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Abstract 25 

Rationale- Accumulation of mononuclear phagocytes (monocytes, macrophages and dendritic 26 

cells) in the vessel wall is a hallmark of atherosclerosis. Although single-cell RNA-sequencing 27 

(scRNA-seq) has shed new light on immune cell transcriptional diversity in atherosclerosis, it 28 

is still unknown whether the transcriptional states of mononuclear phagocytes are conserved 29 

between mouse and human atherosclerosis. 30 

Objective- To integrate and compare macrophage and dendritic cell transcriptomes in mouse 31 

and human atherosclerosis. 32 

Methods and results- We integrated 12 scRNA-seq datasets of immune cells isolated from 33 

healthy or atherosclerotic mouse aortas, and scRNA-seq data from 11 patients (n=4 coronary 34 

vessels, n=7 carotid endarterectomy specimens) from two independent studies. Integration of 35 

mouse data recovered previously described macrophage populations and identified novel 36 

subpopulations with discrete transcriptomic signatures within populations of aortic resident 37 

(Lyve1), inflammatory (Il1b), as well as foamy (Trem2hi) macrophages. We identified unique 38 

transcriptomic features distinguishing aortic intimal resident macrophages from 39 

atherosclerosis-associated Trem2hi macrophages. Also, populations of Xcr1+ type 1 classical 40 

dendritic cells (cDC1), Cd209a+ cDC2 and mature DCs (Ccr7, Fscn1) were detected. In 41 

humans, we uncovered macrophage and dendritic cell populations with gene expression 42 

patterns similar to those observed in mice in both vascular beds. In particular, core transcripts 43 

of the foamy/Trem2hi signature (TREM2, SPP1, GPNMB, CD9) mapped to a specific 44 

population of macrophages in human lesions. Cross-species data integration demonstrated 45 

transcriptionally proximal macrophage and dendritic cell populations in mice and humans.  46 

Conclusions- We demonstrate conserved transcriptomics features of macrophages and 47 

dendritic cells in atherosclerosis in mice and humans, emphasizing the relevance of mouse 48 

models to study mononuclear phagocytes in atherosclerosis.  49 
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Introduction 51 

Atherosclerosis is a chronic disease of the arterial wall characterized by chronic lipid 52 

accumulation and inflammation in the vascular intima, and its main clinical manifestations, 53 

myocardial infarction and ischemic stroke, together constitute the most frequent cause of death 54 

worldwide (1). Many adaptive and innate immune cell types have  been proposed to contribute 55 

to vascular inflammation and atherosclerosis (2), and accumulation of macrophages and lipid-56 

laden macrophage foam cells are hallmarks of atherosclerotic lesions (3). As lesional 57 

macrophages perform both atheroprotective (e.g. efferocytosis, lipid clearance) and 58 

atherogenic (inflammatory cytokine secretion, proteolysis) functions, it has long been assumed 59 

that functionally distinct macrophage subsets populate atherosclerotic vessels. Recent studies 60 

employing single-cell RNA-sequencing (scRNA-seq) analyses of the vascular immune cell 61 

infiltrate have shed new light on macrophage diversity in atherosclerosis (4), (5). 62 

In mice, several independent scRNA-seq studies have evaluated the transcriptomic identity of 63 

aortic macrophages in experimental models of atherosclerosis (6-11), and identified 64 

heterogeneous disease-associated macrophage populations, with non-foamy macrophages 65 

characterized by a pro-inflammatory gene expression profile (Inflammatory macrophages), 66 

and lipid-laden foamy macrophages showing low expression of inflammatory genes, high 67 

expression of the myeloid receptor Trem2 and of a set of genes involved in lipid metabolism 68 

or lysosome function (foamy/Trem2hi macrophages)(10, 11). We in addition have described 69 

macrophages with features of adventitial resident cells (Lyve1 expression  (12, 13)) in control 70 

and atherosclerotic aortas (Resident/Resident-like macrophages) (6). Macrophages with a 71 

strong type I interferon response signature, similar to interferon inducible cells (IFNICs) found 72 

in the ischemic heart (14), were also observed in atherosclerotic aortas (7), (9). A recent study, 73 

combining scRNA-seq analyses, fate mapping and imaging experiments, furthermore 74 

demonstrated the existence of a self-renewing aortic intimal resident macrophage (Mac-AIR) 75 

population in the normal mouse aorta, characterized by the expression of CD11c, MHCII and 76 

a specific transcriptomic signature (15). First available data in humans suggest that 77 

macrophages with distinct transcriptional states are also found in atherosclerotic vessels (16), 78 

(17), (18).  79 

As mouse models of atherosclerosis are widely employed to decipher the pathogenesis of 80 

atherosclerosis, and to perform pre-clinical investigations of new potential therapeutic targets 81 

(19), it is critical to determine whether macrophage transcriptional states in atherosclerotic 82 

vessels are conserved across mouse models of atherosclerosis and whether the 83 

transcriptional states of macrophages in mouse atherosclerosis are of relevance to human 84 

disease. Recently developed computational tools allow integration of scRNA-seq data across 85 

independent studies, technological platforms, and species (20, 21), thus providing an 86 
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unprecedented opportunity to compare cellular states across experimental conditions, and 87 

from animal disease models to cells directly obtained from diseased tissue from patients (22). 88 

Here, we performed a computational integration of scRNA-seq data of immune cells from 89 

independent studies investigating mouse models of atherosclerosis and human atherosclerotic 90 

plaque tissue, using the data integration features of the Seurat v3 package (20). Our work 91 

shows conserved transcriptomic features of macrophages in atherosclerosis across mouse 92 

models and identifies novel putative atherosclerosis-associated macrophage subpopulations. 93 

We also observed conserved dendritic cell populations in mouse and human atherosclerotic 94 

tissue. We further provide evidence that major features of macrophage states observed in 95 

mouse atherosclerosis are conserved in human lesions, emphasizing the relevance of mouse 96 

models to study macrophage biology in atherosclerosis. 97 
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Methods 99 

Using 12 distinct mouse scRNA-seq datasets from 6 studies (6-9, 23), (15) (Supplementary 100 

Table 1), and 3 human scRNA-seq datasets from two studies (17, 24), we performed three 101 

integrated analyses (Figure S IA-C): (i) integration of all mouse data, (ii) integration of human 102 

mononuclear phagocyte data, and (iii) integration of mouse and human mononuclear 103 

phagocyte data. Deposited cell-gene count matrixes were analyzed in Seurat (20), where all 104 

datasets were first pre-processed individually for quality control filtering, selection of relevant 105 

cells for further analysis, and assignment of metadata information (e.g. species, protocol, 106 

patient) (Supplementary Table 1, Figure SI). To identify the sex of mice used in some studies 107 

where this information was unavailable (9), we interrogated the expression of X chromosome 108 

