Supplementary Information
A conserved lipid–lysosome remodeling axis characterizes plaque-associated microglial responses in Alzheimer’s disease

Supplementary Note 1 | Discovery definition and biological grounding
Supplementary Figs. 1 and 2 document the discovery compartment, the operational LL burden call and the gene-level basis for the lipid-lysosome construct. These analyses are deliberately positioned before the label-free and validation figures because they define what is being measured while avoiding the claim that the q0.75/q0.75 label is a natural cell-type boundary.
Supplementary Fig. 1 | Discovery cohort, filtering and operational LL call
Supplementary Fig. 2 | Module genes and biological grounding of the LL axis

The SEA-AD discovery analysis showed a quantitatively stable but minority LL-remodeled state. In the figure-complete Microglia/PVM-lineage set, 31,490 of 236,044 profiles (13.34%) met the joint high-lipid/high-lysosome rule. The remaining profiles comprised 149,512 basal/homeostatic cells (63.34%), 27,521 lipid-skewed cells (11.66%) and 27,521 lysosome-skewed cells (11.66%). The equal size of the lipid-skewed and lysosome-skewed single-axis groups reflects the percentile-based state construction and emphasizes that the main LL-remodeled group captures joint, not isolated, score elevation.
	State
	Cells
	Percent
	Extended-result interpretation

	Basal/homeostatic
	149,512
	63.34
	Dominant low-low reference compartment.

	LL-remodeled
	31,490
	13.34
	Operational high-high burden state.

	Lipid-skewed
	27,521
	11.66
	Single-axis lipid-high comparator.

	Lysosome-skewed
	27,521
	11.66
	Single-axis lysosome-high comparator.



Threshold sensitivity did not reveal a natural discontinuity. Across the q0.55-q0.90 grid, the LL-labeled fraction ranged from 3.78% to 30.55%, with a median of 12.74%. This supports the manuscript's language that q0.75/q0.75 is an operating definition for reproducible summaries rather than a natural cell-state boundary. Supplementary Fig. 2 further grounds this operating label by showing coordinated elevation of lipid/cholesterol handling, lysosomal processing and plaque-associated phagolysosomal features in the LL-remodeled quadrant.
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Supplementary Fig. 1 | SEA-AD discovery cohort and operational lipid-lysosome remodeling call. a, Schematic of the SEA-AD Microglia/PVM-lineage discovery set and the operational lipid-lysosome (LL) remodeling definition. LL-remodeled cells were assigned from joint elevation of curated lipid-metabolism/cholesterol-handling and lysosome-processing scores, using empirical upper-quartile thresholds rather than a new cell-type label. b, Cohort metrics summarizing donor, region, and cell-profile coverage used for figure-complete analyses. c, Four-state composition generated by crossing lipid and lysosome score thresholds. d, Score-defined LL-remodeled cells occupy the joint high-lipid/high-lysosome quadrant. e, Threshold-sensitivity analysis showing how the LL fraction changes across paired lipid and lysosome cutoffs; the q0.75/q0.75 rule is the prespecified operational call. f, Regional LL burden, including higher burden in temporal regions and lower burden in several limbic/cingulate regions. g, Microglia/PVM supertype burden, showing that LL remodeling is a program-level state distributed within the lineage rather than a complete partition of all cells.
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Supplementary Fig. 2 | Module genes and biological grounding of the lipid-lysosome remodeling axis. a, Curated lipid-lysosome and AD-associated marker genes shown across the four LL score-defined states. b, Distributions of lipid/cholesterol and lysosome-processing module scores across remodeling states. c, Phagolysosomal lipid-stress summary integrating lipid handling, lipid storage/lysosomal trafficking, lysosome processing, and plaque-associated phagocytic features. d, APOE/TREM2 risk-axis expression by AD change and LL remodeling status. e, Two-dimensional lipid/cholesterol versus lysosome-processing score space used to ground the LL-remodeled call. Together, these panels show that LL-remodeled cells jointly elevate lipid/cholesterol and lysosomal-processing programs with AD-relevant phagolysosomal features; the score is used as an operational remodeling state, not as a de novo cell identity.


Supplementary Note 2 | Independent transcriptomic recovery of an LL-enriched neighborhood
Supplementary Figs. 3 and 4 test whether LL-remodeled cells concentrate in a label-free transcriptional neighborhood and whether this neighborhood has a coherent marker profile. These figures support C1 as an LL-enriched neighborhood, not a complete partition of all LL-remodeled cells.
Supplementary Fig. 3 | Label-free HVG/C1 recovery and cluster-level QC
Supplementary Fig. 4 | Candidate C1 marker specificity and differential-expression support

Label-free HVG clustering recovered a strongest LL-enriched neighborhood, C1, but also showed that LL remodeling is distributed rather than restricted to one cluster. C1 contained 2,876 cells and was 43.0% LL-remodeled, corresponding to 3.18-fold enrichment over background. The next LL-enriched neighborhoods were C7 (1,040 cells; 28.9% LL-remodeled; 2.14-fold enrichment), C0 (1,545 cells; 18.6%; 1.37-fold) and C11 (12,697 cells; 16.2%; 1.20-fold).
	Cluster
	Cells
	LL-remodeled fraction
	Fold enrichment

	C1
	2,876
	43.0%
	3.18

	C7
	1,040
	28.9%
	2.14

	C0
	1,545
	18.6%
	1.37

	C11
	12,697
	16.2%
	1.20



C1 was broadly sampled, appearing in 83 of 84 donors and all 10 regions. Its program fingerprint was coherent with remodeling: relative to non-C1 cells, C1 had higher lipid score (+0.41), lysosome score (+0.51), LD signature (+0.29), DAM activation (+0.35) and phagocytosis/complement score (+0.27), while homeostatic identity was lower (-0.44). Top candidate C1 markers included GPNMB, NUPR1, ANXA2, VIM, CD44, EYA2, TNS1 and KCNE1. GPNMB detection was 69.5% in candidate C1 versus 16.6% in reference cells; EYA2 detection was 59.0% versus 7.7%. These marker results support an enriched neighborhood interpretation, not a discrete lineage claim.
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Supplementary Fig. 3 | Label-free HVG/C1 recovery and cluster-level QC. a, Label-free highly variable gene (HVG) embedding with unsupervised cluster labels. b, Overlay of LL-remodeled cells identifying a C1-enriched neighborhood without using the LL score to define the embedding. c, Cluster ranking by candidate score and LL enrichment. d, Donor and region coverage for C1, showing broad representation across the discovery cohort. e, Cluster-level technical QC used to exclude a technical explanation for the C1 signal. f, Cluster-level program fingerprint. C1 comprised 2,876 cells, was 43.0% LL-remodeled, showed 3.18-fold LL enrichment, and was observed in 83 of 84 donors and all 10 regions, supporting C1 as a reproducible LL-enriched neighborhood rather than a complete or exclusive LL partition.




[image: ]Supplementary Fig. 4 | Candidate C1 marker specificity and differential-expression support.
a, Differential-expression analysis comparing candidate C1 cells with all other Microglia/PVM-lineage cells, highlighting transcripts enriched in the LL-enriched C1 neighborhood. b, Differential-expression comparison of candidate C1 cells against DAM/LAM/LDAM-known reference cells, used to test whether C1 markers are explained only by canonical disease-associated programs. c, Top candidate C1 markers ranked by log fold-change and detection specificity, including GPNMB, NUPR1, ANXA2, VIM, CD44, EYA2, TNS1 and KCNE1. d, Expression and detection summary for candidate C1 markers and reference disease-state markers across candidate and comparator cell sets. e, Distribution of candidate C1 marker expression across HVG clusters, showing that the marker pattern is strongest in the LL-enriched C1 neighborhood. f, Ranked candidate marker summary supporting C1 as a reproducible LL-enriched transcriptional neighborhood rather than a discrete new cell type or a complete partition of all LL-remodeled cells.

