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SUMMARY

Atherosclerosis is a major cause of cardiovascular disease, and accurate preclinical models are essential for
developing effective therapies. The Ossabaw pig model has high potential due to its physiological similarity
to humans, but its molecular characterization remains limited. To address this, we performed single-nucleus
RNA sequencing of over 36,000 nuclei from aortas of Ossabaw pigs fed chow or atherogenic diets. Our anal-
ysis revealed activation of brain-derived neurotrophic factor (BDNF), transforming growth factor g (TGF-g),
SPP1, and interleukin-2 (IL-2) signaling pathways in atherosclerosis, along with smooth muscle cell transi-
tions to synthetic and pro-osteogenic states, endothelial-to-mesenchymal transition, and TREM2+ immune
cell phenotypes. Advanced fibrotic, immune cell-infiltrated plaques with calcification sites paired with molec-
ular changes closely resembled those seen in human atherosclerosis. Together, our findings establish the
Ossabaw pig as a valuable translational model and provide high-resolution data to support its use in preclin-

ical cardiovascular research.

INTRODUCTION

Cardiovascular diseases (CVDs) are the leading cause of
death worldwide, representing more than 30% of all deaths."?
Atherosclerosis—accumulation of lipids in vascular walls with
subsequent vessel occlusion and reduction of blood flow (steno-
sis)—is the main underlying cause of CVD. Atherosclerosis-trig-
gered changes lead to conditions like ischemic heart disease,
stroke, and peripheral arterial occlusive disease. While lifestyle
changes and guideline directed pharmacotherapy, particularly
lipid-lowering drugs, are crucial for prevention,® revasculariza-
tion may be necessary in advanced cases, with minimally
invasive endovascular treatments and specialized devices
developed to improve acute and long-term outcomes.

Pig models are widely accepted for studying human disease,
especially in the cardiovascular system.*° The similarity of
pig’s anatomy and physiology, such as heart size, heart rate,
omnivorous diet, and genomic similarity to human, recapitulates
human vascular system better than rodent models and allows for
more accurate experimental conclusions.”® Diet-induced pig
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models of atherosclerosis can develop complex atherosclerotic
lesions with formation of lipid-rich cores, fibrous caps, and calci-
fications that mimic human atherosclerosis,®'? without the need
for genetic mutations such as Apoe or LdIr deletions used in
rodent models. Moreover, the vessel diameter in pigs is
comparable to humans, which makes them suitable for testing
of endovascular treatments and devices,”'>'* stent implants,
and restenosis studies,'® facilitating quicker translation to clin-
ical studies. The use of minipigs is preferred to larger swine
models due to animal size, housing conditions, and financial ex-
penses. In this regard, the Ossabaw minipig is an ideal model,
where adult minipigs reach sexual maturity and the average
weight of adult human (70-80 kg) at around 6 months of age.”
Ossabaw pigs are genetically predisposed to obesity even on
normal chow diet,”'®"” while specialized high-caloric high fat/
high fructose (HF/HFru) diet accelerates the development of
metabolic syndrome and hypercholesterolemia.’®'® Moreover,
they were shown to develop atherosclerotic lesions and calcifi-
cations of coronary arteries,'®*?' making them a suitable
model for preclinical cardiovascular research.
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Despite multiple benefits of using pig models for cardiovascu-
lar research, prior studies have also highlighted inconsistencies
between porcine and human data. Interventional devices such
as stents have shown different efficacies in preclinical pig
models versus human clinical studies,?? most likely due to differ-
ences in atherosclerosis progression and healing processes.
However, a systematic molecular evaluation between athero-
sclerosis development in the pig versus human is yet to be un-
dertaken. A thorough understanding of potential similarities
and differences in atherosclerotic plaque composition and
response to injury between species is essential for improving ef-
ficacy of translational research.

In this study, we leverage single-cell technologies to charac-
terize the atherosclerotic process in the Ossabaw minipig
model to facilitate basic and preclinical research. We observed
advanced atherosclerotic plaques with calcification in abdominal
aortas of obese Ossabaw pigs. Single-nucleus RNA sequencing
(snRNA-seq) analysis identified all major aortic cell types including
infiltrating immune cells and foamy macrophages (MFs), observed
phenotypic switches in vascular smooth muscle, immune and
endothelial cells (ECs), and characterized signaling pathways
and intercellular communication networks impeded by athero-
sclerosis. Through comparisons with atherosclerotic changes
reported in mice and human, we report that the Ossabaw pig is
a suitable model for preclinical research due to the similarity of
both morphological and molecular changes to human disease.