(Xist) or Y chromosome specific transcripts (Ddx3y, Uty, Eif2s3y) (Figure S ID). Most studies 109 

employed male mice, except Apoe-/- studies by Winkels et al. that used females (8), while Lin 110 

et al. (9) employed male mice for the atheroprogression and female mice for the 111 

atheroregression studies (Figure SID, Supplementary Table 1). Integration was performed 112 

using Seurat v3 (20), essentially according to the “Standard Workflow” protocol provided by 113 

the authors (https://satijalab.org/seurat/v3.1/integration.html). The code used for analysis will 114 

be provided as R notebooks. We have mostly limited data interpretation to qualitative aspects 115 

of cell transcriptional states and did not interpret quantitative changes (e.g. proportion of 116 

certain types of macrophages) beyond their presence/absence across experimental conditions 117 

or species. This is based on limitations of the individual studies, including lack of experimental 118 

replicates (mouse studies were performed with n=1 scRNA-seq run per condition), low number 119 

of patients and very low number of cells analyzed in some patients, as well as the poorly 120 

controllable differences in cell type recovery by tissue digestion and cell processing methods 121 

between studies. Overlapping marker gene lists shared between human macrophage clusters 122 

and their putative mouse counterparts were identified using InteractiVenn (25). 123 
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Results  125 

Integrated analysis of mouse aortic immune cells scRNA-seq datasets  126 

The integrated analysis of mouse aortic leukocyte datasets from different models of 127 

atherosclerosis and experimental conditions (Table 1, Figure S I) allowed us to analyze a final 128 

number of 22,852 cells (Figure 1A, B). We identified macrophages and dendritic cells based 129 

on the expression of canonical markers such as Adgre1 (encoding F4/80), Fcgr1 (encoding 130 

CD64) and Itgax (encoding CD11c) (Figure 1C). Several populations of T (Cd3d), B (Cd79a), 131 

Cytotoxic/NK cells (Nkg7) and neutrophils (S100a8, S100a9) could be discerned. A cluster 132 

resembling type 2 Innate Lymphoid Cells (ILC2) (Il1rl1, Gata3) was identified, possibly also 133 

containing mast cells and basophils (Cpa3, Calca) (Figure S IIA). We had previously identified 134 

these cells as mixed/mast cells in (6). A cluster of non-leukocytic cells was also found, 135 

originating from the scRNA-seq analysis of intimal BODIPY+ foam cells, which included lipid 136 

rich intimal cells of both immune and non-immune origin (7).  137 

Subpopulations of Resident/Resident-like and Inflammatory macrophages in atherosclerotic 138 

aortas 139 

Focusing our analysis on mononuclear phagocytes, we then performed clustering of cells 140 

corresponding to monocytes, macrophages, dendritic cells and proliferating cells at higher 141 

resolution to identify potential sub-populations within macrophages and dendritic cells (Figure 142 

1D). Resident/Resident-like macrophages (Lyve1, Timd4, Mrc1, Pf4) (Figure 1D-F)  could be 143 

divided into two clusters, one of which showed higher expression of Cd209d, Cd209f and 144 

Cd209g (Res-Cd209) (Figure 1D-F), corresponding to Cd209+ resident macrophages 145 

identified by Cole et al. (26). Macrophages corresponding to previously described 146 

‘Inflammatory Mφ’ also comprised two clusters: Inflammatory-Nlrp3 macrophages displayed 147 

high Nlrp3, Il1b or Kdm6b expression, while a second subset of CCR2+MHCII+ macrophages 148 

expressed Ccr2, MHCII encoding transcripts (Cd74, H2-Aa, H2-Eb1) and was enriched for 149 

Tmem176a and Tmem176b (Figure 1D-F). Proliferating cells could be delineated into S-phase 150 

and G2M-phase cells by applying cell cycle scoring in Seurat (20) (Figure 1D, Figure S IIB). 151 

In addition to major macrophage subsets, we observed populations consistent with a previous 152 

integrative analysis (5), including cells with a gene expression profile characteristic of small 153 

peritoneal macrophages (SPM/Cavity cluster: Itgax+Cd226+Ccr2+MHCII+) (5), type I interferon 154 

response cells (IFNIC cluster: Isg15, Oasl2), and monocytes expressing genes characteristic 155 

of Ly6Chi (Ly6c2, Chil3, Ccr2) and Ly6Clow (Ace, Treml4) subsets (28) (Figure 1D and F). 156 

Immediate early genes (IEGs) expression can be induced in mononuclear phagocytes during 157 

tissue digestion and processing (27). Based on the expression of 18 IEGs, we applied an IEG 158 

expression score to macrophages and dendritic cells, and cells with the highest score mapped 159 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 10, 2020. ; https://doi.org/10.1101/2020.12.09.417535doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.09.417535
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 
 

to the ‘inflammatory Mφ’ clusters (Figure SII C). However, stress-induced gene expression is 160 

unlikely to have caused a major bias in our analysis, as cell clustering was not substantially 161 

affected by regressing out variability caused by expression of immediate early genes (Figure 162 

SII D-F). 163 

Subpopulations of Trem2hi macrophages and aortic intimal resident macrophages 164 

We identified two clusters enriched for genes characteristic of the foamy/Trem2hi signature 165 

(10), (5): Trem2, Spp1, Cd9, Itgax (Figure 1D-F). The first population was further enriched for 166 

transcripts such as Slamf9, Ch25h and Cd72 (Trem2hi-Slamf9, Figure 1D and F). The second 167 

population (Trem2hi-Gpnmb) was enriched for Gpnmb, Atp6v0d2 and transcripts characteristic 168 

of a foamy signature and TREM2-reponse genes (29), (30) (Lpl, Lipa, Fabp5, Apoc1, Apoe) 169 

(Figure 1D and F). Consistent with previous analyses (6),(7) and recent observations in Apoe-170 

/-Cx3cr1GFPCd11cYFP mice (31), foamy/Trem2hi macrophages were enriched for Itgax (CD11c) 171 

(Figure 1C and F). Most intimal BODIPY+ foam cells of the immune lineage from Apoe-/- mice 172 

(7) mapped to UMAP coordinates corresponding to foamy/Trem2hi macrophage clusters 173 

(Figure 1B). 174 

Aortic intimal resident macrophages (Mac-AIR) have recently been described to populate the 175 

vascular intimal niche in the normal aorta and present a specific transcriptomic signature (15). 176 

Monocytes infiltrating the intima under atherogenic conditions have furthermore been 177 

proposed to acquire transcriptomic features resembling those of Mac-AIR, and to further 178 

upregulate lipid-metabolism related and TREM2-response associated transcripts (15), (30). To 179 

define the relationship of Mac-AIR with both Trem2hi populations, we first identified Mac-AIR in 180 

scRNA-seq data from healthy C57BL/6 aortas (15), and examined their position on the 181 

integrated data UMAP (Figure 2A). Mac-AIR from healthy aortas mapped mostly to the Trem2-182 

Gpnmb (79 out of 107 cells, i.e. 73.8%) and the Trem2-Slamf9 (23/107 cells, 21.5%) clusters 183 