Supplementary Note 3 | Robustness, specificity and strict microglia controls

Supplementary Figs. 5-7 address the most likely reviewer concerns: threshold arbitrariness, shared lipid-lysosome genes, scoring-method dependence, overlap with canonical programs and PVM/monocyte contamination. Together these analyses show that LL remodeling is partially aligned with canonical disease programs but retains residual structure and persists after conservative filtering. These controls calibrate the operating definition; they do not convert the LL label into a natural cluster or fully circularity-free construct.
Supplementary Fig. 5 | Operational threshold, gene-set and scoring-method robustness
Caption clarification: Panels should be read as robustness controls for the operational q0.75/q0.75 label. The threshold grid shows monotonic cutoff dependence without a natural elbow; leave-one-gene, bridge-gene removal, random HVG and alternative-scoring panels test sensitivity of the label and burden summaries rather than redefining the biological axis.
Supplementary Fig. 6 | Canonical-state overlap and residual specificity controls
Caption clarification: Panels compare LL remodeling with DAM/LAM/LDAM and LD-associated programs. Residual panels test whether LL carries information not fully captured by canonical-program scores; they do not claim mechanistic independence because these programs share disease context and partially overlapping genes.
Supplementary Fig. 7 | Strict microglia filter and PVM/monocyte contamination control
Robustness analyses showed that the LL call is not driven by a single marker, a single score implementation or PVM/monocyte-enriched cells. Leave-one-gene analysis retained substantial overlap with the original call; the lowest observed Jaccard value was 0.769 after ABCA1 removal. Removing the bridge genes GBA, LIPA, NPC1 and NPC2 retained 92.0% cell-label concordance and preserved donor-region LL burden rankings (Spearman rho = 0.937 across 532 donor-region summaries), despite reducing the non-overlap LL count to 25,904 cells.
Alternative scoring methods overlapped partially but not perfectly with the primary mean-score implementation. Mean-score versus AUCell Jaccard was 0.56, mean-score versus UCell/singscore was 0.48, and UCell versus singscore was 1.00. Random HVG controls were weak discriminators (random-control AUROC mean = 0.544; s.d. = 0.024; 2.5-97.5% interval, 0.512-0.603; random AUPRC mean = 0.049), supporting biological specificity of the curated LL axis.
Residual specificity analyses showed partial overlap with known disease programs but preserved residual structure. In SEA-AD, the residual lipid-lysosome axis predicted LL-remodeled cells with AUROC = 0.810 and residual Spearman rho = 0.367 after known state adjustment. This result supports the calibrated statement that LL remodeling is related to, but not fully reducible to, DAM/LAM/LDAM-like activation. Because the canonical signatures and the LL axis share disease-associated biology and some genes, these residual results are interpreted as non-redundant information rather than strict independence.
The strict microglia filter retained 139,151 cells (58.95%) and removed 96,893 cells, including 42 source-annotated monocytes, 59,011 cells below the strict-microglia score quartile and 59,009 cells above the PVM/monocyte context quartile. LL burden changed modestly from 13.34% in the original Microglia/PVM compartment to 12.04% in strict microglia, while excluded cells showed 15.21% LL burden. The retained set had higher strict-microglia marker score (2.23 versus 1.15) and lower PVM/monocyte marker score (1.59 versus 3.21) than excluded cells.
	Strict-filter comparison
	Original Microglia/PVM
	Strict microglia
	Excluded cells

	Cells
	236,044
	139,151
	96,893

	LL-remodeled cells
	31,490
	16,751
	14,739

	LL-remodeled percent
	13.34
	12.04
	15.21

	Strict-microglia marker score
	not applicable
	2.23
	1.15

	PVM/monocyte marker score
	not applicable
	1.59
	3.21



Disease associations persisted after strict filtering. For CERAD, the original Microglia/PVM correlation with LL burden was rho = 0.497, and the strict microglia correlation was rho = 0.455 (FDR = 0.000479). This argues against the disease signal being explained solely by PVM/monocyte contamination.
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Supplementary Fig. 5 | Operational threshold, gene-set and scoring-method robustness. a, Two-threshold sensitivity analysis in SEA-AD showing how LL calls vary across lipid and lysosome score cutoffs. b, LL fraction across threshold choices and datasets. c, Leave-one-gene-out stability of the operational LL call. d, Sensitivity to removal of shared lipid-lysosome bridge genes. e, Agreement across scoring methods. f, Random HVG controls and anti-circularity analyses. The q0.75/q0.75 threshold is used as an interpretable operational rule; robustness analyses showed leave-one-gene Jaccard values of at least 0.77 and 92.0% label concordance after removing GBA, LIPA, NPC1, and NPC2, with donor-region LL burden preserved (Spearman rho = 0.937).


[image: ]Supplementary Fig. 6 | Canonical-state overlap and residual specificity controls. a, Overlap between LL axes and canonical disease-associated programs. b, LL-remodeled cells distributed across canonical state annotations rather than collapsing into one canonical state. c, Residual AUC after accounting for DAM, LAM, and LDAM annotations. d, Persistence of residual rank signal after canonical-state adjustment. e, Comparison of LL residual signal with an LD-high control. f, Gene-removal anti-circularity control. These analyses show that LL remodeling overlaps known microglial activation programs but retains residual specificity; the average residual AUROC across five datasets was 0.824, with SEA-AD residual AUROC = 0.806 and residual rho = 0.437.
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Supplementary Fig. 7 | Strict microglia filtering and PVM/monocyte contamination control. a, Strict microglia filtering rule: source-annotated monocytes were removed, and additional cells were excluded if they fell in the bottom quartile of the strict-microglia context score or the top quartile of the Micro/PVM-monocyte context score. b, Cell-set retention after filtering, with 139,151 retained cells and 96,893 removed cells. c, LL fraction after filtering, showing a modest reduction from the original 13.34% to 12.04% in strict microglia. d, Donor-level pathology associations persisting after strict filtering, including CERAD correlation (rho = 0.455, FDR = 0.000479). e, Retained versus excluded program-score distributions used to assess filter behavior. f, Donor-region strict-microglia LL burden matrix. These controls support that the LL association is not driven by PVM/monocyte contamination.


Supplementary Note 4 | Disease severity and regional pathology controls
Supplementary Fig. 8 provides the expanded donor-level and QNP donor-region evidence behind the scale-separation claim. It supports a model in which LL remodeling tracks AD severity but is not explained by whole-region plaque burden alone. The unit of inference is donor for donor-level disease associations and donor-region observation for QNP plaque-burden tests.
Supplementary Fig. 8 | Donor-region disease association and QNP regional pathology controls
Caption clarification: Donor-level panels use donors as the unit of inference, whereas QNP plaque-burden panels use donor-region observations. Near-null QNP amyloid associations support regional-scale separation and should be interpreted together with the local spatial plaque-niche analyses in Supplementary Figs. 11 and 12.

