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Abstract  1 
 2 
Aims: Specific fibroblast markers and in-depth heterogeneity analysis are currently lacking, 3 
hindering functional studies in cardiovascular diseases (CVD). Here, we established cell-type 4 
markers and heterogeneity in murine and human arteries and studied the adventitial 5 
fibroblast response to CVD and its risk factors hypercholesterolemia and aging.  6 
 7 
Methods & Results: Murine aorta scRNA-seq analysis of adventitial mesenchymal cells 8 
identified fibroblast-specific markers. Immunohistochemistry and flow cytometry validated 9 
platelet-derived growth factor receptor alpha (PDGFRA) and dipeptidase 1 (DPEP1) across 10 
human and murine aorta, carotid, and femoral arteries, while traditional markers such as 11 
cluster of differentiation (CD)90 and vimentin also marked transgelin+ vascular smooth 12 
muscle cells. Next, pseudotime analysis showed multiple fibroblast clusters differentiating 13 
along trajectories. Three trajectories, marked by CD55 (Cd55+), Cxcl chemokine 14 14 
(Cxcl14+) and lysyl oxidase (Lox+), were reproduced in an independent RNAseq dataset. 15 
Gene ontology analysis showed divergent functional profiles of the three trajectories, related 16 
to vascular development, antigen presentation and/or collagen fibril organization, 17 
respectively. Trajectory-specific genes included significantly more genes with known 18 
genome-wide associations (GWAS) to CVD than expected by chance, implying a role in 19 
CVD. Indeed, differential regulation of fibroblast clusters by CVD risk factors was shown in 20 
adventitia of aged C57BL/6J mice, and mildly hypercholesterolemic LDLR-KO mice on chow 21 
by flow cytometry. The expansion of collagen-related CXCL14+ and LOX+ fibroblasts in aged 22 
and hypercholesterolemic aortic adventitia respectively, coincided with increased adventitial 23 
collagen. Immunohistochemistry, bulk, and single-cell transcriptomics of human carotid and 24 
aorta specimens emphasized translational value as CD55+, CXCL14+ and LOX+ fibroblasts 25 
were observed in healthy and atherosclerotic specimens. Also, trajectory-specific gene sets 26 
differentially correlated to human atherosclerotic plaque traits.  27 
 28 
Conclusion: We provide two adventitial fibroblast-specific markers, PDGFRA and DPEP1, 29 
and demonstrate fibroblast heterogeneity in health and cardiovascular disease in humans 30 
and mice. Biological relevance is evident from regulation of fibroblast clusters by age and 31 
hypercholesterolemia in vivo, associations with human atherosclerotic plaque traits, and 32 
enrichment of genes with a GWAS for CVD. 33 
 34 
Key words: Adventitia, Fibroblasts, Heterogeneity, Atherosclerosis, Single-cell RNA-Seq 35 
 36 
 37 
Translational prospective 38 
The current study sheds light on the transcriptional heterogeneity of arterial fibroblasts and 39 
the influence of pathologic environments, such as lipid levels or aging, on fibroblast 40 
differentiation through transcriptional trajectories. In addition, the presence of fibroblast 41 
clusters in human specimens and their enrichment of genes associated with CVD, highlight 42 
their potential role in disease development and progression. Novel therapeutic strategies 43 
could be shifting the focus to cell-specific targeting. By influencing fibroblast differentiation, 44 
their functional properties could be altered as well, e.g. adapting pro-fibrotic potential. This 45 
could be of great importance in regulating the effect of fibroblasts on CVD. 46 
  47 
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Introduction 48 
Cellular heterogeneity and plasticity are two fundamental concepts that are beginning 49 

to define both the healthy and diseased vasculature1. This challenges the traditional 50 
approach to understanding previously distinct cellular compartments in the blood vessel wall, 51 
and the identities of cells that infiltrate the vessel wall in disease2. One cell type in particular, 52 
known for its high plasticity and heterogeneity in numerous organs is the fibroblast3-5. 53 
Fibroblasts mostly reside in the adventitial layer of the arterial wall, accompanied by other 54 
mesenchymal cells (e.g. pericytes and smooth muscle cells (SMCs)), immune cells and 55 
connective tissue6. Mainly fibroblasts express the stem cell marker Sca-1/Ly6a, underpinning 56 
the potential of these cells to be reprogrammed into a diverse cell repertoire, supporting 57 
extensive plasticity7, 8. Their functional role in fibrosis, inflammation, and angiogenesis in 58 
other organs9, 10 makes these cells an attractive candidate for therapeutic intervention in 59 
arterial pathologies, such as atherosclerosis and vascular ageing. However, presumably also 60 
due to this plasticity, markers specifically distinguishing fibroblasts at the mRNA and protein 61 
level from other vascular cells have been very difficult to define. For example, traditional 62 
markers such as collagen 1 alpha 1 (Col1α1), collagen 1 alpha 2 (Col1α2), fibroblast 63 
activation protein (Fap) and fibroblast specific protein-1 (Fsp-1) lack the ability to distinguish 64 
between fibroblasts and other vascular cell types11. In addition, other vascular mesenchymal 65 
cells exhibit phenotypes resembling that of fibroblasts upon vascular challenges12, 13. 66 
Nevertheless, these markers have been used to detect fibroblast-like cells, originating from 67 
SMCs, or endothelial cells in atherosclerosis 13-15. Thus, there is a need to resolve their 68 
fibroblast specificity to discern the impact or limitations of these studies. In addition, the role 69 
and regulation of potential fibroblast heterogeneity in vascular health and disease is not 70 
explored in sufficient detail but understanding disease-stimulating or -preventing phenotypes 71 
may impact therapeutic approaches. 72 
 Single-cell RNA sequencing (scRNA-seq) and concomitant extensive validation could 73 
resolve the ambiguity of fibroblast identity markers and potential heterogeneity. Indeed, 74 
scRNA-seq has been key in identifying pan fibroblast-specific markers across the 75 
microvasculature in several major organs compared to mural cells (consisting of pericytes 76 
and SMCs)16. Yet, it remains to be defined which markers are specific for arterial adventitial 77 
fibroblasts compared to other arterial cells. Previous scRNA-seq analyses of healthy murine 78 
vasculature have described transcriptomics of all arterial wall cell types, including fibroblasts, 79 
in a so called atlas approach17, 18. While both studies propose cell identity markers, and 80 
indicate the presence of multiple fibroblast clusters, the data stem from low number of 81 
fibroblasts, and results are not comprehensively validated on protein level. We hypothesize 82 
that a very detailed analysis of arterial fibroblasts would improve definition of fibroblast 83 
identity markers and detailed insight into fibroblast heterogeneity.  84 

In the current study, we therefore investigated the fibroblast transcriptional landscape 85 
using scRNA-seq of fibroblast-enriched fractions from healthy murine adventitia. Fibroblast 86 
heterogeneity, and pseudotime differentiation trajectories were analyzed in-depth by 87 
bioinformatic analyses, such as Potential of Heat-diffusion for Affinity-based Transition 88 
Embedding (PHATE). The identified fibroblast identity and cluster markers were validated 89 
extensively on RNA and protein level using bulk-, and single cell sequencing, flow cytometry 90 
and immunohistochemistry of murine and human healthy and atherosclerotic arteries. We 91 
provide support for regulation of fibroblast heterogeneity in CVD, as cardiovascular risk 92 
factors differentially affected fibroblast cluster expansion in aged and hypercholesteremic 93 
mice in vivo, cluster gene signatures harbored a significant number of genes with a known 94 
GWAS to CVD and were associated with human atherosclerotic plaque traits. Together, this 95 
study provides a detailed fingerprint of arterial fibroblasts in health and CVD. 96 
 97 
 98 
 99 
 100 
 101 
 102 
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Methods 103 
Full methods can be found in the online data supplement. 104 
 105 
Mouse models 106 
All mouse experiments were approved by the regulatory authority of the Maastricht University 107 
Medical Centre and performed in compliance with the Dutch governmental guidelines and 108 
Directive 2010/63/EU of the European Parliament on the protection of animals used for 109 
scientific purposes. C57BL/6J mice (male, N=8 per pool, 3-4 pools, 8-12 weeks old) were 110 
used as healthy controls. Aged C57BL/6J mice (male, N=5 per pool, 3-4 pools, 72 weeks old) 111 
were obtained form Charles river and used to study the effect of aging. Male low-density 112 
lipoprotein receptor deficient mice (Ldlr KO) were fed chow (controls) or high-cholesterol diet 113 
(HCD, 0.25%, 824171, Tecnilab-BMI) for 16 weeks (n=15 per pool for single-cell sequencing, 114 
n=5 per pool, 3 pools for flow cytometry, 28-30 weeks old). Ldlr KO mice originated from 115 
Jaxx and were bred in Maastricht for < 15 generations. Pdgfrα-CreERT2-Rosa26-tdTomato 116 
and Myh11-CreERT2 eYFP were intraperitonially injected with Tamoxifen (200mg/kg) for 117 
three consecutive days, to induce TdTomato expression. Mice were euthanized with an 118 
overdose pentobarbital (100mg/kg) injected intraperitoneally. 119 
 120 
Flow cytometry and cell sorting 121 
Adventitia of the thoracic aorta (ranging from the aortic root until the diaphragm 122 
(Supplemental Video S1)) was carefully microscopically dissociated from the underlaying 123 
medial layer and collected in ice-cold PBS. Adventitial tissue of C57BL/6J or Ldlr KO mice 124 
was enzymatically digested for 15 minutes at 37°C using collagenase B (0.00284g/ml), 125 
pronase (0.01g/ml) and DNAse (0.1mg/ml). Living, DAPI-, ICAM2- and CD45- cells were 126 
sorted in case of 8 week old C57BL/6J mice or DAPI- cells for Ldlr KO.  127 
 128 
Adventitial cells isolated originating from either young C57BL/6J mice (8 weeks, male), aged 129 
C57BL/6J mice (72 weeks, male), Ldlr KO mice on chow or high cholesterol diet for 16 130 
weeks were used for protein validation. After FC receptor blocking, cells were stained with 131 
the following antibodies: CD45, Cdh5/VE-cadherin, Transgelin (TGLN), Platelet derived 132 
growth factor alpha (PDGFRA), CD55, CXCL14, and Lysyl oxidase (LOX), live/dead fixable 133 
cell stain. In case of CXCL14, the antibody was labelled using a PE/Cy7 conjugation kit. For 134 
intracellular stainings (Transgelin, CXCL14 and LOX), fix & perm cell permeabilization kit 135 
was used. Data analysis was performed with BD FACS Diva software. 136 
 137 
Immunohistochemical stainings 138 
Murine tissue was fixed in 1% paraformaldehyde overnight, paraffin-embedded, and serially 139 
sectioned (4µm). For stainings, only sections that had mature media (determined by elastin 140 
fiber presence) were used. Tissue sections were stained for the following proteins: SMOC2, 141 
PDGFRA, FBLN1, LUMICAN, CCL11, DPEP1, MAC3, CD55, CXCL14, LOX, COL1A1, and 142 
total collagen. Images were analyzed either with Qupath (v0.2.0-m8) or Leica Qwin software.  143 
 144 
Human sample analysis 145 
Human tissue collection was part of the Maastricht Pathology Tissue Collection (MPTC) and 146 
further storage and use of the tissue was in line with the Dutch Code for Proper Secondary 147 
use of Human Tissue and the local Medical Ethical Committee (protocol number 16-4-181). 148 
This code (https://www.federa.org/codes-conduct) entails an opt-out arrangement and hence 149 
tissues were not used in case of objection. The applicability of this code for this study was 150 
approved by the Maastricht University hospital (MUMC) local Medical Ethical Committees. 151 
Human studies conducted by Li et al.19 and Wirka et al.13 are approved by Institutional 152 
Review Board at Baylor College of Medicine and Stanford University Institutional Review 153 
Board, respectively, and follow the guidelines of the Declaration of Helsinki. Written informed 154 
consent was provided by all participants or the organ donors’ legal representatives before 155 
enrollment. Carotid samples were collected either through autopsy (N=10), carotid 156 
endarterectomy procedure (N=63 from 43 patients), from the opposite site of the plaque 157 
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(N=10) or during aortic bypass surgery (N=10). Library preparation, RNA extraction, data 158 
processing, normalization and additional information concerning plaque traits have been 159 
described in great detail elsewhere 20, 21. Human carotid and aorta single cell sequencing 160 
data was retrieved from data repositories and analyzed according to published methods.13, 19 161 

