages
0/1/11). b, Heatmap depicts the DEGs in each brain region (upregulated in

red and downregulated in blue) ranked by average log FC. ¢, Fluorescence
immunohistochemistry of AQP4and connexin-43 (GJ/AI) in EC and V1. Automated
immunohistochemistry with the peroxidase-DAB method followed by
quantification of AQP4- and GJAI-immunoreactive percentage area fraction in EC
and V1 formalin-fixed paraffin-embedded (FFPE) sections from n = 11 pathology
stage 1donors (including two donors from this snRNA-seq study) demonstrated
ahigher expression of these two proteinsin EC versus V1, in agreement with the

snRNA-seq results. *P=0.05, **P=0.0036, two-sided paired ¢ test. Scale bars—
EC,1mm; V1,5 mm;insets, 500 pm.d, Volcano plotillustrates the correlation
analysis between pTau/tau ratio and astrocyte gene expression levelsin
pathology stage1donors. The x axis represents the correlation coefficient 3,
while the y axis indicates the FDR (expressed as —log,,(FDR)). Genes inred are
positively correlated, and those in blue are negatively correlated at an FDR < 0.05
(-log,,(FDR) >1.3), whereas genes in gray were statistically NS. e, Venn diagrams
show the number of genes upregulated in EC (EC high) and/or positively
correlated with the pTau/tau ratio (top) and the number of genes downregulated
in EC (EC low) and/or genes negatively correlated with pTau/tau ratio (bottom).
Genesin eachintersectionare listed in the boxes. NS, not significant.

nucleotide (DHFR) pathways, suggesting afailure of energy metabolism
inreactive astrocytes associated with chronic exposure to both pTau
and AB (Fig. 3¢).

We then asked whether this association could be driven by the
regional differences observed in normal control donors or whether it
was mainly explained by the accumulation of A and/or pTauinthose
brainregions. To test the first possibility, we compared the EC-specific
and V1-specific signatures obtained from normal controls (Fig. 2)
and these spatial trajectory gene sets derived from the entire sample
and, indeed, observed a significant overlap (Supplementary Fig. 4d).
Specifically, the gene set with monotonic decrease fromEC to V1(gene
set1) was significantly enriched in EC-high and V1-low genes, whereas
the gene set with monotonic increase from EC to V1 (gene set 2) was
significantly enriched in EC-low and V1-high genes. The gene set specifi-
cally upregulated in PFC (gene set 3) was not enriched in either EC or
Vlsignatures, whereas the gene set specifically downregulated in PFC
wasenriched in EC-high and V1-high genes. The gene set with relatively
stable expressionin EC through PFC and lower expressioninV2and V1
(geneset 5) wasenrichedin EC-low and V1-low genes, and the gene set
with stable levels in EC through PFC but increase in V2 and V1 (gene
set 6) was expectedly enriched in V1-high genes (Fig. 3b). These data
suggest that some of the regional variations inastrocyte transcriptome
along the AD neural network are already present in the normal aging
brain, possibly driven by exposure of astrocytes to microenvironmental
factors particular to each brainregion.

Taken together, these results indicate that the astrocyte gene
expression profile parallels the typical spatial progression of AD
pathology along neural networks and suggest that these astrocyte
transcriptomic changes are partly associated with the local levels
of AP plaques and/or pTau and partly explained by region-specific
microenvironmental factors.

Astrocyte transcriptomic changes along the temporal
progression of AD

Once we established the spatial progression of astrocyte transcriptomic
changes in the normal aging to severe AD continuum, we sought to
determine whether astrocyte transcriptomic changes also parallel the
temporal accrual of ADNC within a given brain region. To this end, we
conducted a differential expression analysis comparing each of the
aforementioned four pathology stages with the next while controlling
for brainregion and within-donor correlation. We decided to separate
Braak stages Vand Vldonors to investigate possible end-stage changes

in astrocyte transcriptome and because, by definition, the primary
visual cortex (V1) only contains NFTs in Braak stage VI donors but is
spared from NFTs in Braak stage V donors®>*". The resulting 798 DEGs
between any two adjacent stages were, thus, considered temporally
associated with AD pathophysiology. These 798 DEGs were grouped
intosix different temporal gene sets with distinct temporal trajectories
and variable strength of association with the local A and pTau levels
(Fig. 4 and Supplementary Data5).

One set (temporal gene set 1) had the highest expression at an
early stage (no NPs, Braak NFT stages O/I/1) and then decreased and
remained relatively low along all the other stages, suggesting that it
corresponds to a homeostatic signature of astrocytes. This gene set
included many trophic factors and their receptors (ANGPTL4, APC,
EGLN3, FGF2, GFRA1, HGF, IGFIR, NRP1, NTRK3, TGFB2, TGFBR3 and
VEGFA), extracellular matrix (GPC4, MATN2, SERPINA3, SERPINE2 and
SPOCKI), cytoskeleton (ACTNI, FIGN, MACF1, MAPRE2, MAST4 and
MYH9) and some metal binding (CP, FTL and MT2A), antioxidant (MGST1
and MSRA) but also pro-oxidant enzymes (MAOB), neuroinflammation
(MAP3K14, MAP4K4, OSMR, SOCS3 and TAB2), calcium homeostasis
(CALN1, CNN3 and S100A1) and phagocytosis (LGALS3 and SCARA3)
genes.

Another gene set (gene set 2) peaked at the intermediate ADNC
stage (sparse/moderate NPs and Braak NFT stage II/1lI) and then
returned tobaseline at late and end stages, suggesting a transient acti-
vation of this gene setin response to theinitial accumulation of ADNC.
This early gene program included trophic and survival factors (FGF1,
FGFI14,HIFIA and NRP2), extracellular matrix (GPC6,KAZN,LAMA4 and
TNC), cytoskeleton (ABI1, CLIP1, MYOIE and VCL) and neuroinflamma-
tion (CHI3L1, IFI16, IL1R1, IL6R and RCANI) genes, which differ from
those predominantin the early ADNC stage. It also encompassed genes
involved in lipid metabolism (ACSL3, ELOVLS, ELOVL6, LDLR, LEPR,
LPIN1, NCEHI1, OSBPL6, PLA2G4C, PLCL1, PLPP3 and SGMS2), glycosa-
minoglycan metabolism (EXTI, GALNT2, MAN2A1,ST6GALNAC3, SULF1
and UGP2), synapse-associated (GRIK2, PCLO, STXBP6 and SYTL2) and
GPCR-mediated signaling (GPR158, KALRN, PDE4B, PDE4D, RASGEFIB,
RGS6 and TRIO).

Two other temporal gene sets either peaked (gene set 3) or
dropped (gene set 4) at the late stage (moderate/frequent NPs, Braak
NFT stage V) but surprisingly returned to near baseline at end stage
(moderate/frequent NPs, Braak NFT stage VI), suggesting a vigorous
response of astrocytes to nearby Af plaques and NFTs that they ulti-
mately cannot sustain and turn off as this exposure becomes chronic

Fig. 3| Astrocyte transcriptomic changes along the stereotypical spatial
progression of AD. a, Spatial trajectory gene sets resulting from clustering the
n =504 DEGs between any two adjacent nodes of the AD network from EC to

V1. Theyaxisis the standardized gene expression, with gray lines representing
individual genes, whereas the colored lines represent the mean trend. b, The
first two vertical bars represent the association between the average expression
of each spatial trajectory gene set in each donor and their pTau/tau ratio and

AP plaque burden (red indicates statistically significant positive correlation;
blueindicates statistically significant negative correlation; gray indicates NS).