Donor-level and donor-region results diverged in a biologically informative way. At donor level, mean LL score correlated with Cognitive_num (rho = 0.396, FDR = 0.00114), CERAD_num (rho = 0.357, FDR = 0.00295), Braak_num (rho = 0.321, FDR = 0.00685), Overall_AD_change_num (rho = 0.306, FDR = 0.0100) and Thal_num (rho = 0.285, FDR = 0.0155). These results support a donor-level severity association.
By contrast, whole-region amyloid plaque burden was nearly uncorrelated with donor-region LL endpoints across 247 observations: LL burden rho = 0.016 (FDR = 0.994), mean LL score rho = 0.056 (FDR = 0.994), lipid score rho = 0.00045 (FDR = 0.994) and lysosome score rho = 0.043 (FDR = 0.994). These near-null values support the scale-separation claim: donor-level AD severity and local plaque-niche remodeling can be related even when bulk regional plaque area is not a linear surrogate for LL burden.
Joint amyloid/tau models did not yield strong independent plaque-burden effects after correction. The smallest nominal terms were region-adjusted tau effects for LL burden and mean LL score (P approximately 0.056-0.058; FDR = 0.273) and donor-region-adjusted amyloid for mean LL score (P = 0.056; FDR = 0.273). Residual LL after DAM/LAM/LDAM adjustment also remained weakly related to plaque burden (adjusted residual LL-burden rho = 0.065, FDR = 0.674).


[image: ]Supplementary Fig. 8 | Donor-level AD severity and regional QNP pathology controls. a, Donor-level AD pathology association matrix relating LL burden to AD neuropathologic variables. b, Quantitative neuropathology (QNP) donor-region design. c, QNP feature and matching QC for the donor-region analysis. d, QNP stain burden by region. e, Single-stain QNP burden versus LL burden. f, Residual LL burden versus amyloid plaque burden. g, Joint amyloid/tau landscape. h, Regional-scale interpretation. Across 247 donor-region observations, LL burden tracked donor-level disease severity, whereas whole-region plaque-area measures were not a simple linear surrogate for LL burden; this limitation motivates the spatial plaque-niche analyses presented in later supplementary figures.




Supplementary Note 5 | Conservation across datasets and species
Supplementary Figs. 9 and 10 show that LL burden and program-level effects reproduce across datasets and that cross-species conservation is strongest at the program level rather than the individual marker level.
Supplementary Fig. 9 | Cross-dataset reproducibility of state composition and program scores
Supplementary Fig. 10 | Human-mouse conservation and ortholog calibration
Caption clarification: Conservation is evaluated primarily at the ortholog-calibrated program level. Weak marker-level agreement is reported explicitly and argues against a universal cross-species marker list.

Across five transcriptomic datasets, the LL-remodeled fraction was stable despite large differences in size and provenance: SEA-AD 13.34% (236,044 cells, 84 donors, 10 regions), GSE146639 13.11% (5,341 cells, 2 donors), Olah 12.54% (16,245 cells, 17 donors), GSE98969 15.22% (37,248 cells, 97 donors) and GSE140510 12.47% (90,647 cells, 12 samples/donors). LD-signature-high fractions ranged from 4.15% to 5.07%, showing that the LD-high substate was smaller than the broader LL-remodeled state across datasets.
	Dataset
	Cells
	Donors/samples
	Regions
	LL %
	LD-high %

	SEA-AD
	236,044
	84
	10
	13.34
	4.45

	GSE146639
	5,341
	2
	1
	13.11
	4.36

	Olah
	16,245
	17
	1
	12.54
	4.18

	GSE98969
	37,248
	97
	1
	15.22
	5.07

	GSE140510
	90,647
	12
	1
	12.47
	4.15



External score validation supported reproducibility of the core axes. For LL-remodeled cells, mean AUROC was 0.953 for lysosome processing and 0.950 for lipid metabolism, compared with 0.910 for LD signature and 0.845 for LAM-like score. Human-mouse comparison was strongest at the program level (r = 0.96, P = 4.8e-4), whereas individual marker conservation was weak (r = -0.09, P = 0.75). Thus, the conserved unit is the remodeling architecture, not a universal marker list.
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Supplementary Fig. 9 | Cross-dataset reproducibility of LL state composition and program scores. a, Five-dataset reproducibility atlas covering SEA-AD and four external microglial datasets. b, Four-state composition across datasets. c, LD-high nested substate comparison. d, External validation of lipid and lysosome module scores. e, Program enrichment in LL-remodeled cells. f, Dataset-level score distributions and coverage. Across 385,525 profiles from 212 donors/samples, the LL fraction was similar across datasets (SEA-AD 13.3%, GSE146639 13.1%, Olah 12.5%, GSE98969 15.2%, and GSE140510 12.5%), and lipid/lysosome score discrimination remained high, supporting reproducibility of the remodeling state.
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Supplementary Fig. 10 | Human-mouse conservation and ortholog calibration. a, Human-mouse conservation of LL program-level effects. b, Marker-identity comparison showing weaker conservation at the individual marker level. c, Selected shared-marker enrichment. d, Ortholog coverage used to calibrate cross-species claims. e, Dataset gene availability for score transfer. f, Shared-marker statistical support. Program-level effects were highly concordant between human and mouse datasets (r = 0.96, P = 4.8e-4), whereas marker-level conservation was weak (r = -0.09, P = 0.75), indicating that the conserved signal is the lipid-lysosome program architecture rather than a universal marker list.


Supplementary Note 6 | Spatial plaque-niche validation
Supplementary Figs. 11-13 expand the spatial validation evidence. Human GeoMx supports plaque-ROI enrichment, mouse STARmap provides plaque-distance gradients and GeoMx differential-expression analyses identify plaque-zone genes that connect the spatial signal to lipid-lysosome and phagocytic biology.
Supplementary Fig. 11 | Human GeoMx plaque-zone validation and ROI-level controls
Caption clarification: GeoMx panels test plaque-zone/ROI enrichment using source plaque-core, peri-plaque and away annotations. The result supports plaque-contact ROI enrichment and donor-matched consistency where available, not a newly computed Euclidean distance gradient.
Supplementary Fig. 12 | Mouse STARmap plaque-proximity and integrated spatial-scale evidence
Caption clarification: STARmap panels use plaque-distance annotations and therefore provide distance-gradient validation complementary to GeoMx ROI-zone enrichment. The continuous distance correlation is modest but significant, while the proximal-versus-distant contrast shows a large effect size.
Supplementary Fig. 13 | GeoMx plaque-zone differential-expression follow-up

Human GeoMx DSP analysis included 215 high-quality ROIs from 26 subject IDs: 65 plaque-core ROIs, 74 peri-plaque ROIs and 76 away ROIs. LL-remodeled ROI burden was 38.46% in plaque-core ROIs, 4.05% in peri-plaque ROIs and 10.53% in away ROIs. LL score was enriched in plaque-core ROIs versus PP (median difference = 0.386, FDR = 2.75e-8) and versus A (median difference = 0.415, FDR = 6.06e-7), whereas PP versus A was not significant. ROI-level interpretation used source plaque-zone annotations and accompanying Micro/PVM-context summaries as controls for cellular context; donor-matched comparisons were used where available to reduce between-subject confounding.
	GeoMx zone
	ROIs
	Mean LL score
	LL-remodeled ROI %
	Extended-result interpretation

	P: plaque core
	65
	0.256
	38.46
	Highest LL burden and score.

	PP: peri-plaque
	74
	-0.135
	4.05
	Not elevated relative to A in this annotation.

	A: away
	76
	-0.087
	10.53
	Lower than P, distant comparator.



