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This file contains all reviewer reports in order by version, followed by all author rebuttals in order by version.

Version 0:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

The authors integrated spatial, single cell and bulk transcriptomics of carotid plaque, identifying inflammatory smooth muscle
cell subtypes and localizing regions of neovascularization and macrophage activity. The authors applied a clever
deconvolution algorithm to correct forimmune cell bias and estimate true cell type proportions in bulkRNA-Seq data using
scRNA-Seqg-derived labels. The focus is on VSMCs and macrophages. There are several new and interesting findings:

1. TREM2 macrophages are not intermingled with C1Q macrophages, which sit below the endothelium

2. The authors convincingly discovered that immune cells are overrepresented in sScRNA-Seq experiments

3. The authors dicovered that there was no difference between symptomatic and asymptomatic plaques. In many studies,
this is the only distinction between plaques provided

Specific comments

1. Previous work has provided systematic pathological classifications (Pasterkamp, Virmanu). Please discuss how your
findings relate to these.

2. Note that endarerectomies do not provide access to the adventitia, where many immune cells reside. This may explain
why the immune cell content is so low.

3. Recently, TLOs were discovered in human plaque1 using methods similar to yours. Did you see any indications of TLOs?
4. Define CEA (probably the surgery).

5. The samples were macroscopically assessed and dissected into advanced atherosclerotic (plaque) and adjacent
healthy/early lesion (control) tissue. It is not clear that the “control” is really healthy.

6. Since some samples had thrombus: what cells were in the thrombus?

7. FC thickness set at 200 pm: This is not easy to measure, because the sections may be at different angles, and cap
thickness is not uniform. How reliable is this measure?

8. PI3K has many isoforms. Which ones are DE?

9. CD79A is not an immune regulator, but a B cell marker

10. Page 14: Itis not clear which datasets are new (unpublished). Clearly distinguish between new and reanalyzed data.
11. Figure 2H: The immune cells are invisible. Either make an extra panel with a different scale, or use a log scale.

12. Figure 5A: numbers too small (not legible)

13. Figure 6A: show directionality (which genes were up in smokers?)

14. Page 4: “unpaired (n=232, n=65) and paired (n=42) designs, as well as stable (n=97) and unstable (n=126) plaques”.
Some may be overlapping. What was the total number of samples?

15. The authors often talk about “carotid plaques”, but much of the resected material is not plaque but media. Maybe call
them endarterectomy specimens.

16. SMCs, ECs and fibroblasts show up much better in single nuclei sequencing. Many studies used this approach,
mitigating the bias. Please mention this and cite some studies.

17. The authors write that “VSMC-rich media from our CEA specimens (Fig 1A), a structure that has likely not been analysed
in previous studies”. Was there a difference in gene expression in the media of adjacent normal vs atherosclerotic artery
tissue? Paired analysis should be possible.

18. “Four patients provided paired samples”. Were these bilateral endarterectomies, with one side worse than the other? If
so, what was the time elapsed between the two surgeries?



19. Page 6: "Correlation analysis revealed a strong inverse relationship between NC and lumen” suggests that the sum of
the two may be constant and, by inference, the fibrous cap area % must also be constant.

20. The definition of controls is unclear. A sample with 45% intima is not a control. It seems that the authors call samples
without NC controls.

21. Itis interesting that there was no difference between symptomatic and asymptomatic plaques. This should be
emphasized. In many studies, this is the only distinction provided.

22. Some patients showed “two NCs on each side of the lumen”. This is interesting, but not conclusive. They may be
connected in another plane.

23. In several scRNA-Seq studies and in at least 2 reviews, about half of the foam cells are SMC-derived and half are
macrophages. There are two sets of macrophage foam cells and at least 3 other macrophage sets that are not foamy. The
information obtained in the present study should allow these assignments.

24. Some of the correlations with clinical and demographic parameters are not statistically analyzed. Also, mentioning a
single SNP in the smoking section is not appropriate. SNPs were not tested in this study.

25. Please define the difference between neighborhoods and subregions.

26. Figure 2E: the choice of colors is unfortunate. Impossible to see the cluster calling.

27. Figure 3D: what are “inflammatory mixed cells”? Doublets?

28. Figure 3E: Age seems to be a driver for necrotic core. This should be emphasized.

29. Figure 5: What statistical test was used to assign the morphological clusters? How do we know there should be 5
clusters? Or is this arbitrary?

30. Figure 7C: How were patients 4 and 8 selected?

1 Lai, Z. et al. Single-cell spatial transcriptomics of tertiary lymphoid organ-like structures in human atherosclerotic plaques.
Nat Cardiovasc Res, doi:10.1038/s44161-025-00639-9 (2025).

(Remarks on code availability)

Reviewer #2

(Remarks to the Author)

Overall Summary:

Pauli et al. present their investigation seeking to integrate multiple transcriptomic methodologies (bulk RNA seq, scRNAseq,
and spatial transcriptomics) as a means to molecularly define carotid atherosclerotic disease. Using arterial and atheroma
samples collected during CEA, the investigators attempt to elucidate a spatially-resolved molecular architecture underlying
plaque development. The authors highlight unique plaque morphologies linked to different cell type compositions, disease
heterogeneity (i.e. symptomatology), and clinical demographics (i.e. smoking, etc) with inference towards plaque
development and stability. Notably, they uncover spatial associations between HMOX1+ macrophages as they potentially
transition to foam cells (TREM2+).

While the manuscript is well written and demonstrates technical rigor, the most important limitation is a lack of methodologic
novelty or conceptual impact to our molecular understanding of atherosclerosis. Notably, HMOX1 and TREM2 macrophages
are well established in the progression of atherosclerosis (PMID: 39731912 — HMOX1, 38974464 — TREM2) and modulation
of macrophage polarity (PMID: 30282830 — HMOX1, 38646596 — TREM2). Furthermore, other spatial transcriptomic
investigations of arterial atherosclerosis have recently been published (PMID: 39234691 and 39715784). Considering these
limitations, the current manuscript offers incremental advancement.

Other Criticisms include:

1. Association with symptomatology / stability is uncertain. One area of potential significance was the assertion that the
current findings molecularly define symptomatic (vs. asymptomatic) carotid artery stenosis. As presented, however, the data
do not clearly support these claims. Figure 5 provides an example of this missed opportunity. A clearer presentation of the
results would have been based upon symptom status as opposed to various morphologic clusters.

2. Surprising lack of DEG in bulk RNAseq. Figure 2c shows relatively few differences in DEG across stable and unstable
plagues. This is in contrast to current literature (39234691), yet no explanation is given.

3. Underpowered study with significant demographic heterogeneity. It is difficult to interpret some of the results due to
relatively few patients (N=4 Ctl) and variable clinical demographics.

4. Biased spatial transcriptomic approach based off Panels 1 and 2. Finally, the spatial transcriptomic analysis used a
custom (pre-defined) gene set (~500) for cellular and disease status identification. While this approach is helpful in resolving
cellular spatial location, it falls short of providing true spatially-resolved, single cell transcriptomic analysis. This undercuts
the novelty.

(Remarks on code availability)

Reviewer #3



(Remarks to the Author)

Summary

This manuscript presents a comprehensive spatially resolved transcriptomic analysis of human carotid atherosclerotic
plagues. The authors integrate bulk RNA-Seq, single-cell RNA-Seq (scRNA-Seq), and single-cell spatial transcriptomics
(Xenium platform) on paired samples from patients undergoing carotid endarterectomy (CEA). Their multimodal approach
reveals spatial microenvironments, including distinct VSMC and macrophage subtypes associated with plaque vulnerability,
progression, and smoking status. They propose a model of subluminal HMOX1+ macrophage transdifferentiation into lipid-
handling TREM2+* cells. A novel morphological clustering of plaques into “structured” and “chaotic” types is introduced,
offering mechanistic insights into spatial immune-VSMC interplay and plaque destabilization.

Major Comments

1. Justification of Technology Choice: The authors employ the Xenium platform for spatial transcriptomics but do not justify
its selection over other platforms like 10x Visium HD. A justification regarding resolution, sensitivity, and gene coverage
tradeoffs is needed.

2. Immune Cell Overrepresentation Not Corrected: Despite deconvolution, the overrepresentation of immune cells in scRNA-
Seq is not adequately addressed in the spatial analysis. This may bias subregion interpretations.

3. Smoking Association Requires Caution: The observed association with smoking is only partially supported by bulk and
scRNA-Seq data. Acknowledgment of limited reproducibility is needed.

4. Trajectory Analysis of Macrophages: The proposed HMOX1+ to TREM2+ trajectory should be validated with orthogonal
methods beyond TFvelo and visualized more explicitly.

5. Subregion Definition and Reproducibility: Manual annotation of regions may introduce bias. Providing inter-rater reliability
or uncertainty metrics would enhance robustness.

6. Sample Size for Spatial Analysis: The n=12 for spatial transcriptomics limits generalizability. Interpretations of clustering
and risk associations should be more cautiously framed.

7. Neighbourhood Cluster Analysis: Statistical support (e.g., permutation tests, spatial proximity significance) for proposed
functional zones is missing and should be included.

8. Clinical Utility and Predictive Value: The translational relevance of findings should be discussed. Can DEGs or spatial
patterns serve as prognostic markers for plaque rupture?

Minor Comments

1. Terminology Clarification: Terms like 'structured' vs. 'chaotic' could be more quantitatively or mechanistically defined.

2. Figure Readability: Dense color legends in Figures 6—8 make interpretation difficult. Consider enhancing clarity.

3. Figure 2 caption: “log10 value” => “log10 p-value”

(Remarks on code availability)
No code is provided.

Version 1:
Reviewer comments:
Reviewer #1

(Remarks to the Author)
The authors addressed all concerns. However, figure 2F-l is still unsatisfactory. Please show the immune cells using a
different y axis scale. Since there are few immune cells, differences cannot be appreciated from the current figure

(Remarks on code availability)

Reviewer #2

(Remarks to the Author)

Pauli et al. represent their investigation seeking to integrate multiple transcriptomic methodologies (bulk RNA seq,
scRNAseq, and spatial transcriptomics) as a means to molecularly define carotid atherosclerotic disease. Using arterial and
atheroma samples collected during CEA, the investigators attempt to elucidate a spatially-resolved molecular architecture
underlying plaque development. The authors highlight unique plague morphologies linked to different cell type
compositions, disease heterogeneity (i.e. symptomatology), and clinical demographics (i.e. smoking, etc) with inference
towards plague development and stability.

Previous critiques raised questions regarding 1) associations with disease symptomatology, 2) Comparison of the presented
results to previously published data (coronary and carotid), 3) Novelty and clinical utility of the results, and 4) clarification of
methodologies and sample size. To this end, the investigators have provided a robust response that is highly responsive to
the reviewer concerns. This includes adjustments to the data presentation, new analysis, and additional commentary
throughout the manuscript.

Regarding novelty, the team has provided sound arguments highlighting the relative impact their results may have on the
molecular understanding of carotid artery disease and plaque progression. While the HMOX1 and TREM2 phenotypes are
well established, the manuscript provides other novel findings including 1) spatial resolution of macrophages at the unstable
plague shoulder, 2) EC co-localization for neovascularization and immune cell entry into the necrotic core / plaque, 3) SMC
transitions associated with plaque heterogeneity. While the clinical utility and implementation of many of these results



remains to be determined, the work nonetheless provides a thorough examination of carotid atherosclerotic disease.

Other Criticisms that have been adequately addressed:

1. Association with symptomatology is uncertain. Concerns have been well addressed and edited within the manuscript.

2. Surprising lack of DEG in bulk RNAseq. Concerns have been well addressed and edited within the manuscript.

3. Underpowered study with significant demographic heterogeneity. Concerns have been well addressed and edited within
the manuscript.

4. Biased spatial transcriptomic approach based off Panels 1 and 2. Concerns have been well addressed and edited within
the manuscript.

(Remarks on code availability)

Reviewer #3

(Remarks to the Author)
All my comments are adequately addressed.

(Remarks on code availability)

The code provided in code ocean are well organized. But the code ocean platform has some issues running the code with
the 'Reproducible Run'. Also, only R code shows up properly. The ipython notebook must be downloaded and run locally,
which is beyond my bandwidth.
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Point-by-point response

We would like to thank the reviewers and editors for the assessment of our submitted
manuscript. We carefully addressed all of the reviewers’ concerns with new data
analysis as well as clarifications, which we believe has enabled us to submit a
substantially improved version of our study.

Reviewer #1 (Remarks to the Author):

The authors integrated spatial, single cell and bulk transcriptomics of carotid plaque,
identifying inflammatory smooth muscle cell subtypes and localizing regions of
neovascularization and macrophage activity. The authors applied a clever
deconvolution algorithm to correct for immune cell bias and estimate true cell type
proportions in bulkRNA-Seq data using scRNA-Seq-derived labels. The focus is on
VSMCs and macrophages. There are several new and interesting findings:
1. TREM2 macrophages are not intermingled with C1Q macrophages, which sit below
the endothelium

2. The authors convincingly discovered that immune cells are overrepresented in
SCRNA-Seq experiments

3. The authors discovered that there was no difference between symptomatic and
asymptomatic plaques. In many studies, this is the only distinction between plaques
provided

Specific comments

1. Previous work has provided systematic pathological classifications (Pasterkamp,
Virmani). Please discuss how your findings relate to these.

We thank the reviewer for this important comment on variations of assessing plaque
vulnerability statuses. This is obviously a rather debated question, and we believe that
all current approaches have their advantages but also disadvantages. Pioneers in the
field, like the mentioned groups led by Renu Virmani and Gerad Pasterkamp
respectively, established their plaque phenotyping based on the available vascular
specimens their labs and institutes had and partly still have access to. For the carotid
plague specimens in our study, we utilize the Rothwell/Redgrave criteria of the Oxford
Plaque Study, being explained in more detail below. We made sure to more clearly
state that characterization using this criterion for carotid artery disease in our revised
manuscript.

Work by Virmani and colleagues was in large parts performed and influenced
by postmortem autopsy specimens from different vascular beds, with a focus on
coronary artery tissue specimens. According to these autopsy studies, the most
common type of vulnerable plagues are so called thin-cap fibroatheroma (TCFA) with
the following key features: fibrous cap thickness <65um (for coronary arteries and not
carotids as used in our study) located over a lipid/cholesterol crystal-rich necrotic core,



high presence of T cell and macrophage infiltrations in close proximity to the fibrous
cap (plague shoulder), low numbers of smooth muscle cells, and areas of intraplague
bleedings (“Pathology of the Vulnerable Plaque,” 2006).

The work by Gerard Pasterkamp offers a broader, multifactorial definition of
vulnerable atherosclerotic plaques, emphasizing not only histological features but also
biological activity, mechanical stress, as well as systemic factors. In studies by his
group, mostly tissue specimens from carotid endarterectomies (CEA) are utilized and
investigated predominantly based on patient symptoms (asymptomatic or symptomatic
for stroke, transient ischemic attack, and amaurosis fugax; (Langley et al., 2017; Mocci
et al., 2024)), and more recently based on transcriptomic expression patterns (Mokry
et al., 2022).

