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substate low, or both low) onto spatial scatterplots of samples (Sup-
plementary Fig. 30-34).

Spatial autocorrelation of plasma-cells and plaque tertiary lym-
phoid organ (PTLO) marker gene expression. Lai et al. identified
aggregations of lymphoid cells in plaques, especially enriched in B and
plasma cells, as plaque tertiary lymphoid organs (PTLOs) in a recent
publication12. Motivated by these findings, we sought to assess the
presence of such domains in our samples by calculating the spatial
autocorrelation of lymphoid cells. For this, we used the Getis-Ord G
statistic, suited for “hotspot” analysis in spatial datasets104. As our
Xenium panels did not include sufficient marker genes for a more
detailed identification of lymphoid cell subtypes (i.e., B-cells), we were
only able to test the autocorrelation of plasma-cells.

First, a spatial weight matrix was calculated for each sample using
libpysal’s (version 4.7.0) DistanceBand() function with a radius of
2500 µm. This larger threshold was chosen to allow detection of
broader-scale clustering patterns and to reduce spurious local pair-
ings, which were apparent at lower thresholds due to the relatively low
number of plasma cells. Local Getis-Ord G statistics were then calcu-
lated using the G_Local() function from the esda package (version
2.4.3), with binarized cell identities across all spatial coordinates (1 =
plasma cell, 0 = non-plasma cell). To generate an empirical background
distribution, the permutations parameter was set to 999. Statistical
significance of autocorrelation was determined by applying Benjamini-
Hochberg correction to the empirical two-sided p-values, yielding false
discovery rate (FDR) values.

In addition, we assessed the expression of four PTLO marker
genes present in our panels (CD19, CD3D, MZB1, XBP1). Within each
sample, normalised expression of the marker genes were compared
between plasma-cells and all other cell types, using the Wilcoxon rank-
sum test. The resulting two-sided p-values were corrected with the
Benjamini-Hochberg method. Our analysis identified two plaques
(patients 6 and 7) with consistent and significant plasma cell auto-
correlation across both panels. Results obtained with panel 1 genes are
shown in Supplementary Fig. 43, and those with panel 2 genes in
Supplementary Fig. 44.

RNAvelocity analysis ofmacrophages inXenium. To further explore
the potential relationship between the spatial distribution and
expression patterns of macrophage subtypes observed in the Xenium
data, we assessed their trajectories using RNA velocity analysis. For this
purpose, we applied TFvelo49, a transcription factor (TF) based model,
since spliced and unspliced RNA counts cannot be derived from
Xenium due to its in situ hybridization methodology. We subsetted our
dataset to include only macrophages (panel 1: 35,265 cells; panel 2:
28,747) and performed preprocessing with the parameters recom-
mended by the authors, using the batch-corrected scVI-UMAP repre-
sentation as the low-dimensional embedding and acosh-normalised
counts. We chose acosh normalisation because some cells had erro-
neously small area estimates from Baysor, which led to extreme values
in area-normalized counts. These outliers interfered with TFvelo and
prevented reliable trajectory inference. For the calculation of velocity
stream plots, we only included genes with a larger latent time-
pseudotime Spearman correlation of 0.3. Pseudotime and velocity
streamplots are shown in Supplementary Fig. 38A, B for panel 1, and in
Supplementary Fig. 39A, B for panel 2. Similar to our trajectory analysis
of our scRNA-seq data, we constructed PAGA graphs for both panels
using TFvelo-inferred pseudotime as priors and macrophage low-level
cell types as node groups (panel 1: Supplementary Fig. 38C; panel 2:
Supplementary Fig. 39C). For panel 1, we included the cell substate
Mac_TREM2hi_CCL18hi into the construction of the PAGA graph, as
well as in the colouring of cells in the streamplot.

Leveraging available cell coordinates, we plotted spatial scatter-
plots of the individual samples with macrophages coloured by TFvelo

pseudotime and cell type respectively (Supplementary PDF 3, Sup-
plementary PDF 4).

Of note, macrophage cells with panel 2 dataset expressed more
TFs (total number of TFs: 12; mean number of TFs/gene: 5.3), than
panel 1 (total number of TFs: 5; mean number of TFs/gene: 1).

Statistics & reproducibility
No statistical method was used to predetermine sample size. No data
were excluded from the analyses. The experiments were not rando-
mized. The Investigators were not blinded to allocation during
experiments and outcome assessment.

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

Data availability
Data from our own scRNA-Seq and single cell spatial transcriptomics
experiments have been deposited in NCBI’s Gene Expression Omnibus.
The previously generated datasets, that are already published, are
accessible through GEO Series accession number GSE247238 (scRNA-
Seq, patients 1-10)26,55,90,105 or in this manuscript in Supplementary Data
17 (raw bulk-seq count matrix: https://zenodo.org/records/17454209)
and Supplementary Data 1826,90,106–108. Newly acquired datasets for this
study are: GSE294291 (scRNA-Seq, patients 11–17) and GSE294466
(Xenium spatial transcriptomics). An additional external scRNA-Seq
dataset of human carotid plaques51 using a similar set-up of plaque vs.
adjacent control was downloaded from the GEO repository
(GSE159677). A preprocessed and manually annotated version of the
GSE159677 dataset, along with the batch-corrected bulk RNA-seq
count matrix used in this study, can be downloaded from Zenodo:
https://zenodo.org/records/17521879. We also provide the final pro-
cessed versions of our scRNA-seq and Xenium datasets as resources to
the community. scRNA-seq data are available at (https://zenodo.org/
records/17520898); Xenium datasets, along with subregion annotation
and sample areas are available at: (https://zenodo.org/records/
17526248). Interactive Supplementary Fig. 7 and 8, along with their
legends can be downloaded from Zenodo: (https://zenodo.org/
records/17523511).

Code availability
Code is available at: (https://github.com/MendenLab/Carotid_artery_
plaque).
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