GeoMx plaque-core effects were strongest for phagocytosis/complement (d = 1.44, q = 2.00e-11), LL score (d = 1.25, q = 4.41e-10) and DAM activation (d = 1.25, q = 4.41e-10). Lipid and lysosome components were also elevated at plaque-core ROIs (lipid d = 0.77, q = 4.21e-5; lysosome d = 0.92, q = 4.02e-6), while homeostatic identity and interferon were not enriched.
Mouse STARmap provided distance-continuous support. Plaque-proximal cells showed strong LL enrichment versus distant cells (d = 0.986, q = 2.73e-66), and LL score decreased with plaque distance (Spearman rho = -0.388, FDR = 8.79e-93). DAM activation showed a similar distance relationship (d = 1.03, q = 3.99e-67; rho = -0.394, FDR = 1.22e-95), while interferon showed no meaningful plaque-distance association.
GeoMx DEG follow-up was supportive but not mechanistic. PP versus A yielded 176 significant genes but only one selected LL gene among the significant set (LAMP2). The P versus A contrast retained broader selected LL/DAM/lysosomal coverage. Entries marked n.d. in Supplementary Fig. 13 indicate genes not retained in that specific DEG result table, not absence of assay detection.





Supplementary Fig. 11 | Human GeoMx plaque-zone validation and ROI-level controls. a, Human GeoMx plaque-zone design comparing plaque core (P), peri-plaque (PP), and away-from-plaque (A) regions of interest. b, ROI-level module-score distributions. c, Zone-wise module means. d, LL-remodeled ROI burden by zone. e, Biological trajectory across plaque zones. f, Case-level LL score by ROI zone. g, Selected LL/DAM/PVM genes by zone. h, ROI-level module correlation. i, Gene-set coverage and coordinate audit. Among 215 high-quality ROIs from 26 subject IDs (P n = 65, PP n = 74, A n = 76), LL-remodeled ROI burden was highest at plaque cores (38.5% P, 4.1% PP, 10.5% A), supporting plaque-zone enrichment while noting that the coordinate audit used ROI annotations rather than recomputed plaque distances.
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Supplementary Fig. 12 | Mouse STARmap plaque-proximity and integrated spatial-scale evidence. a, Mouse STARmap plaque-proximity design. b, STARmap zone means showing higher LL scores near plaques. c, Plaque-proximal versus distant effect sizes. d, Intermediate versus distant effect sizes. e, Distance-to-plaque correlations. f, STARmap gene coverage by module. g, Concordance between human GeoMx and mouse STARmap plaque-niche effects. h, Integrated spatial-scale summary. Plaque-proximal cells showed strong LL enrichment (Cohen's d approximately 0.99, q = 2.7e-66), LL score decreased with distance to plaque (rho = -0.39, q < 1e-4), and human-mouse plaque-niche effects were concordant (r = 0.84, P = 0.010), distinguishing local plaque-niche enrichment from whole-region plaque burden.
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Supplementary Fig. 13 | GeoMx plaque-zone differential-expression follow-up. a, Peri-plaque (PP) versus away-from-plaque (A) differential-expression volcano plot. b, Plaque core (P) versus A differential-expression volcano plot. c, P versus PP differential-expression volcano plot. d, Plaque-zone log fold-change summary for selected LL/DAM/lysosomal genes; entries marked n.d. indicate genes not retained in that specific differential-expression result table, not necessarily absence of detection in the assay. e, Selected gene means across GeoMx zones. f, Differential-expression summary. This figure provides spatial follow-up for the LL/DAM/lysosomal gene context, with strongest selected-gene coverage in the P versus A contrast and more limited retained-gene coverage in PP versus A and P versus PP result tables.


Supplementary Note 7 | Modeling and candidate prioritization
Supplementary Fig. 14 provides the modeling audit trail, including model inputs, defining-gene-excluded performance, calibration, held-out validation, feature attribution and perturbation sensitivity. These results prioritize candidate genes/features for experimental follow-up while maintaining the manuscript's non-causal interpretation.
Supplementary Fig. 14 | CA-DGLLR model architecture, validation and feature prioritization
Caption clarification: The full model is an upper-bound positive control. The defining-gene-excluded model reduces direct label circularity but retains correlated context features; feature attribution and perturbation-sensitivity panels are candidate-prioritization outputs only.
Supplementary Fig. 15 | APOE genotype and APOE-TREM2 transcriptional risk context
Caption clarification: APOE4 carrier comparisons are exploratory and FDR-nonsignificant at donor level. APOE-TREM2 transcriptomic risk-context enrichment is analyzed separately as within-donor LL versus non-LL paired contrasts across AD-change strata.

The full CA-DGLLR model performed as an expected upper-bound positive control for LL-remodeled prediction (AUROC = 0.999, AUPRC = 0.997) because direct label-defining information was available. The defining-gene-excluded model retained lower but substantial LL-remodeled performance (AUROC = 0.866, AUPRC = 0.549, accuracy = 0.877, balanced accuracy = 0.657, F1 = 0.446). This model removed direct lipid, lysosome and LD-signature defining genes but retained correlated disease-context and regulatory features, so it is interpreted as reduced-circularity prioritization rather than a fully circularity-free test. For LD-signature-high prediction, the defining-gene-excluded model achieved AUROC = 0.883 and AUPRC = 0.376, with low recall at the default threshold.
	Model/task
	n
	Positive
	AUROC
	AUPRC
	Balanced accuracy
	F1

	Full LL-remodeled
	30,876
	4,368
	0.999
	0.997
	0.978
	0.966

	Non-circular LL-remodeled
	30,876
	4,368
	0.866
	0.549
	0.657
	0.446

	Full LD-signature-high
	30,876
	1,694
	0.999
	0.984
	0.958
	0.928

	Non-circular LD-signature-high
	30,876
	1,694
	0.883
	0.376
	0.558
	0.202



Held-out validation showed the expected drop from random split performance while remaining above chance: donor-held-out mean AUROC = 0.751 across five folds (range 0.739-0.765; mean AUPRC = 0.363), and region-held-out mean AUROC = 0.793 across 10 regions (range 0.755-0.826; mean AUPRC = 0.398). Perturbation-sensitivity prioritized NPC2, LIPA, MITF, NPC1, CTSD, APOE, TFEB, LAMP1, CTSB and SOAT1 as candidate follow-up features, not causal proof.
APOE4 donor-level sensitivity showed directional but FDR-nonsignificant shifts. Among 84 donors, 25 were APOE4 carriers and 59 were non-carriers. APOE4 carriers had numerically higher LL burden (+1.91 percentage points; d = 0.30; raw P = 0.202; BH FDR = 0.260), mean LL score (+0.027; d = 0.44; raw P = 0.063; BH FDR = 0.260), lipid score (+0.054; d = 0.47; raw P = 0.047; BH FDR = 0.260) and lysosome score (+0.039; d = 0.31; raw P = 0.193; BH FDR = 0.260). Because none of these donor-level APOE4 comparisons survived BH correction, they should not be interpreted as an APOE4 effect on LL remodeling.
The APOE-TREM2 transcriptional risk-context score was consistently enriched within LL-remodeled cells across AD-change strata. Paired donor deltas were 0.227 in Not AD donors (n = 9, FDR = 0.0040), 0.219 in Low AD-change donors (n = 12, FDR = 0.00115), 0.231 in Intermediate AD-change donors (n = 21, FDR = 4.0e-5) and 0.250 in High AD-change donors (n = 42, FDR = 4.0e-5).
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Supplementary Fig. 14 | CA-DGLLR model validation and feature prioritization. a, CA-DGLLR non-circular modeling design separating predictive validation from genes used to define the LL score. b, Full versus non-circular model metrics. c, Non-circular receiver-operating characteristic and precision-recall curves. d, non-circular calibration. e, Training history. f, Held-out validation by donor and region. g, Feature-importance summary. h, Perturbation-sensitivity candidates. i, Claim calibration. The full model approached perfect discrimination, whereas the non-circular model retained substantial predictive signal (LL AUROC = 0.866, AUPRC = 0.549), withheld-out donor AUROC 0.739-0.765 and held-out region AUROC 0.755-0.826; prioritized genes including NPC2, LIPA, MITF, NPC1, CTSD, APOE, TFEB, LAMP1, CTSB, and SOAT1 are interpreted as model-derived candidates rather than causal evidence.






