Thelast two vertical bars illustrate the results of an overlap test between each
spatial trajectory gene set and the region-specific EC-high/EC-low and V1-high/
V1-low gene sets derived from normal controls in Fig. 2 (red indicates statistically
significant overlap with region-specific upregulated gene set; blue indicates
statistically significant overlap with region-specific downregulated gene set;
gray indicates NS). ¢, Functional characterization of each spatial trajectory gene
set via pathway analysis; some relevant genes of each pathway are displayed on
theright. ROS, reactive oxygen species.
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Fig. 4| Astrocyte transcriptomic changes along the temporal progression
of AD. a, Temporal trajectory gene sets resulting from clustering the n = 798
DEGs between any two adjacent pathology stages from early to end stage. The y
axis is the standardized gene expression, with gray lines representing individual
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(thatis, response exhaustion). The upregulated late gene program com-
prised genesinvolved in proteostasis/response to heat stress (AHSAI,
BAG3, CCT4, CRYAB, DNAJA1, DNAJB1, DNAJB6, HSP9OAA1, HSP90OABI,
HSPAIA, HSPA1B, HSPA4, HSPA4L, HSPAS, HSPA9, HSPB1, HSPD1, HSPE1,
HSPH1, MIB1, OTUD7B, SQSTM1, ST13, UBB, UBC, UBE2B and UBE2E2),
proteintranslation (EEF1AI, EIF1, EIF2S2,RPL37A, RPL38, RPLP2, RPS21,
RPS24 and RPS28), energy metabolism (ENOI, GAPDH, LDHB and PGK1),
mitochondrial electron transport chain (ATPSFI1E, ATPSMD, ATPSME,
ATPSPF, COX6A1,COX6C, COX7C,NDUFA4, NDUFB2, NDUFB4, NDUFC1
and UQCRB), antioxidant defense (NFE2L2, NXN, PRDX1, SODI1, SOD2
and the metallothionein genes (MTIE, MTIF, MT1G, MTIM, MTIX and
MT3)), neuroinflammation including interferon response (/FITM2,
IFITM3,IL17RB, IRS2, NFATS, PTGES3 and STAT3), cell-cell communica-
tion (CD59, CDH23, CHL1, CNTNAP2, CNTNAP3, CNTNAP3B, FGFR1 and
RGMA) and some genes involved in lipid metabolism (ABHD3, CLU,
OAZI and OSBPLI1A), cytoskeleton (CLIP2, MAP2, SYNM and VIM), extra-
cellular matrix (MMPI16, PLOD2, PLOD3, SERPINH1, SPP1 and ST6GAL-
NAC6), synaptic function (CAMK2D, CAMK2N1, FOS, GAB1, NRXN3 and
RIMSI) and intracellular transport/trafficking (ATP2CI, CPE, DYNLRBI,
SLC7AS, SLC7A11, SLC9B2, SLC20A2 and SNX3). The downregulated
late gene program included genes involved in glutamate neurotrans-
mission (GLUDI1, GRIA2 and SLCI1A3), extracellular matrix (COL28A1,
CSGALNACTI, EPM2A and GPC5) and intracellular transport (GOLGASB,
SLC4A4,SLCI3A3 and TVP23C). Interestingly, many of these late-stage
genes overlap with the AB/pTau-unrelated genes (gene set 4) of the
spatial progression analysis. This lack of correlation with AR and pTau
is likely explained by the apparent normalization of their expression
levels in end-stage disease (Braak stage VI) despite the further accu-
mulation of AP and especially pTauin all brain regions of Braak stage
Vldonors (Fig.1d).

Moreover, we identified asmaller set (gene set 5) whose expres-
sion levels remained relatively stable throughout early, intermedi-
ate and late stages and only increased at the end stage (moderate/
frequent NPs, Braak NFT stage VI). This gene set contained glutamate
metabolism (GLUL and SLCIA2), extracellular matrix (ADAMTSL3,
COL21A1, HPSE2, SDC4 and VCAN), lipid metabolism (ACACB, ACSS1,
DGKG, OSBPL11, PHYHDI, PHYHIPL, PLCE1, PPARGCIA and SREBFI),
trophicfactors (FGFR3and NTRK2), cell-cell communication (CDH20,
CLECI6A, CNTNI1, ITGB4 and NLGN4Y) and intracellular transport
(DYNC2H1, SCLT1, SLCI14A1, SLC18B1, SLC24A4 and SLC44A1I) genes.
Finally, gene set 6 had low expression at early and intermediate
stages, peaked at the late stage and decreased at the end stage with-
out returning to baseline; relevant genes pertained to proteostasis
(CTSD, DNAJB2, HSPB8 and NEDD4L), energy metabolism (ALDH2,
CKB and PFKP), extracellular matrix (B4GALNT4, COL5A3, COL27A1,
CST3,FLRT2, PLECand PLXNBI), intracellular transport and trafficking
(ATP2B4,SLC27A1,SLC38A2,SLC39A11,SLC39A12 and TRAK1), cell-cell
communication (GJAI), lipid metabolism (APOE and LRP4) and nuclear
receptors (RORA and RXRA).

Compared to the spatial gene sets, the heatmap showing the dif-
ferential expression of the individual genes comprising these temporal
gene sets across pathology stages at the donor level showed slightly
higherinterdonor variability (Supplementary Fig. 4a), possibly reflect-
ing differencesin the duration of each stage across donors. Donor-level
expression of representative genes for each temporal trajectory is
shown in Supplementary Fig. 4b. Interestingly, there was minimal
overlap between the spatial and temporal gene sets (Supplementary
Fig. 4e), suggesting that a complex interplay of intrinsic properties
of the regional microenvironment, local amounts of Ap and pTau and
duration of the exposure to Ap and pTau insults governs astrocyte gene
expression. Indeed, these results indicate that both brain region and
Braak NFT stage should be carefully considered when comparing the
astrocyte transcriptome of AD versus normal control brains because
astrocyte transcriptomic responses to ADNC might be attenuated or
exhausted in end-stage disease (Braak NFT stage VI) in severely and
chronically affected brain areas.

Astrocyte clustering analysis reveals diverse transcriptomic
programs across brain regions and pathology stages

While two broad categories of astrocytes, homeostatic and reactive,
have been traditionally postulated, the above-mentioned results sug-
gested amore complex picture of astrocyte reactivity, as put forwardin
arecent consensus statement on reactive astrocytes'. We asked whether
distinct subpopulations or states can be distinguished based on their
gene expression programs. To address this question, we randomly sam-
pled 500 nuclei from each brain region of each donor and integrated
and clustered these nuclei into nine distinct astrocyte subclusters
(Uniform Manifold Approximation and Projection (UMAP) in Fig. 5a).
Two small clusters had genes typically found in other cell types, spe-
cifically neurons (astNeu) and microglia (astMic), and were considered
hybrids or doublets (although their estimated doublet score was very
low). Inspection of both the top DEGs defining the subclusters (that s,
subcluster marker genes available in Supplementary Data 6) and the
enriched pathways revealed an interesting functional specialization of
theremaining seven subclusters. The subcluster astHO was enrichedin
glutamatergic (GLUL, GRIA2, GRM3 and SLCIA2) and gabaergic (SLC6A1
and SLC6A11) neurotransmission genes, along with potassium-buffering
channels (KCN/10 and KCNJ16) and cell adhesion molecules involved in
astrocyte-astrocyte (G/AI) and astrocyte-neuron interactions (ERBB4
and NRXNI), consistent with a canonical protoplasmic homeostatic
phenotype (Fig. 5b,c). By contrast, astR1 and astR2 were enriched in
GFAP, S100B, HSF1-mediated stress response (CRYAB, HSPA1B, HSPB8
and UBC), extracellular matrix (CD44, COL21A1, GPC6,LAMA4, SERPINA3,
TNCand VCAN) and oxidative stress (MAOB), but differed in some other
marker genes (for example, ADAMTSL3, AQP1, C3, MAP1B, MAPT and
SOD2inastR1versus GRIAIand SPARCin astR2), suggesting that they are
different states of astrocyte reactivity (Fig. 5b,c). Subcluster astRO also
exhibited areactive phenotype and was further enriched inextracellular

Fig. 5| Clustering reveals homeostatic, reactive and intermediate astrocytes.
a, UMAP plot of asubsample of 500 astrocyte nuclei from each donor and region,
with the colors representing each of the ten astrocyte subclusters resulting
fromthe clustering. b, Bubble plotsillustrate the expression zscores of selected
marker genes defining the nine astrocyte subclusters. ¢, Characterization of
astrocyte subclusters with pathway enrichment analysis. Bar plots represent

the statistical significance (-log,o(FDR)) of the functional pathways defining

the main astrocyte subclusters. d, Double fluorescence immunohistochemistry
for selected markers with thioflavin-S (ThioS) counterstaining in FFPE sections
from the temporal association cortex of control (CTRL) and AD donors show
reduced expression of some homeostatic markers and increased expression

of some reactive markers in GFAP* astrocytes surrounding some ThioS™ Af
plaques. Note that representative photomicrographs from at least three CTRL
and three AD donors were taken with similar exposure time and display settings
for appropriate comparison. Scale bar =10 um. e, Violin plots show a statistically
significant or marginally significant higher expression of reactive astrocyte

markers in AD (pathology groups 3 and 4, n = 7) versus CTRL (pathology group
1,n=6) centered withinand around ThioS* Ap plaques. Individual data points
are shownas dots, and horizontal lines represent the median value. Note that