(Figure 2A), in line with previous observations that Mac-AIR and intimal foamy macrophages 184 

are transcriptionally proximal (15). Mac-AIR mapped to an area of the UMAP characterized by 185 

high expression of MHCII-encoding transcripts (e.g. Cd74, H2-Ab1, H2-Eb1 Figure 1E), 186 

consistent with MHCII expression by Mac-AIR (15). When clustering the integrated 187 

mononuclear phagocyte data using a higher resolution parameter in Seurat (20), we could 188 

identify an independent cluster mapping to Mac-AIR coordinates (‘Mac-AIR Signature’ cluster, 189 

Figure 2B). We analyzed differentially expressed genes between this ‘Mac-AIR Signature’ 190 

cluster, the Trem2hi-Gpnmb cluster, and the Trem2hi-Slamf9 cluster. Expectedly, Mac-AIR 191 

where enriched for MHCII encoding transcripts, but also for other genes e.g. Vcam1 and Hes1 192 

(Figure 2C). Relative to Mac-AIR and Trem2hi-Gpnmb, the Trem2hi-Slamf9 cluster was 193 

enriched for Nes, Cd72, Ch25h, and inflammatory markers (Tnfsf9, Il1b) (Figure 2C), although 194 

these were expressed at lower levels than in bona fide pro-inflammatory macrophages (Figure 195 
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1F, and not shown). Trem2hi-Gpnmb had a specific signature including e.g. Il7r, Psap and 196 

Fabp5 (Figure 2C). Importantly, Mac-AIR expressed lower levels of Trem2, Spp1 and Cd9 197 

(Figure 2D), transcripts generally associated with the disease-associated “Trem2hi” signature 198 

in atherosclerosis (5),(6) and other diseases (30).  Mac-AIR and Trem2hi-Gpnmb, but not 199 

Trem2hi-Slamf9, expressed Acp5 (Figure 2D). A similar signature was obtained when 200 

comparing only Mac-AIR from healthy C57 aortas (15) versus the Trem2hi-Gpnmb and 201 

Trem2hi-Slamf9 populations (not shown).  202 

We then analyzed the presence of Trem2hi-Gpnmb and Trem2hi-Slamf9 and Mac-AIR clusters 203 

across datasets (Figure 2E) and calculated their relative abundance among total mononuclear 204 

phagocytes in control and atherosclerotic aortas (Figure 2F, not all datasets were considered, 205 

see Figure 2 legend).  Trem2hi-Gpnmb macrophages represented 1% or less of all 206 

mononuclear phagocytes in control aortas, and 4.6% to 21.6% in atherosclerotic arteries. 207 

Trem2hi-Slamf9 cells represented 5-10% of all mononuclear phagocytes both in control and 208 

atherogenic conditions. Mac-AIR represented less than 6% of all aortic mononuclear 209 

phagocytes in all the conditions (Figure 2F). While these analyses are statistically limited given 210 

the low number of replicates and low cell numbers in some datasets, they nevertheless clearly 211 

confirm that Trem2hi-Gpnmb macrophages with a foamy macrophage gene expression 212 

signature are induced by atherogenic conditions. 213 

Trem2hi-Gpnmb, Trem2hi-Slamf9, and Mac-AIR were predominant in the intimal foam cell 214 

dataset from Kim et al. (7) in the integrated analysis (Figure 2E), representing 38%, 14% and 215 

9% of mononuclear phagocytes, respectively. Analysis of this dataset alone recovered three 216 

macrophage populations with expression signatures reminiscent of Mac-AIR (Acp5, Cd74, 217 

Mmp12, Gngt2), Trem2hi-Gpnmb (Gpnmb, Fabp5, Cstb, Psap), and Trem2hi-Slamf9 (Slamf9, 218 

Cd72, Cd14, Ch25h) macrophages (Figure SIIIA-B), further indicating that Trem2hi-219 

Gpnmb,Trem2hi-Slamf9 and Mac-AIR contribute to intimal foamy macrophages. 220 

Altogether, this integrated analysis shows that atherosclerosis-associated macrophage 221 

transcriptional states are conserved across experimental mouse models of atherosclerosis, 222 

and that discrete subpopulations exist within the main aortic macrophage subtypes. We further 223 

confirm that Mac-AIR that reside in the normal mouse intima share transcriptional similarities 224 

with Foamy/Trem2hi macrophages but express higher levels of transcripts encoding MHCII, 225 

express lower levels of Trem2, and do not express a specific set of transcripts characteristic 226 

of the disease-associated Foamy/Trem2hi signature. 227 

Aortic macrophage subsets in angiotensin-II induced vascular inflammation 228 

To investigate whether similar macrophage states could be observed in a distinct context of 229 

aortic inflammation, we integrated the mononuclear phagocyte data (Figure 1D) from 230 
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atherosclerosis studies with recently generated data in a model of angiotensin II-induced aortic 231 

inflammation also characterized by extensive macrophage infiltration and activation (32). All 232 

the mononuclear phagocyte population observed in atherosclerotic aortas were recovered in 233 

the aortic adventitia in the Angiotensin-II inflammation model (Figure S IVA-C). While pro-234 

inflammatory CCR2+MHCII+ macrophages (also enriched for Tmem176a/Tmem176b, Figure 235 

S IVC)) dominated in this model (726 out of 2932 cells, 24.76%), we observed a prominent 236 

population of Trem2hi-Gpnmb cells (196 cells, 6.68%), indicating that these cells are also 237 

present during aortic inflammation in hyperlipidemia-independent models (Figure S IVA-C). 238 

Integrated analysis of aortic dendritic cells in mouse atherosclerosis 239 

We identified cells corresponding to monocyte-derived DCs and/or cDC2 (MoDC/cDC2: 240 

Cd209a, Clec10a, Ifitm1, Napsa), cDC1 (Xcr1+Clec9a+), and Fscn1+Ccr7+ mature DCs (Figure 241 

1D, Figure S VA). We had previously identified the MoDC/cDC2 cluster as potential monocyte-242 

derived dendritic cells based on the expression of Cd209a (33), and intermediate expression 243 

of monocytic markers (Ccr2, Csf1r) (6). However, a recent report indicates that in inflammatory 244 

conditions, cDC2 can acquire an “inflammatory-cDC2” state with surface CD64 expression, 245 

that can be discriminated from monocyte-derived cells by expression of CD26 (encoded by 246 

Dpp4) and absence of expression of CD88 (encoded by C5ar1) (34). Recent work further 247 

suggests that CD88 can aptly discriminate monocyte/macrophages from dendritic cells in mice 248 

and humans (35). In atherosclerotic aortas, the MoDC/cDC2 cluster expressed Dpp4 (CD26) 249 

but not C5ar1 (CD88) (Figure S VB), suggesting that these cells likely represent bona fide 250 

cDC2. Recently, Fscn1+Ccr7+ “mature DCs enriched in immunoregulatory molecules” (mReg-251 

DC) have been described in mouse and human lung cancer (36). We analyzed whether 252 