[image: ]Supplementary Fig. 15 | APOE genotype and APOE-TREM2 risk context in LL remodeling. a, APOE genotype context in the SEA-AD donor cohort used for APOE4 sensitivity analysis. b, APOE4 carrier status does not explain LL burden after multiple-testing correction. c, Directional genotype effects are weak and hypothesis-generating, with APOE4 carriers showing numerically higher LL burden (+1.91 percentage points, d = 0.30, raw P = 0.202, BH FDR = 0.260), mean LL score (+0.027, d = 0.44, raw P = 0.063, BH FDR = 0.260), lipid score (+0.054, d = 0.47, raw P = 0.047, BH FDR = 0.260), and lysosome score (+0.039, d = 0.31, raw P = 0.193, BH FDR = 0.260). d, APOE-TREM2 transcriptional risk-context score is enriched in LL-remodeled cells across AD-change strata. e, Within-donor enrichment of the APOE-TREM2 risk-context score in LL-remodeled cells, with paired deltas of 0.22-0.25 and FDR values from 0.004 to 4.0e-05. The analysis used 84 donors, including 25 APOE4 carriers, and the broader 240,651-profile pre-filter score table; genotype effects are therefore presented as sensitivity analyses rather than definitive APOE4 associations





















Dataset and source resources
All analyses used publicly available human and mouse Alzheimer’s disease datasets. The primary discovery cohort was obtained from the Seattle Alzheimer’s Disease Brain Cell Atlas (SEA-AD) microglia/immune single-nucleus RNA-seq resource, together with donor-level clinical and neuropathological metadata from the SEA-AD data portal. SEA-AD quantitative neuropathology images and image-derived regional pathology measurements were obtained from the public SEA-AD quantitative neuropathology AWS/S3 resource. External transcriptomic validation used the human microglia dataset GSE146639, the live human microglia dataset from Olah et al. distributed through CELLxGENE/Human Cell Atlas, and mouse microglial validation datasets including GSE98969 and GSE140510. Spatial validation used human GeoMx DSP plaque-zone transcriptomic data from GSE152506 and mouse STARmap PLUS plaque-proximity data with cell coordinates, gene expression and plaque annotations. These resources were analyzed as processed public datasets; raw sequencing or image-level preprocessing was not repeated unless otherwise stated.
Supplementary Tables
Supplementary Table 1 | Dataset and evidence-source inventory
Lists the transcriptomic, image-derived and spatial sources used in the study, including dataset-level cell/profile counts and evidence-layer annotations.
	Dataset
	Cells
	Donors
	Regions
	LL_remodeled_percent
	LD_signature_high_remodeled_percent
	Available_program_scores
	Evidence layer

	SEA-AD
	236044.0
	84
	10
	13.340733083662368
	4.446911027887456
	15.0
	cross-dataset transcriptomic validation

	GSE146639
	5341.0
	2
	1
	13.10615989515072
	4.36247893652874
	15.0
	cross-dataset transcriptomic validation

	Olah
	16245.0
	17
	1
	12.539242843951987
	4.179747614650662
	15.0
	cross-dataset transcriptomic validation

	GSE98969
	37248.0
	97
	1
	15.216924398625428
	5.07141323024055
	15.0
	cross-dataset transcriptomic validation

	GSE140510
	90647.0
	12
	1
	12.467042483479872
	4.154577647357331
	15.0
	cross-dataset transcriptomic validation

	GeoMx DSP
	
	26
	hippocampus
	
	
	
	spatial validation; 215 ROIs

	QNP image quantification
	
	84
	DFC, HIP_MEC, MTG
	
	
	
	regional pathology comparison; 247 donor-region observations


Supplementary Table 2 | Module/signature definitions and gene coverage
Reports primary lipid and lysosome module genes, shared bridge genes and GeoMx gene-set coverage.
	Module/signature
	Use
	N genes
	Genes
	Notes
	Module
	N genes present
	N genes total

	Primary lipid-handling module
	LL definition and module scores
	19.0
	APOE, LPL, ABCA1, ABCA7, ABCG1, CLU, CD36, MSR1, NPC1, NPC2, LIPA, GBA, FABP5, PLIN2, SOAT1, SOAT2, ACSL1, ACSL3, ACSL4
	Primary score implementation used in figure source tables.
	
	
	

	Primary lysosomal-processing module
	LL definition and module scores
	11.0
	LAMP1, LAMP2, CTSD, CTSB, CTSS, GBA, LIPA, NPC1, NPC2, TFEB, MITF
	Primary score implementation used in figure source tables.
	
	
	

	Shared lipid-lysosome bridge genes
	Overlap sensitivity control
	4.0
	GBA, LIPA, NPC1, NPC2
	Overlap-free sensitivity analysis removes these genes and preserves donor-region burden concordance.
	
	
	

	
	GeoMx spatial coverage
	
	
	
	Lipid
	14.0
	21.0

	
	GeoMx spatial coverage
	
	
	
	Lysosome
	11.0
	14.0

	
	GeoMx spatial coverage
	
	
	
	DAM/LAM
	14.0
	18.0

	
	GeoMx spatial coverage
	
	
	
	Phagocytosis/complement
	13.0
	16.0

	
	GeoMx spatial coverage
	
	
	
	Micro/PVM
	16.0
	17.0


Supplementary Table 3 | Operational LL definition, threshold and overlap sensitivity
Provides state counts, threshold-sensitivity summaries and overlap-free module sensitivity metrics.
	Section
	Biological state
	Cells
	Percent
	Sensitivity grid minimum LL fraction/value
	Sensitivity grid maximum LL fraction/value
	Sensitivity grid median
	analysis

	Operational states
	Basal/homeostatic microglia
	149512.0
	63.34073308366237
	
	
	
	

	Operational states
	Lipid–lysosome remodeled microglia
	31490.0
	13.340733083662368
	
	
	
	

	Operational states
	Lipid-skewed microglia
	27521.0
	11.659266916337632
	
	
	
	

	Operational states
	Lysosome-skewed microglia
	27521.0
	11.659266916337632
	
	
	
	

	Threshold sensitivity summary
	
	
	
	3.779803765399671
	30.55362559522801
	12.742751351442951
	

	Overlap-free gene sensitivity
	
	
	
	
	
	
	SEA-AD non-overlap LL sensitivity


.
Supplementary Table 4 | Label-free C1 cluster enrichment and marker support
Contains cluster enrichment, cluster program scores, top candidate markers and C1 biological-profile statistics.
	Section
	hvg_cluster
	target_LL_remodeled
	fold_enrichment
	cluster_size
	candidate_score
	Lipid_metabolism_score
	Lysosome_processing_score

	LL enrichment across HVG clusters
	1.0
	0.4301112656467316
	3.175190208524521
	2876.0
	
	
	

	LL enrichment across HVG clusters
	7.0
	0.2894230769230769
	2.13659439630206
	1040.0
	
	
	

	LL enrichment across HVG clusters
	0.0
	0.1857605177993527
	1.3713311516267
	1545.0
	
	
	

	LL enrichment across HVG clusters
	11.0
	0.162479325824998
	1.1994635008489445
	12697.0
	