Murine Single-cell sequencing 162 
After cell count number and viability check with trypan blue (>85%), a total of ~16.000 CD45-163 
/ICAM2- cells of C57BL/6J mice (N=8) and ~15.000 cells of Ldlr KO mice (N=13 for HCD 164 
group and N=15 for chow group) were loaded on a chromium 10X genomics controller (V2). 165 
Libraries were synthesized and sequenced using Illumina HiSeq4000. Cell and gene number 166 
per sample can be found in Supplemental Tables 1 and 2. 167 
 168 
Single cell sequencing analysis 169 
Raw sequencing data were processed using CellRanger (v2.1.1 for C57BL/6J mice and 170 
v3.0.2 for Ldlr KO mice) and analyzed using R and Seurat R package (v.2.3 for C57BL/6J 171 
mice and v3.2.3 for Ldlr KO mice), and G:profiler22 for gene ontology analysis of biological 172 
processes. Pseudotime analysis were done with PHATE dimension reduction23, RNA 173 
velocyto24 and Monocle (v.2.10.1)25. Full details of analysis can be found in the online data 174 
supplement. 175 
 176 
Enrichment analysis 177 
DEGs from full trajectories (F1, F2, F3, F4, N = 216; F5, F6, F7, N = 235; F8, F9, N = 317) 178 
were intersected with 1) GWAD CAD-associated genes, and 2) Human aorta fibroblasts 179 
DEGs originating from the study by Li et al19. Hypergeometric testing was used to evaluate 180 
the statistical significance of the overlap between trajectory genes and CAD or fibroblast 181 
genes. Mouse genes were converted to human genes by biomaRt R package (v2.50.1)26. 182 

Data availability  183 
Data is deposited (GSE196395) and may be inspected on a web-based interface 184 
(Plaqview.com)27. Count matrices and code are available upon reasonable request. 185 
 186 
Results 187 
ScRNA-seq yields a seven-marker signature differentially regulated in fibroblasts 188 
compared to other cells in murine healthy vasculature  189 
The adventitia of the thoracic aorta from 8 healthy male C57Bl/6J mice was collected and 190 
pooled for isolation of DAPI-, CD45-, intercellular adhesion molecule 2 (ICAM2)- cells to to 191 
exclude immune and endothelial cells and enrich for the viable, mesenchymal population 192 
prior to C analysis (Supplemental Figure S1A-C, Supplemental Video S1). This approach 193 
allowed in depth analysis of adventitial mesenchymal cells. In total, 5700 cells passed single 194 
cell RNA quality control after removal of low-quality cells (< 1500 genes, >15% mitochondrial 195 
reads), and potential doublets (UMI count > 15,000) (Supplemental Tables S1 and S2, Figure 196 
1A-C). Firstly, in silico selection of mesenchymal cells was done, based on Pdgfrβ 197 
expression (Supplemental Figure S1A). Subsequently, annotation of the identified clusters 198 
was based on previously published markers for mural cells (Myosin heavy chain 11 (Myh11), 199 
Transgelin (Tagln), Alpha actin (Acta2), and calponin (Cnn1)) and fibroblasts (Col1a1, 200 
Col1a2 Matrix metalloproteinase 2 (Mmp2), and Stem cell antigen-1 (Sca-1/Ly6a)16). These 201 
markers confirmed the presence of both fibroblasts and mural cells in healthy mouse 202 
adventitia (Figure 1D-E). The absence of macrophage (Cd68), endothelial cell (Platelet 203 
endothelial cell adhesion molecule-1 (Pecam1)), neuron (RNA binding protein, fox-1 homolog 204 
3 (Rbfox3)), and adipocyte (Adiponectin (Adipoq)) markers confirmed the purity of our sorting 205 
strategy (Supplemental Table S3). Differential gene expression analysis comparing fibroblast 206 
and mural cell populations revealed distinct expression profiles for both cell types (Figure 207 
1F). Subsequent gene ontology (GO) enrichment analysis based on differentially expressed 208 
genes returned terms including ‘extracellular matrix’ and ‘contractile fiber’ corresponding to 209 
fibroblast and mural cell populations, respectively (Supplemental Figure S1D-E).  210 
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Notably, many of the commonly proposed fibroblast markers from literature, including 211 
vimentin (VIM), matrix metalloproteinase-2 (MMP2), CD90, Sca-1 and Fibroblast Activation 212 
Protein (FAP), were not able to fully differentiate between fibroblasts and mural cells, as 213 
evidenced by RNA expression in pericytes and smooth muscle cells in three other single cell 214 
RNA datasets (Supplemental Figure 2A-B). Despite RNA levels being higher in fibroblasts 215 
than mural cells, protein co-expression with TAGLN+ smooth muscle cells was observed in 216 
healthy human and murine aorta (Figure 1G-I, Supplemental Figure 2C-E). Thus, we next 217 
assessed genes differentially expressed between fibroblasts and mural cells to create a 218 
fibroblast-specific transcriptional signature. Differential gene expression (DEG) analysis 219 
provided twelve markers preferentially expressed in adventitial fibroblasts (Figure 1J). 220 
Enrichment of seven of these markers (Platelet derived growth factor alpha (Pdgfra), 221 
Dipeptidase 1 (Dpep1), SPARC Related Modular Calcium Binding 2 (Smoc2), Collagen 14 222 
alpha 1 (Col14a1), Fibulin 1 (Fbln1), Lumican (Lum) and C-C Motif Chemokine Ligand 11 223 
(Ccl11)) for mesenchymal fibroblasts remained after validation in two other available scRNA-224 
seq datasets 18, 28 (Supplemental Figure S1F-G). Taken together, seven fibroblast markers 225 
(Pdgfra, Lum, Smoc2, Col14a1, Fbln1, Dpep1, and Ccl11) selected from our dataset were 226 
also expressed in fibroblasts and/or mesenchymal cells in two other datasets comprising 227 
healthy murine vasculature and a database including multiple murine organs.  228 
 We next validated the fibroblast signature at the protein level using 229 
immunohistochemistry and confirmed adventitial localization in healthy mice and expression 230 
in spindle-like cells, resembling known fibroblast morphology for all markers, except CCL11. 231 
We used the following vascular beds: aortic root (AR), brachiocephalic artery (BCA), 232 
ascending aorta (Asc.A), thoracic aorta (Th.A), abdominal aorta (Abd.A) and carotid artery 233 
(CA) (Figure 2). PDGFRA and DPEP1 expression was specifically located in the adventitia 234 
across all arteries (Figure 2A-B), while LUM, SMOC2, COL14A1, and FBLN1 also showed 235 
expression in the media (Figure 2C-F). In case of the latter, it is in accordance with the 236 
recent detection of LUM+ myofibroblast-like cells 12, 13, 29. Negative controls can be observed 237 
in Supplemental Figure S3A. Importantly, flow cytometry confirmed that PDGFRA expression 238 
was largely similar across various vascular beds (Figure 2G). CCL11 was undetectable in 239 
aortic roots (Supplemental Figure S3B-C), concordant with gene expression analyses in 240 
heart and aorta from the Tabula Muris consortium 30 (Supplemental Figure S1G).  241 
Moreover, by making use of aorta tissue from smooth muscle cell myosin heavy chain 11 242 
(Myh11) reporter mice, and Pdgfra reporter mice, we were able to show very limited overlap 243 
between Pdgfra and Myh11 (Supplemental Figure S3D-E). This confirmed the highly 244 
selective nature of Pdgfra, prompting its use in further studies to delineate fibroblast 245 
distribution across arteries and heterogeneity.  246 
 247 
Trajectory inference analysis predicts the cellular dynamics of fibroblasts in healthy 248 
murine adventitia  249 