A third approach, which was used in our current study stems from Drs. Rothwell
and Redgrave and the Oxford Plague Studies. Here, a crucial fibrous cap thickness of
>/< 200um is established exclusively for carotid artery disease, taking into account
carotid imaging modalities and clinical outcomes from patients with stroke (Lovett et
al., 2004; J. N. Redgrave et al., 2008; J. N. E. Redgrave et al., 2006). Based on our
experience and work published by us in previous studies (Bashore et al., 2024; Fasolo
et al., 2021), this carotid artery specific assessment of plaque vulnerability suits our
approach of combining histomorphological plaque characterization, integrative multi-
transcriptomic profiling (with bulk, single cell, and spatial transcriptomics) and
correlation with clinical patient information (symptoms, risk factors, accompanying
diseases) best.

We added the following statement in the Results section to clearly state our approach
at the beginning of the manuscript:

“Human carotid plaques from CEA patients were selected based on conclusive
morphology, including remnant media and macroscopically assessed and
dissected into advanced atherosclerotic (plaque) and adjacent early lesion
(control) tissue. Plaques are characterized based on the Oxford Plague Studies
(Lovett et al., 2004; J. N. Redgrave et al., 2008; J. N. E. Redgrave et al., 2006).
Both pieces of this paired unique setup underwent bulk- and scRNA-Seq.”

We furthermore clarified the Methods section in this regard:

“The histological classification of carotid plaques was performed following the
guidelines established by the American Heart Association (AHA(Stary, 2000;
Stary et al., 1992, 1994, 1995)) and the Redgrave & Rothwell criteria (Oxford
Plague Study)(J. N. Redgrave et al., 2008) for plaque stability.”

2. Note that endarterectomies do not provide access to the adventitia, where many
immune cells reside. This may explain why the immune cell content is so low.


https://paperpile.com/c/Y7tn3g/2VS4
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The reviewer is correct that plaques from carotid endarterectomies (CEA) lack
adventitia, as the surgical removal of the lesion must exclude the adventitia remaining
in the patient. Thus, CEA plaques contain the media layer, which leads to a higher
SMC content in general and therefore as suggested by the reviewer likely a lower
abundance of immune cells. Of note, previous prominent studies have used FACS
sorting of CD45+ cells to analyze human carotid lesions, which fueled the assumption
that human plaques mainly consist of immune cells (Depuydt et al., 2023; Dib et al.,
2023; Fernandez et al., 2019). This is the main reason why we performed single cell-
bulk RNA-Seq deconvolution (utilizing BayesPrism) in our manuscript, enabling us to
overcome the immune cell bias of applying single cell RNA-Seq in human plagues.
Importantly, our finding is confirmed by our own spatial transcriptomics (Xenium)
analysis, in concordance with very recent literature (Bleckwehl et al., 2025; Traeuble
et al., 2024).

We clarified this matter in our Introduction:

“The intima-media layer, rich in VSMCs and fibroblasts, represents the pre-
atherosclerotic arterial wall. The adventitia is not excised during the surgical
procedure and is retained in the patient. All three substructures...”

3. Recently, TLOs were discovered in human plaquel using methods similar to yours.
Did you see any indications of TLOs?

1 Lai, Z. et al. Single-cell spatial transcriptomics of tertiary lymphoid organ-like
structures in  human atherosclerotic plaques. Nat Cardiovasc Res,
doi:10.1038/s44161-025-00639-9 (2025).

The TLOs described in the Lai et al. paper were aggregations of lymphoid cells,
characterised by plasma and B cells in particular. As our current study focuses on
integration of bulk, single cell and spatial transcriptomics in an unbiased fashion (not
targeting specific structures), our Xenium probe panels did not necessarily include
sufficient marker genes for a more detailed identification of lymphoid cell subtypes. In
addition, plasma and B cell marker gene counts are comparatively low in relation to
macrophage and SMC marker gene counts.

But to directly address the reviewer's comment, we carefully examined whether
TLOs could still be identified in our plaques. For this, we calculated the spatial
autocorrelation of plasma cells (Gerdis-Ord G statistic) and assessed the expression
of four genes overlapping between our panels and the PTLO marker genes reported
by Lai et al. (CD19, CD3D, MZB1, and XBP1). Plaques from patients 6 and 7
consistently exhibited significant plasma cell autocorrelation across both the panel 1
(Suppl. Fig. 43A,B, see below) and panel 2 (Suppl. Fig. 44A,B, see below) datasets.
In addition, upon revisiting our neighbourhood cluster analysis, we found cluster 13 in
both panel 1 and panel 2 to be enriched in plasma cells (Suppl. Fig. 28A,B). These
clusters were detected only in the plague of patient 6 and showed strong spatial


https://paperpile.com/c/Y7tn3g/5kVd+Sqjy+ElMH
https://paperpile.com/c/Y7tn3g/5kVd+Sqjy+ElMH
https://paperpile.com/c/Y7tn3g/HPs0+SHSb
https://paperpile.com/c/Y7tn3g/HPs0+SHSb

overlap with the plasma cell aggregation in the necrotic core of this sample (Suppl.
Fig. 45, see below).

However, among the four marker genes, only MZB1 and XBP1l showed
significant expression within plasma cells in plaques from patient 6 and 7 (Suppl. Fig.
43C,D; Suppl. Fig. 44C,D).

Taken together, the spatial patterns of plasma cells may suggest the presence
of PTLOs in the plagues of patients 6 and 7, however, these cells expressed only two
of the four PTLO marker genes. This highlights that, given the limited ability of our
current gene panels to resolve lymphoid cell subtypes, further clarification of these
structures will require future analyses with more dedicated gene panels.
To incorporate this analysis, we expanded our Methods section:

“Spatial autocorrelation of plasma-cells and plague tertiary lymphoid 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 publication (Lai et al., 2025). 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 datasets (Ord & Getis, 1995). 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
DistanceBand() function with a radius of 2500 um. This larger threshold was
chosen to allow detection of broader-scale clustering patterns and to reduce
spurious local pairings, which were apparent at lower thresholds due to the
relatively low number of plasma cells. Local Getis-Ord G statistics were then
calculated using the G _Local() function from the esda package, 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 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 p-values were
corrected with the Benjamini-Hochberg method.

Our_analysis _identified two plaques (patients 6 and 7) with consistent and
significant plasma cell autocorrelation across both panels. Results obtained with



https://paperpile.com/c/Y7tn3g/TN96
https://paperpile.com/c/Y7tn3g/tHOC2

panel 1 genes are shown in Suppl. Fig. 43, and those with panel 2 genes in
Suppl. Fig. 44.”

Along with the Results section:

“A recent publication identified plasma and B-cell rich areas, interspersed with
VSMCs and macrophages as plaque tertiary lymphoid organs (PTLOs) (Lai et
al., 2025). In our_samples, spatial analysis revealed significant plasma cell
enrichment in the plagues of patients 6 and 7 (Suppl. Fig. 43A,B; Suppl. Fig.
44A,B). In addition, the plasma cell aggregation domain in the NC of patient 6
was identified as cluster 13 (Suppl. Fig. 45), enriched in VSMCs, macrophages
and plasma cells (Suppl. Fig. 28A). Although suggestive of PTLOs, only two
(MZB1, XBP1) out of four PTLO marker genes (Lai et al., 2025) in our panels
showed high _expression in_plasma cells (Suppl. Fig. 43C,D; Suppl. Fig.
44C,D), highlighting the need for further clarification with more specialised gene

anels.

By performing neighbourhood clustering for panel 2, we detected similar
neighbourhoods with similar features in the same plaques, with neighbourhood
0 and 1 being “VSMC neighbourhoods”, neighbourhoods 2, 5 and 8 being
‘macrophage neighbourhoods”, and neighbourhood 10 being the
“EC_Neovessel neighbourhood”, and neighbourhood 13 the ‘plasma cell
neighbourhood” (Suppl. Fig. 28B,C).“

We adapted the Introduction and mention the suggested publication, together with
other spatial transcriptomics publications in human atherosclerotic plagques:

“Sequencing technologies, including bulkRNA-Seq, single cell (sc) RNA-Seq,
and spatial transcriptomics, have helped tremendously to better determine
molecular alterations and cellular composition in human diseases (Bleckwehl et
al., 2025; Campos et al., 2025; Gastanadui et al., 2024; Lai et al., 2025; Longo
et al., 2021; Sun et al., 2023)”
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Suppl. Fig. 43: Spatial distribution of Plasma-cells and expression of plaque tertiary lymphoid organ (PTLO)-
related marker genes in Xenium panel 1 dataset. (A-B) Spatial distribution of plasma cells identified in the Xenium panel
1 dataset. In the two plaques shown (panel A: patient 6; panel B: patient 7), plasma cells exhibited significant spatial
autocorrelation. Plasma cells are coloured by the autocorrelation metric (local Getis-Ord G), while other cell types are
shown in grey. (C-D) Normalised expression of PTLO-related marker genes (Lai et al.) present in panel 1 genes, compared
between plasma cells and all other cell types. Panel (C) shows gene expression in plague cells from patient 6, and panel
(D) from patient 7. The x-axis depicts the marker genes present in panel 1, and dot colours indicate cell type (plasma cell
vs. other cell types). Comparisons of normalized expression were performed using the Wilcoxon rank-sum test, and raw p-
values were adjusted with the Benjamini-Hochberg method to obtain false discovery rate (FDR) values.
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Suppl. Fig. 44: Spatial distribution of Plasma-cells and expression of plaque tertiary lymphoid organ (PTLO)-
related marker genes in Xenium panel 2 dataset. (A-B) Spatial distribution of plasma cells identified in the Xenium panel
2 dataset. In the two plaques shown (panel A: patient 6; panel B: patient 7), plasma cells exhibited significant spatial
autocorrelation. Plasma cells are coloured by the autocorrelation metric (local Getis-Ord G), while other cell types are
shown in grey. (C-D) Normalised expression of PTLO-related marker genes (Lai et al.) present in panel 2 genes, compared
between plasma cells and all other cell types. Panel (C) shows gene expression in plaque cells from patient 6, and panel
(D) from patient 7. The x-axis depicts the marker genes present in panel 2, and dot colours indicate cell type (plasma cell
vs. other cell types). Comparisons of normalized expression were performed using the Wilcoxon rank-sum test, and raw p-
values were adjusted with the Benjamini-Hochberg method to obtain false discovery rate (FDR) values.
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Suppl. Fig. 45: Spatial distribution of Plasma-cells and neighbourhood clusters 13. (A-B) Spatial distribution of cells in
the plaque of patient 6, as identified in the panel 1 (A) and panel 2 (B) datasets. Each dot represents a cell, coloured by cell
type. Plasma cells are shown with reduced transparency for improved visualization compared to other cell types.
(C-D) Spatial distribution of cells in the plaque of patient 6, as identified in the panel 1 (C) and panel 2 (D) datasets. Each
dot represents a cell, coloured by the respective neighbourhood cluster (C: panel 1; D: panel 2). Cells belonging to the

plasma cell-rich cluster 13 are shown with reduced transparency for improved visualization compared to cells in other
clusters.



4. Define CEA (probably the surgery).

We apologize for this mistake. Carotid endarterectomy (CEA) is defined as the surgical
removal of plaque buildup in carotid arteries. We adapted the Introduction as well as
the Methods section accordingly:

Introduction:

“Atherosclerotic plaques from patients undergoing carotid endarterectomy
(CEA), the surgical removal of plague buildup in carotid arteries, consist of three
major subregions with distinct cellular and molecular features.”

Methods:

“Plaque samples were collected from patients undergoing carotid
endarterectomy (CEA),_the surgical removal of plaque buildup in_carotid
arteries.”

5. The samples were macroscopically assessed and dissected into advanced
atherosclerotic (plaque) and adjacent healthy/early lesion (control) tissue. It is not clear
that the “control” is really healthy.

We thank the reviewer for this comment. It is correct that the control pieces in this
current study do not reflect a fully healthy artery, as this tissue still stems from elderly
patients suffering from carotid artery disease. The ‘healthier’/early or lesser diseased
lesions are located adjacent to the highly stenotic carotid artery tissue. Controls in our
work are defined as the least diseased piece of tissue from the patient, with no signs
of necrotic core formation (which is the defining hallmark of an advanced carotid artery
plaque). Intimal thickening as well as early signs of fatty streaks - and in some cases
immune cell infiltrates might still be present, as this initiation process occurs already
very early in life and is highly present in all (in particular Western) populations (Finn et
al., 2010; Masawa et al., 1994; Pasterkamp et al., 1998; Velican, 1969; Virmani et al.,
2000).

We carefully screened our revised manuscript again and removed the word “healthy”
from the Results section (1x), as well as from the Methods section (1x) when explaining
and discussing sample selection and comparison thereof.

Results:

“Human carotid plaques from CEA patients were selected based on conclusive
morphology, including remnant media and macroscopically assessed and
dissected into advanced atherosclerotic (plaque) and adjacent tissue
healthy/from the same patient (matched paired diseased-control samples).
Plagues were characterized for stability based on the Oxford Plague Studies.
Both pieces of this unique setup (statistically powerful paired analysis possible)
underwent bulk- and scRNA-Seq. In addition, formalin-fixed paraffin (FFPE)-
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embedded samples of neighbouring pieces—maintaining the same paired
plaque vs. control configuration—were processed for histomorphological and
spatial transcriptomics analyses

Methods:

“‘We selected the plaque scRNA-seq dataset published by Alsaigh et al(Alsaigh
et al., 2022), which had a similar experimental setup (matched atherosclerotic
core - proximal adjacent samples from same patients) to ours (matched
diseased - healthy control samples from same patients).”

Furthermore, we emphasized this unique setup of early/control and advanced lesion
from the same individual patient that allows for statistical extremely powerful analyses
in the same paragraph of the Results section:

“Both pieces of thispaired unique setup underwent bulk- and scRNA-Seq. Both
pieces of this unique setup (statistically powerful paired analysis is possible)
underwent bulk- and scRNA-Seq. In addition, formalin-fixed paraffin (FFPE)-
embedded samples of neighbouring pieces—maintaining the same paired
plaque vs. control configuration—were processed for histomorphological and
spatial transcriptomics analyses (Fig. 1).”

Additionally, we clarified our definition of the early lesion in the Methods section:

“Immediately after removal from the intraoperative situs, plaque samples were
transferred to pre-chilled PBS (Merck, Germany) for transportation. The carotid
plagues are then cut into several pieces. Specifically, for this study, we selected
the _most advanced (i.e., most unstable) part of the plague and whenever
possible also the least diseased part of the plaque for analysis (Suppl. Fig. 3).
This unigue setup allows for statistically powerful paired analyses of two pieces
of the same tissue from the same individual patient.”