Fscn1+Ccr7+ mature DCs from atherosclerotic aortas share features with this mReg-DC 253 

transcriptomic signature. Compared to cDC1 and cDC2 populations, aortic mature 254 

Fscn1+Ccr7+  DCs were clearly enriched for several genes characteristic of the mReg-DC 255 

signature, such as Il4i1, Cd274, Tnfrsf4, or Ccl22, and transcripts encoding co-stimulatory 256 

molecules (Cd40, Cd80, Cd86) (Figure S VA). 257 

Integrated analysis of human macrophages in atherosclerosis uncovers three major 258 

macrophage populations 259 

To gain further insight into the transcriptional state of macrophages in human atherosclerosis, 260 

we integrated scRNA-seq data from Fernandez et al. investigating carotid endarterectomy 261 

specimens (24), and Wirka et al. analyzing atherosclerotic coronary arteries from explanted 262 

hearts of transplant recipients (17). Data from Fernandez et al.(24) were obtained from batch 263 

corrected gene expression matrices, as provided by the authors, of 1 lesion analyzed by CITE-264 

seq (Fernandez_CITE, n=254 cells), and plaques from 6 patients analyzed by scRNA-seq (4 265 
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asymptomatic patients: ASYM1 to 4, and 2 symptomatic patients: SYM1 and 2; n= 746 total 266 

cells), (Figure SI). Wirka et al. reported significant batch effects across patients (17), so that 267 

cells from each patient were considered as independent samples (referred to as Wirka_1 to 268 

Wirka_4) in computational integration analyses (Figure SI). Data from Wirka et al.(17) 269 

contained not only immune cells but all vascular cell types, so that we first identified 270 

mononuclear phagocytes (expressing e.g. CD14, CD68, CSF1R, C1QA, CD52), and extracted 271 

the corresponding data for further integration.  272 

A total of 2,890 cells were included in the integrated analysis, and 10 clusters were recovered 273 

(Figure 3A). Macrophages were identified based on the expression of markers such as CD68, 274 

C1QA and C5AR1 (Figure 3B). Differential gene expression analyses across clusters 275 

identified 3 major human (h) macrophage populations: hInflammatory-Mφ (CD74, HLA-DRB1), 276 

putative hFoamy-Mφ (APOC1, APOE, FABP5, FABP4), and hLYVE1-Mφ (LYVE1, LGMN, 277 

MARCO) (Figure 3A and C). Additional minor populations were characterized by expression 278 

of e.g. C3, JUN and CCL4 (hC3-Mφ) and Type I IFN response macrophages (hIFNIC-Mφ 279 

cluster; ISG15, IFI6, MX1). In addition, cells corresponding to monocytes (hMonocytes: VCAN, 280 

CD52, S100A8, S100A9, LYZ)(37), were readily observed. Other minor clusters of proliferating 281 

cells (hProlif cluster: TUBB, H2AFZ, STMN1) and B cells (hB_cell cluster: MZB1, JCHAIN) 282 

were also observed (Figure 3A and C).  283 

We could also recover cDC1 (hcDC1: CLEC9A, IRF8, IDO1) and cDC2 (hcDC2: CLEC10A, 284 

FCER1A, CD1C) (38) populations (Figure 3A-B). No cluster of mature DCs was readily 285 

observable, but we recovered a population of DCs with some features of the mature/mReg-286 

DC signature (CCL17, CCL19, MARCKSL1, IDO1) when manually gating FSCN1+CCR7+ cells 287 

(n=9 cells) within total DCs (Figure S VC and D). Although these results need to be cautiously 288 

interpreted given the low number of cells analyzed, they suggest that dendritic cell populations 289 

proximal to those observed in mice populate human atherosclerosis.   290 

The number of analyzed cells per patient ranged from n=2 (patient SYM2 from ref.(24)) to 1053 291 

(patient 3 from (17)) (Figure 3D). Proportions of cell clusters varied greatly across patients 292 

(Figure 3E), which may reflect the well-known heterogeneity of plaque composition and 293 

morphology in patients (39-41) and difficulty in retrieving cells from human atherosclerotic 294 

tissues, and stresses the need for additional studies including more patients and cells. Low 295 

number of cells in some patients (ASYM1, SYM2) precludes interpretation of cluster repartition 296 

in these samples (Figure 3E). All the clusters were present in both vascular beds (Figure 3E). 297 

Gene expression patterns within the three main human macrophage populations 298 

(hInflammatory-Mφ, hFoamy-Mφ and hLYVE1-Mφ) clearly suggested proximity to the major 299 

mouse aortic macrophage subsets we previously identified (6). Thus, we next performed 300 
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differential gene expression analysis specifically within the 3 main human macrophage 301 

clusters, namely hInflammatory-Mφ, hFoamy-Mφ and hLYVE1-Mφ, and examined overlap with 302 

marker genes of mouse aortic Inflammatory, foamy/Trem2hi and resident/resident-like 303 

macrophages. This revealed that besides MHCII encoding genes (CD74), hInflammatory-Mφ 304 

were enriched in inflammatory cytokines (CXCL2, CCL3, CCL4, IL1B), receptors 305 

(CLEC4E)(42) and transcriptional regulators (IER3, NFKBIA, NR4A2) similarly found in mouse 306 

Inflammatory-Mφ. hFoamy-Mφ showed an enrichment in markers characteristic of mouse 307 

foamy/Trem2hi macrophages (TREM2, CD9, GPNMB, SPP1, CTSL, LIPA, ACP5), and 308 

hLYVE1-Mφ expressed genes associated with mouse resident/resident-like macrophages 309 

(LYVE1, CD163, SEPP1, FOLR2, F13A1, MRC1, VSIG4) (Figure 3F).  310 

To further evaluate the similarity between macrophage clusters observed in human and mouse 311 

atherosclerosis, we performed gene ontology enrichment (GO) analyses, which revealed 312 

enrichment in similar biological processes, cellular components or molecular functions 313 

(Supplementary Excel file). In particular, hFoamy-Mφ and mouse foamy/Trem2hi 314 

macrophages were enriched for putative functions related to lipid metabolism (e.g. biological 315 

process GO terms: lipid catabolic process, lipid storage, cellular response to lipoprotein particle 316 

stimulus), and similar molecular functions (e.g. molecular function GO terms: fatty acid binding, 317 

lipase activity, antioxidant activity, low-density lipoprotein particle binding) (Supplementary 318 

Excel file). 319 

Cross species integration reveals conserved macrophage transcriptional states in mouse and 320 

human atherosclerosis 321 

To further investigate the proximity of the transcriptional states of mouse to human 322 

macrophages in atherosclerosis, we performed cross-species integration of scRNA-seq data. 323 

Mouse gene symbols were converted to their human homologs using the BioMart-Ensembl 324 

database. Mouse datasets were pre-processed to identify and extract cells corresponding to 325 

mononuclear phagocytes (macrophages, monocytes, dendritic cells), and integrated with the 326 

human data. After integration in Seurat v3 and dimensional reduction, clustering analysis 327 

generated 10 clusters (Figure 4A), with a clear mouse to human overlap (Figure 4B). By 328 

identifying and annotating cell clusters based on the characteristic gene expression patterns 329 

identified in the integrated human data and based on the mouse homologues in the integrated 330 

mouse data, we could readily recover integrated (int) Inflammatory macrophages (int-331 