The single-cell RNA-sequencing analysis not only supported the existence of two 250 
distinct cell types, but also suggested heterogeneity within the fibroblast population in a 251 
healthy, basal state (Figure 3A). To characterize the cellular dynamics underlying fibroblast 252 
heterogeneity, we applied Potential of Heat-diffusion for Affinity-based Trajectory Embedding 253 
(PHATE) dimensionality reduction analysis to the dataset to predict differentiation state. 254 
PHATE reduction is developed for optimal preservation of patterns in data structure such as 255 
continual progressions, branches and clusters, arising due to underlying biological 256 
processes, like differentiation23. PHATE previously uncovered trajectories, that were 257 
undiscoverable by other methods23. Subsequent clustering and visualization of data revealed 258 
multiple trajectories suggestive of a continuous distinct fibroblast subtypes present in the 259 
arterial wall (Figure 3B). Expression of stem cell marker Sca-1/Ly6a31 in most (96.5%) 260 
fibroblasts, as shown in Figure 1F, supports the cellular differentiation potential of these cells. 261 
Interestingly, one of the three trajectories showed higher Sca-1/Ly6a expression throughout 262 
the whole trajectory (Supplemental Figure S4A), while end-point clusters of the other two 263 
trajectories did not. PHATE analysis did not predict any Sca-1 expressing fibroblasts to be 264 
differentiating into SMCs of the healthy murine adventitia (Supplemental Figure S4B). To 265 
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exclude that these trajectories were a result of differences in proliferation, protein synthesis 266 
or an artefact related to cell damage, the expression of proliferation markers, and ribosomal 267 
and mitochondrial genes, respectively, were investigated. Near absent expression of 268 
proliferation markers Mki67, Cdk1, Cdk2 and Cenpf, and uniformly low expression of 269 
mitochondrial and ribosomal reads among all clusters was shown (Supplemental Figure 270 
S4C-F).  271 

We next mapped RNA velocities24 onto the PHATE visualization. RNA velocity is 272 
estimated based on the proportions of spliced versus unspliced transcripts, allowing for 273 
prediction of future cell transcriptional state. In agreement with PHATE analysis, vectors 274 
pointing outwards toward branch extremities suggested the differentiation direction of three 275 
main trajectories (Figure 3C). Application of Monocle, a third trajectory inference tool25 further 276 
supported the presence of identified trajectories (Supplemental Figure S4G). The inference 277 
of the trajectory analysis was that all three trajectories originated from one or more clusters in 278 
the center (F1, F5 or F8), hence the possibility of a precursor population was further 279 
investigated. Gene signatures for each of these center clusters were constructed 280 
(Supplemental Table S4) and the resulting signature scores were presented in violin plots to 281 
suggest the origin of the three trajectories (Supplemental Figure S5). This analysis implied 282 
that the differential expression of the F1 signature in clusters F2, F3, and F4 supported F1 as 283 
the origin of this trajectory (Trajectory 1). The F1 origin of F10 and F11 is likely, but 284 
differential expression of the F1 signature was less clear. Similarly, signature analysis 285 
suggested F5 as the likely origin of the F6-F7 (Trajectory 2) and F12 trajectories. F8 was 286 
inferred to be the likely origin of trajectory 3 given the observed enrichment of its signature in 287 
F9.  288 

Furthermore, the observed pattern was not a dataset specific phenomenon, as 289 
PHATE analysis of 840 “non-immune” adventitial cells in the dataset by Gu et al. 18 also 290 
revealed three comparable differentiation trajectories (Figure 3D), supporting the results of 291 
our trajectory analysis. Expression of DEGs from the PHATE trajectories originating from the 292 
Gu dataset were also confined to three individual trajectories in our own PHATE analysis 293 
data (Figure 3E) demonstrating the reproducibility of our findings.  294 

The DEGs in our dataset were further analyzed to investigate possible biological traits 295 
associated with the observed trajectories. GO term analysis of DEGs identified in the distal, 296 
most differentiated clusters (i.e. F4, F7, F9) of the three trajectories revealed differential 297 
annotation of gene ontology terms, and thus potentially different functions (Figure 3F). 298 
Trajectories 2 and 3 demonstrated expression of genes involved in extracellular matrix 299 
production. Trajectory 1 showed enrichment for terms involved in vasculature development 300 
and nucleotide sugar metabolism, trajectory 2 for cholesterol metabolism and antigen 301 
presentation and trajectory 3 for response and signaling upon growth factors, and collagen 302 
fibril organization. Together, the analysis supports a continuity of phenotype is apparent in 303 
adventitial fibroblasts, where most differentiated clusters have differential functional 304 
annotations. 305 

 306 
Fibroblast clusters validated in healthy murine vasculature 307 

Genes selectively marking the most differentiated cluster of each fibroblast trajectory 308 
were identified for validation at the protein level, i.e. F4, F7 and F9 for trajectory 1 through 3 309 
respectively (Supplemental Figure S6). Candidates were selected based on reported 310 
expression in fibroblasts, cellular function related to the trajectory GO terms, gene function 311 
shown in animal studies, genome-wide associations to be related to known fibroblast 312 
functions, and/or processes involved in vascular disease, availability of antibodies for 313 
immunohistochemistry and flow cytometry, and/or preferential membrane expression. As an 314 
indicator of the most differentiated cluster in trajectory 1, complement decay-accelerating 315 
factor (Cd55) (Figure 4A) is involved in complement activation and a whole-body KO mouse 316 
presented with a protective phenotype against atherosclerosis 32, 33. The marker representing 317 
trajectory 2, chemokine ligand 14 (Cxcl14) (Figure 4A) is involved in immune regulation and 318 
immune cell migration. 34 Lastly, the marker representing trajectory 3, Lysyl oxidase (Lox) is 319 
involved in the crosslinking and stabilization of extracellular matrix 35 (Figure 4A). All three 320 
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markers (CD55, CXCL14 and LOX) located to the adventitia in healthy murine aortic roots, 321 
brachiocephalic arteries, carotid arteries and abdominal aorta, and co-localized with 322 
fibroblast marker PDGFRA (Figure 4B-C, Supplemental Figure S7A-B). Flow cytometric 323 
analysis showed adventitial protein expression of all three markers in fibroblasts in a variety 324 
of vascular beds isolated from healthy C57BL/6J mice (Figure 4D-E). Important to note is 325 
that the observed percentages of each end-stage cluster in the thoracic aorta are similar to 326 
cluster percentages obtained from our scRNA-seq data (Supplemental Table S5). CD55+ 327 
and CXCL14+ fibroblasts are similarly present between arteries, while the frequency of LOX+ 328 
fibroblasts varies. All clusters show different distributions within the same artery. These data 329 
validate the location, PDGFRA colocalization, frequency and protein expression of key 330 
markers for clusters representing each trajectory using two independent techniques.  331 
 332 
Cardiovascular risk factors differentially regulate fibroblast clusters 333 
We next queried if the inferred trajectories would be involved in cardiovascular disease, 334 
and/or regulated by known CV risk factors. Indeed, we showed that DEGs from all three 335 
trajectories were significantly enriched in genes with a single nucleotide polymorphism 336 
related to coronary artery disease (Supplemental Table S6). Interestingly, mainly DEGs in 337 
CXCL14+ trajectory, showed a highly significant enrichment and the involved DEGs could be 338 
linked to the GO terms of this trajectory, e.g. lipid metabolism and inflammation3, 36. Thus, we 339 
studied if changes in the environment, such as in cardiovascular disease, differentially 340 
affected the most differentiated fibroblast clusters in each trajectory. The cardiovascular risk 341 
factors, ageing and mild dyslipidemia, initiate early vascular changes and predispose to 342 
atherosclerosis, the main cause of cardiovascular disease 37. To assess the response to 343 
these early vascular changes, we used flow cytometry to dissect changes in CD55+, 344 
CXCL14+ and LOX+ fibroblasts between young and aged mice, and between normolipidemic 345 
wildtype mice and low-density lipoprotein receptor deficient (Ldlr KO) mice on a chow diet to 346 
induce mild hypercholesterolemia. Interestingly, fibroblast clusters were differentially altered 347 
upon ageing and lipidemia. Ageing preferentially increased CD55+ PDGFRA+ and CXCL14+ 348 
PDGFRA+ cell fractions, while mild dyslipidemia in Ldlr KO mice only increased the LOX+ 349 
PDGFRA+ cell fraction, representing the fibrosis-associated trajectory (Figure 5A-B 350 
Supplemental Table S7), suggesting the context-dependent importance of the inferred 351 
trajectories in progression of disease.  352 

To interrogate whether these changes have functional relevance, we analyzed 353 
adventitial area, collagen and inflammatory cell accumulation. LOX is mainly involved in 354 
crosslinking immature collagen,38 and analysis of both mature collagen type I presence and 355 
Sirius Red analysis revealed an increase in mature collagen in adventitia from Ldlr KO mice 356 
(Figure 5C and 5E, and Supplemental Figure S8A, respectively). Notably, the arteries in Ldlr 357 
KO or aged mice on chow did not show changes in adventitial area, or the major vascular 358 
cell populations (Figure 5C-E, Supplemental Table S8), or any sign of atherosclerotic plaque 359 
development compared to C57Bl/6J, as expected in only mild hypercholesterolemia and 360 
ageing (Figure 5C-D). Immune cell infiltration did not associate with CD55+ or CXCL14+ 361 
fibroblasts in ageing. Yet, CXCL14+ fibroblasts, also predicted to act in matrix metabolism, 362 
emerged simultaneously as adventitial collagen accumulation in ageing. Hence, the 363 
functional changes coinciding with an increase of LOX+ or CXCL14+ fibroblasts precede 364 
overt inflammatory, vascular disease. 365 
  366 
Atherosclerosis-relevance of murine fibroblast clusters and trajectories 367 

The differential regulation by early vascular changes, prompted us to study the 368 
response of adventitial fibroblast clusters to atherosclerosis using scRNA-seq transcriptomics 369 
of the adventitia in mild and severe hypercholesterolemic Ldlr KO mice. In chow fed mice, 370 
4800 adventitial cells passed quality control and in HCD fed mice, almost 8000 adventitial 371 
cells passed the quality control (Supplemental Tables S1 and S2). All expected major cell 372 
types in adventitia were identified, with sub-clustering of the identified fibroblast population 373 
revealing seven distinct clusters (Figure 6A-B, Supplemental Figure S8B-C). Of note, 374 
fibroblast Ly6a/Sca-1 expression was lower in disease, in line with variation in other datasets 375 
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(Supplemental Table S9). PHATE reduction analysis confirmed the presence of trajectories 376 
equivalent to the original three trajectories in healthy adventitia (Figure 6C). Expression 377 
patterns of Cd55 and Cxcl14 each remained confined to a single fibroblast trajectory (Figure 378 
6C). This was to a lesser extent visible for Lox. Lox was less confined to one trajectory, 379 
although still mutually exclusive from cells expressing Cd55+ Cxcl14+. In line with mRNA 380 
expression patterns, protein expression of markers for all three trajectories were visualized in 381 
PDGFRA fibroblasts of the adventitia underlying advanced murine plaques (Figure 6D). 382 
LOX+ fibroblasts were the least prominent at the protein level in this disease condition. 383 
These data imply a role for LOX+ fibroblasts in very early stages of atherogenesis, rather 384 
than advanced atherosclerosis. 385 