Specifically for this purpose, we also created a new supplemental figure - Suppl. Fig.
3 - that illustrates the explanations from above:

Figure Legend:_“Suppl. Fig. 3: Carotid Artery Plague tissue sectioning and
characterisation routine. (A) shows the whole plague upon surgical removal
(CEA). (B) shows the sectioned plaque getting processed for molecular and
histomorphological characterization. The arrows indicate the most advanced
and earliest piece of tissue in_this _example. (C) Histological analysis is
performed according to the American Heart Association (AHA) classification
quidelines(Stary, 2000; Stary et al., 1992, 1994, 1995)_ using different
histological stainings (HE and EvG). FC thickness is evaluated based on the
Oxford Plague Study ((J. N. Redgrave et al., 2008)) and measured using the
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AxioScan Software (Leica) or QuPath. Here, all four measured positions of the
FC are below 200um, therefore this carotid plaque was classified as unstable.”
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Suppl. Fig. 3: Carotid artery plaque tissue sectioning and characterisation routine. (A) shows the whole plague upon
sugical removal (CEA). (B) shows the sectioned plaque getting processed for molecular and histomorphological
characeritation. The arrows indicate the most advanced and earliest piece of tissue in this example. (C) Histological
analysis is performed according to the American Heart Association (AHA) classification guidelines (Stary 2000; Stary et al.
1992; Stary et al. 1995; Stary et al. 1994) using different histological stainings (HE and EvG). FC thickness is evaluated
based on the Oxford Plaque Study (Redgrave et al. 2008) and measured using the AxioScan Software (Leica) or QuPath.
Here, all four measured positions of the FC are below 200um, therefore this carotid plaque was classified as unstable.



6. Since some samples had thrombus: what cells were in the thrombus?

This is an important and interesting comment by the reviewer. We excluded cells
originating from intraluminal thrombi from our clustering and DGE analyses. This was
however not mentioned in the previously submitted version of our manuscript. We now
expanded the respective sections in our Methods part:

“For differential gene expression (DGE) analysis we again utilised the
pseudobulk approach: we created pseudobulk samples by aggregating cells of
the same sample within low-level cell types and subsequently carried out DGE
analysis for multiple condition variables using DESeq2, always controlling for
“patient” as factor. Cells originating from intraluminal thrombi were excluded
from DGE analysis.”

“First, we calculated the cell fraction percentage of the different cell type
substates normalised within the sample, then performed hierarchical clustering
with Euclidean distance and Ward’s-linkage method. Cells originating from
intraluminal thrombi were excluded from both the cell fraction calculations and
clustering steps. ”

Further, in the revised manuscript, we included the analysis of the five plagues and
one control sample that contained cells detected in thrombi. We also expanded the
Methods section accordingly and added a new supplementary figure (Suppl. Fig. 59):

“We also performed hierarchical clustering of samples containing intraluminal
thrombi, based on the low-level substate cell fractions within cells detected in
each thrombus (Suppl. Fig. 59). Compared with the overall dataset, thrombi
contained fewer cell substates, showed less variation across samples, and were
predominantly composed of neutrophils, inflammatory mixed cells, and CD8
effector T-cells. The endothelial cells detected within intraluminal thrombi most
likely originated from intimal layer lacerations introduced during sample

preparation.”
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Suppl. Fig. 59: Clustering of samples based on thrombus-derived cells. Clustermap showing hierarchical clustering of
samples containing thrombi. Clustering was performed on (A) panel 1 and (B) panel 2 low-level substate cell fractions within
each sample’s thrombus. “P” indicates “Patient” in the x-axis labels. Patient metadata is shown in the legend above the
clustermap.



7. FC thickness set at 200 um: This is not easy to measure, because the sections may
be at different angles, and cap thickness is not uniform. How reliable is this measure?

We acknowledge the reviewer’s concern regarding the challenges in measuring fibrous
cap (FC) thickness due to sectioning angles and intrinsic variability in cap morphology.
Our human samples originate from patients undergoing carotid endarterectomy, and
all tissues are processed under a standardized biobank protocol that has been in place
for >15 years. We made sure to add extra information into the revised manuscript to
better explain how this is performed.

We added a detailed description of the FC measurement to Suppl. Fig. 3
(Suppl. Fig. 3C), that can be found in your Question #5.

Please also see Question #5 for additional details about how we addressed
changes regarding our sample setup in the text for your clarification.

8. PI3K has many isoforms. Which ones are DE?

As we used short read sequencing to obtain bulk- and scRNA-Seq data, we cannot
make distinctions on gene isoforms.

We have clarified this in the Methods section of our revised manuscript:

“‘RNA was purified using poly-T-oligo-attached magnetic beads and the TruSeq
stranded total RNA kit and TruSeq stranded mRNA kit (lllumina, San Diego,
USA) were used to prepare the short-read sequencing libraries.”

9. CD79A is not an immune regulator, but a B cell marker

We thank the reviewer for highlighting this mistake. We obviously agree and have
changed the text accordingly:

“‘Key DEGs that were increased in advanced plaque vs. early lesion controls
included immune regulators like FLT4 (Schmeisser et al.,, 2006) or B-cell
markers like CD79A (Ma et al., 2021) and...”
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10. Page 14: It is not clear which datasets are new (unpublished). Clearly distinguish
between new and reanalyzed data.

We have clarified the text in our revised manuscript accordingly:

‘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) (Fidler et al., 2024; Paloschi et al., 2024; Parma et al., 2025; Pourteymour
et al., 2024)_or_in this manuscript in Suppl. Table 6 and Suppl. Table 7 (bulk
seq data) (Bonfiglio et al., 2025; Fidler et al., 2024; Paloschi et al., 2024; Tan et
al., 2025; Wang et al., 2024). Newly acquired datasets for this study are:
GSE294291 (scRNA-Seq, patients 11-17) and GSE294466 (Xenium spatial
transcriptomics).”

11. Figure 2H: The immune cells are invisible. Either make an extra panel with a
different scale, or use a log scale.

We have adapted Figure 2H to match the style of the previous figures, and split it into
two subplots: Figure 2H and Figure 2I. This allows the reader to put the visualized
results to determine differences of ‘Control vs. Plaque’ specimens.


https://paperpile.com/c/Y7tn3g/o3eH+cGme+DCAk3+e1Ixz
https://paperpile.com/c/Y7tn3g/o3eH+cGme+DCAk3+e1Ixz
https://paperpile.com/c/Y7tn3g/cGme+CnPV1+NiTl3+FLH23+o3eH
https://paperpile.com/c/Y7tn3g/cGme+CnPV1+NiTl3+FLH23+o3eH

A Unpaired B Paired C Unpaired

Plaques vs. Controls Plaques vs. Controls Stable vs. Unstable
S061) (Co7oA o i Significance N
Tz Co7aa) MZB! ! !
% o\;?.wr\z ;_‘20 . iAF;l'.r\zFiw:".Swme %20 E @ Downregulated :
g e s‘,'L'AMFg :é- .rrm\" ..-_‘ bujs liﬁL“ :Ii. : n.s E
e ¥ 2 - O ) S : |
g’ Mnlpsg Sy g) 10 = \,a,:* SLM{F}.: DLX6-AS1 g) 10 S -!_ _U_p_r(ig_u_lzit?q _ —’I
s o w2 e o(MMP13 e
B b CXCL5)
0 b é 0 FB ‘.HH\P: ﬁ:?f‘\
4 - 0 2 4 . -4 2 0 2 4 -4 2 0 2 4
log2FoldChange log2FoldChange log2FoldChange
D High Ieyel cell types E Low level cell types R
® B-cell ® B-cell © Mac_S100A8hi
® Dendritic-cell o ® CD4_TCM Mac_TREM2hi
o ® CD4_TEM Mast-cell
® Endothelial =
d b . g ® CD4_Tregs NK_FCGR3A+
o FB N ® CD8_TEFF o NK_XCL1+
o ® Macrophage ﬁ ) e CD8_TEM ¢ plasma-cell
® Mast-cell ; . EC_1 @ T-cell_proliferating
NK-cell i ®EC2 ® VSMC_contr
: Plasma-cell » oFB ® VSMC_fb-like
® T-cell ®Mac C1Q ¢ ysMC_modul
© Mac_HMOX1 ¢ pc1
& VMG & Mac_IL10hi 4 pc2
3 E ® pDC
5 ey 5
UMAP1™ UMAP1™
F scRNA-seq H 165 Bulk RNA-seq - controls
0.8 ° iy %
gz
Q.5 0.75
E% 0.6 s § @0 .
YE s = B & 52 050{ o g
1 IR S Tl
=k : 8 <2 “
9802 T Eo025 *
. ; =8 P
~ AR Y 0.00 ard ap e aor e
65 B & A | § i -
\S \ N N\ NS NS \ NS
9\‘\0 /\,é’> S LS LSS &R 9&’ g \\fb& & \l_,c?} o,c?} & & Q,,c?} <&@
3 FEF &L P N K T FF L
© & 2 S L V&
~ KX <
G I 1.00
v~ 104 e
o3 53
Qg g 3 5075
] co
2906 28
2 52050
© 004 L)
= B ; %0 25
T E o2 5 EO.
g5 83
0.0- 0.00
O
S @
AN ©

Figure 2: Single-cell and bulk RNA sequencing results. (A-C) Differential gene expression results performed using the
bulk RNA-seq data. Results of unpaired Plaque vs. Control sample comparison (A), results of paired Plaque vs. Control
samples from the same patients (B), results of comparing unpaired Stable vs. Unstable samples (C). X-axis depicts the
log2 fold change of gene expression across the conditions, y-axis depicts the -log10 p-value of Benjamini-Hochberg
adjusted significance of the log2 fold change (false discovery rate, FDR). Red colouring: significant overexpression, blue
colouring: significant underexpression, significance thresholds: FDR<0.05, log2 fold change: +/- 1. Highlighted genes have
Xenium probes. (D-E) UMAP low-dimensional representation of gene expression in cells of human atherosclerotic plaques,
measured with scRNA-seq method. Cells are coloured by high-level cell types (D), and by low-level cell types (E). (F-G)
Cell fractions of high-level cell types per sample in scRNA-seq (F, n=31) and bulk RNA-seq (G, n=297). In the case of bulk
RNA-seq, cell fractions are calculated by a deconvolution algorithm. Bars represent the mean of cell fractions per cell type
across all samples. (H-) Cell fractions of high-level cell types of control (H) and plaque (1) bulk RNA-seq samples,
calculated by deconvolution. UMAP: Uniform Manifold Approximation and Projection, FB: fibroblast, NK-cell: natural-killer
cell, VSMC: vascular smooth muscle cell.



12. Figure 5A: numbers too small (not legible)

We thank the reviewer for this suggestion. To improve readability, we have split the
original Figure 5 into two separate figures. Revised Figure 5 now contains only the
enlarged cluster map with improved readability, while revised Figure 6 presents the
scatterplots of the morphological clusters. Figure numbering has been updated
accordingly throughout the manuscript and figure captions.
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Figure 5: Clustering of plaques into morphological clusters. Clustermap showing hierarchical clustering of plaques into 4
morphological clusters based on panel 1 low-level substate cell fractions within each sample. ,P* stands for ,Patient" in the x-
axis labels, patient metadata legend is depicted above clustermap. ,sympt®.: symptomatic; ,asympt®.: asymptomatic.
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Figure 6: Spatial scatterplots of morphological clusters. (A-D) Spatial scatterplots of plaques grouped by morphological
clusters. Dot colouring refers to the top 5 most abundant cell subtypes per cluster, ,L“ depicts lumen. FC: fibrous cap; NC:
necrotic core



13. Figure 6A: show directionality (which genes were up in smokers?)

We thank the reviewer for the suggestion. We updated and revised the volcano plot
with a legend clearly indicating directionality of DEGs in smokers.
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14. Page 4: “unpaired (n=232, n=65) and paired (n=42) designs, as well as stable
(n=97) and unstable (n=126) plaques”. Some may be overlapping. What was the total
number of samples?

We revised the text in the Method section accordingly and added the following
statement for clarification:



“After filtering, 14,572 genes were detected across a total of 297 samples
derived from 252 patients. The dataset comprises transcriptomes from 232
advanced plagues and 65 early lesion controls. Among the plagues, 97 were
classified as stable and 126 as unstable, with 9 remaining unclassified based
on _our histological analysis. For 42 patients, paired samples of plaque and
control lesions were available, allowing for paired differential _expression

analysis.”

Furthermore, we clarified this in the Results section as well:

“..classified-by-FC-thickness-above-or-below200pm. The advanced plagues

were further classified into stable (n=97) and unstable (n=126) lesions based
on FC thickness above or below 200um*®. Nine advanced plaque specimens
(of Nn=232) were rendered non-classifiable, and not included into the stability-
based comparison.”

15. The authors often talk about “carotid plaques”, but much of the resected material
is not plaque but media. Maybe call them endarterectomy specimens.

We understand and partly agree with the reviewer that the word ‘plaque’ might be
misleading - at least for some of the specimens being analyzed. However, the media
Is never the main component for any of the CEA specimens being assessed (see HE
stains shown in Figure 4, Suppl. Fig. 11 and Suppl. Fig. 12 in the manuscript). We
as well as others have termed these endarterectomy specimens carotid plaques, as
the indication for surgical removal is the stenotic plaque and the occurrence of a lipid-
rich lesion core, which is always present in all our advanced plaque specimens from
CEA.

We added the term “endarterectomy specimens” to the Discussion to acknowledge
the reviewer’s point:

“Understanding ptague the morphology of these endarterectomy specimens is
critical to improve clinical decision making for patients at risk for stroke or
myocardial infarction”

16. SMCs, ECs and fibroblasts show up much better in single nuclei sequencing. Many
studies used this approach, mitigating the bias. Please mention this and cite some
studies.

We thank the reviewer for this comment. It is indeed true that single nuclei sequencing
usually overcomes the immune cell bias getting introduced with single cell RNA-Seq.
This is due to the methodology (freezing down and/or fixation of tissue before nuclei
isolation) as utilized in previous studies (Chou et al., 2022; Song et al., 2024). Also,
nuclei have similar sizes in different cell types and usually do not lead to clogging of
the microfluidics system used for single cell RNA-Seq. Therefore, single nuclei
sequencing can indeed reveal more realistic proportionality of cell types.


https://paperpile.com/c/wthTi8/XjQFk
https://paperpile.com/c/Y7tn3g/tK1a+53gt

In this current study, we however decided to overcome this bias by introducing
sc-bulk RNA-Seq deconvolution to carotid plagues. In addition to deconvolution, spatial
transcriptomics using Xenium is unbiased when it comes to cell type proportions, as
the tissues are fixed and all RNA of the plaque in situ equally accessible. Of note,
single nuclei sequencing has the disadvantage of losing all cytoplasmic RNAs, which
are important regulators of cell function. In our belief, the integration of all three
transcriptomic sequencing methods proved to be a valid approach to better determine
realistic cell type proportions in human atherosclerotic plaques.

Based on the reviewer's comment, we added a sentence in the Discussion
section of our revised manuscript:

“Alternatively, this bias could be overcome by performing single nuclei
sequencing, with the downside of losing cytoplasmic RNAs (Chou et al., 2022;
Song et al., 2024).”

17. The authors write that “VSMC-rich media from our CEA specimens (Fig 1A), a
structure that has likely not been analysed in previous studies®. Was there a difference
in gene expression in the media of adjacent normal vs atherosclerotic artery tissue?
Paired analysis should be possible.