RESULTS

Ossabaw pigs develop obesity and atherosclerosis
following obesogenic diet

In order to characterize the Ossabaw pig for CVD studies, we uti-
lized dietary induction of atherosclerosis with a high-fat and
high-fructose diet (HF/HFru). Castrated male pigs of 16-month
age were put on an HF/HFru or chow diet for 9 months
(Figure 1A). Animals on HF/HFru diet became obese with an
approximately 2-fold increase in weight at the end of the treat-
ment (Figure S1A, p < 1073), as well as increased low-density li-
poprotein (LDL) plasma levels compared to their chow-fed coun-
terparts (Figure S1B, p = 0.04).

We retrieved samples from abdominal aortic regions between
renal and iliac arteries branching points for histological and
molecular characterization. Histological analyses confirmed the
formation of fibrous cap atheromas and fibrocalcific plaques in
obese pigs (Figures 1B and S1C-S1E) based on the classifica-

¢? CellPress

OPEN ACCESS

tion system typically used for human atherosclerosis.”> We
observed pathological thickening of intima (blue), formation of
necrotic core (light blue), degradation of internal elastic mem-
brane, medium transformation (red), and lipid accumulation
(Figures 1B and S1C-S1E). Quantification of intima and media
thickness showed a significant increase of these features in
obese animals compared to controls (Figures S1F and S1G,
p < 107%). Average lumen reduction due to plaque formation
measured 42% in obese pigs, corresponding to moderate steno-
sis, compared to 3% in lean animals (Figure 1C, p < 10~%). More-
over, all obese pigs developed plaque calcification in aortas, on
average 0.67% of total section area, as evident by von Kossa sil-
ver staining (Figures 1D-1E, p = 0.04; Figure S1D, red arrows).

Together, these histological analyses revealed classical
characteristics of atherosclerosis including increased intima
and media, stenosis, lipid accumulation, and calcification.

snRNA-seq uncovers hallmarks of atherosclerotic
plaques in pig aortas
Having confirmed atherosclerotic status of obese pig aortas, we
performed snRNA-seq on 3 atherosclerotic and 2 control aortic
samples and integrated the data (Figures 1F and S2). After
filtering, we performed quality control checks (Figure S2). Ribo-
somal and mitochondrial transcript count was less than 1%, while
the median genes detected per cell varied between 500 and
4,000, highlighting the high quality of our data. Following integra-
tion, we obtained a total of 36,209 nuclei for further analysis. We
identified major vascular cell types based on the conventional
cell type markers: ECs (PECAM1, FLT1, and NOS3), fibroblasts
(FBs) (POSTN, DCN, and STK32B), smooth muscle cells (SMCs)
(PCDH7, ACTA2, MYH11, and COL13A1), pericytes (CTNNA3,
RGS6, and PDGFRB), Schwann cells (GRIK3 and XKR4), stromal
cells (SPON1 and SCARAS), myeloid (PTPRC, MSR1, DOCK4,
and FMNT), and lymphoid cells (BCL11B, SKAP1, and IKZF1)
(Figures 1G, S3A, and S3B). Each cell type was identified in
each pig sample (Figure S2F), allowing us to undertake detailed
analyses of cell types in obese versus control samples.
Inflammation is a key hallmark of atherosclerosis. We observed
an 18-fold increase in myeloid cell numbers in aortas of obese
samples, supporting the presence of advanced atherosclerotic
plaques (Figures 1H, S3C, and S3D). Strong upregulation of inflam-
matory genes was evident in all cell types, including inflammasome
(NLRP3) and complement system activation (F13A7, C1QB, C3,
and VSIG4) (Figure 11). As typical for human atheroma,®* all cell
types displayed an upregulation of genes involved in nuclear lipid

Figure 1. Characterization of HF/HFru diet-induced changes in aortas of Ossabaw minipigs

(A) Schematic design of the experiment.

(B and D) Representative histological staining of aortic samples (B) with Movat pentachrome-modified Russell-Movat staining (blue, intima; red, media; yellow,
adventitia) and (D) with von Kossa silver staining; black, calcium deposits. Scale bar, 250 pm.