Interestingly, only CD55+ fibroblasts were observed in the atherosclerotic plaque, 386 
indicated by the white arrows, in addition to the adventitial layer (Figure 6D). Intriguingly, this 387 
trajectory (cluster 0 and 6) also highly expressed stem cell marker Sca-1/Ly6a (Figure 6E) 388 
and may represent the most plastic, progenitor-like trajectory. This is in line with our healthy 389 
scRNA-seq dataset, where the equivalent trajectory highly expressed Sca-1/Ly6a. Other 390 
groups have already shown that SCA-1 positive cells have the capacity to contribute to 391 
neointima formation upon vascular injury39, 40, yet it remains to be defined if these cells were 392 
of fibroblast, MC, or other origin. Our data shed new light on a possible role of specific 393 
fibroblast trajectories therein.  394 
 395 
Fibroblast clusters are present in atherosclerotic human vasculature 396 

To address the relevance of our murine fibroblast trajectories in human vasculature, 397 
we used specimens from carotid anastomosis during aortic bypass surgeries and carotid 398 
artery specimens acquired from the opposite side of the culprit plaques during carotid 399 
endarterectomy. Both specimens have the advantage that the adventitia is still attached to 400 
the vessel wall, allowing investigation of the trajectories in very early stage atherosclerotic 401 
human adventitia. Healthy specimens are almost impossible to retrieve the western 402 
population, as even asymptomatic patients present with the earliest signs of intimal 403 
thickening (IT)41. This precludes the use of completely healthy arteries, as we obtained from 404 
mice. Nevertheless, all cluster markers representing the three trajectories could be observed 405 
in the adventitia of both surgical specimens (Figure 7A, Supplemental Figure S9A), ensuring 406 
biological relevance of our identified clusters in human vasculature. In addition, in IT 407 
specimens obtained through autopsy from patients without CV symptoms, clusters could also 408 
be observed in the adventitia (Supplemental Figure 9B). Moreover, spatial location might be 409 
of importance for function. In human intimal thickening sections CD55+ fibroblasts were often 410 
observed on the border of the adventitia and media, while CXCL14+ and LOX+ trajectories 411 
were more observed surrounding the blood vessels in the adventitia.  412 
 To further confirm the presence of trajectories in human vasculature with early signs 413 
of disease, we obtained aorta scRNA-seq data from elderly individuals (median age 62) 414 
including all arterial wall layers19. As these subjects presented with a history of smoking 415 
(n=2), diabetes mellitus (n=1), or hypertension (n=1), aortae morphology is expected to show 416 
early sign of disease. After selection of the fibroblasts in the dataset, we performed PHATE 417 
analysis to assess the presence of trajectories. Also in human aorta with early 418 
atherosclerosis, trajectories could be observed that were transcriptionally divergent, although 419 
to a lesser extent than in young, healthy mouse adventitia (Figure 7B). Our murine cluster 420 
markers were expressed in human aorta fibroblasts, while only CXCL14 was strictly confined 421 
to one human trajectories (Figure 7C). As this is a simplified view based on one marker 422 
gene, we tested if the compete gene set differentially expressed by each murine trajectory 423 
was significantly enriched in human fibroblasts. Important to note is that genes of the murine 424 
trajectories were indeed significantly enriched in the human fibroblasts (Supplemental Table 425 
S10). Together these data support human relevance of the observed fibroblast heterogeneity 426 
in mice. 427 

We additionally confirm presence of the fibroblast clusters in advanced human 428 
atherosclerotic plaques of symptomatic patients undergoing carotid endarterectomy. Protein 429 
expression of each cluster marker was confirmed in adventitial PDGFRA+ fibroblasts, but 430 
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also in the advanced plaque itself (Figure 7D-E) both on the adventitial as well as the luminal 431 
side. Additionally, we correlated differentially expressed genes by murine CD55+, CXCL14+ 432 
and LOX+ fibroblasts (46, 32, and 23 genes, respectively) to human plaque traits21. The traits 433 
were quantified in histology sections adjacent to the segment used for transcriptomics. The 434 
distribution of the individual correlations for all genes in a particular fibroblast cluster is 435 
shown in Figure 7F. Mostly genes of LOX+ fibroblasts were shown to negatively correlate 436 
with detrimental plaque traits, such as plaque size, necrotic core and inflammatory 437 
macrophages (Figure 7F). These data suggest differential regulation and/or functions of 438 
fibroblast clusters representing the trajectories in human atherosclerosis, as we observed in 439 
mice.  440 
 441 
Discussion 442 
In this study, we identified arterial fibroblast cell type marker Pdgfra and Dpep1 as most 443 
robust, and unveiled pseudotime trajectories of CD55+, CXCL14+ and LOX+ fibroblasts on 444 
RNA and protein level across five independent RNA datasets and using histology of five 445 
different murine and human arteries. We provide biological implications of these fibroblast 446 
clusters in disease in mice and humans: 1) CV risk factors and concomitant environmental 447 
triggers drive differential cluster distribution and associate with adventitial fibrosis; 2) Ageing 448 
regulated adventitial CD55+ and CXCl14+ fibroblast expansion, and collagen accumulation; 449 
3) mild hypercholesterolemia stimulated LOX+ fibroblast expansion and adventitial fibrosis 450 
preceding atherosclerosis; 4) Fibroblast trajectories are present in human adventitia and 451 
plaques of symptomatic patients, 5) Fibroblast trajectory genes differentially associated with 452 
human plaque traits and were enriched in GWAS genes, suggesting functional implication in 453 
human disease development. Together, these findings demonstrate a functional role for 454 
adventitial fibroblast trajectories, which could be of interest in disease progression and thus 455 
targeted treatments. 456 
 The identified arterial fibroblast cell type signature is of importance to the field to 457 
accurately distinguish arterial fibroblasts from other vascular cells, as expression of 458 
traditional fibroblast markers (e.g. COL1A1/2, VIMENTIN, CD90, S100-A4, FAP, and DCN) is 459 
generally not restricted to fibroblasts as shown here and by others11. Despite extensive in 460 
silico validation in three other single-cell transcriptomics datasets in healthy vasculature, 461 
protein validation only supported adventitial specificity of PDGFRA and DPEP1 across 462 
vascular beds, whereas LUM, COL14A1, SMOC2, and FBLN1 were additionally expressed 463 
in the media. Presumably, markers are shared with medial smooth muscle cells, in line with 464 
recent identification of LUM as marker for dedifferentiated SMCs in disease13. This is 465 
important information, as LUM has been coined as a fibroblast marker in several single-cell 466 
studies with mouse, primate, and human arteries, yet without proper validation17, 42, 43. 467 
Alternatively, differences in embryonic origin between arteries could explain medial 468 
expression, in line with different embryonic origins of SMC44. The embryonic origin of 469 
adventitial fibroblasts in most arteries is not fully clear but is important to understand 470 
homeostasis and response to injury. Previous work showed that the neural crest was the 471 
origin of coronary artery adventitia44, yet others excluded this origin in ascending aorta and 472 
support second heart field.45 Instead, dedifferentiation of medial SCA-1/LY6A+ SMCs was 473 
shown28, which offers a third explanation of ambiguity of our fibroblast signature. Trans 474 
differentiation between SMCs and fibroblasts in atherosclerosis is seemingly bi-directional13, 475 
46. Our data indeed suggest variation in embryonic origin and/or trans differentiation across 476 
arteries. Whether this also explains variation in trajectory dominance across arteries remains 477 
to be resolved using dual lineage reporter mice. Overall, the adventitial-specific location of 478 
PDGFRA and DPEP1 across arteries and absent medial co-localization of PDGFRA and 479 
SMC marker MYH11 in lineage reporter mice, support specificity of this marker for arterial 480 
fibroblasts across healthy arteries, recommending this marker for future studies. A Pdgfra 481 
lineage tracing mouse would give insight in the location and distribution of fibroblasts healthy 482 
but also diseased adventitia. In atherosclerosis, this would also reveal fate of adventitial 483 
fibroblasts, which is of interest considering evidence of endothelial or smooth muscle cell 484 
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origin of fibroblast-like cells in plaques13, 14. These studies are however beyond the scope of 485 
the current study. 486 

The importance of adventitial cells in vascular pathology has been studied over the 487 
years, specifically focusing on the Ly6aSca-1+ progenitor population as a whole6, 46, as 488 
recently reviewed by Jolly et al.1 This population includes both mesenchymal and immune 489 
progenitors as shown by targeted phenotyping, and by our own data. Using our unbiased 490 
approach to phenotype adventitial mesenchymal cells, we show that the Pdgfra/Dpep1 491 
fibroblast population includes Ly6a/Sca-1+ cells, but also Ly6a/Sca-1 low or negative cells. 492 
Moreover, Ly6a/Sca-1+ fibroblast decrease in presence upon atherosclerosis, which might 493 
be a result of differentiation upon disease induction. On the other hand, we show that 494 
adventitial LY6A/SCA-1+ cells include more than fibroblasts alone. Hence, Ly6a/Sca-1+ cells 495 
do not fully recapitulate PDGFRA+ cells, a concept which is important for interpretation of 496 
results. The CD55+ trajectory cells express high level and frequency of Ly6a/Sca-1 and its 497 
function may thus most closely resemble published reports on adventitial Ly6a/Sca-1+ 498 
progenitor cells.  499 

Biological implications of CD55+, CXCL14+ and LOX+ fibroblasts may be gained from 500 
their differential association and response to experimentally changed cardiovascular risk 501 
factors, i.e. age and serum lipids, and enrichment of genes with a GWAS to CAD. CD55+ 502 
fibroblasts were linked to vascular development and were increased upon aging. In 503 
endometrioid tumor, CD55 was found to be essential in self-renewal47, which would be in line 504 
with our findings of coinciding expression of Sca-1 and CD55+ trajectory. Increasing the 505 
presence of the CD55+ trajectory might induce rejuvenation, through increased plasticity and 506 
potential to adapt to pathogenesis. In addition, CD55 has a role in complement regulation, 507 
and its stimulation may trigger detrimental vascular inflammation. This is in line with 508 
observation in atherosclerosis, where whole-body CD55 deficiency was shown to be 509 
atheroprotective in ApoE KO mice32. As CD55 is one gene of 46, skewing the entire 510 
trajectory would probably not reflect the effect of the single CD55 knock-out. CXCL14+ 511 
trajectory also expanded upon vascular aging. GO terms of the CXCL14+ trajectory included 512 
extracellular matrix organization, and antigen presentation, amongst others. In vascular 513 
ageing, we only observed an association of this trajectory with fibrosis, likely owing to the 514 
four collagen genes in this trajectory (Col4a1, 5a3, 6a3, 15a1). This is in line with a positive 515 
effect on fibrotic gene expression and proliferation of fibroblasts48, and the absent effect of 516 
Cxcl14 KO on immune cell recruitment in homeostasis49. However, upon a stronger pro-517 
inflammatory milieu, like in overt atherosclerosis, this aspect of CXCL14 function may be 518 
important. Indeed, this trajectory was also detected in advanced plaques by histology and 519 
single cell sequencing. In line, Cxcl14 expression was enhanced in mouse primary 520 
macrophages by oxidized LDL, and peptide immune therapy diminished serum CXCL14 521 
levels and murine atherosclerosis50. Although attributed to macrophages so far, conditional 522 
deletion of Cxcl14 using existing Pdgfra- or future Dpep1-Cre models may unveil the effect of 523 
CXCL14+ fibroblasts in atherogenesis. 524 