Inflammatory-Mφ: CD83, CCRL2, IFRD1), int-Res/Res-like-Mφ (LYVE1, FOLR2, F13A1), int-332 

Foamy/TREM2hi-Mφ (GPNMB, CD9, SPP1, FABP5), int-MoDC/cDC2 (NAPSA, KLRD1), int-333 

Monocytes (PLAC8, MSRB1, THBS1), int-IFNIC-Mφ (IRF7, ISG15), int-FSCN1/CCR7-DCs, 334 

and int-XCR1/IRF8-cDC1 (Figure 4C). All clusters contained both mouse and human cells 335 

(Figure 4B). This suggests that cDC1, cDC2, mature DCs, classical monocytes, and 336 
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macrophages observed in mouse atherosclerotic aortas are also found within human lesions, 337 

and that macrophages that populate human lesions display transcriptional states proximal to 338 

the major mouse aortic macrophage subsets (Resident/Resident-like, Inflammatory, 339 

Foamy/Trem2hi, IFNIC).  340 

We further mapped the UMAP-embeddings and clustering characteristics of the cellular states 341 

defined in the human data (see Figure 3A) to the mouse/human integrated data (Figure 4A). 342 

Overall, the major human macrophage subtypes mapped to the expected integrated clusters 343 

(Figure 4D and E). hInflammatory-Mφ mapped mostly to int-Inflammatory-Mφ (64%), hFoamy-344 

Mφ mapped to int-Foamy/TREM2hi-Mφ (63%), hIFNIC-Mφ to int-IFNIC-Mφ (69%), hLYVE1-345 

Mφ to int-Res/Res-like-Mφ (73%) hMonocytes to int-Monocytes (80%), and hC3+-Mφ to int-346 

Inflammatory-Mφ (86%) (Figure 4E). However, we did not observe a full overlap between 347 

human and integrated clusters (e.g. 17% of hInflammatory-Mφ mapped to int-348 

Foamy/TREM2hi-Mφ), which could be attributed to macrophages with intermediate 349 

transcriptional profiles between two polarized states, and loss of information due to inclusion 350 

of only those genes with unambiguous human-to-mouse homologs in the cross-species 351 

integrated analysis. This was also particularly clear for other cell populations, such as human 352 

cDC2, which mapped almost equally to int-MoDC/cDC2 (46%) and int-Inflammatory-Mφ 353 

(39%). This can be explained by shared enrichment for inflammatory markers (e.g. IL1B, 354 

SOCS3), and specific markers of human cDC2 not being conserved (CD1C) or showing a 355 

wider/distinct expression patterns (FCER1A, CLEC10A) in mice. Altogether, this cross-species 356 

integration analysis substantiates the notion that macrophages with similar transcriptional 357 

states populate human and mouse atherosclerotic lesions. 358 

359 
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Discussion 360 

We here show that major macrophage and dendritic cell transcriptional states are conserved 361 

across widely employed mouse models of atherosclerosis, and that human lesions are 362 

populated by mononuclear phagocytes displaying transcriptional states resembling those 363 

found in mouse atherosclerosis. We provide two layers of evidence for this conclusion: (i) 364 

integrated analysis of human lesion scRNA-seq data from two independent studies recovered 365 

macrophage and dendritic cell states highly proximal to those observed in mice and (ii) direct 366 

cross-species data integration showed a strong overlap between mouse and human 367 

mononuclear phagocyte states.  368 

Accumulation of macrophage foam cells in the intima is instrumental to lesion development. 369 

Macrophages reminiscent of the foamy/Trem2hi macrophage state were observed across 370 

mouse models of atherosclerosis and in human lesions. Mononuclear phagocytes with a 371 

transcriptional signature proximal to the foamy/Trem2hi macrophage state found in 372 

atherosclerosis have been observed in mouse models of neurodegenerative disease (disease 373 

associated microglia, DAM (43)), demyelinating disease (44), non-alcoholic steatohepatitis 374 

(NAM: NASH associated macrophages) (45), metabolic-associated fatty liver disease (46), 375 

liver fibrosis (SAM: scar associated macrophages) (47), and diet-induced obesity (LAM: lipid-376 

associated macrophages) (48). In the diseased liver and adipose tissue, features of this 377 

transcriptomic state were similar in mice and humans, with many transcriptomic or cell surface 378 

markers such as TREM2, SPP1 or CD9 (45, 47), (46) being conserved across species. The 379 

situation seems more complex in neurodegeneration-associated microglia as the characteristic 380 

DAM signature was not readily detected in single-nucleus RNA-seq (snRNA-seq) analysis of 381 

human neurodegenerative brain samples (49). However, this observation might be due to 382 

technical issues, as characteristic genes of the DAM signature such as APOE or SPP1 were 383 

poorly detected in single-nucleus compared to single-cell RNA-seq (50). This technical 384 

limitation, if further confirmed, needs to be taken into consideration in future snRNA-seq 385 

analyses of atherosclerotic samples.  386 

LAM, DAM and atherosclerosis-associated foamy/Trem2hi macrophages share expression of 387 

a set of genes with enrichment in lipid metabolism pathways (48), suggesting that similar 388 

mechanisms related to lipid loading may drive acquisition of this macrophage state. 389 

Nevertheless, further analyses will be required to determine the fine tissue- and species-390 

specific particularities of these macrophages. Evidence from neurodegenerative disease 391 

models indicate that acquisition of the DAM state may depend on Apoe (51), which raised the 392 

possibility that acquisition of the foamy/Trem2hi macrophage state might differ between the 393 

most widely employed mouse models of atherosclerosis, i.e Ldlr-/- and Apoe-/- mice. However, 394 

consistent with previous reports (6, 7), our integrated analysis indicates that Apoe expression 395 
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appears dispensable for the acquisition of the foamy/Trem2hi macrophage state in mouse 396 

arteries. Fully elucidating the impact of the mouse genotype on macrophage states will require 397 

more suitable experimental designs including biological replicates and differential gene 398 

expression in the absence of overt batch correction, e.g. by employing single-cell multiplexing 399 

technologies such as cell hashing (52) or MULTI-Seq (53). Recently, we identified Trem2hi 400 

macrophages in the ischemic mouse heart sharing gene expression similarities with the 401 

LAM/DAM/foamy signature (28), and two reports identified Trem2 enriched 402 

immunosuppressive macrophages in tumor models (54), (55), indicating that part of this 403 

transcriptional signature may not only be related to pathological lipid loading, but rather more 404 

generally induced in contexts of tissue damage. Our observation that macrophages with a 405 