the gradient of expression of these reactive astrocyte markers from ThioS* A}
plaques to the plaque vicinity (<50 pm) and to plaque-free distant areas (>50 pm
from nearest plaque edge) in the AD temporal neocortex, while no such gradient
is observed relative to sham plaques from CTRL cortex. Data from AD donors
correspond to n =50 randomly selected ThioS* AB plaques per donor distributed
throughout all layers of a temporal neocortex tissue section, their 50 pm halo
and n =50 distant (>50 pm) ROIs of similar size per donor. For CTRL donors,
n=50sham plaques of similar size per donor, their 50 pm halo and n =50 ROIs

of similar size located far from them (>50 pum) per donor were analyzed. Data
were analyzed running mixed-effects models with diagnosis and location as fixed
effects and donor ID as random effect to account for within-donor correlation.
FGFR, fibroblast growth factor receptor.
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matrix genes (COL21A1, COL24A1, COLGAT and LAMA?2). Fluorescence
immunohistochemistry validated some of these homeostatic and reac-
tive markers in postmortembrainsections from controland AD donors,
and a spatial quantitative analysis centered in thioflavin-S-positive
dense-core AP plaques demonstrated a gradient of expression of the
reactive markers from the plaque to the peri-plaque halo (<50 pm) to
areasdistant (>50 pm) from plaquesin the AD cortex, whereas no effect
of sham plaques was observed in control cortex (Fig. 5d,e and Supple-
mentary Figs. 5-7). Fluorescence in situ hybridization via RNAScope
confirmed the expression of MAPT by astrocytes (Supplementary Fig. 8).

The subcluster of intermediate astrocytes (astIM) had somewhat
overlapping profiles between homeostatic and reactive and expressed
classic homeostatic genes, although at lower levels than astHO, but
also higher levels of certain genes (DNAH7, ETNNPL, GABRBI, GLUD1
and NTRK2; Fig.5b,c). Subcluster astMet was characterized by glucose
metabolism (ENOI1,ENO2, GAPDH, GYS1,HK1, HK2, LDHA, PDK1, PDK3,
PGK1,PFKPand PKM) and metallothioneins (MTIE, MT1F, MT1G, MTIM,
MTIX, MT2A and MT3) but also exhibited a stress response (BAG3,
HSP90AAI HSPA1A, HSPBI and HSPHI). Another subcluster, whichwe
named astTinf, was enriched in growth factors (FGF1, FGF2, FGFR2,
HGF and OSMR) and interleukin signaling (CHI3L1, IL1IR1, IL6R, ITGBI,
MAPK4 and SOCS3) besides extracellular matrix.

Taken together, these data indicate that there are subclusters of
astrocytes with markedly distinct transcriptomic programs from the
classic homeostatic and reactive states.

Dynamic transcriptomic changes in astrocyte subclusters
along AD progression

Finally, we asked whether the above-mentioned astrocyte subclusters
represent stable astrocyte subpopulations or, conversely, dynamic
states responsive to AD neuropathology. Toward that end, we first
examined changes in subcluster frequency and cell density along the
spatial and temporal axes of AD progression (Fig. 6a,b and Supplemen-
tary Fig. 9a). Notably, the proportion of homeostatic astHO astrocytes
was significantly reduced in EC versus all other regions but did not
change with pathology stages, whereas both astR1and astR2 reactive
astrocytes were more frequent in EC and ITG, and the frequency of
astR1tendedtoincrease with pathology stages. The proportion of reac-
tive astRO astrocytes increased in parallel with pathology stages and
decreased along brainregions from ECto V1. Similarly, the frequency of
astIM declined along the spatial axis but was reduced only in pathology
stage 3. In contrast, the frequency of subclusters astMet and astTinf
remained stable across the five brain regions but behaved differently
along the four pathology stages. astMet was increased specifically in
pathology stage 3, whereas astTinf declined along pathology stages.
While some of the subclusters were associated with age, the effect
sizes were very small (8=-0.008t0 0.004). Also, only astMet was sig-
nificantly associated with sex (higher frequency in female donors,
P <0.005), but the effect size was small (8= 0.046).

Next, we compared the marker genes of the astrocyte subclusters
withthespatialand temporal gene setsidentifiedinthe previous sections
and asked whether the spatial and temporal gene sets were overrepre-
sented or underrepresented inany subcluster (Supplementary Fig.9b,c).
Asexpected, the homeostaticastHO and reactive astRO, astR1and astR2
subclusters were enriched in spatial gene sets that correlated with the
pTau/tauratio. Specifically, the reactive subclusters had apositive enrich-
mentscore for spatial gene set1(positively correlated with pTau) as well

asspatial gene set4 (stress chaperones/heat-shock response genes) and
anegative enrichment score for spatial gene set 2 (negatively correlated
with pTau), whereas the homeostatic subcluster astHO demonstrated the
opposite effects (Supplementary Fig. 9b). The astIM subcluster was also
enrichedin the pTau/tau-associated spatial gene set 1.

While the homeostatic and reactive subclusters were enriched in
the spatial gene sets, the astMet and astTinf subclusters were enriched
inseveral temporal gene sets (Supplementary Fig. 9c). Of note, astTinf
exhibited a positive enrichment of temporal gene sets 1,2 and 3, corre-
spondingto early, intermediate and late astrocyte gene programs, but
its frequency significantly decreased along pathology stages (Fig. 6b).
In contrast, astMet exhibited a positive enrichmentin temporal gene
set 3 (characterized by upregulation of proteostasis, mitochondrial
electron transport chain and metallothioneins in pathology stage 3
and normalizationin pathology stage 4) and a negative enrichment of
temporal gene set 4 (characterized by downregulation of ion transport
in pathology stage 3 and normalization in pathology stage 4), sug-
gesting that astMet are the exhausted astrocytes. This is consistent
with the significantly increased frequency of astMet in pathology
stage 3relative to pathology stages1and 2, withasubsequent decrease
in pathology stage 4 (Fig. 6b). Notably, AstMet was not enriched in
senescence genes (P> 0.4), suggesting that exhausted astrocytes are
notsenescent. Together, these datasuggest that astMet are undergo-
ing exhaustion, thatis, failurein proteostasis and energy metabolism,
after prolonged exposure to ADNC (Braak stage VI). Fluorescence
in situ hybridization in the V2 region via RNAScope for ALDHIL1
(to label all astrocytes) and HSPBI (a representative gene of tem-
poral gene set 3 encoding the small chaperone HSP27) confirmed
the highest expression in stage 3 and very low expression in stage 4
(Supplementary Fig.10).

Furthermore, to understand the dynamics of the transitions across
the astrocyte subclusters, we used pseudotime analysis—a computa-
tional technique that orders cells along a continuous trajectory based
on their gene expression profile. Initiating from astHO as the origin,
pseudotime analysis revealed a sequential pattern of gene expres-
sion changes progressing to astR0O, astR1 and astR2 reactive astro-
cytes primarily through astIM (Fig. 6¢). To analyze the cell transition
probabilities, we used CellRank*, which leverages splicing dynamics
to determine the ratio between spliced and unspliced products as a
proxy for expression dynamics (stable, induction or repression). This
cell transition analysis confirmed a transition from astHO to astR1
through astIM (Fig. 6d). Interestingly, the homeostatic astHO astro-
cytes also transitioned to astMet and astTinf, which appeared to be
terminal states with no further progression into the reactive subclus-
ters (Fig. 6d). Heatmaps of marker genes illustrating the transitions of
homeostatic astHO astrocytes further supported the finding that astIM
isanintermediate state between homeostatic and reactive astrocytes,
whereas astMet and astTinfare distinct subclusters that deviate from
the prototypical homeostatic-to-reactive transition path (Fig. 6e).

These findingsindicate that astMet and astTinf are unique termi-
nal subclusters with a complex, stage-dependent response to ADNC,
suggesting that their response is driven by the cumulative effect of
such toxic exposures over time.