While CD55+ and CXCL14+ fibroblasts expanded upon vascular aging, expansion of 525 
LOX+ fibroblasts was triggered only by a mild increase in serum cholesterol. The early rise of 526 
LOX+ fibroblasts coinciding with adventitial collagen deposition prior to disease development, 527 
possibly implies a regenerative role for LOX+ fibroblasts to strengthen the vessel upon a lipid 528 
challenge. Higher total LOX protein abundance in plaques was associated with plaque 529 
stability, while, seemingly opposing, Lox mRNA levels predicted the risk of myocardial 530 
infarction.51 Although these effects of LOX have thus far been attributed to SMCs52, future 531 
studies are warranted to challenge this view. Together, we foresee skewing trajectories 532 
towards more favorable subsets through conditional knock-out models, which might have 533 
great relevance for atherogenesis and vascular aging, like the improved balance between 534 
lung myogenic and lipofibroblasts spurring lung fibrosis53. Likewise, dampening pro-535 
inflammatory fibroblasts or promoting matrix-fibroblasts may be beneficial for plaque 536 
progression. An interesting addition to this is that lipid-lowering medications that are 537 
prescribed on a regular basis, e.g. statins, could already influence fibroblast abundance and 538 
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matrix production54. Studies investigating the beneficial lipid-lowering effect vs. the negative 539 
effect on fibroblast presence and functions are warranted. 540 

The current study has some limitations. Current single-cell sequencing technology 541 
has limited sequencing depth and is therefore biased towards genes with high expression 542 
levels. Nevertheless, the resolution at single cell level has already provided new insights in 543 
arterial biology in health and disease, as well as corroborated existing ones 2, 18, 28, 55. 544 
Enrichment of mesenchymal cells yielded sufficiently high fibroblast cell number to reveal 545 
transcriptional regulation of small subsets of cells, which remained obscured in two “atlas” 546 
datasets with smaller fibroblast numbers 17, 18. While their approach had the advantage to 547 
study all cells simultaneously, as well a cell-cell communication, our approach prevents 548 
analysis of cell-cell communication. Moreover, the lack of healthy, human adventitial single 549 
cell sequencing datasets prevents direct comparison of the adventitial fibroblast 550 
transcriptome and subsets between mouse and human. Another limitation pertains to a 551 
causal implication of the observed association between the fibroblast trajectories and human 552 
plaque characteristics. Future studies with conditional depletion of trajectory genes or their 553 
master regulators in Pdgfra+/Dpep1+ fibroblasts would give us insight how targeted 554 
elimination of fibroblast trajectories would impact atherogenesis.  555 

 In conclusion, PDGFRA specifically marks arterial fibroblasts across arterial beds, 556 
with CD55+, CXCL14+ and LOX+ fibroblasts showing differential association to human 557 
cardiovascular disease and response to cardiovascular risk factors. Together, these new 558 
insights will aid to determine the role of fibroblasts in disease progression and future targeted 559 
treatment plans. 560 
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Figure legends 594 
Figure 1. Single-cell RNA sequencing reveals fibroblast transcriptional signature for 595 
healthy murine aortic adventitia  596 
A. T-distributed stochastic neighbour embedding (t-SNE) plot of single cell sequencing data 597 
derived from CD45-/ICAM2-/PDGFRβ+ adventitial cells from pool of 9 young C57Bl6 mice. 598 
B. Mitochondrial signature of fibroblasts and mural cells (MC) post-filtering, C. Ribosomal 599 
signature of fibroblasts and MC post-filtering, D. Expression of mural cell (MC) markers 600 
(Myh11, Acta2, Tgln, Cnn1), and E. traditional fibroblast markers (Col1α1, Col1α2, Ly6a, 601 
Mmp2) projected on tSNE plot from figure 1D shows cell type annotation, F. Heatmap of 602 
differentially expressed genes (DEGs) in fibroblasts and MC. Immunohistochemical staining 603 
of SMC marker Tgln (red) with traditional fibroblast markers (green) in mouse, G. Vimentin 604 
(VIM), H. CD90 and I. human aorta (VIM) J. Violin plots of twelve genes differentially 605 
expressed in fibroblasts compared to mural cells (MC). 606 
 607 
Figure 2. Validation of fibroblast signature across multiple vascular beds  608 
Representative immunohistochemical staining of proposed fibroblast markers, A. Platelet 609 
derived growth factor alpha (PDGFRA), B. Dipeptidase 1 (DPEP1), C. Collagen 14 alpha 1 610 
(COL14A1), D. Lumican (LUM), E. Sparc-related modular calcium binding 2 (SMOC2), and 611 
F. Fibulin 1 (FBLN1), in healthy murine C57BL/6J Aortic roots (AR), Brachiocephalic artery 612 
(BCA), Ascending aorta (Asc.A), Thoracic aorta (Th.A), Abdominal aorta (Abd.A) and Carotid 613 
artery (CA) n=10). Nuclei in blue, fibroblast makers in green. L, indicates Lumen, M indicates 614 
Media, and A indicates Adventitia. G. PDGFRA+ frequencies of live CD45-/CDH5+/TAGLN+ 615 
adventitial cells across C57BL/6J arteries (thoracic aorta (Th.A), Abdominal aorta (Abd.A), 616 
Brachiocephalic artery (BCA), Carotid artery (CA), and Femoral artery (FA)), analyzed by 617 
flow cytometry (n=4 pools of 5 mice each, 20 mice total). Statistical analysis was performed 618 
using Kruskal-Wallis test, with Dunn’s post-hoc test (G). Results are shown as mean ± SEM. 619 
* p<0.05 vs Th. A. 620 
 621 
Figure 3. Trajectory analysis shows distinct phenotypes of fibroblasts in healthy 622 
murine adventitia 623 
A. tSNE plot of fibroblasts originating from figure 1D. B. PHATE pseudotime trajectory 624 
analysis of fibroblasts from figure 1D depicting twelve clusters differentiating along several 625 
trajectory paths. C. RNA velocity analysis on PHATE data from figure 3B, arrows are 626 
indicating directionality. D. Data was validated by PHATE analysis on an independent 627 
dataset from Gu et al.18 (840 cells from healthy murine adventitia) showing three trajectories. 628 
E. Feature plots show expression of three differentially expressed genes in trajectories from 629 
Gu dataset on Gu PHATE map, and their expression in three trajectories of the PHATE map 630 
of our dataset (van Kuijk), F. Dot plot of the gene ontology (GO) terms from the most 631 
differentiated clusters (F4, F7, F9) representing each trajectory 1-3 respectively with most 632 
relevant GO terms in bold. 633 
 634 
Figure 4. Fibroblast clusters representing three trajectories can be identified on 635 
transcriptional and protein level in healthy murine adventitia 636 
A. Projection of clusters markers representing the three trajectories Cd55, Cxcl14 and Lox on 637 
PHATE plot from figure 3A, B. Immunohistochemical staining of CD55, CXCL14 and LOX in 638 
aortic roots of healthy C57Bl/6J mice (n=10). Pan-fibroblast marker PDGFRA in green and 639 
fibroblast trajectory markers in red. Yellow areas indicate double-positive cells for PDGFRA 640 
and cluster- marker (marked with arrows in 63X magnification). L, indicates Lumen, M 641 
indicates Media, A indicates Adventitia. C. Quantification of double positive cells for each 642 
cluster in aortic roots of figure 4B. D. Flow cytometry gating strategy of each fibroblast 643 
cluster. E. Fibroblast clusters in adventitia of Thoracic aorta (Th.A), Abdominal aorta (Ab.A), 644 
Brachiocephalic artery (BCA), Carotid artery (CA), and Femoral artery (FA) assessed by flow 645 
cytometry in 4 pools of 5 mice, 20 mice in total. Statistical analyses were performed using 646 
one-way ANOVA with Bonferroni post-hoc test (C) or two-way ANOVA with Tukey post-hoc 647 
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test (E). All results show mean ± SEM. * p<0.05, ** P<0.01, or *** P<0.001 vs. CD55+ 648 
fibroblasts in same artery; # P<0.05 or ### P<0.001 vs. same cluster in Th. A.  649 
 650 
 651 
Figure 5. Fibroblast clusters representing three trajectories are differentially regulated 652 
upon cardiovascular risk factors 653 
A. Flow cytometry analysis of fibroblast clusters representing three trajectories in thoracic 654 
aorta adventitia from young or aged C57BL/6J mice, 12 or 72 weeks old respectively. (N=4 655 
pools of young mice, 9 mice per pool (36 mice total) vs. N=3 pools of aged mice, 4-5 mice 656 
per pools (14 mice total), respectively). Data are depicted as mean ± SEM. B. Flow 657 
cytometry analysis of fibroblast clusters representing trajectories in adventitia from low 658 
density lipoprotein receptor knock-out (Ldlr KO) mice on chow diet vs. healthy C57BL/6J 659 
mice. (N=3 pools, 4 mice per pool (12 mice total) vs. N=3 pools, 6 mice per pool (18 mice 660 
total), respectively). Data are depicted as mean ± SEM. C. Representative images of 661 
Collagen type I, D. MAC3 immunohistochemical stainings, and E. quantification of adventitial 662 
area, collagen type I and MAC3+ cells in adventitia of young, Ldlr KO and aged mice (11, 10, 663 
and 9 mice per group, respectively). Positive cells or area are observed in brown, nuclei in 664 
blue. Statistical analyses were performed using two-way ANOVA (A-B) or one-way ANOVA 665 
(E), with Bonferroni post-hoc test. All results show mean ± SEM. **p<0.0032, ****p<0.0001, 666 
##p<0.0060, ###p<0.0006.  667 
 668 
Figure 6. Fibroblast cluster markers representing three trajectories are still observed 669 
in atherosclerosis, while LOX+ fibroblasts reduced in presence 670 
A. Unsupervised clustering of single-cell sequencing data from Ldlr KO mice on chow or 16 671 
weeks of high cholesterol diet (HCD). Results are visualized by Uniform Manifold 672 
Approximation and Projection (UMAP), colors represent individual clusters, B. PHATE 673 
visualization of fibroblasts originating from the dataset in Figure 6A, colors represent 674 
individual clusters. C. Cluster markers projected on fibroblast PHATE plot of figure 6B, 675 
representing trajectory 1 using Cd55, trajectory 2 using Cxcl14, and trajectory 3 using Lox. D. 676 
Protein expression of each cluster marker visualized by immunohistochemistry in aortic roots 677 
from Ldlr KO mice after 16 weeks high cholesterol diet. Pan-fibroblast marker in green and 678 
fibroblast cluster markers in red. Yellow areas indicate double-positive cells for pan fibroblast 679 
and cluster marker (Marked with arrows). L, indicates Lumen, P indicates Plaque, A indicates 680 
Adventitia. E. Sca-1/Ly6a mRNA expression visualized on PHATE map, originating from 681 
Figure 6B, depicting fibroblast clusters. 682 
 683 
Figure 7. Fibroblast trajectories correlate differentially to human atherosclerotic 684 
plaque phenotype 685 
A. Immunohistochemical stainings of CD55+fibroblasts, CXCL14+fibroblasts, and 686 
LOX+fibroblasts representing trajectory 1-3 respectively in human intimal thickening 687 
specimens collected through autopsy, accompanied with corresponding H&E, Pan-fibroblast 688 
marker in green and fibroblast trajectory markers in red. Yellow areas indicate double-689 
positive cells for pan fibroblast and cluster marker. M indicates Media, A indicates Adventitia. 690 
B. PHATE analysis of fibroblasts in scRNA-seq dataset by Li et al. 19. showing four clusters. 691 
C. Fibroblast cluster markers representing the trajectories from mouse scRNA-seq data 692 
extrapolated to feature plots of human control data. Immunohistochemical stainings of 693 
CD55+fibroblasts, CXCL14+fibroblasts, and LOX+ fibroblasts representing trajectory 1-3 694 
respectively in advanced human atherosclerotic plaques, showing the adventitial side (D) 695 
and the luminal side (E), accompanied by the corresponding H&E. Pan-fibroblast marker in 696 
green and fibroblast trajectory markers in red. Yellow areas indicate double-positive cells for 697 
pan fibroblast and cluster marker. M, indicates Media, P indicates Plaque, A indicates 698 
Adventitia. F. Violin plots depicting correlations of all genes differentially expressed by each 699 
fibroblast trajectory with plaque traits in 43 human carotid plaque segments. Significant violin 700 
plots (p < 0.05) were denoted with a black border. Significance was assessed by positive and 701 
negative correlations and the unbalance thereof, which was defined as the sum of positive 702 
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correlations minus the sum of absolute values of negative correlations. Furthermore, 703 
correlation skewness was compared between trajectory genes and a random gene set 704 
containing a similar number of genes. The permutation test was performed 100,000 times 705 
and the p-value is the frequency of the random gene sets that have higher correlation 706 
skewness than the trajectory gene set.  707 
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Supplemental Tables 