	
	

	LL enrichment across HVG clusters
	4.0
	0.1597222222222222
	1.1791098643305935
	144.0
	
	
	

	LL enrichment across HVG clusters
	8.0
	0.1527714154832798
	1.1277972499873017
	8732.0
	
	
	

	LL enrichment across HVG clusters
	5.0
	0.1410788381742738
	1.0414796853261026
	241.0
	
	
	

	LL enrichment across HVG clusters
	9.0
	0.1138075313807531
	0.8401559972003038
	2390.0
	
	
	


Supplementary Table 5 | Donor-level pathology and QNP statistics
Reports donor-level pathology associations, QNP amyloid-plaque tests, joint amyloid/tau models and residual plaque analyses.
	Section
	level
	pathology_variable
	outcome
	spearman_rho
	p_value
	n
	FDR

	Donor-level pathology associations
	donor
	Cognitive_num
	mean_dam_activation_score
	0.287713634975275
	0.0079592851254454
	84
	0.0154579977068619

	Donor-level pathology associations
	donor
	CERAD_num
	mean_dam_activation_score
	0.2018330985040108
	0.0656054162307244
	84
	0.0850440580768649

	Donor-level pathology associations
	donor
	Braak_num
	mean_dam_activation_score
	0.1962672583650392
	0.0735645152645473
	84
	0.090078756738079

	Donor-level pathology associations
	donor
	Overall_AD_change_num
	mean_dam_activation_score
	0.149166463722759
	0.1756603404983686
	84
	0.1863064217406939

	Donor-level pathology associations
	donor
	Thal_num
	mean_dam_activation_score
	0.1415103731231109
	0.1991409649923992
	84
	0.204998052198058

	Donor-level pathology associations
	donor
	CERAD_num
	mean_homeostatic_identity_score
	-0.2043520433096718
	0.0622399828900787
	84
	0.083784592352029

	Donor-level pathology associations
	donor
	Braak_num
	mean_homeostatic_identity_score
	-0.1955550281581141
	0.0746366841544083
	84
	0.090078756738079

	Donor-level pathology associations
	donor
	Cognitive_num
	mean_homeostatic_identity_score
	-0.1836261083289297
	0.0945256131344723
	84
	0.1085757121285062


Supplementary Table 6 | Robustness and specificity controls
Combines residual specificity, strict microglia robustness, anti-circularity, random-gene-set, leave-one-gene and scoring-method controls.
	Section
	Dataset
	Axis
	Target
	Residual_AUC
	Residual_Spearman
	p_value
	R2_known_states

	Residual specificity
	SEA-AD
	lipid_lysosome_axis
	target_LL_remodeled
	0.8102098332399008
	0.3673782450462776
	0.0
	0.6428348090297311

	Residual specificity
	SEA-AD
	lipid_lysosome_axis
	target_LD_signature_high_remodeled
	0.6780987037651061
	0.1279625381042005
	0.0
	0.6428348090297311

	Residual specificity
	SEA-AD
	LD_signature_lysosomal_axis
	target_LL_remodeled
	0.7380491604073152
	0.2819191181256684
	0.0
	0.4709911082944974

	Residual specificity
	SEA-AD
	LD_signature_lysosomal_axis
	target_LD_signature_high_remodeled
	0.6898766799495448
	0.1364249224382218
	0.0
	0.4709911082944974

	Residual specificity
	SEA-AD
	remodeling_continuum
	target_LL_remodeled
	0.7727870220159593
	0.3230588023641149
	0.0
	0.6452332439445021

	Residual specificity
	SEA-AD
	remodeling_continuum
	target_LD_signature_high_remodeled
	0.6770910088870333
	0.1272385168769418
	0.0
	0.6452332439445021

	Residual specificity
	GSE146639
	lipid_lysosome_axis
	target_LL_remodeled
	0.8771330070489733
	0.4408769575478093
	6.591963275478956e-253
	0.4577165257041476

	Residual specificity
	GSE146639
	lipid_lysosome_axis
	target_LD_signature_high_remodeled
	0.8083440601463328
	0.2181760347384899
	1.429458501270758e-58
	0.4577165257041476


Supplementary Table 7 | Cross-dataset conservation
Provides dataset-level burden, external score validation, human-mouse program conservation, marker conservation and ortholog coverage.
	Section
	Dataset
	Cells
	Donors
	Regions
	LL_remodeled_percent
	LD_signature_high_remodeled_percent
	Available_program_scores

	Dataset summary
	SEA-AD
	236044.0
	84.0
	10.0
	13.340733083662368
	4.446911027887456
	15.0

	Dataset summary
	GSE146639
	5341.0
	2.0
	1.0
	13.10615989515072
	4.36247893652874
	15.0

	Dataset summary
	Olah
	16245.0
	17.0
	1.0
	12.539242843951987
	4.179747614650662
	15.0

	Dataset summary
	GSE98969
	37248.0
	97.0
	1.0
	15.216924398625428
	5.07141323024055
	15.0

	Dataset summary
	GSE140510
	90647.0
	12.0
	1.0
	12.467042483479872
	4.154577647357331
	15.0


Supplementary Table 8 | GeoMx and STARmap spatial validation statistics
Reports GeoMx plaque-zone summaries, pairwise zone tests, gene coverage, STARmap proximity effects and STARmap distance correlations.
	Section
	ROI_zone
	Zone label
	N_ROIs
	Mean_LL_score
	Mean_lipid_score
	Mean_lysosome_score
	Mean_DAM_LAM_score

	GeoMx plaque-zone summary
	P
	Plaque ROI (P)
	65.0
	0.2560366019807656
	0.2305439999559425
	0.2815292040055888
	0.5547063893780237

	GeoMx plaque-zone summary
	PP
	Plaque-proximal (PP)
	74.0
	-0.1351381516378382
	-0.093129011487661
	-0.1771472917880154
	-0.1979137265268714

	GeoMx plaque-zone summary
	A
	Plaque-distant (A)
	76.0
	-0.0873967882572325
	-0.1064975414085438
	-0.0682960351059212
	-0.2817144677181988


Supplementary Table 9 | GeoMx plaque-zone DEG follow-up
Lists significant genes and LL-gene annotations from GeoMx plaque-zone differential-expression comparisons.
	Comparison
	Significant genes in comparison
	LL genes among significant
	Unnamed: 0
	logFC
	AveExpr
	t
	P.Value

	PP_vs_A
	176
	1
	MBP
	-1.64734406843247
	9.40997651759839
	-9.42310647578008
	3.78638686297055e-18

	PP_vs_A
	176
	1
	MTURN
	-0.635960801407739
	7.88638442452542
	-7.93416049923482
	7.99214037560693e-14

	PP_vs_A
	176
	1
	LAMP2
	-0.735950693584762
	7.61349486563953
	-7.7282059944467
	2.94878048672824e-13

	PP_vs_A
	176
	1
	CRYAB
	-1.04199232793136
	8.66608338700333
	-7.34898485461412
	3.09702933561403e-12

	PP_vs_A
	176
	1
	PLP1
	-1.14962354010173
	7.94058949123442
	-6.82930327154162
	6.911009194223539e-11

	PP_vs_A
	176
	1
	CLDND1
	-0.820969962517596
	7.14121699899824
	-6.58829147287225
	2.7773737163567003e-10

	PP_vs_A
	176
	1
	SLC1A2
	0.754112732674964
	8.04944114271763
	6.55013790405142
	3.45121069458662e-10

	PP_vs_A
	176
	1
	QDPR
	-0.75528820312578
	7.19872762280102
	-6.52962105386201
	3.87750294998713e-10