Comparison with other human snRNA-seq datasets
Furthermore, we asked whether the astTinf and exhausted astMet
astrocytes are unique to our dataset or whether they might also be

Fig. 6| Dynamics of astrocyte transcriptomic changes. a, Proportion of
astrocyte subclusters across brain regions (n=22EC,n=31ITG,n=28 PFC,n=31
V2and n=32VI).b, Proportion of astrocyte subclusters across pathology stages
(n=30stagel,n=39stage2,n=36stage 3and n=39 stage 4).Inboth

aandb, each dot represents a unique sample (individual + region). Horizontal
linein each box represents the median value; boxes extend from the 25th to the
75th percentile of values in each group; whiskers extend from the 5th to the 95th

percentile. ¢, Pseudotime (transcriptomics distance from the origin) is visualized
onthe UMAP plot with the homeostatic astHO subcluster as the origin. d, Velocity
streams calculated with CellRank on our subsampled astrocytes. e, Heatmap
showing the top transitional genes along the pseudotime, with astH (blue) and
astR (red) marker genes labeled to the right of the heatmap. Individual cells from
subclusters and pseudotime are shown on the top annotation bar.
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detectable in other human brain AD snRNA-seq datasets. To address
this question, we used the Seurat anchor integration tool for label
transfer to project astrocytes from nine previously published
datasets’™” (Supplementary Data 7) onto ours based on the similar-
ity of transcriptomic profile. The earlier datasets®'*" had fewer total
numbers of astrocytes relative to the most recent studies'" and the
vast majority mapped as homeostatic astHO or reactive astR0O, astR1
and astR2 astrocytes (Fig. 7a). All the studies had some representa-
tion of the entire continuum of changes observed in our AD progres-
sion study. Although all but one study' had astTinf, only the largest
study—the Seattle Alzheimer’s Disease Brain Cell Atlas (SEA-AD)",
performed in the middle temporal gyrus—had a sizable representa-
tion of the exhausted astMet subcluster. We next compared the fre-
quency of astTinfand astMet along disease stages and found a similar
trend toward decreasing astTinf frequency with pathology stages
in SEA-AD. However, there was no significant change in astMet fre-
quency across Braak stages in these nine datasets, suggesting that the
exhaustion phenomenonrevealed by astMet is unique to our dataset
(Fig.7b).Finally, we also compared the marker genes of the astrocyte
subclusters reportedin the nine previous studies with ours (see Sup-
plementary Data 7 for details on which gene sets were chosen from the
studies). While our homeostatic and reactive subcluster marker genes
overlapped substantially with those from previous studies, astTinf
and astMet appeared to be unique to our study (Fig. 7c), suggesting
that our sampling scheme across brain regions and pathology stages
was key for the identification of these subclusters.

Together, these results underscore the dynamic, complex and
nonlinear pattern of astrocyte transcriptomic changes along AD pro-
gression, uncovering two terminal states that are off-pathway the
prototypical astrocyte reactivity, including a previously unrecog-
nized exhausted state. Additionally, they highlight the importance of
examiningthe full spectrum of ADNC severity, including intermediate
phenotypes and multiple hierarchically affected brain regions.

AD progression atlas

To facilitate access to our rich dataset of AD progression, we have
developed a web-based tool for query and visualization (https://
ad-progression-atlas.partners.org). The tool allows gene expression
queries at the sample level by various parameters (such as Braak NFT
stage, CERAD NP score, A plaque load and pTau/tau ratio). It also
enables cell-level queries and displays results as feature, proportion
or bubble plots.

Discussion

We generated a large snRNA-seq dataset of human astrocytes across
five brain regions, encompassing the normal aging to severe AD con-
tinuum. The analysis of this large dataset provided important clues on
the regional heterogeneity of astrocyte transcriptome in the normal
agingbrainand the transcriptomic programs that astrocytes activate
and deactivate in the AD brain in response to the stereotypical spati-
otemporal progression of ADNC.

First, we observed significant regional differences in astrocyte
transcriptome in the brains from normal controls, with EC and V1
regions showing the highest numbers of upregulated and downregu-
lated DEGs. The EC, specifically layer II, is the first region affected by
NFTs and neurodegeneration in most AD cases’**°. Here we identified
an EC-specificastrocyte signature, whichincluded changesingenesrel-
evant to AD pathophysiology such as an upregulation of APPand APOE
and adownregulation of SLC1IA2 (encoding the glutamate transporter
EAAT2, a.k.a. GLT-1) and MAPT (encoding the microtubule-associated
proteintau) relative to other cortical regions. Noteworthy, anincrease
in SLCIA2 expression in EC astrocytes has been associated with resil-
ience to AD pathology”, and downregulation of SLCIA2 is predicted
to increase the excitability of glutamatergic neurons®, suggesting a
potential role of astrocytic genesin EC vulnerability to AD. Notably, we
unexpectedly found robust expression of RORBin astrocytes, although
RORB had previously been identified by snRNA-seq as a marker gene
for excitatory EC neurons that are vulnerable to NFTs and neurode-
generationin AD", By contrast, our study identified RORB as one of the
downregulated genesin EC astrocytes, arguing for future investigation
into its cell type-specific functions. The virtual absence of AB deposits
across brain regions in these control donors enabled us to isolate the
effects of pTau pathology on the astrocyte transcriptome and to con-
firmthat the EC signature cannotbe explained just by the NFTs already
presentinthe ECindonorswith Braak NFT stageslandIl. Onthe other
hand, the V1signaturein control donors could be, atleast partly, medi-
ated by the astrocytes from the stria of Gennarior Vicq-d’Azyr'sband, a
strip of white matter that lies between layers IVb and IVc of the calcarine
cortex and defines the striate cortex of BA17 (ref. 39), because white
matter fibrous astrocytes are markedly different from protoplasmic
cortical astrocytes*>*'. Thus, the substantial regional heterogeneity
found in the normal aging brain warrants careful interpretation of
single-region studies comparing AD versus control donors.

Second, we leveraged our multiregion sampling of many donors
with various levels of ADNC toinvestigate associations between astro-
cytegene expression levels and the spatiotemporal progression typical
of AD. When we rank ordered the five brain regions along a spatial axis
following the typical hierarchical progression of AD and compared the
astrocyte transcriptome fromall donors across any two adjacent nodes
ofthe AD network, we were able to identify multiple gene sets following
distinct spatial trajectories. We found that these various spatial trajec-
tories of astrocyte gene expression could only be partly explained by
theregional differences detected in the normal controls with virtually
no AP plaques and pTau pathology mostly restricted to the EC. On the
contrary, except for one gene set, all other spatial trajectories were also
associated withthelocal levels of either A3, pTau or both, enabling us
to investigate Ap- and pTau-associated gene signatures. Ap and pTau
levels positively correlated with different synapse-associated, cell-cell
communication and cytoskeletal genes. Of note are astrocyte genes
involvedin synaptic function that are dysregulated in parallel to the ste-
reotypical march of pTau pathology across cortical association areas.
Furthermore, the negative correlation between the SLCIA2-containing,

Fig.7| Comparison with publicly available human AD snRNA-seq datasets.

a, UMAP plot of astrocytes from the present study and nine other previously
published studies after anchor-based integration onto datain the present

study. b, Boxplots showing the frequency of astMet (left) and astTinf (right)

inall studies. Exhaustion phenomenon was only observed in the present

study. Horizontal line in each box represents the median value; boxes extend
from the 25th to the 75th percentile of values in each group; whiskers extend
from the 5th to the 95th percentile. Each dot represents one unique sample
(individual + region). Present study—n = 30 Braak stages O-II, n = 39 Braak stages
II-1V, n = 36 Braak stage V and n = 39 Braak stage VIin; ref. 9—n = 24 no-pathology,
n=15early pathology and n =9 late-pathology; ref. 10—n =6 controlandn=6
AD; ref.13—n=9 control and n =12 AD; ref. 11—n = 11 control, n = 11 AD (TREM2-
CV)and n =10 AD (TREM2-R62H); ref. 12—n = 14 Braak stages O-Il and n = 6 Braak

stage VI; ref. 15—n =13 controland n =11 AD; ref.14—n =7 controland n =10 AD;
ref.16—n =4 control and n =11 AD; SEA-AD study—n =12 Braak stages 0-1l, n =57
Braak stages llI-1V, n = 67 Braak stage V and n = 28 Braak stage V1. Significance
was evaluated by a two-sided Welch’s ¢ test. Pvalues were adjusted using the
Benjamini-Hochberg method to correct for multiple comparisons when two