Supplemental Table S1. Cell counts after quality control as indicated in CellRanger 
software 

Parameter C57BL/6J (#) Ldlr KO, chow (#) Ldlr KO, 16 weeks 
HCD (#) 

Estimated number 
of cells 

5,701 4,822 7,989 

Mean reads/cell 87,456 63,948 47,390 

Median genes/cell 2,490 2,359 1,640 

Median UMI 
counts/cell 

7,169 6,794 3,545 
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Supplemental Table S2. Sequencing parameters for 10X Genomics samples 

Sequencing C57BL/6J 
(%) 

Ldlr KO, 
chow (%) 

Ldlr KO, 16 
weeks HCD 

(%) 

Valid barcodes 98.4 96.0 

 

95.8 

Reads mapped confidently to 
transcriptome 

66.9 51.6 

 

44.4 

 

Reads mapped confidently to exonic 
regions 

69.3 56.0 

 

48.5 

 

Reads mapped confidently to intronic 
regions 

15.1 30.8 

 

36.0 

 

Reads mapped confidently to 
intergenic regions 

2.8 4.3 

 

5.0 

 

Sequencing saturation 85.4 69.0 65.0 
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Supplemental Table S3. Expression of markers macrophages, endothelial cells, 
neurons and adipocytes in C57BL/6J scRNA-seq dataset 

Markers Cells with 
detected 

expression (%) 

Cd68 (Macrophages) 0.25 

Pecam1 (Endothelial cells) 6.13 

Rbfox3 (Neurons) 1.45 

Adipoq (Adipocytes) 0.50 
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Supplemental Table S4. Differentially expressed genes (DEGs) in each individual core 
cluster compared to the other core clusters (F1 vs. F5 vs. F8) 

F1 vs. F5 & F8 signature  F5 vs. F1 & F8 signature  F8 vs. F1 & F5 signature 

Pla1a Cxcl12 Mfap4 

Gm12840 Gdf10 Col8a1 

Ifi205 Steap4 Cilp 

Sult1e1 Nrp1 Eln 

Lrrn4cl Ccl11 Angptl1 

Ifi204 Clec11a Fxyd6 

Wt1 
 

Itgbl1 

Cotl1 
 

Aspn 

Efemp1 
 

Sfrp1 

  
Lox 

  
Tgfb3 

  
Cpxm2 

  
Pdgfrl 

  
Wisp2 

  
C1qtnf2 

  
Fgl2 

  
Avpr1a 

  
Pcsk5 

  
Pmepa1 

  
Fibin 

  
Dkk2 

  
Hmcn2 

  
Crispld2 

  
Cpe 

  
Cdkn1c 
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Supplemental Table S5. Fibroblast cluster proportions represented as the percentages 
of the total population of fibroblast. 

Cluster 
F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 

Proportion 
(%) 

16.54 9.26 8.73 3.83 17.21 5.27 3.75 10.60 8.59 3.02 3.24 9.96 
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Supplemental Table S6. Enrichment of differentially expressed genes of each trajectory 
in GWAS for coronary artery disease (CAD) expressed as p-value. 

GWAS CAD  p-value Intersected genes 

CD55+ Trajectory (F1234) 3.5*10-2 IL6R 

CXCL14+ Trajectory (F567) 
<5*10-6 LPL, LOXL1, WT1, 

SERPINH1, COL6A3 

LOX+ Trajectory (F89) 2*10-3 TMEM204, GEM, ZEB2 
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Supplemental Table S7. Blood cholesterol levels of young C57BL/6J mice, aged 
C57BL/6J mice and Ldlr KO mice on chow diet or high cholesterol diet for 16 weeks 

Mouse model  Diet 
Cholesterol levels 

(mmol/L) 

C57BL/6J (N=36) Chow (8 wks old) 1.30±0.55 

C57BL/6J (N=14) Chow (72 wks old) 1.28±0.62 

Ldlr KO (N=11) Chow 4.10±2.25 

Ldlr KO (N=13) 16 weeks high cholesterol diet 14.23±8.33 
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Supplemental Table S8. Adventitial cell populations of Ldlr KO mice on chow diet vs. 
normolipidemic C57BL/6J mice, proportional to relevant populations measured by flow 
cytometry. Values are represented as average from 3 pools, consisting of 3-6 mice. 

Mouse 
model  

Endothelial 
cells  

(% of living) 

Immune cells  
(% of living,  

VE-cadherin-) 

Smooth muscle 
cells  

(% of living, VE-
cadherin-,CD45-) 

Fibroblasts 
(% of living, VE-

cadherin-,CD45-) 

Other  
(% of living) 

C57BL/6J 
(N=36) 

0.2 1.2 3.0 31.0 64.6 

Ldlr KO 
(N=11) 

0.8 0.8 3.8 26.5 68.1 
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Supplemental Table S9. Percentages of Ly6a/Sca-1 expressing fibroblasts in single 
cell sequencing datasets used in the current manuscript. 

Data 

 

Publication 
% of fibroblasts expressing 

Ly6a/Sca-1 

Healthy C57BL/6J  This manuscript 94.8 

Ldlr KO (Chow) This manuscript 92.9 

Ldlr KO (HCD) This manuscript 59.3 

C57BL/6J  Gu et al. 2019 ATVB 86.0 

C57Bl/6 Dobnikar et al. 2018 Nature 
Communications 

43.6 
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Supplemental Table S10. Enrichment of murine trajectory-specific genes in human 
fibroblast population originating from dataset by Li et al.  