Trem2hi signature populate the aorta in the context of Angiotensin-II mediated inflammation 406 

corroborates this notion. Major transcriptional hubs involved in regulation of lipid homeostasis 407 

such as the liver-X-receptor (LXR) pathway are activated also in response to efferocytosis of 408 

dead cells (56), raising the possibility that macrophages with high efferocytic activity may also 409 

acquire a foamy/Trem2hi gene expression signature. 410 

By analyzing a large number of mouse macrophages in our integrated approach, we could 411 

identify discrete subpopulations within foamy/Trem2hi macrophages, including recently 412 

identified aortic intimal resident macrophages (MAC-AIR) (15). We furthermore identified two 413 

subsets we termed Trem2hi-Slamf9 and Trem2hi-Gpnmb. Analysis of gene expression patterns 414 

is in line with the notion that MAC-AIR present a gene expression signature specific to the 415 

vascular intimal niche that is acquired by infiltrating monocytes, and that lesion-associated 416 

foamy macrophages further attain the expression of a disease specific gene signature (15). 417 

Importantly, canonical markers of this signature (Trem2, Spp1) appeared to have a low 418 

expression in MAC-AIR. While strong recovery of these three clusters in single-cell data from 419 

aortic intimal foamy cells (7) and recent fate-mapping and imaging analysis (15) clearly 420 

suggest that these populations populate the intima, their precise localization within the complex 421 

morphology of arteries remains to be further defined. Likewise, while Williams et al. have 422 

identified MAC-AIR as self-renewing resident macrophages seeded by monocytes during the 423 

perinatal period (15), the ontogeny of Trem2hi-Slamf9 and Trem2hi-Gpnmb macrophages 424 

requires further investigation. However, extrapolation of decades of research on foamy 425 

macrophage accumulation in atherosclerosis clearly suggests a monocytic origin of these cells, 426 

which could be confirmed in future analyses using recently developed monocyte fate-mapping 427 

models based on Ms4a3 (57) or Cxcr4 (58). Finally, whether similar subpopulations of 428 

foamy/Trem2hi macrophages can be detected in human lesions will require sampling of a larger 429 

number of human lesional macrophages. 430 
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We observed macrophages corresponding to inflammatory macrophages both in mice and 431 

humans. Compared to other macrophages, these are characterized by expression of genes 432 

encoding MHCII/HLA genes, and inflammatory cytokines (e.g. IL1B, inflammatory 433 

chemokines). Macrophages with a type I interferon signature (IFNIC)(14) were also observed 434 

in mice and humans.  435 

In mice, resident/resident like macrophages are defined by expression of a characteristic set 436 

of genes (Lyve1, Folr2, Sepp1, F13a1, Pf4, Cd163). In human lesional macrophages, we 437 

identified a subset of cells with a clearly overlapping transcriptional state. The exact localization 438 

of these cells in human diseased vessels remains to be fully elucidated. In mice, Lyve1+ 439 

macrophages are typically located in the adventitia (12, 13). We had previously observed 440 

LYVE1 protein expression in macrophages in carotid endarterectomy specimens by 441 

immunohistochemistry (6), and we here detected LYVE1+ macrophages in scRNA-seq in 442 

carotid endarterectomy plaques. As the adventitia is not extracted during the carotid 443 

endarterectomy procedure, this indicates that cells with the Resident/Resident-like/LYVE1+ 444 

state may be found within human lesions. However, in  a recent report, Alsaigh et al. performed 445 

single-cell analysis of atherosclerotic lesions from 3 patients, where cells from the 446 

atherosclerotic core and the proximal adjacent coronary artery were analyzed (59). 447 

Macrophages with the foam cell signature (APOE, APOC1) were observed in the 448 

atherosclerotic core, while LYVE1 enriched macrophages were in the proximal adjacent 449 

coronary artery (59). Future investigations employing spatial transcriptomic methods (60) will 450 

help shed light on the precise localization of macrophage populations within diseased vessels.  451 

While our work provides proof-of-concept of conserved transcriptional features of macrophage 452 

states across mouse and human atherosclerosis, further acquisition of high-quality data is 453 

clearly needed to fully elucidate the phenotypical landscape of human lesional macrophages, 454 

and cross-species characteristics of macrophage states. Altogether, our analysis 455 

encompasses cells from 11 patients across 2 vascular beds (carotid and coronary arteries). 456 

While mice employed in experimental models of atherosclerosis are rather homogeneous 457 

(same genetic background, age, sex, absence of additional comorbidities), patients represent 458 

a highly heterogeneous population, and many factors (e.g. age, sex, comorbidities such as 459 

diabetes, etc…) are known to influence plaque immune composition (20, 61-63). Even in 460 

patients with a similar clinical profile, atherosclerotic lesions are highly heterogeneous in their 461 

morphology and cellular composition (39-41). Hence, we propose that to identify macrophage 462 

transcriptional states correlated to clinically relevant events, analysis of a vast number of cells 463 

from many patients, and of cells from different vascular beds, will be necessary. Besides 464 

increasing statistical power to balance patient and plaque heterogeneity, technical issues 465 

remain an additional important hurdle for single-cell analyses of clinical samples (64). The 466 
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human and mouse studies included here all employed enzymatic digestion of tissues, which 467 

leads to cell recovery that may not represent the true composition of in vivo lesions as some 468 

cells (in particular macrophage foam cells) may be more difficult to recover compared to other 469 

cells, and which causes artificial gene expression patterns such as induction of immediate 470 

early genes (27, 65). Single-nucleus RNA-seq, which bypasses the need for enzymatic tissue 471 

digestion, might be particularly suited to the analysis of human atherosclerosis, although poor 472 

detection of key mononuclear phagocyte genes may need to be carefully accounted for (50). 473 

Altogether, our work provides proof of concept that macrophage transcriptomic states in 474 

atherosclerosis are conserved across mouse models of the disease and different vascular 475 

beds in humans. These findings are of importance for experimental investigations of 476 

macrophage function in atherosclerosis and their potential clinical translation. However, further 477 

research is critically needed to obtain a better understanding of macrophage populations and 478 

their states in human atherosclerosis, and of the fine differences between the human and 479 

mouse species that may bias pre-clinical investigations. Such research will benefit both from 480 

methodological advances as well as the analyses of substantially increased numbers of 481 

patients. 482 

 483 

  484 
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FIGURE LEGENDS 773 

Figure 1: integrated scRNA-seq analysis of vascular inflammation in mouse 774 

atherosclerotic aortas. A) UMAP representation of integrated scRNA-seq gene expression 775 

data in 22,852 cells from mouse atherosclerotic aortas with identification of the major immune 776 

cell lineages (DC: dendritic cells; gdT: gammadelta T cells);  B) projection of single cells in the 777 

UMAP space according to dataset and experimental condition of origin. C) Expression of the 778 

indicated transcripts projected onto the UMAP plot. D) UMAP plot of the mononuclear 779 

phagocyte data subset with clustering analysis;  E) expression of the indicated transcripts 780 

projected onto the UMAP plot; F) dot plot of average gene expression of the indicated marker 781 

transcripts in the macrophage clusters. 782 

Figure 2: Characterisation of subpopulations within Trem2hi macrophages and their 783 

relationships to Mac-AIR. A) projection of cells corresponding to steady state C57BL6 aorta 784 