We thank the reviewer for this very relevant suggestion. We indeed had the same
thought and addressed this issue in a spatial proteomics study that is available as a
preprint (Sinha et al., 2025) and currently in revision elsewhere. In this study, laser
microdissection of the different subregions (media, NC, FC) was performed, and the
proteomes of these subregions were analyzed individually. We did not follow this
approach with spatial transcriptomics, as in particular the necrotic core of advanced
plaques is rather poorly conserved for RNA expression analysis.

However, we extended our work to include the proposed paired DGE analysis of media
cells. In the comparison of “Plaque vs. Control’, we identified three DEGs, ITLN1,
PECAM1, and CD34, all of which were downregulated in media EC_2 cells from
plaques compared to controls. Importantly, no other cell type exhibited any significant
changes in gene expression between “Plaque vs. Control”. The results of this analysis,
along with comparisons of additional condition variables within medial cells, are
provided in Suppl. Table 15 and Suppl. Table 16. We have also added a description
of this analysis to the corresponding section in the Methods:

“To uncomplicate our analysis, we used subsets of data according to our
scientific questions: for the comparison “Plaque vs. Control” only samples from
Patients 1-4 were included as they had matching “Control” and “Plaque”
samples, all other comparisons were performed across the 12 “Plaque” samples
(Patient 1-12). For Patients 1-4 with available control and plague samples, we
also performed DGE analysis including their media-derived cells only, due to
the media being present and proposed to be relatively similar in _both control
and plague samples. DGE results can be found in Suppl. Table 2, Suppl. Table
3 and Suppl. Table 15 and Suppl. Table 16.”
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18. “Four patients provided paired samples”. Were these bilateral endarterectomies,
with one side worse than the other? If so, what was the time elapsed between the two
surgeries?

We thank the reviewer for a chance to clarify our sampling approach. Please also see
Questions #5 and #7 by the same reviewer for additional explanation about how we
addressed changes regarding our sample setup in the text for your clarification.

CEA-derived plaque specimens are cut into several pieces. The most advanced
and diseased plaque piece, as well as the healthiest/less diseased piece from the
same carotid artery are taken for downstream analysis to capture the dynamic of
athero-progression.

We changed the Methods section accordingly:

“Four patients provided paired samples, meaning that one CEA specimen from
the same carotid artery was divided into early and advanced lesions (Suppl.
Fig. 3), while eight provided advanced plaques only.”

19. Page 6: "Correlation analysis revealed a strong inverse relationship between NC
and lumen” suggests that the sum of the two may be constant and, by inference, the
fibrous cap area % must also be constant.

We appreciate the comment of the reviewer. While we observed a strong inverse
correlation between normalised NC and lumen areas, we didn’t find the sum of the two
subregion areas, whether absolute or normalised, to be constant as also shown
previously (Schoenhagen et al. 2003; Glagov et al. 1987; Schoenhagen et al. 2000)
.We have expanded the manuscript with a new figure showing these values plotted
against each other (Suppl. Fig. 12, see below), both of which display considerable
variation, and clarified the corresponding section in the Results:

“Correlation analysis revealed a strong inverse relationship between normalised
NC and lumen areas (Suppl. Fig. 12B), which could imply a constant sum,
however, this was not observed (Suppl. Fig. 12). In contrast, absolute area
correlations showed no association between NC and FC or intima, suggesting
NC expansion reduces the relative proportions of other regions (Suppl. Fig.
12A).”
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Suppl. Fig. 13: Correlation between absolute and normalised summed areas of necrotic core and lumen. The sum
of necrotic core and lumen absolute areas correlated with the sum of necrotic core and lumen normalised areas of plaques.
R-squared and p-values come from a linear fit. NC: necrotic core.

20. The definition of controls is unclear. A sample with 45% intima is not a control. It
seems that the authors call samples without NC controls.

We thank the reviewer for a chance to clarify this. Please also see Questions #5, #7
and #18 by the same reviewer for additional explanation about how we addressed
changes regarding our sample setup in the text for more clarity.

Intimal thickening is a natural phenomenon that occurs in almost all populations
(especially Western) early in life. Control pieces in our study are indeed samples with
no necrotic core, but showing early signs of intimal thickening and little to none immune
cell infiltration. We carefully checked our manuscript again to make sure that we are
not using the term “healthy” control, as these tissue specimens are clearly not
completely healthy or undiseased arteries (Finn et al., 2010; Masawa et al., 1994;
Pasterkamp et al., 1998; Velican, 1969; Virmani et al., 2000).

21. It is interesting that there was no difference between symptomatic and
asymptomatic plaques. This should be emphasized. In many studies, this is the only
distinction provided.


https://paperpile.com/c/Y7tn3g/gp4W+tFar+nxHG+Y49b+wAVe
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The reviewer is absolutely correct that most studies solely base their characterization
and analysis on comparing symptomatic vs. asymptomatic patients. These studies
might lack the thorough histomorphological characterization provided in this study.
Furthermore, studies that identify differences in symptomatic vs. asymptomatic
patients either focus on much larger datasets (for example 632 bulk RNA-seq samples
(Mokry et al., 2022)) or solely on differences in immune cell composition (Fernandez
et al., 2019). Spatial transcriptomics using Xenium with limited gene probe sets are
likely unsuited to provide enough statistical power to distinguish symptomatic from
asymptomatic patients. However, one has to also consider in this context that linking
patient symptoms to plagque phenotypes (stable or unstable) is extremely challenging,
as the correlation is weak or even completely absent (Libby et al., 2019). This is due
to many factors being capable of inducing stroke or stroke-like symptoms, including
paroxysmal atrial fibrillation with embolization, microcirculatory disruption,
microvascular deformations, as well as hemorrhagic insults (Lavallée et al., 2023). In
addition, the heterogeneous timing in symptomatic patients from clinical event to CEA
surgery - and in many cases the sudden initiation of pharmacological treatment
regimen (e.g., high-dose statins) can rapidly alter plaque morphology and cellular
composition right before lesion removal.

Importantly, among all spatial transcriptomics studies of human plaques, none
reported differences in symptomatic vs. asymptomatic patients. All previous studies
either do not report symptoms at all, or solely use plaques from symptomatic patients.
For the reviewer’s convenience, we have summarized all human plaque studies using
spatial transcriptomics approaches in the table below:

Sun et al, | Bleckwehl et Lai et al, Gastanadui | Campos et | Pauli et al,
JACC, 2023 al, NCVR, NCVR, 2025 | et al, ATVB, al, EMBO under
2024 2024 Mol. Med., review,
2025 2025
tissue Carotid Carotid + Carotid Coronary Coronary Carotid
[artery] Coronary
(for spatial only
coronary)
bulk seq n=163 - n=149 - - n=297
[sample PTLOs only (assumptions
size] (no full tissue) from spatial)
scSeq - n=13 n=9 - - n=17
[patients] (previous (assumptions
studies; no own from spatial)
data)
spatial VISIUM VISIUM StereoSeq GeoMX GeoMX & Xenium
method (FFPE; probe- (FFPE; probe- (fresh frozen CosMX
based whole based whole tissue; ~ (~ Xenium)
transcriptome) transcriptome) VISIUM HD,
capture based)
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spatial n=6 n=12 n=10 n=10 n=9 n=16
samples (no (2 controls) (no controls) | (no controls) | (2 controls) | (4 controls)
[samples; controls)
therein
controls]
symptomati | no reportin no report report in no report no report report in
c/ bulk seq; PTLO bulk spatial
asymptoma spatial all seq;
tic status | symptomatic spatial all
symptomatic

We added this finding to our revised Results section:

“We could not detect any DEGs by comparing advanced plaques of
symptomatic (n=67) vs. asymptomatic (n=162) patients (FDR threshold < 0.05;
minimum FDR in our analysis 0.13).”

22. Some patients showed “two NCs on each side of the lumen”. This is interesting,
but not conclusive. They may be connected in another plane.

This is correct, as it cannot be excluded that in another plaque section only one large
NC is present. In all spatial transcriptomics approaches, only snapshots of plaque
morphology are captured and described.

We changed the text in our revised manuscript accordingly:

“They are less structured, showing two NCs on each side of the lumen (
(potentially one NC in another plane of the plaque; patient 4 and 8) or one large
surrounding NC (patient 9)...”

23. In several scRNA-Seq studies and in at least 2 reviews, about half of the foam cells
are SMC-derived and half are macrophages. There are two sets of macrophage foam
cells and at least 3 other macrophage sets that are not foamy. The information obtained
in the present study should allow these assignments.

In human data, it is unfortunately impossible to make conclusive statements on cellular
origin. All work that confidently confirms SMC origin of macrophages (or macrophage-
like cells) stem from mouse lineage tracing studies (Allahverdian et al., 2018; Harman
& Jargensen, 2019; Y. Li et al., 2021; Shankman et al., 2015; Wang et al., 2019). Both
macrophages and SMCs are highly plastic cells that acquire features of one another
in a disease context like atherosclerosis. Thus, our ‘human-only’ study does not allow
for such interpretation. Currently, others are working on a holistic integration of several
lineage tracing studies (Sharma et al.,, 2024). Progress has also been made on
translating (deconvolution and label transfer) murine fate mapping into human
pathology (D. Y. Li et al., 2025).
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24. Some of the correlations with clinical and demographic parameters are not
statistically analyzed.

Thank you for your remark. We have plotted the associations between patient
descriptors (plague morphology, patient metadata, and medical conditions) in Suppl.
Fig. 11 and 12; however, not all parameters were statistically analyzed. Peripheral
artery disease (PAD) was included in the differential gene expression analysis of the
spatial transcriptomic data (Suppl. Tables 2 and 3) but was erroneously omitted from
these supplementary figures. In addition, the captions of the two plots incorrectly
suggested that COPD was one of the assessed clinical parameters. A previous version
of the figure did include COPD, but we removed it since only one patient had COPD,
rendering statistical analysis unfeasible. We apologize for these errors and have
updated both figures to include PAD as an assessed parameter and corrected their
captions accordingly. In addition, we split them into four figures to improve readability
(see below), and corrected their references in the main text:

Associations between plaque morphology, patient metadata, and medical

conditions showed distinct trends (Suppt—Fig—11-Suppt—Fig—212 Suppl. Fig.

14-17). Patient age inversely correlated with FC absolute area, height correlated
positively with total plaque area (Supph—Fig—3t+A—213E Suppl. Fig. 14A, 15C),
and hypertensive patients presented with increased normalized media areas
(SupptFig—12B Suppl. Fig. 17A). Plaque stability and symptoms (e.g., stroke
or transient ischemic attacks) showed no correlation with subregion
morphology.
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Suppl. Fig. 14: Associations between absolute subregion areas with patient metadata, medical conditions, and
plaque features. Y-axis depicts absolute areas of respective subregions: (A) fibrous cap (FC), (B) intima, (C) lumen. For
numerical variables (age, height, BMI), R? and p-values are from linear fits; for categorical variables, Wilcoxon tests were
used. Raw p-values were corrected within each subregion using the Benjamini-Hochberg method, reported as false
discovery rate (FDR). Asympt.: asymptomatic; symp.: symptomatic; CAD: coronary artery disease; PAD: peripheral artery

disease.



= Age (years) 4 Height (cm) = BMI o Sex
£ RZ: 0.07 E R?: 0.37 £ R?: 0.03 £ p: 0.432
E 15 pr0.413 E o p:0.037 : E 10 p:0.618 E 10 fde 0.648
© fdr: 0.648 o fdr: 0.225 8 © fdt: 0.741 ©
4] ] ® 4] ® 4]
— @ 9 = @ — @ ] =
© .® T g e T ; (B, ©
- o—-___.'d:"_-—-—e-ﬁ_ @ 5 ® L] A [} ° @
2 A2 2 2 te 2
60 70 80 160 180 20 25 female male
~ Hypertension ~ Dyslipidemia ~ Diabetes ] Symptomatic
£ p: 0.209 = p: 0.373 £ p: 0.758 = p:0.933
@ | E 1w fdr: 0.642 £ 10 fdr: 0.648 £ 10 fdr: 0.826 £ 10 fdr: 0.933
mi— [+ [1+] i [+ [+
8 I == o v y
= o % 5 % B - =5
wv [0} wv wv
Q o Q Q
(1] [1+] (1] [1v]
yes no no no yes sympt. asympt.
= Stability =l Smoking_ever o CAD o PAD
15 p:0.214 £ p: 0.530 £ p: 0.283 £ p: 0.009
£ 10 fdr 0.642 £ 10 fdr: 0.707 £ 10 fdr: 0.648 £ 10 fdr: 0.109
3 o 3 3
2 2 . a L ==
[0+ [1+] (1] [1+]
unstable stable no yes yes no
NE Age (years) NE Height (cm) NE BMI NE Sex
R?: 0.00 40 R2%0.12 R2: 0.02 20 p: 0.073
E % 5 0.846 E" poz2n : E % po.66l E fdr: 0.400
© fdr: 1.000 L] © 30 fdr: 0,735 © fdr: 0.991 @ 30
o 30 it o o 30 e o
T 29 e |® © 20 L/ T 29 e T 20
. ——— ey | ® o o e v .
f’é 10 |® ° a’ % 0 -9 ° e % 0w e o ® ) -§ 10 Z
60 70 80 160 180 20 25 female male
A Hypertension . Dyslipidemia = Diabetes - Symptomatic
Eo p: 1.000 E 20 p: 1.000 E p: 0.909 =" p: 0.368
= fdr: 1.000 E fdr: 1.000 13 _ fdr: 1.000 £ fdr: 0.735
& @ 30 __I/' @ 30 i @ 30 ‘:] @ 30 o
Zloa o]y 5w o E == Sex
% 10 —af % 10 .’é’ 10 —Sg— .hl; 10
yes no yes no no yes sympt. asympt. ® female
NE Stability NE Smoking_ever NE CAD NE PAD
p: 0.461 p: 0.343 p: 0.073 p: 0.100 Y
0 fdr: 0.790 g for 0.735 g fdr: 0.400 = fdr: 0.400 2 male
W - 3
© 30 © 30 © 30 © 30
—_ -y —_ —_ —
T 20 % ? T 20 T 20 @ 20
unstable stable yes
H Age (years) i Height (cm) e BMI o Sex
1S R?: 0.17 E  RZo59 1S R20.23 = p: 0.149
E ;5 | p:0.188 € 60 p:0.004 E 0 p: 0116 € s fdr: 0.358
© fdr: 0.377 © fdr: 0.043 & © felg: 0. 343 © @
= o g a0 2 @ a0 2 =
o 6§ oo | © 1 @ o 40 T_ﬂ-
% o\-—e\"— w 20 2 o % 20 e® o %
e “akl 9 = Q2
60 70 80 160 180 20 25 female male
%_ i Hypertension £ Dyslipidemia 5 Diabetes o Symptomatic
£ p: 1.000 £ p: 0.727 £ p: 0.364 £ p: 0.808
e € &0 fdr: 1.000 € e fdr: 0.873 £ s fdr: 0.623 € 60 fdr: 0.882
M| o © i © T © &
w o i i i o o
40 40 - 40 40
=== i . .
rai8 4 4 4
c|lex 2 20 8 20 8 20
B yes no yes no sympt. asympt.
A Stability & Smoking ever o CAD i PAD
c p: 0.683 E : 0.530 15 p: 0.028 15 p: 0.009
£ e fdr: 0.873 E &0 fdr 0.795 £ w0 fdr: 0.113 £ e fdr: 0.055
© © © ©
o > v o o
© 40 © 40 © 40 © 40
4 el 4 % g
8 20 2 20 8 20 3 20
unstable stable yes

Suppl. Fig. 15: Associations between absolute subregion and whole sample areas with patient metadata, medical
conditions, and plaque features. Y-axis depicts absolute areas of respective subregions: (A) media, (B) necroctic core
(NC), (C) whole sample. For numerical variables (age, height, BMI), R? and p-values are from linear fits; for categorical
variables, Wilcoxon tests were used. Raw p-values were corrected within each subregion using the Benjamini-Hochberg
method, reported as false discovery rate (FDR). Asympt.: asymptomatic; symp.: symptomatic; CAD: coronary artery
disease; PAD: peripheral artery disease.
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Suppl. Fig. 16: Associations between normalised subregion areas with patient metadata, medical conditions, and
plaque features. Y-axis depicts normalised areas of respective subregions: (A) fibrous cap (FC), (B) intima, (C) lumen. For
numerical variables (age, height, BMI), R* and p-values are from linear fits; for categorical variables, Wilcoxon tests were
used. Raw p-values were corrected within each subregion using the Benjamini-Hochberg method, reported as false
discovery rate (FDR). Asympt.: asymptomatic; symp.: symptomatic; CAD: coronary artery disease; PAD: peripheral artery
disease.
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Suppl. Fig. 17: Associations between normalised subregion areas with patient metadata, medical conditions, and
plaque features. Y-axis depicts normalised areas of respective subregions: (A) media, (B) necroctic core (NC). For
numerical variables (age, height, BMI), R? and p-values are from linear fits; for categorical variables, Wilcoxon tests were
used. Raw p-values were corrected within each subregion using the Benjamini-Hochberg method, reported as false
discovery rate (FDR). Asympt.: asymptomatic; symp.: symptomatic; CAD: coronary artery disease; PAD: peripheral artery
disease.