Trajectory  -10log(p-value) 

CD55+ Trajectory (F1234) 2.17 

CXCL14+ Trajectory (F567) 15.32 

LOX+ Trajectory (F89) 21.24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 
 

Supplemental figure S1. Fibroblast characterization using single cell sequencing. A. Diagram 
depicting study approach from tissue isolation from healthy C57Bl/6J mice and further processing, B. 
Selection of living DAPI- cells (64.3%) from pooled adventitial samples of 8 male mice C. Flow cytometry 
gating strategy for selection of CD45-, ICAM2- cells from DAPI- cells (9.7% of living) from figure 1B for 

scRNA-seq, D. Top ten GO-term analysis of cellular processes of fibroblasts, or E. MCs. F. Dot plot of 
marker specificity in healthy murine adventitia (G)56 , and healthy media (D) 57, G. Marker validation in 
mesenchymal and fibroblasts from single cell expression data of Tabula Muris consortium 58. Annotation 
of cell types in F and G is according to the original paper. 
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Supplemental figure S2. Expression traditional fibroblast markers not restricted to fibroblasts or 
mesenchymal cells. A. Expression of traditional fibroblast markers in Gu dataset56 and Dobnikar 
dataset57, B. Expression of traditional fibroblast markers in spleen and bone marrow from Tabula 
Muris58. Annotation of cell types is according to the original papers.56-58 C-D. Flow cytometry gating 
strategy and quantification of Ly6a/Sca-1 positivity in all vascular wall cell types, originating from thoracic 
aorta adventitia (N=4 groups, 7 young C57Bl6/J mice per group, total 28 mice). All results show mean 
± SEM.   
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Supplemental Figure S3. Negative controls, immunohistochemical analysis of CCL11 in healthy 
C57BL/6J aortic roots, PDGFRA in Myh11-reporter mice and MYH11 in Pdgfra-reporter mice. A. 
Negative controls for immunohistochemical stainings of fibroblast signature markers, B. Murine aortic 
root immunohistochemically stained for Ccl11. Adventitia indicated by A, Media by M and Lumen by L., 
C. Positive control, murine dermis, with Ccl11 expression in green. D. PDGFRA expression in myosin 
heavy chain 11 (MYH11) reporter brachiocephalic artery. E. MYH11 expression in aortic root of Pdgfrα-
TdTomato reporter. Myh11 in red, Pdgfrα in green, co-colaozaition (yellow) is absent. A indicates 
adventitia, M indicates media, and L indicates lumen.  
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Supplemental figure S4. Expression of proliferation markers, mitochondrial genes or ribosomal 
genes absent in fibroblasts. A. Ly6a/Sca-1 expression projected on PHATE plot of Figure 3A, B. 
PHATE dimensionality reduction on total dataset including fibroblasts and SMCs, C. Ki67 expression 
projected on PHATE plot of Figure 3B, D. Expression of proliferation markers Cdk1, Cdk2 and Cenpf 
projected on PHATE plot of Figure 3B, E. Proportion of mitochondrial genes among the twelve fibroblast 
clusters, F. Proportion of ribosomal genes among the twelve fibroblast clusters, G. Monocle pseudotime 
projection on each PHATE plot from figure 3B. 
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Supplemental figure S5. Gene signatures for the different core clusters per differentiation 
trajectory. A. Differential expression of signature for F1 vs F5+F8 in clusters F2, F3, F4 , and to a lesser 
extent F10 and F11, suggest these originate from F1, B. Differential expression of F5 vs F1+F8 signature 
in clusters F6, F7 and F12, C. Differential expression of F8 vs F5+F1 signature in population F9 
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Supplemental Figure 6. Heatmaps depicting gene expression of trajectory specific markers. 
Heatmap for differentially expressed genes of trajectory 1 in A, trajectory 2 in B and trajectory 3 in C. 
Criteria included expression of genes in >70% of cells in end-cluster of each trajectory and <35% of 
remaining cells. 
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Supplemental Figure 7. Markers representing differentiated clusters presence in multiple 
vascular beds A. Immunohistochemical analysis of markers representing differentiated clusters for 
each trajectory in abdominal aorta, carotid artery and brachiocephalic artery (BCA), B. Quantification of 
co-localization of trajectory markers CD55, CXCL14 and LOX with PDGFRA in adventitia of healthy 
C57BL/6J brachiocephalic arteries. All results show mean ± SEM. 
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Supplemental Figure S8. Single cell sequencing of adventitia Ldlr KO mice A. Sirius red staining 
in adventitia of healthy C57BL/6J and Ldlr KO BCA. Red represents mature collagen, while teal presents 
the least mature collagen. B. Heatmap for cell annotation of single cell sequencing data, originating from 
Ldlr KO mice on chow and high cholesterol diet for 16 weeks, B. Annotation of fibroblasts in Ldlr KO 
single cell sequencing dataset making use of fibroblast-specific markers identified in Figure 2A. 
Visualization in UMAP. Statistical analyses were performed using two-way ANOVA with Bonferroni post-
hoc test (A). All results show mean ± SEM **p<0.015 
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Supplemental Figure 9. Fibroblast trajectories in human specimens. 
A. Immunohistochemical stainings of CD55+fibroblasts, CXCL14+fibroblasts, and LOX+ fibroblasts 
representing trajectory 1-3 respectively in specimens from carotid anastomosis during aortic bypass 
surgeries, B. Trajectory presence in human carotid adventitia, obtained from the opposite side of the 
culprit plaques during carotid endarterectomy, with corresponding H&E. Overlap between PDGFRA and 
trajectory markers is shown in yellow. 
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Legend Supplemental Video S1 
Dissection of adventitia of the thoracic aorta (ranging from the aortic root until the diaphragm), 
which was carefully microscopically dissociated from the underlaying medial layer. 
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Supplemental Methods 
 
Flow cytometry and cell sorting 
Adventitia of the thoracic aorta (ranging from the aortic root until the diaphragm (Supplemental 
Video S1)) was carefully microscopically dissociated from the underlaying medial layer and 
collected in ice-cold PBS. Adventitial tissue of C57BL/6J or Ldlr KO mice was enzymatically 
digested for 15 minutes at 37°C using collagenase B (0.00284g/ml, Sigma 110088807001), 
pronase (0.01g/ml, Sigma 10165921001) and DNAse (0.1mg/ml, Roche 11284932001). This 
enzymatic cocktail ensures optimal isolation of mesenchymal cells59. Tissue was filtered 
through a 70µM strainer and subjected to red blood cell lysis (8.4g NH4CL + 0.84g NaHCO3 in 
1 liter H2O, pH 7.2-7.4). Living, DAPI-negative, mesenchymal cells were sorted as CD45 
negative (BioLegend, 103114), and ICAM2 negative cells (BioLegend, 400526) on FACS Aria 
III for scRNA-seq in case of 8 week old C57BL/6J mice or living, DAPI-negative, cells for Ldlr 
KO mice.  

Cells isolated from adventitia originating from either young C57BL/6J mice (8 weeks, male), 
aged C57BL/6J mice (72 weeks, male), Ldlr KO mice on chow or high cholesterol diet for 16 
weeks were used for protein validation using flow cytometry (FACS canto II). After FC receptor 
blocking (15246827, Thermofisher) were stained with the following antibodies: CD45 
(Biolegend, 103154), Cdh5/VE-cadherin (Invitrogen, 53-1441-82 or eBioscience 46-1441-82), 
Transgelin (Novus biologicals, NBP2-47689PCP or NBP2-47689AF488), Platelet derived 
growth factor alpha (PDGFRA) (BD Pharmingen, 562774), Sca-1/Ly6a (eBioscience 61-5981-
82), CD55 (Biolegend, 131804), CXCL14 (Abcam, ab264467) and Lysyl oxidase (LOX) (Novus 
biologicals, NB-100-2527AF647), live/dead fixable cell stain (Invitrogen, L34957). In case of 
CXCL14, the antibody was labelled using a PE/Cy7 conjugation kit (Abcam, ab102903). For 
intracellular stainings (Transgelin, CXCL14 and LOX), fix & perm cell permeabilization kit was 
used (Invitrogen, GAS004). Data analysis was performed with BD FACS Diva software. 

Single-cell sequencing  
After cell count number and viability check with trypan blue (>85%), a total of ~16.000 
adventitial CD45-/ICAM2- cells from healthy 8 weeks old, male C57BL/6J mice were loaded 
on a chromium single-cell controller using V2 reagent kit (10X Genomics). In case of Ldlr KO, 
a total of ~15.000 cells were loaded using V2 reagent kit (10X Genomics). Samples were 
loaded approximately 4 hours after tissue isolation. Libraries of cDNA were synthesized as 
suggested by 10X genomics and used to create sequencing libraries. In short, in reaction 
vesicles (gel beads in emulsion, GEMs), cells were lysed and barcoded oligonucleotides 
reverse transcribed before clean-up and cDNA amplification. The Chromium Single-Cell 3' 
Library Kit was then used to generate indexed sequencing libraries. Sequencing was 
performed on Illumina HiSeq4000. In case of C57BL/6J, 5701 cells were yielded with ~87,000 
reads per cell and for Ldlr KO, 4800 cells were yielded after chow diet and ~8000 cells after 
HCD, with 63,000 and 47,390 reads per cell respectively (Supplemental Tables 1-2).  

Immunohistochemical stainings 
Murine tissue was fixed in 1% paraformaldehyde overnight, paraffin-embedded, and serially 
sectioned (4µm). For stainings, only sections that had mature media (determined by elastin 
fiber presence) were used. Tissue was deparaffinized using Xylene and rehydrated using an 
alcohol gradient (100-50% in dH2O). Antigen retrieval was performed using low pH EnVision 
Dako target retrieval solution (Dako K800521-2), followed by blocking in 10% normal swine 
serum (Dako, X0901) in tris buffered saline (TBS). Immunohistochemical detection of the 
following antigens was performed: SMOC2 (Biorbyt, orb525072), COL14A1 (Novus 
biologicals, NBP2-15940), mouse PDGFRA (R&D, BAF1062), human PDGFRA (R&D, AF-
307-NA), FBLN1 (Human Protein Atlas, HPA001613), LUMICAN (Abcam, ab168348), CCL11 
(R&D, AF-420-NA), DPEP1 (Abcam, ab121308), MAC3 (Becton Dickinson), CD55 
(ThermoFisher, PA5-78991), mouse CXCL14 (Abcam, ab13741), human CXCL14 
(Proteintech, 10468-1-AP), LOX (Novus Biologicals, NB100-2527), Collagen type I (Abcam, 
ab21286), Vimentin (Abcam ab92547), CD90 (Biolegend 105307), and total collagen 
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(Picosirius red, Polyscience 09400). Rabbit host primary antibodies were detected with a swine 
anti-rabbit secondary antibody (Dako, E0431), goat host primary antibodies were detected with 
a rabbit anti-goat secondary antibody (Dako, E046601-2), followed by signal amplification 
using Vectastain-ABC (Vector, AK-5000). Visualization was performed with 3,3’-
diaminobenzidine (DAB, Agilent K346811-2) for single stains, while double stains were 
visualized with Vector Red/Blue (Vector, SK5100/5300). Pseudo-fluorescent images were 
created and adventitial co-localization quantified using the Nuance Multispectral Imaging 
System or Fiji. Quantification of adventitial area (Defined as the area where medial elastin 
fibers end and the width is roughly similar to the width of the media), collagen 1 content (% 
adventitial area), and MAC3 (n/mm2 adventitia) was done on images scanned with the 
Histotech P1000 scanner and analyzed with Qupath (v0.2.0-m8), while Sirius red was 
quantified on 20X images using Leica Qwin software. Representative images were selected 
based on the mean value of the corresponding analysis. Please see the Major Resources 
Table in the Supplemental Materials for additional details on antibodies. 