Mac-AIR cells (Williams, Nat Immunol 2020) on the UMAP plot and B) high-resolution re-785 

clustering identifying an independent cluster with a Mac-AIR signature; C) dot plot showing 786 

average expression of selected marker genes in Mac-AIR, Foamy/Trem2hiGpnmb and 787 

Foamy/Trem2hiSlamf9 populations; D) expression of the indicated transcripts in Mac-AIR, 788 

Foamy/Trem2hiGpnmb and Foamy/Trem2hiSlamf9 populations; E) UMAP plot with 789 

identification of macrophage subclusters including the Mac-AIR signature cluster, split 790 

according to dataset of origin ; F) fraction of Mac-AIR, Foamy/Trem2hiGpnmb and 791 

Foamy/Trem2hiSlamf9 populations among total aortic mononuclear phagocytes (MPCs). For 792 

consistency, not all datasets were used in F: datasets from Apoe/- mice (Winkels et al. 2018) 793 

were excluded as chow fed Apoe-/- mice do not represent real non-atherosclerotic controls; the 794 

'Kim Foam Cell' dataset was excluded as it is technically enriched for foam cells; the 21 days 795 

HFD dataset from Williams et al. Nat Immunol 2020 was excluded as it represents a very early 796 

time point of lesion formation. 797 

Figure 3: integrated scRNA-seq analysis of macrophages in human atherosclerosis. A) 798 

UMAP representation and clustering analysis of integrated scRNA-seq gene expression data 799 

in 2,890 human mononuclear phagocytes from atherosclerotic lesions; B) expression of C1QA 800 

and CD68 projected onto the UMAP plot; C) heatmap of averaged gene expression (top 10 801 

genes ordered by fold change) in the clusters (Inflamm.=Inflammatory); D) projection of single 802 

cells in the UMAP space according to patient of origin; E) fraction represented by each cluster 803 

within total cells from each patient (left) or vascular bed (right); F) DotPlot showing the 804 

expression of transcripts enriched in human Inflammatory-Mφ, Foamy-Mφ and LYVE1-Mφ  805 

that are also enriched in their putative mouse counterparts (i.e.  mouse Inflammatory-Mφ, 806 

Foamy/Trem2hiMφ, and Resident/Resident-like-Mφ respectively). 807 
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Figure 4: Cross-species scRNA-seq integrated analysis of macrophages in murine and 808 

human atherosclerosis. A) UMAP plot and clustering analysis (with annotation) of the 809 

mouse/human integrated data; B) cell species of origin projected onto the UMAP plot; C) 810 

heatmap of enriched genes in the integrated cluster (top 5 ordered by fold change); D) 811 

projecton of the human-only clusters (see Figure 2) on the UMAP plot of the mouse/human 812 

integrated data; E) mapping of the human-only clusters in the mouse/human integrated 813 

clusters. 814 
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Figure 1: integrated scRNA-seq analysis of vascular inflammation in mouse atherosclerotic aortas. A) UMAP
representation of integrated scRNA-seq gene expression data in 22,852 cells from mouse atherosclerotic aortas with
identification of the major immune cell lineages (DC: dendritic cells; gdT: gammadelta T cells); B) projection of single cells in
the UMAP space according to dataset and experimental condition of origin. C) Expression of the indicated transcripts projected
onto the UMAP plot. D) UMAP plot of the mononuclear phagocyte data subset with clustering analysis; E) expression of the
indicated transcripts projected onto the UMAP plot; F) dot plot of average gene expression of the indicated marker transcripts
in the macrophage clusters.
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Figure 2: Characterisation of subpopulations within Trem2hi macrophages and their relationships to Mac-AIR. A)
projection of cells corresponding to steady state C57BL6 aorta Mac-AIR cells (Williams, Nat Immunol 2020) on the UMAP plot
and B) high-resolution re-clustering identifying an independent cluster with a Mac-AIR signature; C) dot plot showing average
expression of selected marker genes in Mac-AIR, Foamy/Trem2hi-Gpnmb and Foamy/Trem2hi-Slamf9 populations; D) expression
of the indicated transcripts in Mac-AIR, Foamy/Trem2hi-Gpnmb and Foamy/Trem2hi-Slamf9 populations; E) UMAP plot with
identification of macrophage subclusters including the Mac-AIR signature cluster, split according to dataset of origin ; F) fraction
of Mac-AIR, Foamy/Trem2hi-Gpnmb and Foamy/Trem2hi-Slamf9 populations among total aortic mononuclear phagocytes
(MPCs). For consistency, not all datasets were used in F: datasets from Apoe-/-mice (Winkels et al. 2018) were excluded as chow
fed Apoe-/- mice do not represent real non-atherosclerotic controls; the 'Kim Foam Cell' dataset was excluded as it is technically
enriched for foam cells; the 21 days HFD dataset from Williams et al. Nat Immunol 2020 was excluded as it represents a very
early time point of lesion formation.
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Figure 3: integrated scRNA-seq analysis of macrophages in human atherosclerosis. A) UMAP representation and clustering
analysis of integrated scRNA-seq gene expression data in 2,890 human mononuclear phagocytes from atherosclerotic lesions; B)
expression of C1QA and CD68 projected onto the UMAP plot; C) heatmap of averaged gene expression (top 10 genes ordered by
fold change) in the clusters (Inflamm.=Inflammatory); D) projection of single cells in the UMAP space according to patient of origin;
E) fraction represented by each cluster within total cells from each patient (left) or vascular bed (right); F) DotPlot showing the
expression of transcripts enriched in human Inflammatory-Mφ, Foamy-Mφ and LYVE1-Mφ that are also enriched in their putative
mouse counterparts (i.e. mouse Inflammatory-Mφ, Foamy/Trem2hi-Mφ, and Resident/Resident-like-Mφ respectively).
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Figure 4: Cross-species scRNA-seq integrated analysis of macrophages in murine and human atherosclerosis. A) UMAP
plot and clustering analysis (with annotation) of the mouse/human integrated data; B) cell species of origin projected onto the
UMAP plot; C) heatmap of enriched genes in the integrated cluster (top 5 ordered by fold change); D) projecton of the human-only
clusters (see Figure 2) on the UMAP plot of the mouse/human integrated data; E) mapping of the human-only clusters in the
mouse/human integrated clusters.
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Reference Genotype/B
ackground

Diet Technology Time points Sorting strategy i.v. CD45
exclusion

Sex

Vafadarnejad, Circ
Res 2020

Ldlr-/- 15% milk fat, 1.25% cholesterol; 10x Genomics
Single Cell 3′ v2

10 w eeks HFD Live CD45+ Yes Male

Cochain, Circ Res
2018

Ldlr-/- Normal Chow 10x Genomics
Single Cell 3′ v2

Chow diet Live CD45+ Yes Male

Cochain, Circ Res
2018

Ldlr-/- 15% milk fat, 1.25% cholesterol; 10x Genomics
Single Cell 3′ v2

11 w eeks HFD Live CD45+ Yes Male

Cochain, Circ Res
2018

Ldlr-/- 15% milk fat, 1.25% cholesterol; 10x Genomics
Single Cell 3′ v2

20 w eeks Live CD45+ Yes Male

Kim, Circ Res 2018 Apoe-/- 49.9% carbohydrates, 17.4%
protein, 20% fat, 0.15% cholesterol