Also, mentioning a single SNP in the smoking section is not appropriate. SNPs were
not tested in this study.

Yes, the reviewer is correct: SNPs were not analyzed in this study. We changed the
text in our revised manuscript accordingly:

“.. ATM was concordantly upregulated in smokers. This gene has previously

been linked to lung cancer development by its- SNP+s189037 ({G>A); increasing the
risk in non-smokers compared to smokers. ...”

25. Please define the difference between neighborhoods and subregions.

Thank you for your comment and the chance for clarification. We realised that using
the word “subregions” in the Methods section describing the neighbourhood cluster
analysis was unfortunate and confusing. We apologise for the mistake, and expanded
the corresponding section in our Methods to further clarify the goal of neighbourhood
clustering, as well as the differences between the neighbourhood clusters and
subregions:

“We hypothesized that although the samples show substantial heterogeneity in
their morphology, assessing the local neighbourhoods of cells could reveal
similar subregiens spatial domains across samples. Such domains might reflect
shared biological processes or functions, potentially leading to a better
understanding of plaque formation. Unlike histological subregions, which
represent well-established anatomical compartments of plaques (i.e., lumen,
intima, media, fibrous cap, necrotic core), we set out to identify in an unbiased
manner_patterns in local cell neighbourhoods. We applied unsupervised
clustering of these neighbourhoods to generate clusters representing spatial
domains that are characterised by similar _cellular composition. Because the
approach relies on local neighbourhoods and unsupervised clustering, the
resulting clusters are independent of predefined subregion boundaries.”

We clarified the fact that subregions are based on established histological
characteristics in comparison to the otherwise computational heavy manuscript in the
Methods section:

“The annotation of sample subregions is a histological analysis, using
established Oxford Plague Studies'®2° and AHA criteria’®8!, and was
performed by an experienced cardiovascular pathologist.”

26. Figure 2E: the choice of colors is unfortunate. Impossible to see the cluster calling.


https://paperpile.com/c/wthTi8/XjQFk+URWpr+D4CUz
https://paperpile.com/c/wthTi8/cIGee+vqBvi+SBNCa+vkv5r

We thank the reviewer for this valuable comment. To improve visibility in Figure 2E,
we increased the dot size in the UMAP plots and selected a color palette with higher
contrast to better distinguish cell clusters.

Please see Question #11 for the improved Figure 2.

27. Figure 3D: what are “inflammatory mixed cells”? Doublets?

We thank the reviewer for this comment and the chance to further clarify this aspect.
A detailed rationale behind the annotation of “Inflammatory mixed cells” is included in
the revised Methods section. To further clarify our hypothesis regarding the nature of
these cells and their possible relationship to doublets, we have expanded this section
of the revised manuscript. For your convenience, we include the revised section with
the additional clarification highlighted below:

“‘Based on these features we decided to annotate the cell cluster as
“Inflammatory mixed cells”. We hypothesize that these cells could reflect cell
fragments, whose cytoplasm was only partly contained in the plane of the
histology sample, although they can also be a result of incorrect cell
segmentation._Although it is possible that these cells represent doublets, we
consider this unlikely. Potential doublets arising from cell segmentation were
excluded using Baysor’s “max_cluster _frac” parameter, as recommended by
the authors, and the low transcript counts observed in these cells further argue
aqainst the doublet interpretation.”

28. Figure 3E: Age seems to be a driver for necrotic core. This should be emphasized.

We thank the reviewer for this observation. We assessed the relationship between
normalised necrotic core area and patient age, which revealed a weak positive trend.
However, as this association was not statistically significant (Suppl. Fig. 12E, please
see Question #24 for the figure), we did not include it in the main manuscript.
Assessment in a larger patient cohort seems necessary to determine whether this trend
represents a genuine biological association.

29. Figure 5: What statistical test was used to assign the morphological clusters?

We thank the reviewer for this comment, and have revised and expanded the Methods
section to provide additional details on the clustering approach and its implementation:

11 N

First, we calculated the cell fraction percentage of the different cell type

substates normalised within the sample. This enabled us to capture finer
differences in _cellular composition across all plagues. Next, we performed
hierarchical clustering of the samples based on these normalized cell type
fractions, using Euclidean distance and Ward’s-linkage method. This is _an




unsupervised clustering method and does not rely on a predefined statistical
test for determining group assignments.”

How do we know there should be 5 clusters? Or is this arbitrary?
We also revised the paragraph describing how the final number of clusters was chosen:

- . N aala 'a - /] N - a

' —...The final number of clusters (4) was
selected based on cluster robustness (Fig. 5) and further supported by visual
inspection of the samples (Fig. 6). Based on the dendrogram structure shown
at the top of the clustermap in Fig. 5, selecting four clusters provided a
biologically meaningful and robust separation between groups of samples, while
at the same time, samples within each cluster displayed consistent patterns in
their_spatial morphology (Fig. 6) as described in the “Morphological plaque
clustering” subsection in Results. These considerations together guided our
choice of four clusters.”

30. Figure 7C: How were patients 4 and 8 selected?

We thank the reviewer for the comment and clarified the rationale for our selection of
samples included in the main figures. We have added a paragraph to the Methods
section:

“..To showcase the macrophage neighbourhoods, we selected plaques from
patients 4 and 8 for inclusion in _the main_ figures, as these contained
macrophage clusters with the most illustrative spatial patterns. In addition, these
samples also contained EC neovessel neighbourhoods, which are also
highlighted in the main text. To illustrate VSMC neighbourhoods, we selected
samples with a cell-dense and intact media (plaques from patients 7 and 10,
and the control from patient 3) for the main fiqures.”




Reviewer #2 (Remarks to the Author):
Overall Summary:

Pauli et al. present their investigation seeking to integrate multiple transcriptomic
methodologies (bulk RNA seq, scRNAseq, and spatial transcriptomics) as a means to
molecularly define carotid atherosclerotic disease. Using arterial and atheroma
samples collected during CEA, the investigators attempt to elucidate a spatially-
resolved molecular architecture underlying plaque development. The authors highlight
unique plague morphologies linked to different cell type compositions, disease
heterogeneity (i.e. symptomatology), and clinical demographics (i.e. smoking, etc) with
inference towards plaque development and stability. Notably, they uncover spatial
associations between HMOX1+ macrophages as they potentially transition to foam
cells (TREM2+).

While the manuscript is well written and demonstrates technical rigor, the most
important limitation is a lack of methodologic novelty or conceptual impact to our
molecular understanding of atherosclerosis. Notably, HMOX1 and TREM2
macrophages are well established in the progression of atherosclerosis (PMID:
39731912 — HMOX1, 38974464 — TREM2) and modulation of macrophage polarity
(PMID: 30282830 — HMOX1, 38646596 — TREMZ2). Furthermore, other spatial
transcriptomic investigations of arterial atherosclerosis have recently been published
(PMID: 39234691 and 39715784). Considering these limitations, the current
manuscript offers incremental advancement.

We appreciate the assessment by the reviewer of our current work. We have tried in
the revision to clarify the intention, novelty, and relevance for atherosclerosis and
carotid artery disease of our study. We fully agree with the reviewer on his comments
regarding macrophage biology, their transition and modulation in human
atherosclerosis. We still believe that our current study adds value to the existing
macrophage knowledge by spatially locating (with single cell resolution) their subsets
in early and advanced lesions. Transition from TREM2 high to CCL18 high for example
can be specifically located to the highly relevant plaque shoulder region of advanced
lesions. Unstable carotid artery plaques become prone to rupture in this specific area
where this macrophage transition occurs.

Our study is not limited to macrophage biology, as it determines endothelial cell
(EC) heterogeneity (angiogenic and EndoMT-like), spatial distribution of these EC
subtypes within the plaque, as well as their highly specific expression patterns in early
vs. advanced lesions. Angiogenic ECs colocalize with immune cells in areas of the
necrotic core, likely providing an entry gate for immune cells that destabilize the plaque.
Similar to ECs, various smooth muscle cell (SMC) subclusters surfaced in our study,
suggesting specific spatial differentiation patterns between early and advanced carotid
plaques.

Our study provides further novelty and disease relevance through the
comparison of early vs. advanced lesions in a paired manner (meaning that the plaque



and control lesion stem from the exact same patient), which has not been analyzed
with (multi-)transcriptomics before. We created a new Supplemental Figure 3 to explain
our approach in sampling and our unique setup of plaque vs. control from the same
patient better:

A

advanced early

Suppl. Fig. 3: Carotid artery plaque tissue sectioning and characterisation routine. (A) shows the whole plaque upon
sugical removal (CEA). (B) shows the sectioned plaque getting processed for molecular and histomorphological
characeritation. The arrows indicate the most advanced and earliest piece of tissue in this example. (C) Histological
analysis is performed according to the American Heart Association (AHA) classification guidelines (Stary 2000; Stary et al.
1992; Stary et al. 1995; Stary et al. 1994) using different histological stainings (HE and EvG). FC thickness is evaluated
based on the Oxford Plaque Study (Redgrave et al. 2008) and measured using the AxioScan Software (Leica) or QuPath.
Here, all four measured positions of the FC are below 200um, therefore this carotid plaque was classified as unstable.



In addition to being the first study ever to perform Xenium spatial transcriptomics on
human carotid artery plagues, the integration of all three transcriptomic sequencing
modalities enables us to provide a comprehensive view on the dynamic of
atherosclerotic lesion progression and destabilization (via comparing early to
advanced lesions from the same patient).

The table provided below compares all performed studies to date (six in total,
including our own study reviewed here) using varying spatial transcriptomic
technologies. The reviewer mentioned two spatial transcriptomics studies (PMID:
39234691 and 39715784) that solely analyzed coronary arteries, and not plaques from
carotids. Of note, none of the other four publications provide a full evaluation and
integration of bulk, single cell and spatial transcriptomics. Our study offers by far the
largest bulk RNA-Seq dataset with 297 samples, as well as the richest single-cell RNA-
Seq dataset (n=17 patients) and the highest number of samples analyzed with spatial
transcriptomics (n=16; including 4 controls/early lesions) of all five studies. We are
furthermore the only study that can compare plaques from symptomatic vs.
asymptomatic patients in spatial transcriptomics, as all other studies either do not
report symptom status - or only use plaques from symptomatic individuals:

Sun et al, Bleckwehl et Lai et al, Gastanadui | Campos et Pauli et al,
JACC, 2023 al, NCVR, NCVR, 2025 | et al, ATVB, al, EMBO under
2024 2024 Mol. Med., review,
2025 2025
tissue Carotid Carotid + Carotid Coronary Coronary Carotid
[artery] Coronary
(for spatial only
coronary)
bulk seq n=163 - n=149 - - n=297
[sample PTLOs only (assumptions
size] (no full tissue) from spatial)
scSeq - n=13 n=9 - - n=17
[patients] (previous (assumptions
studies; no own from spatial)
data)
spatial VISIUM VISIUM StereoSeq GeoMX GeoMX & Xenium
method (FFPE; probe- (FFPE; probe- (fresh frozen CosMX
based whole based whole tissue; ~ (~ Xenium)
transcriptome) transcriptome) VISIUM HD,
capture based)
spatial n=6 n=12 n=10 n=10 n=9 n=16
samples (no (2 controls) (no controls) | (no contrals) | (2 controls) | (4 controls)
[samples; controls)
therein
controls]




symptomati | no reportin no report report in no report no report report in
c/ bulk seq; PTLO bulk spatial
asymptoma spatial all seq;
tic status | symptomatic spatial all
symptomatic

Other Criticisms include:

1. Association with symptomatology / stability is uncertain. One area of potential
significance was the assertion that the current findings molecularly define symptomatic
(vs. asymptomatic) carotid artery stenosis. As presented, however, the data do not
clearly support these claims. Figure 5 provides an example of this missed opportunity.
A clearer presentation of the results would have been based upon symptom status as
opposed to various morphologic clusters.

We thank the reviewer for the chance to clarify our approach in carotid artery disease
and human CEA specimens. We do not primarily characterize plagues based on
patients’ symptoms, despite symptoms of course being recorded and taken into
account as a key clinical parameter. Most studies analyzing plaques solely based on
patient symptoms have the limitation that they lack histomorphological stratification of
carotid plaque biology and stability.