Supplementary Table 10 | CA-DGLLR model performance and candidate features
Contains full/non-circular model metrics, held-out validation summaries, feature attribution and perturbation-sensitivity rankings.
	Section
	Model
	Task
	n
	positive
	threshold
	accuracy
	balanced_accuracy

	Model comparison
	CA-DGLLR-full LL-remodeled
	LL-remodeled
	30876.0
	4368.0
	0.5
	0.9905752040419744
	0.9781623565434112

	Model comparison
	CA-DGLLR-full LD-signature-high
	LD-signature-high
	30876.0
	1694.0
	0.5
	0.992226972405752
	0.9577983775963852

	Model comparison
	CA-DGLLR-non_circular LL-remodeled
	LL-remodeled
	30876.0
	4368.0
	0.5
	0.8771213887809302
	0.6570094638649415

	Model comparison
	CA-DGLLR-non_circular LD-signature-high
	LD-signature-high
	30876.0
	1694.0
	0.5
	0.9484713045731312
	0.557647919335697




Extended Methodology
Study design and analysis hierarchy
The study tested whether a coupled lipid-handling and lysosomal-processing axis is present in AD Microglia/PVM-lineage profiles, whether it is partially distinct from canonical disease programs, whether it localizes to plaque-associated niches, and whether non-defining correlated features can prioritize candidate genes for follow-up. The analysis hierarchy was: SEA-AD discovery, label-free transcriptomic recovery, donor-level pathology and donor-region QNP comparisons, robustness and specificity controls, cross-dataset and cross-species conservation, human and mouse spatial validation, and model-based candidate prioritization.
SEA-AD compartment, denominators and score construction
The SEA-AD discovery analysis used the processed microglia/immune single-nucleus object and release-level annotations. The main figure-complete compartment contained 236,044 Microglia/PVM-lineage profiles from 84 donors and 10 regions. A broader score-complete table was retained for sensitivity analyses and reporting where figure-specific completeness was not required. Module scores were calculated from available genes in the processed expression matrix, scaled within dataset, and then summarized at cell, donor, donor-region or ROI level depending on the analysis.
The LL-remodeled label was assigned when both lipid-handling and lysosome-processing scores were at or above the dataset-specific 75th percentile. Lipid-only, lysosome-only and basal/homeostatic states were assigned from the same two-threshold grid. This label was used for burden summaries and validation; continuous scores were retained for correlation and residual analyses.
Gene modules, overlap handling and scoring sensitivity
The lipid module captured cholesterol/lipid transport, uptake and lipid-metabolic state. The lysosome module captured lysosomal processing, acid hydrolase and lysosome-regulatory biology. Shared bridge genes, especially GBA, LIPA, NPC1 and NPC2, were retained in the primary biological score when appropriate but removed in an overlap-free sensitivity analysis. MITF was treated as a regulatory/model-prioritization feature in the current manuscript rather than as a primary lysosome-score gene.
Scoring sensitivity was assessed using threshold grids, leave-one-gene removal, bridge-gene removal, random HVG controls and alternative score implementations including AUCell, UCell and singscore-style summaries. These analyses were used to calibrate robustness, not to replace the primary mean-score implementation.
Label-free C1 recovery and marker specificity
Label-free HVG clustering was performed without using LL labels as clustering inputs. LL labels and continuous module scores were projected onto clusters after clustering. C1 was evaluated by LL enrichment, donor/region coverage, QC summaries, program-score fingerprint and differential marker support. Candidate markers were compared against all other Microglia/PVM-lineage cells and against DAM/LAM/LDAM-known references to avoid describing generic activation markers as C1-specific.
Pathology, QNP and scale separation
Donor-level pathology analyses used donor summaries and Spearman correlations with FDR correction across the donor-level pathology family. Donor-region QNP analyses used 247 matched observations and tested whole-region amyloid plaque burden against LL burden, mean LL score, lipid score and lysosome score. Secondary QNP models included joint amyloid/tau terms and residual LL after DAM/LAM/LDAM adjustment. The purpose was to distinguish donor-level disease severity associations from the inability of whole-region plaque area to capture local plaque-niche transcriptional remodeling.
Strict microglia filter
The strict microglia filter was a sensitivity analysis for PVM/monocyte contamination. It removed source-annotated monocytes, cells in the bottom quartile of a strict microglia context score, and cells in the top quartile of a Micro/PVM-monocyte context score. The retained and removed sets were compared for LL burden, program scores and donor-level pathology associations. This filter was not used to redefine the primary discovery compartment.
Cross-dataset and human-mouse conservation
External datasets were harmonized at program-score level rather than through a forced common cluster ontology. Each dataset was normalized, scored and summarized independently. Human-mouse comparisons prioritized one-to-one orthologs and separated program-level effect conservation from marker-level conservation. This calibration avoids overstating individual marker conservation when the stronger signal is at the program architecture level.
Spatial validation
Human GeoMx DSP analyses used source ROI zone annotations for plaque core, peri-plaque and away ROIs. Because validated ROI centroid coordinates suitable for recomputing distances were not available in the current source package, PP and A were interpreted as source annotation categories rather than newly measured Euclidean bins. Mouse STARmap analyses used plaque-distance annotations and therefore provided a separate distance-gradient validation. Spatial gene coverage was audited separately for each platform before interpreting module scores.
GeoMx DEG follow-up
GeoMx differential-expression follow-up was used to provide gene-level support for the plaque-zone module results. The analysis was interpreted as supportive because DEG retention varies by contrast and selected genes may be absent from a particular DEG result table even if assayed. In figures, n.d. indicates not retained in the specified DEG table, not necessarily not detected.
CA-DGLLR modeling and APOE-context analyses
CA-DGLLR was used as a context-aware predictive and prioritization model. The full model included direct label-defining information and served as an upper-bound positive control. The defining-gene-excluded model removed direct lipid, lysosome and LD-signature defining genes before training but retained correlated context features. Performance was evaluated using AUROC, AUPRC, accuracy, balanced accuracy, precision, recall, F1, calibration error and Brier score, with held-out donor and held-out region validation. Feature importance and perturbation sensitivity were interpreted only as candidate prioritization.
APOE4 status was analyzed as an exploratory donor-level sensitivity analysis with FDR correction across LL-related outcomes. APOE-TREM2 transcriptomic risk context was analyzed using paired donor contrasts between LL-remodeled and non-remodeled cells within AD-change strata. The genotype and transcriptomic context analyses therefore answer different questions and are kept separate in interpretation.
Statistics and reporting conventions
Control analyses addressing common review concerns included threshold sweeps, lipid-only/lysosome-only state definitions, leave-one-gene tests, bridge-gene removal, alternative scoring methods, random HVG controls, strict microglia filtering, canonical-program residualization, donor-matched GeoMx comparisons where available and held-out donor/region model validation. Analyses not performed in the current submission include a fully pathway-blind latent-factor discovery excluding all lipid/lysosome genes, a random unrelated module-pair permutation grid and a full mixed-effects GeoMx model; therefore, the manuscript avoids claims that would require those analyses.
Spearman correlations, rank-based comparisons, Cohen's d, AUROC, AUPRC, FDR-adjusted P values and calibration metrics were reported according to the analysis unit. Donor analyses used donors as units; QNP analyses used donor-region observations; GeoMx analyses used ROIs with donor-matched sensitivity where possible; STARmap analyses used plaque-distance annotated spatial observations. Multiple testing correction was applied within the relevant analysis family, and exploratory results are labeled as such when they do not survive correction or when they are intended for candidate prioritization.
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Supplementary Fig. 3 | Label-free HVG/C1 recovery and cluster-level QC