(C) Quantification of vessel stenosis, percentage of plaque to total lumen area. Pale dots represent technical replicates, and outlined dots represent biological
replicates, i.e., mean of technical replicates per each animal, p values < 0.0001, Mann-Whitney test.

(E) Calcification quantification as a percent of total vessel area, p value = 0.04, unpaired Student’s t test.

(F) Uniform manifold approximation and projection (UMAP) of the snRNA-seq data from combined control and atherosclerotic pig aortas.

(

G) Violin plot of cell type-specific marker gene enrichment per cluster.

H) Stack plot showing percentage of cells in each cluster provided from control or atherosclerotic samples.

K) Dot plot of genes related to EndoMT in endothelial cells. Dot size indicates the percentage of cells expressing gene of interest, and color indicates z-score of

(
(I and J) Bar plot showing log2 fold change in atherosclerotic samples of (I) inflammation-associated genes and (J) lipid-processing genes in each cluster.
(
t

he average expression level.
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sensing (PPARGQG), lipid transport and uptake (LPL, APOE,
MSR1, and OLRT), and cholesterol efflux (ABCA1, ABCG1, and
SCARBT) (Figure 1J). This transcriptional change was in line with
high lipid content in diseased aortas (Figure S1C).

ECs in atherosclerosis undergo endothelial-to-mesenchymal
transition (EndoMT).?>28 In the Ossabaw pig, we also observed
activation of EndoMT in atherosclerotic samples, but not in con-
trols (Figure 1K). ECs reduced expression of canonical endothe-
lial markers (PECAM1, CDH5, TIE1, and TEK) and nitric oxide
synthase (NOS3), while upregulating mesenchymal and SMC
markers (S7100A4, ACTA2, MYH9, MYH11, COL1A1, PTGES3,
and /L33) and transcription factors associated with disturbed
flow and EndoMT (SMAD3, SNAI1, SNAI2, YAP1, WWTR1,
HIF1A, and KLF4)*>2%2° (Figure 1K).

Together, these data show that Ossabaw pigs develop obesity
and aortic atherosclerosis after 9 months of an obesogenic HF/
HFru diet supported by inflammatory, lipid metabolism, and
EndoMT transcriptomic signatures.

Multiple cell types contribute to extracellular matrix
reprograming, lipid metabolism, and inflammation in
atherosclerosis

To identify the transcriptional changes in atherosclerotic aortas,
we performed differential expression analysis on each cell type.
SMCs were the most affected cell type, with ~3,500 differentially
expressed genes (DEGs) in atherosclerotic versus control
samples, followed by ECs, FBs, and myeloid cells (Figure 2A;
Table S3). DEGs across cell types displayed relatively high corre-
lation (Figure 2B), suggesting that some common pathways may
be affected across all cell types in atherosclerosis. For instance,
genes upregulated across all cell types included osteopontin
(SPPT1), Shisa homolog 9 (SHISA9), and cytochrome P450 family
7 subfamily A member 1 (CYP7AT), which are involved in meta-
bolism of endogenous cholesterol, as well as mucolipin 3
(MCOLNB), sphingomyelin phosphodiesterase acid like 3A
(SMPDL3A), and matrix metalloproteinase 9 (MMP9) (Figures 2C
and S4A). Gene ontology (GO) analysis revealed an upregulation
of transforming growth factor p (TGF-p) regulation of extracellular
matrix, pro-inflammatory brain-derived neurotrophic factor
(BDNF)*° signaling, and interleukin-2 (/L-2) signaling pathways in
most cell types (Figure 2D). This indicates that multiple cell types
contribute to the overall increase in cholesterol processing, calci-
fication, and remodeling in Ossabaw pig atherosclerosis.

In contrast to upregulated genes, common downregulated
genes included stearoyl-coenzyme A desaturase 5 (SCD5),
CD34, and homeobox A2 (HOXA2) (Figures 2E and S4B). GO anal-
ysis of downregulated genes showed an enrichment of lipid meta-
bolism-related terms in pericytes, SMCs, and stromal cells, as well
as downregulation of cell migration and adhesion via integrin
signaling and natural killer cell-related pathways in lymphocytes
(Figure 2F). Thus, we identified evidence for pro-inflammatory
and pro-fibrotic signatures across multiple cell types in atheroscle-
rotic samples.