10x Genomics
Single Cell 3′ v2

27 w eeks HFD Intimal BODIPYhi cells No Male

Kim, Circ Res 2018 Ldlr-/- 49.9% carbohydrates, 17.4%
protein, 20% fat, 0.15% cholesterol

10x Genomics
Single Cell 3′ v2

10 w eeks HFD Live CD11b+ No Male

Lin, JCI Insight
2019

C57BL6*;
PCSK9-AAV

Western Diet; (Dyets Inc. #101977) 10x Genomics
Single Cell 3′ v2

18+2 w eeks HFD
(progression)

CD11b+TdTomato+
macrophages**

No Male

Lin, JCI Insight
2019

C57BL6*;
PCSK9-AAV

Western Diet; (Dyets Inc. #101977) 10x Genomics
Single Cell 3′ v2

18 weeks HFD+2 weeks
chow/ApoB ASO
(regression)

CD11b+TdTomato+
macrophages**

No Female

Williams, Nat
Immunol 2020

Ldlr-/- Envigo TD.88137 10x Genomics
Single Cell 3′ v2

21 days HFD Live CD45+ No Male

Williams, Nat
Immunol 2020

C57BL6/J Normal Chow 10x Genomics
Single Cell 3′ v2

Chow diet Live CD45+ No Male

Winkels, Circ Res
2018

Apoe-/- Normal Chow 10x Genomics
Single Cell 3′ v2

Chow diet Live CD45+ No Female

Winkels, Circ Res
2018

Apoe-/- 0.2% cholesterol Envigo TD88137 10x Genomics
Single Cell 3′ v2

12 w eeks HFD Live CD45+ No Female

*B6.Cx3cr1CreERT2-EYFP/+Rosa26-tdTomato/+ ; C57BL6 background
**2 weeks post Tamoxifen gavage in B6.Cx3cr1CreERT2-EYFP/+Rosa26-tdTomato/+ mice

Table S1
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- Quality Control
- Identify and subset
macrophages

A- Mouse data integration (Figure 1-2)

10 mouse
atherosclerosis

datasets

- Quality Control
- Identify and subset
macrophages

Each dataset as
independent sample
in integrated analysis

"Human Integrated"
dataset, annotated

B- Human data integration (Figure 3)

C- Mouse/Human data integration (Figure 4)

D

12 datasets (Table 1)

Data type: 10x Genomics
Cell Ranger output matrix

Cell type included: various
(see table 1)

Fernandez et al: 2 datasets
Data type: batch-corrected cell-gene
matrix, author provided

Cell type included: macrophages

Wirka et al: 1 datasets
Data type: cell-gene matrix,
author provided

Cell type included: all
coronary artery cells

Convert mouse
symbols to human
and filter out genes
without homologs

Each patient (n=4) as
an independent
sample in integrated
analysis

Integration in Seurat v3

Quality Control/metadata
assignment in Seurat

Fdz-CITE (1
patient)
SYM vs ASYM (6
patients)

Each patient as an
independent sample
in integrated analysis

Fdz-CITE (1
patient)
SYM vs ASYM (6
patients)

Integration in Seurat v3

Integration in Seurat v3:
Cross-species

integration

Figure SI: A-C schematic representation of the integrated analysis procedure and D) analysis of sex specific
gene expression in mouse single-cell studies.
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Figure SII: Identification of immune cell lineages, cell cycle phase and immediate early genes expression in aortic
immune cells (related to Figure 1). A) expression of the indicated transcripts identifying immune cell lineages projected
onto the UMAP plot shown in Figure 1A; B) S and G2M cell cycle score and C) Immediate Early Gene (IEG) expression
score in mononuclear phagocytes projected onto the UMAP plot. D-F) re-clustering of mononuclear phagocytes after
regressing out gene expression variability caused by IEG expression with D) UMAP plot of the new clustering analysis, E)
projection of clusters obtained in Figure 1D on the new UMAP embeddings and F) distribution of the clusters obtained in
Figure 1D across the clusters obtained after removing IEG Score-induced variability.
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A B
Apoe-/- foam cells
Kim, Circ Res 2018

Figure SIII: Analysis of scRNA-seq data from the Apoe-/- Foam Cell (Kim, 2018) data set alone (related to Figure 2).
A) UMAP plot and cluster annotation (Mac=macrophage; Prolif: proliferating; non-leuko=non leukocyte) and B) expression
of the indicated transcripts in the different clusters (prolif=proliferating)
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Figure SIV: Identification of mononuclear phagocyte subsets in AngII induced aortic
inflammation (related to Figure 1 and 2). The integrated mononuclear phagocyte dataset (Figure 1D)
was integrated with myeloid cell scRNA-seq data from Weinberger et al. Nature Communications 2020
. A) UMAP plot with color-coded identification of clusters and B) UMAP-plot splitted by dataset of origin;
C) dot plot showing average expression of selected marker genes in the clusters.
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Figure SV: Identification of the mREG-DC signature in mouse and human atherosclerosis. A)
Gene expression DotPlot in the 3 dendritic cell populations shows expression of "mregDC" signature
genes in mature DCs.B) Violin plots showing expression of Dpp4 (encoding CD26) and C5ar1
(encoding CD88) in the mononuclear phagocyte subsets. C) Cells coexpressing FSCN1 and CCR7
(FSCN1+CCR7+ DCs, n=10 cells) were manually selected in Seurat and are color coded on the UMAP
plot (same coordinates as Figure 3A, only DC populations shown). D) Dot Plot showing average
expression and proportion of expressing cells for the indicated transcripts in FSCN1+CCR7+ DC, cDC2
and cDC1 populations.

FSCN1+
CCR7+ cDC2

Av
er
ag

e
Ex

pr
es
si
on

%
ex
pr
es
se
d

cDC1C D

cDC1

MoDC/cDC2

Mature DC

A B

"mREG-DC" signature genes

R
es
-C
d2
09

R
es
-P
f4

C
C
R
2+
M
H
C
II+

In
fl-
N
lrp
3

Tr
em

2h
i -S
la
m
f9

Tr
em

2h
i -G
pn
m
b

IF
N
IC

M
on

oc
yt
es

SP
M
/C
av
ity

Pr
ol
if-
S

Pr
ol
if-
G
2M

cD
C
1

M
oD

C
/c
D
C
2

M
at
ur
e
D
C
s

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 10, 2020. ; https://doi.org/10.1101/2020.12.09.417535doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.09.417535
http://creativecommons.org/licenses/by-nc-nd/4.0/