or more comparisons were conducted within studies. Left, in the present study,
Braak stages O-ll versus Braak stage V (**P = 0.0015), Braak stages IlI-IV versus
Braak V (**P=0.0015) and Braak stage V versus Braak stage VI (*P = 0.018). Right,
inthe present study, Braak stages O-1l versus Braak stage VI (***P =5 x10*), Braak
stages lII-1V versus Braak stage VI (**P = 0.003) and Braak stage V versus Braak
stage VI (***P=8 x107*). Inref. 11, control versus AD (TREM2-CV) **P=0.008,
control versus AD (TREM2-R62H) **P=0.008. ¢, Heatmap showing the overlap of
the astrocyte subcluster marker genes with gene sets from the other studies.
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synapse-associated spatial gene set and pTau levels is consistent with
thereported association between a PET-based tau-spreading network
and a gradient of expression of glutamatergic synaptic genes, sin-
gularly SLCIAZ2 (ref. 42). Thus, these results could be indicating that
astrocytes, as part of the tripartite excitatory synapses, have akey role
in synaptic dysfunction and the trans-synaptic propagation of pTau
between excitatory neurons along vulnerable AD neural networks.
On the other hand, genes correlated with both Ap and pTau levels
(a.k.a. pan-reactive) consisted of an upregulation of GPCR-mediated
signaling and intracellular trafficking and a downregulation of energy
metabolism, further suggesting a synergistic effect of AR and pTau
on the astrocyte transcriptome’. The latter result also suggests that
astrocytes undergo an energy failure as a result of chronic exposure
toboth AP and pTau. Notably, previous bulk transcriptomic analyses
have highlighted energy metabolism deficits as a feature of AD and
other neurodegenerative diseases*>**, but have either attributed this
finding to the severe neuronal dysfunction and loss or imputed it to
astrocytes only through indirect computational methods'. Our data
confirm that astrocytes, in addition to neurons, suffer mitochondrial
dysfunction and energy deficits that contribute to these observed bulk
RNA changes and could also potentially contribute to clinical progres-
sion. Intriguingly, astrocytes have been reported to contribute to the
(*®F)fluoro-deoxy-glucose (FDG)-positron emission tomography (PET)
signal viathe glutamate transporter EAAT2/GLT-1,encoded by SLCIA2
(ref. 45), whose expression is negatively associated with pTau. Also
interestingly, higher plasma GFAP levels have been associated with
higher (8F)FDG-PET signals in early AD*’. Thus, reactive astrocytes
may initially increase their metabolic rate but finally fail to meet their
energy needs and contribute to the typical bilateral temporoparietal
hypometabolism observed in AD. On the other hand, another sizable
gene set (gene set 4, n=120), characterized by its lack of correlation
with either AB or pTau levels and highest expression levels in the EC
and V1, was composed of genes related to the cytoskeleton (including
GFAP), lipid metabolism (including APOE and CLU), calcium homeosta-
sis, extracellular matrix, heat-shock proteins and antioxidant defense
(forexample, metallothioneins), suggesting anonlinear heterogeneous
response to ADNC in the different cortical regions.

We also examined the astrocyte transcriptomic changes along
the temporal axis by analyzing the effect of increasing ADNC severity,
whichmatched well with increasing local levels of A and pTauin each
brainregion. Assuming that autopsy findings of ADNC severity canbe
temporally ordered, which is well supported by the PET imaging bio-
marker literature, this analytical approach revealed what appears to
be successive waves of astrocyte transcriptomic programsin interme-
diate versus late versus end-stage disease. At the intermediate ADNC
stage, astrocytes induced trophic and survival factors (significantly
the HIF1A gene, encoding the hypoxia-inducible factor 1a (HIF1x),
which has been shown to be a major driver of energy metabolism
changesinAD reactive microglia®’), extracellular matrix (for example,
GPC6and TNC), cytoskeleton and neuroinflammation (notably CHI3L1,
encoding for the fluid biomarker of reactive astrogliosis YKL-40
(ref. 48) and the endogenous inhibitor of calcineurin RCANI) genes
different from those predominant in the earliest ADNC stage.
Additionally, lipid metabolism (notably the APOE receptor LDLR*
and the fatty acid elongases ELOVLS and ELOVL6, which could result
in the generation of purportedly toxic saturated long-chain fatty
acids’®), glycosaminoglycan metabolism and synapse-associated
and GPCR-mediated signaling genes were also upregulated in the
intermediate stage. We separated Braak stages V and VI donors to
test the hypothesis that gene expression by reactive astrocytes may
be impacted by chronic exposure to AB and pTau, represented by
the latter end stage. Indeed, the distinguishing feature between
Braak NFT stages V and Vlis not just the presence of NFTs in the pri-
mary visual (V1), motor and sensory cortical areas, but more severe
neurofibrillary degeneration® and atrophy throughout the cortical

mantle”. We observed that at the late stage (Braak stage V), the astro-
cyte transcriptomic response was dominated by upregulation of
genes related to protein translation (that is, elongation factors and
ribosomal subunits), proteostasis (that is, many small chaperones
and heat-shock proteins), energy metabolism (for example, GAPDH
and LDHB), mitochondria electron transport chain, neuroinflam-
mation (notably interferon response genes and STAT3), antioxidant
defense (for example, SOD1, SOD2 and many metallothionein genes)
and the cytoskeleton (for example, SYNM and VIM), suggesting a
full-blown, all-hands-on-deck adaptive response to nearby perva-
sive and conspicuous ADNC. Surprisingly, we observed that many of
the genes upregulated during late stage (Braak stage V) decreased or
evenreturned to baseline during end-stage disease (Braak stage VI),
including those involved in proteostasis (for example, heat-shock
response), energy metabolism and mitochondrial oxidative phos-
phorylation, lipid metabolism (significantly APOE and CLU), cytoskel-
eton and extracellular matrix, suggesting an exhaustion of astrocyte
response. Many of the genes blunted in the end stage overlapped
with the AB/pTau-uncorrelated genes (gene set 4) found in the spatial
progression analysis, thereby explaining their lack of correlation with
AP and pTau levels. We note that this exhausted phase of astrocyte
response in Braak stage VIdonors has not been previously described
and may have confounded previous studies that compared only con-
trol and severe AD donors or grouped late- and end-stage donors
(Braak stage V/VI) together®™,

Taken together, these findings reinforce the idea that AD-
associated reactive astrogliosis tracks with the spatiotemporal progres-
sion of AD, highlighting a severe end-stage dysfunctional or maladap-
tive response of astrocytes likely caused by their chronic exposure to
AB, pTau and ongoing neurodegeneration®.

Third, weidentified distinct subclusters of homeostatic and reac-
tive astrocytes based on their gene expression profiles. We found
that homeostatic astrocytes constitute the majority of the astro-
cyte population, regardless of the severity of AD pathology, and
express higher levels of typical homeostatic genes such as glutamate
metabolism-related genes, whereas reactive astrocytes represent
less than 25% of all astrocyte nuclei and express higher levels of aqua-
porins, heat-shock proteins, extracellular matrix and cytoskeletal
genes. Of note, many of these upregulated gene products have been
demonstrated in AD reactive astrocytes viaimmunohistochemistry,
especially near dense-core, typically neuritic, A plaques®. Notably,
we found a subcluster of astIM that represents a transitional state
between homeostatic and reactive astrocytes, arguing against the
latter being separate astrocyte subpopulations. The following lines of
evidence supportthisinterpretation: (1) the transcriptomic profile of
astIM had overlapping characteristics between homeostatic (astHO)
andreactive (astRO/R1/R2), (2) the frequency of the astIM subcluster
declined along AD pathology stages and (3) astIM astrocytes were
transcriptionally the most dynamic based on both pseudotime and
cell transition/RNA velocity analyses.

These results are consistent with a dynamic phenotypic change
of astrocytes from homeostatic to reactive through an intermediate
state in response to their microenvironment conditions, namely the
presence of AB plaques and NFTs****¥, and ongoing work will define
the molecular actorsinvolved in these transitions in AD*,

Besides the astHO-to-astIM-to-astR prototypical transition, cell
transition analysis revealed two distinct routes of transition from
astHO to other terminal astrocytic states (astTinfand astMet). AstTinf
is characterized by a strong trophic factor response mainly mediated
by fibroblast growth factor receptor (FGFR) and transforming growth
factor B receptor (TGFR) as well as heat-shock stress and inflammation
genes. AstMetis enriched in glucose metabolism, metallothioneins and
extracellular matrix genes and corresponds to the exhausted astrocytes
whose proportion and gene expression program peakin AD late stage
(Braak stage V) and normalize in end stage (Braak stage VI).
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Insummary, our five-region snRNA-seq study of astrocytes from 32
donorsspanning the normal aging-severe AD continuum provides evi-
dence of the regional diversity of astrocytes in the normal aging brain,
demonstrates the complexity of their transcriptomic responses upon
chronic exposure to ADNC, suggests Ap plaque- and pTau-associated
unique signatures of astrocytic reactions and uncovers the existence
ofintermediate states that appear to be transitional between homeo-
static and reactive astrocytes. Overall, our findings highlight critical
functional alterations of astrocytes—including proteostasis and meta-
bolic—thatsuggestacomplex trajectory of astrocyte froman adaptive
response to a maladaptive dysfunction contributing to AD progression.
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Methods