SMCs switch to pro-osteogenic and pro-inflammatory
phenotypes

To understand phenotypic switches in atherosclerosis, we
subclustered SMCs, ECs, and immune cells based on their tran-
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scriptional profiles. SMCs clustered into 4 subpopulations:
ACAA2* SMC_1, SPP1* SMC_2, NFATC2* SMC_3, and TRPC4*
SMC_4 (Figures 3A-3C and S5A). To uncover functional networks
active in each SMC cluster, we performed GO enrichment analysis
on genes significantly enriched in each SMC subpopulation.
SMC_1 and SMC_4 exhibited housekeeping functions such
as mitochondrial respiration and control of vascular tone
(Figure S5A), and SMC_1-specific genes were enriched in
calcium signaling pathway (Figure S5B), while SMC_4 displayed
enrichment in cholesterol and steroid biosynthesis networks
(Figure S5C). SMC_4 nuclei were also enriched in genes
associated with axon guidance (Figure S5D). Clusters SMC_2
and SMC_3 were associated with the pro-inflammatory BDNF
signaling pathway (Figure S5E). SMC_2 and SMC_3 showed upre-
gulation of AP-1 transcription factor subunits JUN; JUNB; FOSB;
anti-proliferative genes BTG7 and DUSP1; and stress-activated
genes HSPA8, HSPB1, TRAF3IP2, and ATF3.

Comparison of 4 SMC cluster fraction in atherosclerotic
versus control aorta samples showed that SMC_1 and SMC_4
clusters were mostly composed of nuclei from aortas of control
animals (89.4% and 90.1%, respectively). In contrast, SMC_2
and SMC_3 were primarily found in atherosclerotic aortas
(91.2% and 96.7%, respectively) (Figure 3B). Based on marker
gene expression, the SMC_1 subcluster was the most similar
to contractile SMCs, and cells in SMC_2 cluster expressed
markers of both contractile and activated SMCs, while SMC_3
and partially SMC_4 cells were most similar to synthetic
SMCs. Activated SMC_2 expressed markers of both pro-osteo-
genic (SPP1 and IBSP*'~*% and pro-inflammatory (TREM2,
CD163, and MSR1) phenotypes. RUNX2%* and KLF4,°*°° two
transcription factors promoting osteoblast differentiation and
calcification of atherosclerotic plaques, were enriched in the
SMC_3 population, suggesting their transitional state toward
osteoblast-like phenotypes. Synthetic SMC_3 expressed lower
levels of ACTA2 and MYH11, while upregulating FN1, COL1A1,
PDGFRA, and TCF21, supporting their switch to synthetic, fibro-
myocyte-like phenotype (Figure 3C).°°*® These data suggest a
broad shift in SMC phenotypes from a healthy contractile
state (SMC_1) to activated pro-osteogenic pro-inflammatory
(SMC_2) and synthetic fibromyocyte-like phenotypes (SMC_3).

To further uncover the atherosclerosis-specific transcriptional
signature in SMCs, we performed differential gene expression
analysis on SMC clusters enriched in atherosclerosis (i.e.,
SMC_2 and SMC_3), versus SMC clusters enriched in control
animals (i.e., SMC_1 and SMC_4). Gene set enrichment analysis
(GSEA) of DEGs revealed upregulation of collagen biosynthesis
and chondrocyte development processes (Figure 3D) and down-
regulation of various metabolic processes, including cellular lipid
metabolic process and fatty acid catabolism in atherosclerosis-
enriched clusters (Figure 3E).

Together, these data further support the phenotypic switch of
SMCs to synthetic, pro-inflammatory and pro-osteogenic
phenotypes in atherosclerosis.

ECs display an inflammatory phenotype and activation
of coagulation networks in atherosclerosis

ECs clustered into 4 subpopulations, with LTBP2* EC_2 being
mostly represented by control nuclei (98.5%), while EC_1 and
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Figure 2. Atherosclerosis-induced changes in gene expression across vascular cell types

(A) Number of DEGs per cell type in atherosclerosis.

(B) Correlation of significant DEGs between cell types. Numbers indicate Pearson’s correlation coefficient (R value).

(C) Top 25 upregulated genes across all cell types, log2 fold change.

(D) Dot plot of GO terms enriched in upregulated genes. Dot size indicates the number of genes found in the GO term, and color indicates the Benjamini-Hochberg

adjusted p value of enrichment.
(E) Top 25 downregulated genes across all cell types, log2 fold change.