A label-free HVG neighborhood independently enriches for LL-remodeled cells and remains broadly represented across donors, regions and technical QC metrics.
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Supplementary Fig. 4 | Candidate C1 marker specificity and differential expression

C1 marker analyses support an LL-enriched transcriptional neighborhood while avoiding interpretation as a separate cell type.

a Candidate C1 versus all other cells

80

60

-log10(FDR)

40 o

20

KCNE

4

522 tested genes; y-axis capped at 80.

log2 fold-change

C Top C1 marker logFC and detection

TPRG1
LINC02698
VIM
KCNE1
NUPR1
ANXAZ2
CD44
TNS1
GPNMB
EYAZ2

2.48

3.49

3.45

2.69

3.05

3.31

3.18

0
Bars colored by specificity score.

log2FC vs DAM/LAM/LDAM reference

e C1 marker expression across HVG clusters

C1
C7
CO
C8
c4

C11
C5
C9

C10
C2
C3
C6

Rows follow candidate-score rank; values are marker means scaled by gene.

detected
C1/ref
59%/23%
18%/2%
23%/3%
21%/2%
34%/7%
30%/5%
35%/5%
38%/5%

70%/17%

59%/8%

b Candidate C1 versus DAM/LAM/LDAM reference

80 e
X 60 ; ° i
O
L .
o e ° o °
= . . KCNE
N 40 0.0 o‘ )
) o % 0.‘ a :
¢ o 5.‘ o
° °o® ) 0e o® oo
20 ® o 9
- 0% ¢’ pad 1
o9 : "' v )
“ "
0
4 -2 0 2

553 tested genes; y-axis capped at 80.

log2 fold-change

d cCandidate/reference marker expression and detection

Candidate C1

DAM/LAM/LDAM ref. O ()

Dot size: percent detected; color: mean expression scaled within gene.

£ Ranked C1 marker candidates

Gene
EYA2
GPNMB
TNS1
CD44
ANXA2
NUPR1
KCNE1
VIM
LINC02698

TPRG1

logFC

3.18

3.31

3.05

2.69

2.48

3.45

2.95

3.49

1.56

Spec.
1.63
1.25
1.12
0.92
0.68
0.68
0.65
0.59
0.58

0.55

Detect C1/ref
959%/8%
70%/17%
38%/5%
35%/5%
30%/5%
34%/7%
21%/2%
23%13%
18%/2%

959%/23%

Reference is DAM/LAM/LDAM-high cells; zero FDR values reflect numerical underflow.

scaled
mean

FDR
<1e-300
<1e-300
<1e-300
<1e-300
<1e-300
<1e-300
<1e-300
<1e-300
<1e-300

<1e-300




image5.jpg
d Two-threshold sensitivity in SEA-AD

C

Supplementary Fig. 5 | Operational threshold, gene-set and scoring-method robustness

Robustness analyses stress-test the LL call against threshold choice, single-gene dependence, overlapping module genes, scoring method and random gene-set controls.
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Supplementary Fig. 6 | Canonical-state overlap and residual specificity controls

LL remodeling intersects DAM/LAM/LDAM-Ilike programs but retains residual, cross-dataset structure after canonical adjustment and gene-removal controils.
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Supplementary Fig. 7 | Strict microglia filtering and PVM/monocyte contamination control

Conservative filtering removes PVM/monocyte-enriched profiles while retaining donor-level pathology associations and broad regional LL-burden structure.
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Supplementary Fig. 8 | Donor-level AD severity and regional QNP pathology controls

Donor-level AD severity tracks LL burden, whereas whole-region QNP plague/stain burden does not act as a simple linear surrogate for LL remodeling.
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Supplementary Fig. 9 | Cross-dataset reproducibility of LL state composition and program scores

Independent human and mouse datasets reproduce a narrow LL-remodeled fraction, comparable four-state composition and conserved lipid-lysosome program enrichment.
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Supplementary Figure 10. Human-mouse conservation and ortholog calibration
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Supplementary Figure 11. Human GeoMx plaque-zone validation and ROIl-level controls
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Supplementary Figure 11. Human GeoMx plaque-zone validation and ROIl-level controls
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Supplementary Figure 12. Mouse STARmap plaque-proximity and integrated spatial-scale evidence
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Supplementary Figure 13. GeoMx plaque-zone differential-expression follow-up
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Supplementary Figure 14. CA-DGLLR model validation and feature prioritization
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APOE genotype and APOE-TREM2 risk context in LL remodeling

SEA-AD microglia/PVM donor-level sensitivity and transcriptional risk-axis enrichment
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Interpretation: APOE4 carrier status alone is not a strong LL-burden explanation in this donor-level sensitivity.

The APOE/TREM2 transcriptomic risk-context score is consistently higher in LL-remodeled cells across AD-change strata.
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Supplementary Fig. 1 | SEA-AD discovery cohort and operational lipid-lysosome remodeling call
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Source data: SEA-AD Microglia/PVM-lineage profiles; LL-remodeled cells are defined by joint lipid metabolism and lysosome processing scores above the empirical 75th percentile.




image2.jpg
Supplementary Fig. 2 | Module genes and biological grounding of the lipid-lysosome remodeling axis

Curated marker expression and program-level summaries show that the operational LL call captures coordinated lipid handling, lysosome processing and AD-associated phagolysosomal programs.
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supplementary information   Supplementary Information   A conserved lipid – lysosome remodeling axis characterizes plaque - associated microglial responses in  Alzheimer’s disease     Supplementary Note 1 | Discovery definition and biological grounding   Supplementary Figs. 1 and 2 document the discovery compartment, the operational LL burden call and the gene - level basis for the lipid - lysosome construct. These analyses  are deliberately positioned before the label - free and validation figures because they define what is being measured while avoiding the claim that the q0.75/q0.75 label is   a  natural cell - type boundary.   Supplementary Fig. 1 | Discovery cohort, filtering and operational LL call   Supplementary Fig. 2 | Module genes and biological grounding of the LL axis     The SEA - AD discovery analysis showed a quantitatively stable but minority LL - remodeled state. In the figure - complete Microglia/PVM - lineage set, 31,490 of 236,044 profiles  (13.34%) met the joint high - lipid/high - lysosome rule. The remaining profiles comprised 149,512 basal/homeostatic cells (63.34%), 27,521 lipid - skewed cells (11.66%) and  27,521 lysosome - skewed cells (11.66%). The equal size of the lipid - skewed and lysosome - skewed single - axis groups reflects the percentile - based state construction and  emphasizes that the main LL - remodeled group captures joint, not isolated, score elevation.  

State  Cells  Percent  Extended - result interpretation  

Basal/homeostatic  149,512  63.34  Dominant low - low reference compartment.  

LL - remodeled  31,490  13.34  Operational high - high burden state.  

Lipid - skewed  27,521  11.66  Single - axis lipid - high comparator.  

Lysosome - skewed  27,521  11.66  Single - axis lysosome - high comparator.  

  Threshold sensitivity did not reveal a natural discontinuity. Across the q0.55 - q0.90 grid, the LL - labeled fraction ranged from 3.78% to 30.55%, with a median of 12.74%. This  supports the manuscript's language that q0.75/q0.75 is an operating definition for reproducible summaries rather than a natur al cell - state boundary. Supplementary Fig. 2  further grounds this operating label by showing coordinated elevation of lipid/cholesterol handling, lysosomal processing and   plaque - associated phagolysosomal features in  the LL - remodeled quadrant.    