Human specimens

Frozen (=80 °C) brain specimens from 32 participants were obtained
from the Massachusetts Alzheimer’s Disease Research Center (MADRC)
Brain Bank, including 11 Braak NFT stages O/I/11 (B1), five Braak NFT
stages IlI/IV (B2) and 16 Braak NFT stages V/VI (B3). Donors or their
next-of-kin provided written informed consent for the brain dona-
tion, and the study was performed under the MADRC Neuropathology
Core Brain Bank Institutional Review Board approval (MassGeneral
Brigham protocol 1999P009556). Approximately 10-20 mg of tissue
from the visual cortex was homogenized (Precellys CK14 beads), RNA
was extracted (MagMAX mirVana Total RNA) and RNA integrity number
(RIN) was measured onaTapeStation (Agilent) to select high-quality tis-
sue for single nuclei RNA-seq. RIN value was measured from 130 donors,
of which 83 met the selected cut-off of RIN > 5. Of these 83 donors, 32
were selected based on neuropathological criteriaand tissue availabil-
ity. RIN values were additionally measured from the EC,BA20,BA46,V2
and V1 pieces used for snRNA-seq. The following five brain regions were
chosenbased onBraak NFT staging: EC, inferior temporal cortex (ITG,
BA20), dorsolateral PFC (BA46), visual association cortex (V2, BA18/
BA19) and primary visual cortex (V1, BA17). The cortex was carefully
dissected to exclude the underlying white matter, ensuring only the
cortex was included. Donors were selected based on their global AD
neuropathological burden, and norandomization was performed. No
statistical methods were used to predetermine sample sizes, but our
sample sizes are similar to those reported in previous publications’™.
No donors or samples were excluded from the analysis. Data collection
and analysis were not performed blind to neuropathological diagnosis.

Nuclei isolation and sorting

Nuclei were isolated and sorted following published procedures'®.
Briefly, 30-40 (40 pm thick) cryostat sections were lysed in asucrose
lysis buffer (10 mM Tris—-HCI (pH 8.0), 320 mM sucrose, 5mM CacCl,,
3 uM Mg(Ac),, 0.1 mM EDTA, 1 mM DTT and 0.1% Triton X-100). The
resulting lysates were filtered through a 70 pm pore cell strainer, and
nucleiwere purified from filtrates by ultracentrifugation (107,000g for
1.5hat4 °C) throughasucrose cushion (10 mM Tris-HCI (pH8.0),1.8 M
sucrose, 3 UM Mg(Ac),, 0.1 mM EDTA and 1 mM DTT). Supernatants
wereremoved, and pellets wereresuspendedin 2% BSA/PBS containing
RNase inhibitor (0.2 U pl™%; Roche). To enrich astrocyte nuclei, we fol-
lowed astrategy of depletion of neurons and oligodendrocytes. Nuclei
were labeled with Alexa Fluor 647-conjugated mouse monoclonal
anti-NeuN antibody (clone 1B7; Novus Biologicals, NBP1-92693AF647)
and PE-conjugated mouse monoclonal anti-OLIG2 antibody (clone
211F1.1; EMD Millipore, MABN50A4). After washes, nuclei were stained
with Sytox blue (Thermo Fisher Scientific) and sorted on aBD FACSAria
Fusion. For each sample, we collected Sytox”*NeuNP*OLIG2" and
SytoxP*NeuN"#OLIG2"¢.

snRNA-seq library construction and sequencing

Single-nucleus cDNA libraries were constructed using the Chromium
Single-Cell 3’ Reagents Kit V3 following the manufacturer’s instruc-
tions (10x Genomics). Samples were pooled and sequenced targeting
at least 30K reads per cell on a HiSeq 2000 (Illumina). Separation of
NeuNP>*OLIG2"# and NeuN"0OLIG2"¢ into unique libraries allowed
for anincreased number of reads and detected genes in nonneuronal
cellsas compared to published studies containing nonenriched nuclei
(Supplementary Fig. 1a).

pTau and tau ELISA

Protein extracts were prepared from frozentissue adjacent to that used
for snRNA-seq by homogenizing in PBS and centrifuging at 3,000g for
10 min at 4 °C. The resulting supernatants were subjected to ELISA
for total tau and tau phosphorylated at Threonin-231 using the Mes-
oScale Discovery (MSD) Phospho(Thr231)/Total Tau Kit (MSD, K15121D)

according to the manufacturer’s instructions. The plates were devel-
oped using the MESO QuickPlex SQ120 Plate Reader (MSD). Total tau
and phosphorylated tau concentrations were determined using the
calibration curve and the pTau/total tau ratio was estimated.

Immunohistochemistry and quantitative analyses on
postmortem brain sections

For AB immunohistochemistry, frozen cryostat sections adjacent to
those used for snRNA-seq were subjected to immunohistochemistry
with the mouse monoclonal anti-N-terminal Af antibody clone 3Dé6.
The staining was performed on a Leica BOND Rx automated stainer
using DAB-based detection (Leica). Sections were scanned in a slide
scanner (Pannoramic 250, 3DHistech), and area fraction (that is, the
percentage area of tissue section occupied by 3D6-immunoreactive
plaques) was measured using HALO software (Indica Labs).

AQP4 and connexin-43 (gene name GJAI) immunoreactive area
fractions were measured on formalin-fixed paraffin-embedded sec-
tions of the EC and occipital cortex of n =11 control donors (including
two donors of the present snRNA-seq study as EC paraffin blocks were
not available for the remaining six pathology stage 1 donors), which
were stained on a Leica BOND Rx automated stainer using DAB-based
detection and hematoxylin counterstaining, followed by scanning at
40x on a VS120 Olympus slide scanner (Olympus). Area fraction was
obtained using the open access software QuPath (v.0.3.2.)”. Briefly,
the EC and V1regions were carefully outlined with the guidance of the
Allen Adult Human Reference Brain Atlas (https://atlas.brain-map.org),
and AQP4 and connexin-43 area fractions were obtained with the pixel
classifier and threshold tools, respectively. Within-donor comparisons
between EC and V1 for each marker were performed with a two-tailed
paired t test with a statistical significance level of P < 0.05.

For multiplex fluorescence immunohistochemistry validation
studies, 7-um-thick formalin-fixed paraffin-embedded sections from
the contralateral brain hemisphere of the same donors were dewaxed
in xylenes, rehydrated in decreasing concentrations of ethanol and
subjected to antigen retrieval (microwaved in boiling citrate buffer
0.1M (pH 6.0), with 0.05% Tween-20 at 95 °C for 20 min), followed by
blocking with 10% normal donkey serumin TBS for 1 hat roomtempera-
ture. Primary antibodies (Supplementary Data 8) wereincubated in 5%
normal donkey serumin TBS overnight at 4 °C. Fluorescently labeled
secondary antibodies were incubated in 5% normal donkey serum in
TBS for 2 h at room temperature. For Thioflavin-S staining, sections
were incubated in Thioflavin-S 0.05% dissolved in ethanol 50% for
8 min and washed with ethanol 80% and distilled water. Slides were
coverslipped with DAPI-containing mounting media (Fluoromount-G
DAPI; SouthernBiotech) and scannedina VS120 Olympus slide scanner
withthe same exposure time for each marker across brainregions (that
is, ECversus V1) and/or diagnoses (that s, control versus AD). Multiplex
fluorescence immunohistochemistry imagesin Figs.2c and 5d as well
asSupplementary Figs. 5, 6 and 7 have the same display settings across
brain regions and diagnoses. To determine whether the expression
of astrocyte reactive markers is spatially associated with A plaques,
plaque-centered quantitative analyses were performed inthe temporal
association neocortex of six donors from pathology group 1and seven
donors from pathology group 3 or 4 from the snRNA-seq sample,
using QuPath. Briefly, in each AD donor, n =50 Thioflavin-S-positive
dense-core plaques wererandomly selected and outlined throughout
alllayers of the cortical ribboninthe green channel being blindfolded
tothe expression level of the reactive astrocyte marker of interestin the
red channel. Next,a50 pm concentric halowas added to each selected
plaque, and n =50 regions of interest of similar size but far from any
Thioflavin-S-positive plaque were added with the appropriate tools
in QuPath software. For each control donor, n =50 regions of interest
of similar size to the AD plaques were added onto the cortical ribbon
as sham plaques, together with their 50 pm halo, and n =50 more
regions of interest far from those sham plaques. Statistical analyses
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were conducted with mixed-effects models with area fraction of the
reactive marker as the dependent variable, diagnosis (control versus
AD) and location (sham or Thioflavin-S-positive plaque, <50 pumhalo, or
>50 um) as fixed effects and controlling for donor ID (random effect).
Statistical significance was set at alevel of P < 0.05.