As aforementioned in response to Reviewer 1 (comment # 21), correlation of
patient symptoms with plaque stability is weak and mostly absent in carotid artery
disease (Libby et al., 2019). This well-established missing link between patient
symptoms and plaque stability is a critical topic in stroke prevention research and
clinical decision-making (Gupta et al., 2013; Saba et al., 2025; Underhill et al., 2010).
In asymptomatic patients, the degree of carotid artery stenosis and plaque burden
have traditionally guided treatment (e.g., surgery vs. medical therapy). But it has
become increasingly clear that biological plague characteristics - not just the severity
of the narrowing caused by the plague - play the most pivotal role in determining stroke
risk (Libby et al., 2019; Paraskevas & AbuRahma, 2024). The main reason behind the
weak linkage of symptoms with stability in carotid artery disease relates to the fact that
a magnitude of factors can ultimately cause stroke and TIA (Lavallée et al., 2023). As
aforementioned, additional factors to the here studied unstable carotid plagues include
cardiac embolization due to accompanying heart diseases (dilative cardiomyopathies,
atrial fibrillation), hemorrhagic events, vascular malformations, and microcirculatory
disruption (Lavallée et al., 2023). In addition, the heterogeneous timing in symptomatic
patients from clinical event to CEA surgery - and in many cases the sudden initiation
of pharmacological treatment regimen (e.g., high-dose statins) can rapidly alter plaque
morphology and cellular composition right before lesion removal potentially skewing
results and interpretations thereof.

This missing link separates carotid artery disease from coronary artery disease,
where the identification of the culprit lesion within the coronary system causing
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myocardial ischemia can be easily distinguished (via CT, MRI, angiographical or
intravascular imaging, electrocardiogram/ECG, and finally histopathology; (Kubo et al.,
2007)).

In response to the reviewer's comment, we assessed the association between
plague stability and patients’ symptoms. We pooled data across all methods for 252
patients in total (Xenium n=12 plaques, scRNA-seq n=17 plaques, bulk RNA-seq
n=223 plaques). This was feasible because there were no overlapping patients across
the different datasets. We then constructed a contingency table based on the
combined data and performed Fisher's exact test, which indicated no significant
association between plaque stability and symptomatic status (odds ratio = 1.144, p-
value = 0.67). This confirms the above-described, well-established missing link
between symptoms and plaque stability in carotid artery disease.

asymptomatic symptomatic

stable 78 30

unstable 100 44

Due to this, we and others (Bashore et al., 2024; Dib et al., 2023; Fidler et al.,
2024; P. Singh et al., 2024; Sun et al., 2023) believe that it is highly relevant to
characterize plaques histomorphologically, and to use plaque biology (e.g., fibrous cap
thickness) as the main category to understand changes in lesion stability. Future
developments into Al-driven digital pathology will hopefully provide enhanced tools to
discriminate different plague phenotypes from histopathology. But these approaches
are still under development and have yet to be implemented into CEA biobank routines.
Still, the comparison of early vs. advanced plaque in our study creates an additional
useful resource for this previously lesser understood context of human
atheroprogression.

2. Surprising lack of DEG in bulk RNAseq. Figure 2c shows relatively few differences
in DEG across stable and unstable plaques. This is in contrast to current literature
(39234691), yet no explanation is given.

We appreciate the comment by the reviewer and the chance to put our results into
context with previous studies. The mentioned study (PMID: 39234691) was based on
a small sample size (5 stable vs. 5 unstable plaques) and was potentially biased by
selective regional sampling, limiting the generalizability of its findings and increasing
the chance of false positive findings. In contrast, our analysis of transcriptomes from
126 unstable vs. 97 stable plaques provides a more robust assessment, with greater
power and reduced susceptibility to sample-, technical-, and region-specific biases.
The revised manuscript’s Result section has been updated to follow the suggestion of


https://paperpile.com/c/Y7tn3g/Rj2Z
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the reviewer to comment on the low count of DEGs when comparing stable and
unstable plaque:

“While a previous study (Gastanadui et al., 2024) identified 107 DEGs between
stable and unstable coronary plaques (n=10 in total), our bulk transcriptomes of
223 carotid plagues identified only four DEGs, including CXCL5 and PI3K (Fig.
2C). The lower DEG count in our study reflects lower susceptibility to sample-,
technical-, and regional-specific_biases. In_addition, plaque stability, when
defined solely by FC thickness as a key predictor of clinical outcomes, seemed
to not be primarily driven by transcriptional differences at the whole-tissue level.
We could further not detect any DEGs by comparing plagues from symptomatic
(n=67) vs. asymptomatic (n=162) patients (FDR threshold < 0.05; minimum
FDR in our analysis 0.13).”

Unpaired
Stable vs Unstable
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3. Underpowered study with significant demographic heterogeneity. It is difficult to
interpret some of the results due to relatively few patients (N=4 Ctl) and variable clinical
demographics.

We understand the concern of the reviewer. It is indeed true that more samples,
especially more controls would be needed to draw stronger conclusions. Still, our
dataset is the largest spatial transcriptomics dataset of human plaques. Apart from the
studies by (Bleckwehl et al., 2025) and (Campos et al., 2025), our study is the only one
that utilizes controls, and therefore the only study that shows control samples for
carotid arteries (as Bleckwehl et al. as well as Campos et al. solely studied coronary
arteries). In comparison to all other spatial transcriptomics studies, we further provide
the highest number of additional (and integrated) bulk and single cell RNA-Seq data
from the same CEA patient cohort now getting released with this manuscript.
Furthermore, we are the first ones to perform a targeted approach of spatial
transcriptomics, including long non-coding RNAs, which are highly relevant markers
for cell substate detection, while playing significant roles in plaque progression and
vulnerability.

For details in study design and provided data of all current spatial
transcriptomics studies, please refer to the Table provided in response to the
introductory comment above.
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4. Biased spatial transcriptomic approach based off Panels 1 and 2. Finally, the spatial
transcriptomic analysis used a custom (pre-defined) gene set (~500) for cellular and
disease status identification. While this approach is helpful in resolving cellular spatial
location, it falls short of providing true spatially-resolved, single cell transcriptomic
analysis. This undercuts the novelty.

In our current manuscript, spatial transcriptomics was not used as a discovery platform
(for which the two Xenium panels would indeed be suboptimal given the other
alternatives). Our aim was to spatially locate and integrate (with the highest available
resolution) cell types, their substates, and genes that surfaced from our bulk and single
cell RNA-Seq studies. Thus, the Xenium panels are based on markers from single cell
RNA-Seq data, enabling us for the first time to locate cells and genes in the same
tissues (comparing early vs. advanced lesions). Furthermore, Xenium allowed us to
locate non-coding RNAs in FFPE tissue currently not included in Visium. As
aforementioned, long non-coding RNAs play a significant role in determining cell
substates based on their level of cell specificity. Visium (without HD; only available
option at the time we initiated our study in August 2023) loses about 60-70% of the
tissue area due to the spot anatomy. One spot has the size of 55um, leading to more
than 1 cell (rather 5-10 cells) being sequenced.

Of note, our manuscript introduces Baysor to achieve single cell spatial
resolution during the analysis of human atherosclerotic plagues. Compared to Visium
(HD and no HD), probe-based Xenium provides subcellular resolution (~0.5 um/pixel),
whereas even Visium HD ‘only’ provides a resolution of ~5um/pixel. For a complex
disease like carotid artery disease, the highest possible resolution seems relevant for
cell type detection and intercellular communication due to the complex and
heterogeneous nature of these human tissue specimens.



Reviewer #3 (Remarks to the Author):

Summary

This manuscript presents a comprehensive spatially resolved transcriptomic analysis
of human carotid atherosclerotic plaques. The authors integrate bulk RNA-Seq, single-
cell RNA-Seq (scRNA-Seq), and single-cell spatial transcriptomics (Xenium platform)
on paired samples from patients undergoing carotid endarterectomy (CEA). Their
multimodal approach reveals spatial microenvironments, including distinct VSMC and
macrophage subtypes associated with plaque vulnerability, progression, and smoking
status. They propose a model of subluminal HMOX1* macrophage transdifferentiation
into lipid-handling TREM2* cells. A novel morphological clustering of plaques into
“structured” and “chaotic” types is introduced, offering mechanistic insights into spatial
immune-VSMC interplay and plaque destabilization.

Major Comments

1. Justification of Technology Choice: The authors employ the Xenium platform for
spatial transcriptomics but do not justify its selection over other platforms like 10x
Visium HD. A justification regarding resolution, sensitivity, and gene coverage tradeoffs
is needed.

Visium HD was released in March 2024, whereas our Xenium runs started in August
2023. And Visium (without HD; only available option back then) loses about 60-70% of
the tissue area due to the spot anatomy. Also one spot has the size of 55um, leading
to 5-10 cells getting simultaneously sequenced. Another reason why we chose Xenium
over Visium is the fact that Visium for FFPE is a probe based assay that can only
establish data for protein coding genes. We also wanted to measure long-non coding
RNAs, as they are important markers of cellular substates. Visium for fresh tissue (not
fixed) did not work in our hands despite multiple trials using our plaque specimens due
to tissue detachment from the slide.

Our goal was to utilize Xenium, as it reaches subcellular resolution
(~0.5um/pixel) compared to Visium’s 55um spot diameters. Of note, even the new
Visium HD platform ‘only’ provides a resolution of about ~5um/pixel, so 10x lower
compared to Xenium.

The sensitivity (transcript detection/cell) is reported to be higher with Xenium
(up to 5000 transcripts/cell) compared to Visium and Visium HD. Of note, our
atherosclerotic plagues do not reach this sensitivity due to certain tissue specifics
(matrix and lipid deposition, calcifications and scar tissue, multiple apoptotic cells and
debris thereof).

Gene coverage is obviously higher in Visium compared to Xenium, as Visium
spans 18,000 genes. This appears ideal for discovery-based approaches. However,
the focus of our study was the integration of bulk, single cell and spatial transcriptomics
from the same tissue, which is why we followed a more targeted spatial transcriptomics



approach using Xenium. Hence, the higher resolution of Xenium became our weapon
of choice for the more integrative, and less discovery-driven approach.

2. Immune Cell Overrepresentation Not Corrected: Despite deconvolution, the
overrepresentation of immune cells in sScCRNA-Seq is not adequately addressed in the
spatial analysis. This may bias subregion interpretations.

Despite the same amount of marker genes per cell type (on average 5 genes/cell type)
in our Xenium probe set, we were able to confirm the higher account of structural cells
compared to immune cells with spatial transcriptomics. Of importance, probes for
marker genes for Xenium were selected based on single cell RNA-Seq results (which
provided the immune cell overrepresentation). Furthermore, Xenium confirmed single
cell-bulk RNA-Seq deconvolution (depicted in Fig. 1G and Fig. 2B).

We further clarified this aspect in our revised manuscript (Results) and added the
following sentence:

‘In __addition to this _deconvolution _approach, Xenium-based _spatial
transcriptomics (designed with an equal amount of probes for all cell types)
similar _to bulk RNA-Seq confirmed that the observed immune cell
dominance(Depuydt et al., 2023; Dib et al., 2023; Fernandez et al., 2019) solely
occurred in our sScCRNA-Seq study.”

3. Smoking Association Requires Caution: The observed association with smoking is
only partially supported by bulk and scRNA-Seq data. Acknowledgment of limited
reproducibility is needed.

We agree with the reviewer that more samples in Xenium would be needed to make
more cautious statements on the association between smoking and plaque
morphology. We therefore tried to validate our findings with bulk- and scRNA-Seq, but
this data did not fully support our findings.

We further clarify this now and acknowledge the limited reproducibility.

“However, we did not observe reproducible differences in VSMC cell fractions
across smoking status with either bulk- or sScRNA-Seq, which reflects rigor in
assessing reproducibility of our findings (Suppl. Fig. 23A,B).”

4. Trajectory Analysis of Macrophages: The proposed HMOX1" to TREM2" trajectory
should be validated with orthogonal methods beyond TFvelo and visualized more
explicitly.

Thank you for your valuable comment. Since TFvelo infers cell trajectories based on
transcription factor activity, we considered an orthogonal approach using methods that
rely on spliced and unspliced mRNA counts. Because our original alignment excluded
intronic reads, calculation of spliced/unspliced counts was not feasible. We therefore
repeated the alignment including intronic reads and subsequently obtained


https://paperpile.com/c/Y7tn3g/5kVd+Sqjy+ElMH

spliced/unspliced counts using Velocyto. We chose to infer trajectories with scVelo, an
established splicing count-based method. In addition to pseudotime and velocity
streamplots, which display trajectories on a cellular level, we also aimed to visualise
the trajectories on the cell type level. For this, we created PAGA-graphs, which show
velocity-directed edges between cell types, and plotted pseudotime distribution within
macrophage subtypes of interest (Suppl. Fig. 41). As the realignment altered our count
matrix (details provided below), we also reran TFvelo on the dataset generated with
intronic reads included (updated Suppl. Fig. 40). Furthermore, to provide an additional
layer of analysis, TFvelo was also applied to our Xenium datasets, as spliced/unspliced
counts cannot be derived with this methodology. The results are presented in Suppl.
Fig. 36-39 below, and due to space Ilimitations, in Suppl. PDF 3,4.
TFvelo analysis of the Xenium datasets revealed a clear ordering of the three
macrophage subtypes of interest along pseudotime, with mean pseudotime values
increasing in the direction Mac_C1Q — Mac_HMOX1 — Mac_TREMZ2hi in each
sample (Suppl. Fig. 36, 37). This pattern was also evident in spatial scatterplots
coloured by pseudotime and subtype (Suppl. PDF 3,4). PAGA-graphs showed strong
edges with the same directionality (Suppl. Fig. 38C, Suppl. Fig. 39C), although the
link between Mac_TREMZ2hi_CCL18hi and Mac_TREM2hi was weak with panel 1.
While not fully concordant across all macrophage subtypes, both TFvelo and scVelo
consistently inferred trajectories from HMOX1 towards TREMZ2hi cells in velocity
stream plots and PAGA graphs, and both showed lower mean pseudotime values for
HMOX1+ cells compared to TREM2hi cells (Suppl. Fig. 40; Suppl. Fig. 41). These
results could suggest the existence of a transdifferentiation route from HMOX1+ toward
TREM2hi subtypes, however further experimental proof is necessary.

We included the changes in the respective Results section of our revised manuscript:

..Based on our spatial and DEG results, we hypothesize a gradual
transdlfferentlatlon of HMOX1+ into TREM2hi with Mac_ TREM2hi_CCL18 as

an mtermedlate transient state. Ihls—hypethe&s—mas—eeﬁebera%ed—by—R-NA

We assessed thls with velocity analysis using TFveIo(J Li et al., 2024) WhICh

showed increasing mean pseudotime along subtypes Mac C1Q —
Mac HMOX1 — Mac TREMZ2hi CCL18hi (panel 1) —» Mac TREMZ2hi (Suppl.
Fig. 36, 37), accompanied by a lumen-to-NC gradient in patients 4, 7, 8, and 10
(Suppl. PDF 3,4). Partition-based graph abstraction (PAGA) supported the
same _progression (Suppl. Fig. 38C, 39C), though the link between
Mac TREM2hi CCL18hi and Mac TREMZ2hi was weak in panel 1. Despite not
being fully concordant across all subtypes, complementary analyses of our
scRNA-Seg data with two orthogonal methods (TFvelo, scVelo (La Manno et
al., 2018)) vielded consistent trajectories from HMOX1+ to TREM2hi cells and
lower pseudotime values for HMOX1+ relative to TREM2hi (Suppl. Fig. 40;
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Suppl. Fig. 41), suggesting a possible transdifferentiation route that requires
future experimental validation. ...”