(F) Dot plot of GO terms enriched in downregulated genes. Dot size indicates the number of genes found in the GO term, and color indicates the Benjamini-

Hochberg adjusted p value of enrichment.

CA10" EC_4 had higher content of atherosclerotic nuclei (77.5%)
(Figures 3F, 3G, and S5F). Based on the expression of arterial
and vasa vasorum markers,***" EC_1 and EC_4 appear to be
derived from the vasa vasorum EC pool, while EC_2 and EC_3
represent intimal ECs of aorta (Figures 3H and 3I).

GO analysis performed on cluster-specific genes revealed
enrichment in angiogenesis and vascular endothelial growth
factor (VEGF) pathways in a bi-modal pattern (Figure S5G).
EC_1 and EC_4 expressed higher canonical VEGF signaling
molecules, MAGI1, VEGFC, FLT1, KDR, and CDC42, and gua-
nine nucleotide exchange factors RASGRP3, RAPGEF4, and
DOCK4, related to actin reorganization and migration.*

EC_2 and EC_3 expressed higher VEGFA, BMX, TEK, PXN,
SRC, and FGF2, as well as phospholipase Cy (PLCG2) and
its downstream targets phospholipase A2 (PLA2GA4),
PRKCA, RAF1, and NOS3 (Figure S5G). EC_4 showed
increased expression of PLCG1, PPP3CA, and NFATC2, sug-
gesting that EC_4 could promote prostaglandin 12 synthesis.
EC_4 also displayed an upregulation of coagulation-related
genes (Figure S5H) and purine metabolism-related genes
(Figure S5I).

We next focused on functional categories enriched in each EC
cluster. The EC_1 subcluster displayed high chemotaxis module
score, implying their pro-inflammatory role in leukocyte adhesion
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Figure 3. Subclustering and analysis of SMCs and ECs of aortas

(A) UMAP of subclustered SMCs.

(B) Distribution of cells per subcluster in each condition; %2 test; * indicates p values < 0.05.
(C) Heatmap showing Z score of genes specific for synthetic (blue), contractile (green), and activated (red) SMCs in each subcluster.
(D) GSEA plots of genes enriched in SMC_2 and SMC_3 versus SMC_1 and SMC_4 clusters.
(E) GSEA plots of genes enriched in SMC_1 and SMC_4 versus SMC_2 and SMC_3 clusters.
(F) UMAP of subclustered ECs.
(G) Distribution of cells per subcluster in each condition; X2 test; * indicate p values < 0.05.
(H) UMAP of arterial module score enrichment.
() UMAP of vasa vasorum module score enrichment.

(J) UMAP of chemotaxis module score enrichment.

(K) UMAP of TGF-p signaling pathway module score enrichment.
(L) GSEA plot of genes upregulated in EC_3 in atherosclerosis versus control.
(M) Selected top GO terms enriched in genes upregulated in EC_3 in atherosclerosis versus control. p-adj = Benjamini-Hochberg adjusted p value.

(Figure 3J). EC_2 was characterized by high TGF-p pathway ac-
tivity (Figures 3K and S5J), with high relative expression of
TGFB2, SMAD2, and DAB2, mediating c-Jun N-terminal kinase
(UNK) activation. CA70, a member of the carbonic anhydrase
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family of zinc metalloenzymes, which catalyzes hydration of car-
bon dioxide, was strongly upregulated in the EC_4 population,
while the expression of nitric oxide synthase 3 (NOS3) was signif-
icantly reduced (Figure S5K).
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EC_3 cells were derived from the intima and showed similar
proportions in atherosclerotic versus healthy aortas (Figure 3G).
We identified DEGs in EC_3 and performed GSEA and GO ana-
lyses. These analyses revealed upregulation ofimmune response
(Figure 3L), and enrichment of interleukins IL-1 and IL-4, and AP-1
pathways (Figure 3M), suggesting apoptotic and pro-inflamma-
tory processes in intimal ECs in atherosclerosis.

Taken together, aortic ECs could be subclustered based
on their physiological function (intimal and vasa vasorum ECs)
and transcriptional programs, such as chemotaxis and TGF-§
pathway activity. Moreover, activation of coagulation and pro-in-
flammatory processes were found in atherosclerosis.