Insitu hybridization

To demonstrate MAPT expression in astrocytes, we performed a
3-plex fluorescence in situ hybridization on cryostat sections from
the temporal association cortex and the visual association cortex
(V2) of selected control and AD donors using RNAScope technology
(ACD, Bio-Techne), following the manufacturer’s protocol. Probes to
detect human GFAP, MAPT, SYP (synaptophysin), ALDH1L1 and HSPB1
mRNA (311801-C2, 408991, 311421-C3, 438881-C3 and 1045931-C1,
respectively) were labeled with fluorescein, cyanine-3 or cyanine-5,
respectively. Endogenous tissue autofluorescence was quenched with
TrueBlack Lipofuscin Autofluorescence Quencher (Biotium).In V2 sec-
tions, fluorescence immunohistochemistry was then performed over-
night with an AlexaFluor488-conjugated rabbit monoclonal anti-Af3
antibody at 1:200 in 10% normal goat serum in PBS-T (clone D52D4;
Cell Signaling Technologies, 51374S) to depict AB plaques. Sections
were imaged at x40 magnification using an Olympus FV3000 confocal
laser scanning microscope (Olympus). To quantify the ratio of HSPB1
toALDHILI mRNA, the DAPI-positive nuclei of ALDHILI-positive astro-
cyteswere manually delineated, and the borders extended 10 pmusing
QuPathimage analysis software. The meanintensity of both transcripts
was automatically quantified within those regions.

Bioinformatics analyses

snRNA-seq processing and cell type identification. Raw reads were
processed using Cell Ranger 3.0.0 (10x Genomics) with default settings,
pre-mRNA package and aligned to the human GRCh38 genome. For
eachbrainregion, we removed cells with fewer than200 genes, greater
than 20,000 unique molecular identifiers (UMIs) and/or greater than
15% mitochondrial genes, and used reciprocal principal component
analysis (rPCA) integration based on the top 2,000 highly variable
genes (HVGs) toremove donor-specific effects using the Seurat R pack-
age (v.4.3.0)°°. For the clustering of nuclei, integrated gene expression
datawerelog-normalized, scaled and subjected to PCA to choose the
number of principal components for clustering, which was followed
by nonlinear dimensionality reduction via UMAP and visualized with
UMAP plots. Next, nucleifrom various cell types were annotated based
on the relative expression levels of known genes. Astrocyte nuclei
were identified by their high expression of ADGRVI1, ALDHIL1, AQP4
and GFAP.

Thefollowingfilters were applied to select the genes and astrocyte
nucleifordownstream analyses: (1) 18,283 protein-coding genes (that
is, noncoding genes were excluded), (2) genes with the sum of counts
>100in atleast 30% of samples (for example, n = 11,148 for BA20), and
(3) nuclei with <25,000 UMiIs after gene filtering (to exclude multiplets)
and >2,000 genes detected (that is, with a count >0; for example,
n=70,984 nuclei for BA20). After filtering, asecond round of integra-
tion was performed via canonical correlation analysis to regress out
donor-specific effects as well as the percentage of mitochondrial genes.

Analysis of normal aging brains. Nuclei from control brains were
integrated by rPCA and clustered using FindClusters from the Seurat
package at 0.4 resolution. Markers for each cluster were identified
using FindAlIMarkers from the Seurat package, and functional enrich-
ment of clusters was performed against the MSigDB database® using a
hypergeometric test. Differential expression of each brainregionrela-
tive to other regions was also performed using FindAlIMarkers. DEGs
that pass the average fold change (FC) cut-off (FC > 1.2 for upregulated
genes and FC < 0.8 for the downregulated genes), had an adjusted P
value < 0.05 and were expressed ingreater than 50% of the cellsin the

given brain region are reported. To find associations of gene expres-
sionwith pTau pathology, we used Model-based Analysis of Single-cell
Transcriptomics (MAST)®’ to perform zero-inflated regression analysis
by fitting a mixed model. The model specification was as follows:

zlm (~ pTau/Tau + (1/donor/sample) + cngeneson

+pc sca, method = ""glmer’”’, ebayes = F),

mito’
where cngenesonis the cellular detection rate and pc_mito is the per-
centage of counts mapping to mitochondrial genes.

Identification of gene sets following distinct spatial and temporal
trajectories. To identify gene sets that followed distinct spatial tra-
jectories along the neural network, we first performed a differential
expression analysis comparing each node of the network with the next
(that s, EC versus ITG, ITG versus PFC, PFC versus V2 and V2 versus
V1) using FindMarkers with DonorID and Pathology Stage as latent
variables. We selected DEGs that were log(FC) > 0.25, adjusted P < 0.05
and percentage expression greater than 10% in both regions. Next, to
describe the spatial gene patterns, we calculated the standardized gene
expression score scaling across brainregions for each donorand then
averaged those across all donors for each brain region. The resulting
meanstandardized gene expression scores were grouped into six gene
sets by spectral clustering using SNFTool (v.2.3.1)** with k= 6. To find
the overlap with the EC/V1high orlow genes, we used a hypergeometric
test. To compute the association of the gene sets with A and pTau/tau
local measures, we used a mixed-effects model:

meannq ~ (1/donorID) + ABOR pTau/tau

For the temporal gene patterns, we similarly performed a differential
expression analysis comparing two adjacent pathology stages (stage
2 versus stage 1, stage 3 versus stage 2 and stage 4 versus stage 3),
using FindMarkers with Region as alatent variable. We selected DEGs
thatwerelog(FC) > 0.25, adjusted P < 0.05 and percentage expression
greater than10% inboth regions. We then computed the standardized
gene expression scores by scaling across all the samples for a gene
and then computed the average standardized gene expression score
for each pathology stage. The resulting scores were similarly used as
input for the spectral clustering using SNFTool (v.2.3.1)* with k= 6.

Identification of astrocyte subclusters. For clustering, we randomly
sampled 500 astrocyte nuclei from each sample (that is, each donor
andregion; total n=70,551). The concatenated count matrix of subsam-
pled cells was normalized and log transformed via Seurat (v.4.3.0)°.
The top 2,000 HVGs, identified using the vst method in the FindVari-
ableFeatures function, were selected for the principal component
analysis. Batch effects due to technical variation were corrected using
the RunHarmony functionin Harmony (v.0.1.1) package®, with the top
20 principal components as input. Clustering and UMAP projections
were performed in Seurat using the Harmony data. Cell density esti-
mations of astrocyte subclusters across each region and stage were
performed using the stat_density_2d function in the ggplot2 (v.3.4.2)
package. The effects of factors such as age and sex on cell subcluster fre-
quency across samples were modeled using multiple linear regression
with the formula: frequency -1+ pTau/tau + region + sex + age + pTau/
tau x sex + pTau/tau x region.

Pseudotime analysis. Pseudotime analysis was conducted using the
monocle3 (v.1.3.1) package®. With the pregenerated UMAP locations
of sampled cells, a principal graph was learned through the UMAP
using the learn_graph function. Then the pseudotime value for each
cell was calculated based on the principal graph using the order_cells
function. We set astHO as the root node of the principal graph by the
get_earliest_principal_node function. DEGs across the trajectory were
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identified by the graph_test function and were presented onaheatmap
along the pseudotime.

RNA velocity analysis. Spliced and unspliced reads of each sample
were counted by velocyto® Python implementation (v.0.17.17) based
onpreviously aligned BAM files of the snRNA-seq reads data. Then, the
calculation of RNA velocity for each gene in each cellwasimplemented
by following the scVelo® (v.0.3.1) pipeline under dynamics mode. We
then applied the differential_kinetic_test function to test for differen-
tial kinetics across subclusters of the top 100 fit-likelihood genes and
recomputed velocity with diff_kinetics = True under dynamics mode.
The velocity was then used as input for CellRank™ (v.2.0.2) to construct
acustomkernelthat combined the velocity kernel with the connectivity
kernel and monocle3-based pseudotime kernel at a ratio of 80%, 10%
and 10%, respectively. The velocity embedding stream was estimated
by this combined kernel.