We also revised the corresponding section in the Discussion:

“.. In a subset of plaques C1Q+ and HMOX1+ reside close to the lumen, while
TREM2hi macrophages border and harbour the NC. Interestingly, in a control
sample, all three substates appear subluminally, without TREMZ2hi cells

separatlng RNA—VG#GGH%&H&WSB—F@VE&E&%FF&HSGHQHGH&HF&EGFGW—G#@FH%

IFREMQth We hvpothe3|se a qradual transdlfferentlatlon from HMOX1+

macrophages via an intermediate phenotype (Mac TREM2hi CCL18hi) that
reduces CCL18 expression while increasing SPP1, MMP9, MMP12. Finally,
these cells become TREMZ2hi, probably when reaching the crucial shoulder
region of the FC. This sequence of cells and associated DEGs seem highly
orchestrated, based on the repetitive layering and spatial correlation patterns of
HMOX1+ macrophages with TREMZ2hi. Xenium RNA velocity analysis
corroborated this by revealing a transcriptional trajectory over time from C10Q*
subtype towards TREMZ2hi via HMOX1+, with the HMOX1+ — TREM2hi
transition also supported by our sScRNA-seq data, as previously reported (Dib et
al., 2023). Although intriguing, these findings require further experimental
validation. ...”

We included the following changes in the respective Methods sections:

“... Alignment of the reads was performed with cellranger’s count function with
default parameters, which included intronic reads.except—for—setting

[{H H b2 12 7

“...For the calculation of velocity stream plots, we only included genes with a
larger latent time - pseudotime Spearman correlation of 0.4. Pseudotime and
velocity streamplots (Suppl. Fig. 40A,B) were created using the scPoli-UMAP
representation.

In_addition to the cellular-level trajectory information provided by the
streamplots, we also aimed to assess trajectories at the cell type level. To this
end, we applied the PAGA (partition-based graph abstraction) algorithm (Wolf
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etal., 2019) using the inferred TFvelo pseudotime as priors and the macrophage
low-level cell types as node groups. The resulting graph, displaying velocity-
directed edges between cell types, is shown in Suppl. Fig. 40C. We also plotted
the TFvelo pseudotime distribution of the three macrophage subtypes
(Mac_C1Q, Mac HMOX1, and Mac TREM2hi; Suppl. Fig. 40D), which
showed ordered spatial distribution patterns in _the Xenium data, to better
visualize their relative ordering along the TFvelo pseudotime axis.

To complement TFvelo with an orthogonal RNA velocity approach, we also
applied a splicing count-based method to infer cell trajectories. Spliced and
unspliced expression counts were obtained using Velocyto (La Manno et al.,
2018) on the .bam files and filtered barcodes generated during alignment with
Cell Ranger’s count function.

For the splicing count-based analysis, we used scVelo (Bergen et al., 2020).
We first created a subset of our data containing only macrophage cells (1,837
cells) and calculated first- and  second-order _moments  with
scvelo.pp.moments() using the scPoli _representation, with the number of
neighbours set to 30. Next, we estimated velocity vectors with scVelo’s
dynamical model. Inferred pseudotime and velocity stream plots were
generated using the scPoli-UMAP representation (Suppl. Fig. 41A,B). A PAGA
graph based on pseudotime inferred by scVelo is shown in Suppl. Fig. 41C,
together with the scVelo pseudotime distribution across the three macrophage
subtypes (Suppl. Fig. 41D).”

“RNA velocity analysis of macrophages in Xenium

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 TFvelo (J. Li et al., 2024), 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
recommended by the authors, using the batch-corrected scVI-UMAP
representation as the low-dimensional embedding and acosh-normalised
counts. We chose acosh normalisation because some cells had erroneously
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 Suppl. Fig. 38A,B for
panel 1, and in Suppl. 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
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node groups (panel 1: Suppl. Fig. 38C; panel 2: Suppl. 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 scatterplots of the
individual samples with macrophages coloured by TFvelo pseudotime and cell
type respectively (Suppl. PDF 3,4).

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).

For your convenience, we included the updated Suppl. Fig. 40 and newly created
Suppl. Fig. 41, Suppl. Fig. 38, Suppl. Fig. 39, Suppl. Fig. 36, Suppl. Fig. 37 as
shown below:
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Suppl. Fig. 40: RNA velocity of macrophage subtypes in scRNA-seq data with TFvelo. (A) Macrophage cells
coloured by pseudotime inferred by TFvelo. TFvelo analysis was performed using all macrophage cells (2805 cells) in
dataset. Pseudotime reflects the progression of cell development, starting from 0 to 1. (B) RNA velocity stream plot. The
arrows depict the transcriptional trajectory of the cells over pseudotime inferred by TFvelo based on cell expression data.
(C) PAGA (partition-based graph abstraction) graph showing inferred connectivity between cell types. Nodes represent cell
types, and edges indicate transcriptional transitions based on scvelo velocity. Solid edges reflect high-confidence
transitions, while dashed edges indicate weaker or less certain connections. Node size corresponds to the number of cells
per group. Dot colouring in (B-C) corresponds to macrophage subtypes. (D) Distribution of TFvelo pseudotime (y-axis)
across three macrophage cell subtypes along the proposed transdifferentiation trajectory Mac_C1Q - Mac_HMOX1 >
Mac_TREM2hi (x-axis). Comparisons of pseudotime across subtypes were performed using the Wilcoxon rank-sum test,
and raw p-values were adjusted with the Benjamini-Hochberg method to obtain false discovery rate (FDR) values.
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Suppl. Fig. 41: RNA velocity of macrophage subtypes in scRNA-seq data with scvelo. (A) Macrophage cells coloured
by pseudotime inferred by scvelo. Scvelo analysis was performed using macrophage cells with available splicing count
data (1834 cells). Pseudotime reflects the progression of cell development, starting from 0 to 1. (B) RNA velocity stream
plot. The arrows depict the transcriptional trajectory of the cells over pseudotime inferred by scvelo based on cell
expression data. (C) PAGA (partition-based graph abstraction) graph showing inferred connectivity between cell types.
Nodes represent cell types, and edges indicate transcriptional transitions based on scvelo velocity. Solid edges reflect
high-confidence transitions, while dashed edges indicate weaker or less certain connections. Node size corresponds to the
number of cells per group. Dot colouring in (B-C) corresponds to macrophage subtypes. (D) Distribution of scvelo
pseudotime (y-axis) across three macrophage cell subtypes along the proposed transdifferentiation trajectory Mac_C1Q >
Mac_HMOX1 - Mac_TREM2hi (x-axis). Comparisons of pseudotime across subtypes were performed using the Wilcoxon
rank-sum test, and raw p-values were adjusted with the Benjamini-Hochberg method to obtain false discovery rate (FDR)
values.
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Suppl. Fig. 38: RNA velocity of macrophage subtypes in Xenium panel 1 data with TFvelo. (A) Macrophage cells
coloured by pseudotime inferred by TFvelo. TFvelo analysis was performed using all macrophage cells in panel 1 dataset
(35265 cells). Pseudotime reflects the progression of cell development, starting from 0 to 1. (B) RNA velocity stream plot.
The arrows depict the transcriptional trajectory of the cells over pseudotime inferred by TFvelo based on panel 1 gene
expression data. (C) PAGA (partition-based graph abstraction) graph showing inferred connectivity between cell types in
panel 1 data. Nodes represent cell types, and edges indicate transcriptional transitions based on TFvelo velocity. Solid
edges reflect high-confidence transitions, while dashed edges indicate weaker or less certain connections. Node size
corresponds to the number of cells per group. Dot colouring in (B-C) corresponds to macrophage subtypes.
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Suppl. Fig. 39: RNA velocity of macrophage subtypes in Xenium panel 2 data with TFvelo. (A) Macrophage cells
coloured by pseudotime inferred by TFvelo. TFvelo analysis was performed using all macrophage cells in panel 2 dataset
(28747 cells). Pseudotime reflects the progression of cell development, starting from 0 to 1. (B) RNA velocity stream plot.
The arrows depict the transcriptional trajectory of the cells over pseudotime inferred by TFvelo based on panel 2 gene
expression data. (C) PAGA (partition-based graph abstraction) graph showing inferred connectivity between cell types in
panel 2 data. Nodes represent cell types, and edges indicate transcriptional transitions based on TFvelo velocity. Solid
edges reflect high-confidence transitions, while dashed edges indicate weaker or less certain connections. Node size
corresponds to the number of cells per group. Dot colouring in (B-C) corresponds to macrophage subtypes.
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Suppl. Fig. 36: RNA velocity of macrophage subtypes in Xenium panel 1 data with TFvelo. Distribution of TFvelo
pseudotime (y-axis) across four panel 1 macrophage cell subtypes along the proposed transdifferentiation trajectory
Mac_C1Q/Mac_HMOX1 -> Mac_TREM2hi_CCL18hi > Mac_TREM2hi (x-axis). Each subplot (A-L) shows pseudotime
distributions for a plaque. Comparisons of pseudotime across subtypes were performed within each sample using the
Wilcoxon rank-sum test, and raw p-values were adjusted with the Benjamini-Hochberg method to obtain false discovery
rate (FDR) values. (n.s.:FDR>=0.05, «: FDR<0.05, ««: FDR<0.01, «++: FDR<0.001, , s«x+x: FDR<0.0001).
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Suppl. Fig. 37: RNA velocity of macrophage subtypes in Xenium panel 2 data with TFvelo. Distribution of TFvelo
pseudotime (y-axis) across four panel 2 macrophage cell subtypes along the proposed transdifferentiation trajectory

Mac_C1Q/Mac_HMOX1

- Mac_TREMZ2hi (x-axis). Each subplot (A-L) shows pseudotime distributions for a plaque.

Comparisons of pseudotime across subtypes were performed within each sample using the Wilcoxon rank-sum test, and
raw p-values were adjusted with the Benjamini-Hochberg method to obtain false discovery rate (FDR) values.
(n.s.:FDR>=0.05, «: FDR<0.05, ++: FDR<0.01, x«: FDR<0.001, , «+++: FDR<0.0001).



Including intronic reads in the new alignment required rerunning our complete sSCRNA-
seq pipeline. This resulted in more cells (without introns: 12,149 cells; with introns:
14,641 cells) and more genes (without introns: 23,362 non-zero count genes; with
introns: 28,816 non-zero count genes), however, the overall cell type landscape did
not change significantly:
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Cell fractions per sample also didn’t show significant changes. We updated the
corresponding section in the Results, as well as subplot Fig. 2F (see original, without
and updated, with introns version below):

“..Microfluidics-based capture biases in combination with enzymatic and
mechanical digestion is a potential issue with scRNA-Seq, leading to an
overrepresentation of immune cells. Indeed, our scRNA-Seq revealed high
mean macrophage (27%24%) and T cell fractions (23%29%), together
exceeding VSMCs (24%22%) and ECs (15%; Fig. 2F)....”
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Including intronic reads, however, resulted in a greater number of differentially
expressed genes across cell types. Consequently, we split the original Suppl. Fig. 1
into two figures (updated Suppl. Fig. 1 and Suppl. Fig. 2, see below), and revised the
Results section to reflect these changes:

“‘Comparative analysis of scRNA-Seq data identified cell type-specific
differentially expressed genes undetected by bulkRNA-Seq in plague vs.
adjacent control tissues (Suppl. Fig. 1 G-H-A-D), including ALOX5 {F27 and
HIF1A SFSB in IL10high macrophages fibreblast-like MSMCs: Interestingly,




stable vs. unstable lesion comparisons revealed an even greater number of
DEGs (Suppl. Fig.-2A—-F-X4 A-K), such as CXCR4 and HSPAS in proliferating
T cells, both markers of T cell infiltration in atherosclerosis(Dong et al., 2022;
Kumar et al., 2006). Additionally, CXCL2 was enriched in ECs, while CCL18
CXCL3 was altered in C1Q+ macrophages, both linked to atherosclerosis (A.
Singh et al., 2024; Yan et al., 2021).”
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Suppl. Fig. 1: Differential gene expression analysis results in the single-cell RNA-seq data. Volcano plots depicting
differentially expressed genes in the scRNA-seq dataset. Subplots (A - F) show the results of the condition comparison
.Stable vs. unstable* within multiple low-level cell types respectively. (G - H): results of the condition comparison ,plaque
vs. control® within multiple low-level cell types respectively. The x-axis refers to the log, Fold change of the gene
expression levels between the compared conditions, the y-axis shows the —log10 values of the Benjamini-Hochberg
adjusted significance level (false discovery rate, FDR) of the gene expression level change. Vertical dashed line: log2 Fold
change threshold at +/- 0.5, horizontal dashed line: FDR threshold of —log10(0.05). Red coloured genes are significantly
up-, blue coloured genes are significantly downregulated in cells of the first condition in the comparison. Genes with name
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With intronic reads — Updated version
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Suppl. Fig. 1: Differential gene expression analysis results in the single-cell RNA-seq data across plaque vs.
control conditions. Volcano plots depicting differentially expressed genes in the scRNA-seq dataset. Subplots (A-D)
show the results of the condition comparison ,plaque vs. control“ within multiple low-level cell types respectively. The x-
axis refers to the log, Fold change of the gene expression levels between the compared conditions, the y-axis shows the —
log10 values of the Benjamini-Hochberg adjusted significance level (false discovery rate, FDR) of the gene expression
level change. Vertical dashed line: log2 Fold change threshold at +/- 0.5, horizontal dashed line: FDR threshold of —

log10(0.05). Red coloured genes are significantly up-, blue coloured genes are significantly downregulated in cells of the
first condition in the comparison. Genes with name labels are also present in our Xenium gene panels



>

With intronic reads — Updated version

Stability: stable vs. unstable

Celltype: EC_1
3.0 1
& 251
™
3 2 0 .
g‘ .-PLF'P3.CXCL2-
T 15 @ PTGS2
1.0 4
T T T T T
-4 =2 0 2 4
log; Fold change
D Stability: stable vs. unstable
Celltype: Mac_HMOX1
4 -
a
34
™
s &E
g
T oo
; CxcL2
J-M"i.%:;gfxcL3.-- FN1
1 -
-5.0 -25 0.0 2.5 5.0
log; Fold change
G Stability: stable vs. unstable
Celltype: Mac_TREMZhi
3.0 1
o 2.5 1
ry
o 2.0
-
g
T 154 L Jma
1.0
T T T
-2 0 2
logz Fold change
J Stability: stable vs. unstable
Celltype: T-cell_proliferating
4 oxcra
-4
£
s ] ’
o p
L s
129 oyaR
T ASTMKINT
+ ‘S L.HSF‘AS.
1 -

T T T T

o 0 2 4
log; Fold change

Stability: stable vs. unstable
Celltype: FB

o o
‘

—|0g10 FDR
= NN
w o 9]

=
o
|

EO L1A2
&=OL3A1

fual

T

T T T

-4 -2 0 2 4

log; Fold change

Stability: stable vs. unstable
Celltype: Mac_PLIN2hi/TREM1hi

5 4 JABPA
-4
o 4
“-2 GPR183
o 3
o
! 2 - w
el e
1 -
-10 -5 0 5 10
log; Fold change

Stability: stable vs. unstable
Celltype: NK_XCL1+

2.00 A

1.754

1.50

1.25 1

—lﬂgln FDR

1.00

0.75 A

.STM N1

T T T T

-2 -1 0 1 2

log: Fold change

Stability: stable vs. unstable
Celltype: VSMC_fb-like

1.75 A

1.50 4

1.25 4

—Iogm FDR

1.00 4

0.75 -

-4

-2 0 2 4
log: Fold change

C

Stability: stable vs. unstable
Celltype: Mac_C1Q

54

—logi0 FDR

.CCLIE

-5 0 5
log; Fold change

Stability: stable vs. unstable
Celltype: Mac_S100A8hi

w
1

—logio FDR
N

.T\MP].