Atherosclerotic samples display increased myeloid
populations and foamy cell formation

We assessed atherosclerosis-associated changes in immune cell
populations. Clustering identified 7 subpopulations, including
B cells, T cells, four types of MFs, and progenitor-like cells
(Figure 4A). B cells were mostly found in control samples (77 %),
while T cells were equally present in both (Figure 4B). T cells dis-
played an upregulation of transcriptional networks associated
with p53 and PI3K-Akt signaling pathways, while natural killer
(NK)-cell-mediated cytotoxicity and chemokine signaling path-
ways were downregulated (Figure 4C). Further subclustering of
T cells revealed 5 subpopulations, including CD4* T cells, CD4*
regulatory T cells, OLR71* T cells, CD8" T cells, and cytotoxic
CD8" T cells, based on the expression of established markers*®
(Figures S6A-S6D). Interestingly, CD8* T cells were reduced, while
T3 OLR1* T cells expressing oxidized low-density lipoprotein re-
ceptor 1 (OLR7) were increased in atherosclerotic samples
(Figure S6E).

MFs were primarily detected in atherosclerotic samples
(Figures 4B and S3C). We confirmed increased numbers of
MFs via CD68 immunohistochemistry (Figures 4H and 4l). We
could identify resident-like MF enriched in CD163, LYVET, and
other marker genes of both resident and pro-inflammatory MFs
(Figures S6F and S6G). The second MF population was charac-
terized by an increased SMC signature (Figures 4D and 4E), sug-
gesting an SMC-like MF phenotype. Third and fourth MF clusters
expressed triggering receptor expressed on myeloid cells-2
(TREM2) (Figure 4F). TREMZ2-expressing MF nuclei (TREM2*
MF and foamy MF clusters) were enriched in genes associated
with lysosome, sphingolipid, and glycosphingolipid metabolism
(Figure 4G), indicating their involvement in processing of lipids
accumulating in the plaque. The fourth MF cluster (foamy MF)
had a strong foamy cell signature***° (Figure S6l). Foamy MF
nuclei displayed an enrichment of lysosome, platelet signaling
networks, as well as insulin signaling and lipid metabolism
(Figure S6J) compared to focal adhesion-related GOs in only
TREM2* MF nuclei (Figure S6K).

Our analyses of the immune cell populations showed myeloid
cell infiltration in atherosclerotic Ossabaw pig aortas with pheno-
typic switch of MFs to SMC-like and lipid-loaded foamy cells.

Pericytes and FBs show deregulation of metabolic and
extracellular matrix genes

Other cell types that exhibited moderate transcriptional changes
were pericytes and FBs (Figure 2A). In particular, downregulated
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genes in pericytes were enriched in p-oxidation of saturated fatty
acids and lipid metabolism (Figures 4J and 4K). Similarly, FBs
displayed downregulation of genes enriched in fatty acid and
cholesterol metabolism and homeostasis, as well as actin cyto-
skeleton regulation (Figure 4L). Genes associated with BDNF
pathway (AP-1 and stress response) and TGF-$ regulation of
the extracellular matrix (Figures 4M and 4N) were upregulated
in pericytes and FBs in atherosclerotic samples, while IL-2
signaling was also increased in FBs.

Together, we uncovered heterogeneous populations of SMCs,
ECs, and immune cells in atherosclerosis with strong upregula-
tion of lipid-processing and foamy-like cell formation. Moreover,
in the lesion, SMCs underwent phenotypic switch to synthetic,
pro-inflammatory, and osteogenic fates, while MFs also shifted
toward an SMC-like phenotype.

Atherosclerosis alters cellular communication in the
aorta

Vascular homeostasis relies heavily on cell-cell communication
within the vascular wall. We sought to identify changes in inter-
cellular communication networks in atherosclerosis in the
Ossabaw pig. We utilized the CellChat database® to determine
the number and strength of predicted interactions between cell
types based on gene expression profiles of ligands and recep-
tors (Tables S4 and S5). FBs reduced the number of interac-
tions with neighboring cells in atherosclerosis, which is likely
due to the disintegration of the adventitia (Figures 5A and
S6L). Meanwhile, myeloid cells increased the number of inter-
actions, which could be explained by the infiltration of MFs
into the lesion area (Figures 5A and S6L). Moreover, the interac-
tion strength, defined by the level of expression of ligand-re-
ceptor pairs, showed an increase in myeloid-SMC, myeloid-
pericyte, SMC-myeloid, SMC-pericyte, and SMC-Schwann
cell interactions, while drastically decreasing in SMC-SMC
communication (Figure 5B). The loss of SMC-SMC autocrine
signaling was particularly striking. Majority of downregulated
SMC-SMC interactions in atherosclerosis fell into the extracel-
lular matrix (ECM)-receptor category, including multiple lami-
nins, collagen 1A1, and tenascin-integrin interactions
(Table S4), suggesting the reprogramming of the ECM in
diseased aortas in response to injury.