Comparison with other public datasets. We performed label
transfer to compare our dataset with astrocytes from nine pub-
lic astrocyte-containing snRNA-seq datasets. For each dataset, we
downloaded the count matrix and metadata, randomly subsampled
500 astrocyte cells from each sample, removed low-quality cells
with mitochondrial percentages larger than 5%, normalized with the
SCTransform(vars.to.regress = c(‘percent.mt’, ‘Sample ID’)) function
and RunPCA analysis in Seurat (v.4.3.0)°. We then identified anchors
with the FindTransferAnchors function using the present study dataset
asareference and every other public dataset asa query. TransferData
and MapQuery functions with identified anchors were used to predict
labels of cellsin the query dataset and map query cellsto the reference
UMAP. The predicted labels were used to calculate the proportion of
each subcluster within the samples. The significance of differencesin
subcluster proportions between groups in each study was evaluated
using a two-sided Welch'’s ¢ test and adjusted with the Benjamini-
Hochberg method. Normality for each group was assessed using the
Shapiro-Wilk test, and equal variances were not assumed.

To compare the present study subcluster marker gene sets with
those from public datasets, we manually curated highlighted gene sets
inpublic papers, thenanalyzed overrepresentation between gene sets
with newGOM functionin the GeneOverlap package (v.1.30.0). Pvalues
were corrected with Benjamin-Hochberg’s correction.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The snRNA-seq dataset generated for the study will be made avail-
able at Gene Expression Omnibus (GEO: GSE268599) and Sequence
Read Archive (PRJNA916657) upon acceptance of the paper. Genes
and pathways information is available in Supplementary Data 1-8.
Datacanalsobe queried viatheinteractive web application at https://
ad-progression-atlas.partners.org/. The processed single-cell gene
expression data and metadata can also be downloaded directly
from the website. Other datasets used in this study can be found in
the Synapse, GEO or custom public repositories as follows: ref. 9,
syn18485175; ref. 10, GSE138852; ref.13, GSE157827; ref. 11, syn21125841;
ref. 12, GSE147528; ref. 15, GSE160936; ref. 14, GSE167494; ref. 16,
GSE243292 and Seattle-AD, https://portal.brain-map.org/explore/
seattle-alzheimers-disease. The findings of the present study are avail-
able at https://ad-progression-atlas.partners.org.

Code availability

All codes generated during this study are accessible at https://
github.com/mindds/ad-progression-study (https://doi.org/10.5281/
zenodo.13315411).
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Data analysis The code for all data analyses is available on GitHub: https://github.com/mindds/ad-progression-study/
All analysis was conducted in R version 4.0.2 (2020-06-22) and Python 3.8.5 with the following packages.

CellRank v.2.0.22
GeneOverlap v.1.30.0
Harmony v.0.1.1
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The snRNA-seq dataset generated for the study are available at GEO and SRA (GEO: GSE268599 and SRA: PRINA916657). Genes and pathways information are
available as Supplementary Tables. Data can also be queried via the interactive web application at https://ad-progression-atlas.partners.org. The processed single-
cell gene expression data and metadata can also be downloaded directly from the website.

Other datasets used in this study be found in the Synapse, GEO, or custom public repositories as follows: Mathys et al., syn18485175; Grubman et al., GSE138852;

Lau et al.,, GSE157827; Zhou et al., syn21125841; Leng et al., GSE147528; Smith et al., GSE160936, Sadick et al., GSE167494; Dai et al., GSE243292; and Seattle-AD,
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Alzheimer's disease neuropathological changes, differences in gene expression by sex were not investigated.
Gender was not ascertained or used as co-variate in this study.

Population characteristics n=32 donors, 19 females and 13 males, with an age range 58-90+, various degrees of Alzheimer's disease neuropathological
changes (i.e., Braak NFT stage 0/I/Il n=11; Ill n=5; V n=8; and VI n=8), and APOE genotype distribution e2/e2 n=1, e2/e3 n=2,
e3/e3 n=22, e3/e4 n=6, e4/ed n=1, e4/ed n=1.

Recruitment Subjects are recruited either through the Clinical Core of the Massachusetts Alzheimer Disease Research Center (MADRC) or
by conversations with their physicians about the possibility of brain donation.

Ethics oversight Donors or their next-of-kin provided written informed consent for the brain donation and the study was performed under
the MADRC Neuropathology Core Brain Bank Institutional Review Board approval (MassGeneral Brigham protocol
#1999P009556). No compensation was provided to the participants for the brain donation.
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Sample size N=32. No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those reported in previous
publications. No donors or samples were excluded from the analysis. Sample collection and analysis were not performed blind to the
neuropathological diagnosis.

Data exclusions  Pre-specified exclusion criteria were (1) Primary neuropathological diagnosis other than "normal brain" or "Alzheimer's disease
neuropathological changes;" (2) RNA Integrity Number (RIN) <5; and (3) tissue not available.

Replication No replication was attempted.
Randomization  The study participants were allocated into pathology stages based on the overall AD neuropathology.

Blinding Data collection and analysis were not performed blind to the conditions of the experiments.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

[] Antibodies [] chip-seq

IXI|[ ] Eukaryotic cell lines [] Flow cytometry

IXI|[ ] Palaeontology and archaeology [ ] MRI-based neuroimaging

IXI|[ ] Animals and other organisms

|Z| |:| Clinical data

IXI|[ ] Dual use research of concern

Antibodies

Antibodies used Mouse anti-Aldehyde dehydrogenase 1 L1 monoclonal antibody, Millipore, Cat#MABN495, clone N103/39, RRID AB_2687399, 1:500
Rabbit anti-Aquaporin-1 polyclonal antibody, Millipore, Cat#AB2219, RRID AB_1163380, 1:500
Rabbit anti-Aquaporin-4 C-terminus polyclonal antibody, Millipore, Cat#AB3594, RRID AB_91530, 1:500 (fluorescence), 1:10,000
(DAB)
Rabbit anti-Cluster of differentiation 44 monoclonal antibody, Ventana-Roche, Cat#790-4537, clone SP37, RRID not available,
undiluted
Rabbit anti-alpha-B-Crystallin polyclonal antibody, Millipore, Cat#ABN185, RRID AB_11213811, 1:500
Rabbit anti-Glial fibrillary acidic protein polyclonal antibody, Sigma-Aldrich, Cat#G9269, RRID AB_477035, 1:1,000
Mouse anti-Glial fibrillary acidic protein monoclonal antibody, Sigma-Aldrich, Cat#G3893, clone G-A-5, RRID AB_477010, 1:1,000
Rabbit anti-Connexin-43 polyclonal antibody, Cell Signaling Technologies, Cat#3512, RRID AB_2294590, 1:500 (fluorescence), 1:50
(DAB)
Mouse anti-Glutamine synthetase monoclonal antibody, Millipore, Cat#MAB302, clone GS-6, RRID AB_2110656, 1:500
Rabbit anti-Heat shock protein 27 kDa monoclonal antibody, Cell Signaling Technologies, Cat#95357, clone D6W5V, RRID
AB_2800246, 1:250
Rabbit anti-Monoamine oxidase B monoclonal antibody, Abcam, Cat#ab133270, clone EPR7102, RRID AB_11157541, 1:500
Rabbit anti-Excitatory amino acid transporter 2 polyclonal antibody, Proteintech, Cat#22515-1-AP, RRID AB_2879112, 1:50
Rabbit anti-Excitatory amino acid transporter 1 polyclonal antibody, Abcam, Cat#ab416, RRID AB_304334, 1:100

Validation Mouse anti-Aldehyde dehydrogenase 1 L1 monoclonal antibody, rabbit anti-Glial fibrillary acidic protein polyclonal antibody, mouse

anti-Glutamine synthetase monoclonal antibody, rabbit anti-Excitatory amino acid transporter 1 polyclonal antibody, and the rabbit
anti-Monoamine oxidase B monoclonal antibody were validated by the authors in prior papers (Mufioz-Castro C et al. J Neuroinflam
2022; 19(1): 30, PMID: 35109872; Serrano-Pozo A et al. Am J Pathol 2013; 182(6); 2332-44, PMID: 23602650, Jaisa-Aad M et al., Acta
Neuropathol. 2024, 147(1):66. PMID: 38568475). The anti- CD44, CX43, AQP1, AQP4, HSP27, and alpha-B-Crystallin antibodies were
demonstrated to label GFAP+ astrocytes in double fluorescent immunohistochemistry. The rabbit anti-alpha-B-Crystallin polyclonal
antibody and the rabbit anti-Heat shock protein 27 kDa monoclonal antibody also labeled some neurons and oligodendrocytes.
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