-5.0

-2.5 0.0 2.5 5.0
log; Fold change

Stability: stable vs. unstable
Celltype: Plasma-cell

15 A

10 A

—|Og1o FDR

T T

T
—-20 0 20
logz Fold change

Suppl. Fig. 2: Differential gene expression analysis results in the single-cell RNA-seq data across stable vs.
unstable conditions. Volcano plots depicting differentially expressed genes in the scRNA-seq dataset. Subplots (A - K)
show the results of the condition comparison ,stable vs. unstable® within multiple low-level cell types respectively. The x-
axis refers to the log, Fold change of the gene expression levels between the compared conditions, the y-axis shows the —
log10 values of the Benjamini-Hochberg adjusted significance level (false discovery rate, FDR) of the gene expression
level change. Vertical dashed line: log2 Fold change threshold at +/- 0.5, horizontal dashed line: FDR threshold of —
log10(0.05). Red coloured genes are significantly up-, blue coloured genes are significantly downregulated in cells of the
first condition in the comparison. Genes with name labels are also present in our Xenium gene panels.




5. Subregion Definition and Reproducibility: Manual annotation of regions may
introduce bias. Providing inter-rater reliability or uncertainty metrics would enhance
robustness.

Currently, there is no automated subregion annotation tool for human plaques
available. Manual subregion annotation is a well established method in the field (J. N.
Redgrave et al., 2008; Stary, 2000; Stary et al., 1992, 1994, 1995). In our Xenium
approach, as we only had DAPI images available (histological stainings were not
embedded in the XOA at that time) and had to manually draw the subregions based
on a cardiovascular pathology expert’s annotation.

We edited our Methods section for clarification:

“The borders of the annotated subregions were initially determined on the HE
stained slides_ by a pathology expert, then transferred to the DAPI-stained slides
manually by manually drawing the determined subregion borders by hand in
Xenium Explorer.”

Digital pathology, including automated subregion annotations, is the tool of the future,
but unfortunately not available yet for this study.

6. Sample Size for Spatial Analysis: The n=12 for spatial transcriptomics limits
generalizability. Interpretations of clustering and risk associations should be more
cautiously framed.

We are very well aware that our sample size for spatial transcriptomics is limited but
want to stress once more that the overall concept of our study was not to use spatial
transcriptomics for discovery, but for integration and deconvolution with our in parallel
performed single cell- and bulkRNASeq study. In response to the reviewer’s
suggestion, we carefully assessed the text again for cautious framing and believe that
we address this appropriately in the resubmitted manuscript. As aforementioned to
reviewers 1 & 2, compared with the other existing spatial datasets on human plaques,
our effort provides the largest dataset to date:

Sun et al, | Bleckwehl et Lai et al, Gastanadui | Campos et | Pauli et al,
JACC, 2023 al, NCVR, NCVR, 2025 | et al, ATVB, al, EMBO under
2024 2024 Mol. Med., review,
2025 2025
tissue Carotid Carotid + Carotid Coronary Coronary Carotid
[artery] Coronary
(for spatial only
coronary)
bulk seq n=163 - n=149 - - n=297
[sample PTLOs only (assumptions
size] (no full tissue) from spatial)
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scSeq - n=13 n=9 - - n=17
[patients] (previous (assumptions
studies; no own from spatial)
data)
spatial VISIUM VISIUM StereoSeq GeoMX GeoMX & Xenium
method (FFPE; probe- (FFPE; probe- (fresh frozen CosMX
based whole based whole tissue; ~ (~ Xenium)
transcriptome) transcriptome) VISIUM HD,
capture based)
spatial n=6 n=12 n=10 n=10 n=9 n=16
samples (no (2 controls) (no controls) | (no controls) | (2 controls) | (4 controls)
[samples; controls)
therein
controls]
symptomati | no reportin no report report in no report no report report in
c/ bulk seq; PTLO bulk spatial
asymptoma spatial all seq;
tic status | symptomatic spatial all
symptomatic

7. Neighbourhood Cluster Analysis: Statistical support (e.g., permutation tests, spatial
proximity significance) for proposed functional zones is missing and should be
included.

We thank the reviewer for this valuable comment. To provide statistical support, we
have performed permutation tests by shuffling cell substate labels within samples
10,000 times, to create a background distribution of cell neighbourhoods. We then
calculated neighbourhood enrichment score, a test metric defined as the total number
of unique cell-cell adjacency edges between substate pairs within a cluster, using the
generated background local neighbourhoods. Enrichment scores were calculated
within cells of the original clusters, and the significance of the observed clusters was
assessed by comparing the background distributions to the values obtained from the
observed neighbourhoods.

Permutation tests of neighbourhood enrichment score detected significantly enriched
or depleted cell substates in all clusters, both for panel 1 and 2. Due to space
limitations, the complete results of the enrichment permutation tests are provided in
Suppl. Tables K1 and K2, while enrichment heatmaps showing significantly enriched
or depleted substates are included in the newly created Suppl. PDFs D1 and D2. We
have expanded the Methods section accordingly (see revised text below):

“...In the final step we performed Leiden-clustering of the cell neighbourhood
matrices using scanpy’s pp.neighbors() and tl.leiden() functions, resulting in cell



neighbourhood  clusters  (Suppl. Fig. 60, Suppl. Fig. 61).
To provide statistical support for the clusters, we performed permutation testing
using neighbourhood enrichment score, a metric defined as the total number of
unique cell-cell adjacency edges between substate pairs within a cluster. We
hypothesised that if our clusters indeed capture distinct spatial patterns, by
calculating the neighbourhood enrichment score, we could identify which cell
substate pairs are significantly enriched in each other’s neighbourhoods within
a cluster.

First, we created a background distribution of cell neighbourhood matrices by
randomly shuffling cell substate labels 10,000 times. Because samples
exhibited large differences in _cell substate composition, we performed label
shuffling within samples. This was necessary since shuffling across samples
would have violated the exchangeability assumption of permutation testing
(Good, 2002) and _ could have led to inflated  p-values.
Next, for neighbourhood enrichment analysis, we constructed spatial
neighbourhood graphs by connecting cells within a 100 um radius, with each
edge representing a pair of cells within this distance. For each neighbourhood
cluster, we restricted the graph to the cells assigned to that cluster and
calculated neighbourhood enrichment as the total humber of unique undirected
adjacency edges connecting substate pairs within the cluster-specific graph.
This _was again_computed for both the observed and randomly shuffled
substates, resulting in one enrichment score matrix per cluster for the observed
case _and 10,000 matrices per cluster for the permutation case.
Empirical left and right p-values were calculated using the Monte-Carlo p-value

method as described by Phipson et al (Phipson & Smyth, 2016):
I+1 _ T+l

where per_and pige_are the left and right empirical p-values, | is the humber of
times enrichment score from the permutation was lower than the enrichment
score of the observed case, r is the number of times enrichment score from the
permutation exceeded the enrichment score of the observed case, and N is the
number of permutations. In_addition, Agresti-Coull confidence intervals (ClI)
(Bozhko et al., 2021) of the empirical left and right p-values were also
calculated. Two-sided empirical p-values and their Agresti-Coull confidence
intervals were calculated using the formula applied in
scipy.stats.permutation_test() function (Scientific Python Forum, n.d.):

Dewo—sidea MUIN(2 X Digres 2 X Doigpe).

CI gagsmin(2 X CI 2XCl; .
Raw_empirical two-sided p-values were then corrected for multiple testing by
applying the Benjamini-Hochberg correction _method, and reported as false
discovery rate (FDR).
Permutation test results for both panel 1 (Suppl. PDE 6, Suppl. Table 17) and
panel 2 (Suppl. PDF 7, Suppl. Table 17) neighbourhood clusters identified
significantly enriched or depleted substate pairs in every cluster compared to
the random background. Based on these results we believe our neighbourhood
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clustering _approach was able to identify spatial domains with significantly
different _compositional _ patterns, _even _across _multiple _samples.
High resolution spatial scatterplots of all samples with cells coloured by low-
level cell types and neighbourhood clusters are contained in Suppl. PDF 8 for
panel 1 genes, and in Suppl. PDF 9 for panel 2 genes.”

8. Clinical Utility and Predictive Value: The translational relevance of findings should
be discussed. Can DEGs or spatial patterns serve as prognostic markers for plaque
rupture?

This is an interesting thought and question by the reviewer. We indeed believe that the
combination of multiple transcriptomic profiling methods will help pave the way for
novel therapies as well as biomarkers of carotid plaque stability. What is currently
lacking is data from longitudinal carotid disease and stroke studies, in which these
potential markers could be tested for their prognostic value. Integration of additional
data information from histology (using digital pathology tools as mentioned multiple
times in this point-by-point response) on plaque stability and even more promising
correlation to imaging (in particular CTs from carotid arteries) could further enhance
decision making in patients with asymptomatic carotid artery disease. Our approach of
assessing plaque instability with integrated multi-transcriptomics enhances our
understanding of advanced plaque biology. Novel therapeutic targets can be linked,
based on our data to cell type and spatial location (and thus relevance), within
advanced plaques. Here, our dataset provides the most complete transcriptomic view
on early vs. advanced plaques to date.

We addressed this thought in our revised Discussion section:

“Future studies on the induction and therapeutic targeting of cellular plasticity
may yield novel markers and interventions for plaque vulnerability, together with
digital pathology approaches and enhanced vascular imaging modalities.”

Minor Comments

1. Terminology Clarification: Terms like 'structured' vs. ‘chaotic' could be more
guantitatively or mechanistically defined.

In this work, we tried to use simplified and understandable terms. We discussed this
internally quite a lot, as it is a difficult task and challenging to choose additional or other
terms to enhance the readers’ understanding of plaque morphology. We introduced
these terms for this study to highlight the complexity of human plaques. We want to
show that easy discriminations like “stable and unstable” or "symptomatic and
asymptomatic” (terms that are used in all other studies that deal with plaques in a
spatial context (Bleckwehl et al., 2025; Gastanadui et al., 2024; Lai et al., 2025; Sun
et al., 2023) are not sufficient to capture their complexity. Fig. 5A, shows the number
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of cells in each cluster which serves as a quantitative definition, furthermore we
speculate about mechanisms based on spatial location.

Based on the reviewer's comment we adapted the Results section for clarification:

“For intelligibility, we decided to term the two main groups of our plaque clusters
“structured” (morphological clusters 1 & 2) er and “chaotic” (morphological
clusters 3 & 4).”

2. Figure Readability: Dense color legends in Figures 6—8 make interpretation difficult.
Consider enhancing clarity.

We appreciate this comment. At the initial submission, the figures were uploaded at 96
dpi due to a misunderstanding, which reduced their readability. To improve clarity, we
have increased the dot size in the spatial scatterplots of Figures 6—-8 (renumbered as
Figures 7-9) and re-uploaded them at 300 dpi.

3. Figure 2 caption: “-log10 value” => “-log10 p-value”

We corrected the figure caption accordingly.

Reviewer #3 (Remarks on code availability):
No code is provided.

We apologize for the delay in providing the code. Setting up the Docker environment
took additional time due to conflicting package versions. In the meantime, we prepared
code to reproduce the main figures, as requested by the editors, since running the full
analysis pipeline on raw data is not feasible due to storage constraints and time
limitations. All code will be made publicly available upon publication.
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Rebuttal, point-by-point response

Reviewer #1 (Remarks to the Author):

The authors addressed all concerns. However, figure 2F-I is still unsatisfactory. Please
show the immune cells using a different y axis scale. Since there are few immune cells,
differences cannot be appreciated from the current figure

Answer: We appreciate the positive comments by this reviewer. We have made
adaptations to Figures 2F-I in our revised manuscript to better address and
visulize the low amount of immune cells by choosing a varying scale for the y-
axes.

Reviewer #2 (Remarks to the Author):

Pauli et al. represent their investigation seeking to integrate multiple transcriptomic
methodologies (bulk RNA seq, scRNAseq, and spatial transcriptomics) as a means to
molecularly define carotid atherosclerotic disease. Using arterial and atheroma samples
collected during CEA, the investigators attempt to elucidate a spatially-resolved
molecular architecture underlying plague development. The authors highlight unique
plaque morphologies linked to different cell type compositions, disease heterogeneity
(i.e. symptomatology), and clinical demographics (i.e. smoking, etc) with inference
towards plaque development and stability.

Previous critiques raised questions regarding 1) associations with disease
symptomatology, 2) Comparison of the presented results to previously published data
(coronary and carotid), 3) Novelty and clinical utility of the results, and 4) clarification of
methodologies and sample size. To this end, the investigators have provided a robust
response that is highly responsive to the reviewer concerns. This includes adjustments
to the data presentation, new analysis, and additional commentary throughout the
manuscript.

Regarding novelty, the team has provided sound arguments highlighting the relative
impact their results may have on the molecular understanding of carotid artery disease
and plaque progression. While the HMOX1 and TREM2 phenotypes are well
established, the manuscript provides other novel findings including 1) spatial resolution
of macrophages at the unstable plaque shoulder, 2) EC co-localization for
neovascularization and immune cell entry into the necrotic core / plaque, 3) SMC
transitions associated with plaque heterogeneity. While the clinical utility and
implementation of many of these results remains to be determined, the work
nonetheless provides a thorough examination of carotid atherosclerotic disease.

Other Criticisms that have been adequately addressed:

1. Association with symptomatology is uncertain. Concerns have been well addressed
and edited within the manuscript.

2. Surprising lack of DEG in bulk RNAseq. Concerns have been well addressed and
edited within the manuscript.

3. Underpowered study with significant demographic heterogeneity. Concerns have been
well addressed and edited within the manuscript.

4. Biased spatial transcriptomic approach based off Panels 1 and 2. Concerns have



been well addressed and edited within the manuscript.

Answer: We appreciate that the reviewer agrees with us on the clarifications
made during the revision process of our manuscript on novelty, clinical utility and
selection of sample characterization utilized in our studly.

Reviewer #3 (Remarks to the Author):
All my comments are adequately addressed.
Reviewer #3 (Remarks on code availability):
The code provided in code ocean are well organized. But the code ocean platform has
some issues running the code with the 'Reproducible Run'. Also, only R code shows up
properly. The ipython notebook must be downloaded and run locally, which is beyond my
bandwidth.

Answer: We thank the reviewer for acknowledging that we have successfully

addressed all of her/his previous concerns. We believe to have cleared all
confusion regarding code availability in Code Ocean.
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