Human sample analysis  
Human tissue collection was part of the Maastricht Pathology Tissue Collection (MPTC) and 
further storage and use of the tissue was in line with the Dutch Code for Proper Secondary 
use of Human Tissue and the local Medical Ethical Committee (protocol number 16-4-181). 
This code (https://www.federa.org/codes-conduct) entails an opt-out arrangement and hence 
tissues were not used in case of objection. The applicability of this code for this study was 
approved by the Maastricht University hospital (MUMC) local Medical Ethical Committees. 
Human studies conducted by Li et al.60 and Wirka et al.61 are approved by Institutional Review 
Board at Baylor College of Medicine and Stanford University Institutional Review Board, 
respectively, and follow the guidelines of the Declaration of Helsinki. Written informed consent 
was provided by all participants or the organ donors’ legal representatives before enrollment. 
Formalin-fixed, paraffin-embedded (FFPE) carotid arteries were collected at autopsy (n=10), 
or from patients undergoing carotid endarterectomy (CEA) (n=63 plaques, 43 patients), 
opposite the plaque (n=10), or at carotid anastomosis during aorta bypass surgery (n=10). 
5mm-segments were alternated with frozen segments for histology and RNA isolation in case 
of CEA. A total of 43 plaque segments were collected from 23 symptomatic patients 
undergoing CEA in the Maastricht Human Plaque Study (MaasHPS) were used for further 
microarray analysis. Library preparation, RNA extraction, data processing, normalization and 
additional information concerning plaque traits have been described in great detail elsewhere62, 

63.  

Quantification and Statistical analysis 
Single-cell sequencing analysis C57BL/6J mice 
The 10X Cell Ranger pipeline (v2.1.1) was used to perform alignment of raw sequencing reads 
to the mouse reference genome (mm10), filtering, barcode, and unique molecular identifiers 
(UMI) counting. Generated filtered expression matrices were subsequently used for additional 
quality control and subsequent analysis using the Seurat (v2.3) R package64. Initial quality 
control was performed by removing low quality cells found to express less than 1500 genes, 
those with a UMI count greater 15,000, or those with more than 15% of reads aligning to 
mitochondrial genes (mito%, 654 cells removed in total). Global data normalization was then 
performed using the Normalize Data method64, which normalizes gene expression in individual 
cells based on the total gene expression, followed by multiplying by a factor of 10,000, and 
transforming the data by loge. Data was then scaled using the ScaleData method64 and 
dimensionality reduction was performed using principal component analysis (PCA). PCA was 
carried out using the most variable genes in the dataset, identified by the FindVariableGenes 
method64 selecting genes with a log variance to mean ratio (VMR) greater than 0.1. The 
appropriate number of principal components to be used for graph-based clustering and t-
distributed stochastic neighbour embedding (tSNE) construction was determined by choosing 
the principal component (PC) after which the standard deviation of subsequent PCs remained 
approximately constant. Cluster identification was performed using the FindClusters method64 
using PCA as the chosen method of dimension reduction. Identified clusters were then 
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visualized on a tSNE plot constructed using the appropriate number of PCs. Clusters found to 
have a low proportion of cells expressing Pdgfrb or containing cells positive epithelial markers 
(Krt19, Lgals7, and Cd82) were removed from the dataset prior to re-clustering as described 
above (639 cells in total). Identified clusters were categorized based on their marker gene 
expression as either being smooth muscle (672 cells positive for Myh11, Acta2, Tagln, Cnn1) 
or fibroblast-like (3736 cells positive for Col1a1, Col1A2, Ly6a, Mmp2). Differential gene 
expression analysis compared smooth muscle cells to fibroblasts cells using the 
FindAllMarkers command 64. Only genes expressed in a minimum of 33% of cells in the given 
cell type, with a minimum loge fold change (logFC) in expression of 0.25, and with a difference 
in the fraction of positive cells between groups of at least 33%. Significantly differentially 
expressed markers were identified by the Wilcoxon rank sum test as having a Bonferroni 
adjusted P value <0.05. The top 20 markers based on logFC from each cell type were used 
for heatmap construction. Cell type markers were similar with mito% <10% and <15%. 

Following sub-setting of data to contain only fibroblast-like cells, PHATE dimension reduction65 
was performed using the most variable genes in the fibroblast dataset. Highly variable genes 
were selected with an average expression (quantified as normalized ln(UMI+1)) between 0.05 
and 4 and with a log VMR between 0.075 and 10. Cluster identification within the fibroblast 
dataset was performed using the FindClusters method 64 with PHATE65 used as the dimension 
reduction method. Identified clusters were then visualized on the PHATE plot using the DimPlot 
command 64. Markers from each fibroblast cluster were identified using the FindAllMarkers 
method 64 selecting genes only expressed in at least 25% of cells within the given cluster and 
with a logFC in expression threshold of at least 0.2. Comparative scRNA-seq datasets were 
imported directly as filtered count matrices and processed in accordance with the methods 
from the accompanying publications18,28,30,56. 

Single-cell sequencing analysis Ldlr KO mice 
Filtered count matrices were generated using the 10X CellRanger V3.0.2 pipeline using the 
standard GRCh38-3.0.0 genome reference downloaded from 10X genomics (10X Genomics, 
Pleasanton, USA). The R package scater was used to perform cell filtering quality control on 
individual datasets 66. Cells with a UMI count exceeding 3 median absolute deviations (MADs) 
from the median UMI value were excluded from downstream analysis. Similarly, cells with a 
total gene count less than 200 genes or with a high proportion of reads originating from 
mitochondrial genes (>4MADs) were also excluded. Prior to combining the two datasets, data 
normalisaton was performed using the MultiBatchNormalisation method 67. Mitochondrial and 
ribosomal genes were excluded from the 2000 highly variable genes identified using the 
FindVariableFeatures function and the ‘vst’ selection method in Seurat V3.2.3 68. Following 
scaling of data, principal component analysis was performed using the previously identified list 
of highly variable genes. Clustering of cells was performed using the standard 
‘FindNeighbours’ and ‘FindClusters’ methods including the first 12 principal components 68. 
Clustered data was then visualised in two dimensions using the Manifold Approximation and 
Projection (UMAP) method calculated using the ‘RunUMAP’ command 68. Differential gene 
expression analysis was performed using the ‘FindAllMarkers’ method selecting markers 
expressed in at least 30% of cells in the corresponding cluster and with a minimum log fold 
change in expression of 0.3 compared to the remainder of the dataset. Count data from cells 
belonging to the identified fibroblast cluster was extracted to further explore fibroblast 
heterogeneity using the same processing steps described above. Contaminating schwann and 
mesothelial cells were excluded from further analysis of fibroblast heterogeneity. PHATE 
reduction analysis was performed as described below 69. Published datasets were reanalysed 
per published methods56, 57, 60, 61, 70, 71. 
 
Cell signature scores 
Cell signature scores were calculated as the scaled geometric mean of the expression of 
selected marker genes within each cell. All gene names within the dataset beginning with ‘Mt’ 
were included for generating the mitochondrial signature. All gene names beginning with ‘Rpl’ 
or ‘Rps’ within the dataset were included for calculating the ribosomal signature.  
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Pseudotime and RNA velocity analysis 
Pseudotime cellular trajectories were calculated with the Monocle package (v2.10.1)72. 
Subsets of fibroblast cells were first produced based on the localization of clusters within the 
branches of the previously generated PHATE plot. The FindMarkers method64 was then used 
to identify markers of clusters localizing at the beginning and end of each PHATE branch. 
Marker genes with the highest logFC in expression were subsequently used for dimensionality 
reduction of data to two dimensions using the reduceDimension method72. Pseudotime values 
were then calculated using the orderCells command applying default Monocle parameters72. 
Following scaling from 0 to 1, pseudotime values were subsequently mapped onto the 
corresponding cells on the previously generated PHATE plots. Directionality of cellular 
transitions were inferred by calculating the RNA velocity of individual cells using the velocyto 
R package73. Reads were identified as mapping to either intronic or exonic sequences using 
the DropEst pipeline 74 utilising the previously generated binary alignment files from the Cell 
Ranger pipeline. Velocyto was then used to calculate RNA velocity using KNN pooling with 
Kcells = 25 and gamma fit performed using the full range of cellular expression magnitudes.  
RNA velocity vectors were then superimposed onto the previously generated PHATE plot. 
 
Functional analysis using gene ontology (GO) terminology 

Functional enrichment analysis was performed using G:profiler75. A ranked list of the 
differentially expressed genes per end cluster was used as input. To increase the interpretative 
value, the size of the functional category range was set from 5 to 750. Electronic GO 
annotations were disabled and the size of query/term intersection was set to 3 to increase the 
reliability 76. The top-10 Go biological process terms per cluster were selected and plotted on 
an excel bubble chart where the diameter of the node represents the -log10(p-Value). 

Enrichment analysis using hypergeometric testing 

The DEGs from the full trajectories (F1, F2, F3, F4, n = 216; F5, F6, F7, n = 235; F8, F9, n = 

317) were intersected with 1) GWAS CAD-associated genes, and 2) human aorta fibroblast 

DEGs from the study of Li et al60. For this, a total of 329 CAD-associated genes were retrieved 

from the GWAS association file (v1.0, 2021-12-07; downloaded from the GWAS Catalog77 

website: https://www.ebi.ac.uk/gwas/) by searching the key word “coronary” in the term 

“disease/trait”. In addition, for each of the four human aorta fibroblast clusters reported by Li 

et al., we downloaded the top 20 DEGs from the original paper60 and combined them as a 

comprehensive fibroblast gene set. Hypergeometric testing was used to evaluate the statistical 

significance of the overlap genes between trajectory genes and CAD or fibroblast genes. 

Mouse genes were converted to human genes by biomaRt R package (v2.50.1)78. 

Data availability 
Data are deposited in a repository (GSE196395),and may be inspected on a web-based 
interface (Plaqview.com)79. Count matrices and code are available upon reasonable request. 
 
Statistical analysis 
For human samples, correlations between genes and clinical traits were calculated using 
Pearson’s Correlation Coefficient. Only pairwise complete observations were included if 
missing values were contained in traits. Student P-value was calculated based on the 
correlations and sample size. Normality of the data was assessed through D’Agostino-Pearson 
omnibus normality test and potential outliers were identified through the ROUT method. For 
mice flow cytometry analysis and Sirius red quantification, an ordinary two-way ANOVA was 
performed, followed by Tukey’s multiple comparisons test. For immunohistochemistry 
analyses, depending on number of groups unpaired T-test with Welch’s correction or one-way 
ANOVA was used, followed by Bonferroni’s multiple comparisons test. Statistical testing was 
done using Graphpad Prism 7.0. 
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