To better identify global changes in communication modules
across multiple cell types in atherosclerosis, we focused on
the strongest signaling networks in the aorta. Control aorta cell
interactions were represented by homeostatic signals such as
PECAM1, NRXN1, COL4A1, COL1A2, LAMC3, and FN1
(Figure 5C; Table S4). In contrast, cells from aortas of obese
pigs activated cell-communication networks driven by osteo-
pontin (SPP1), semaphorin 3C (SEMA3C), and transforming
growth factor 3 (TGFB3) (Figure 5D; Table S5). The main source
of SPP1 was myeloid cells, while strongest receiver receptors
(CD44, ITGAV, ITGAT1, ITGAS8, ITGA9, ITGB1, and ITGB5) were
expressed in SMCs (Figure 5E), confirming the presence of oste-
ogenic stimuli in the plaque. Moreover, we observed increase in
prostaglandin E2 (PGE2) signaling to SMCs in atherosclerotic
aortas (Figure S6M). PGE2 is an inflammatory mediator that
can directly enhance osteoclast formation,*”**® thus further pro-
moting plaque calcification.
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Figure 4. Subclustering and analysis of immune and other cell types of aortas
(A) Subclustering of immune cells.

(B) Distribution of cells per subcluster in each condition; 2 test; * indicate p values < 0.05.

(C) GO terms enriched in up- and downregulated genes of T cells.
(D) UMAP showing SMC-like signature module score.
(E) GO terms enriched in SMC-like macrophages.

(F) UMAP showing expression of TREM2.

(G) GO terms enriched in TREM2* and foamy MF subclusters.
(H) Representative immunohistochemistry images showing CD68" cells (pan-myeloid marker) in control and atherosclerotic aortas; scale bar, 100 pm.
(1) Bar plot of macrophage nuclus percentage in control and atherosclerosis snRNA-seq datasets; ° test; ** indicate p values < 0.001.

(J) Subclustering of “other” non-EC, non-immune, and non-SMC cell types.
(K-N) GO terms enriched in (K) downregulated genes in pericytes, (L) upregulated genes in pericytes, (M) downregulated genes in FBs, and (N) upregulated genes

in FBs. p-adj =

Benjamini-Hochberg adjusted p value.
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Figure 5. Cell-cell communication analysis of vascular cell types in atherosclerosis and control aortas

(A) Interaction plot of interactions between cell types changed in aortas of atherosclerotic vs. control aortas. Thickness of the lines represents the strength of
interaction; blue, reduced interaction numbers; red, increased interaction numbers.

(B) Heatmap of interaction strength changes in atherosclerotic vs. control aortas.

(C and D) Word cloud representing most prevalent ligands in (C) control and (D) atherosclerotic conditions.

(E-H) Interaction maps showing (E) SPP1 signaling in atherosclerosis, (F) SEMA3 signaling in control and atherosclerotic samples, (G) TGF-p signaling in

atherosclerosis, and (H) thrombospondin signaling in atherosclerosis. Thickness of the lines represents the strength of interaction.

Interestingly, semaphorin 3C (SEMAS3C) was among the most
dysregulated ligands (Figure 5F). In control conditions, it was
signaling from Schwann cells to ECs, FBs, and stromal cells. In
atherosclerotic samples, SEMA3C primarily signaled from
Schwann to myeloid cells and from myeloid to ECs and stromal
cells via the NRP1, NRP2, PLXNA2, and PLXNA4 receptors
(Figure 5F). While the role of SEMA3C in atherosclerosis in

currently unknown, studies have reported SEMASC association
with obesity and insulin resistance® and adipose tissue
fibrosis®® in human.

TGF-p signaling networks were upregulated in atherosclerosis
due to an increase in TGFB1 and TGFB3 from pericytes, FBs,
and lymphoid cells. TGF-p signaling was communicated to
myeloid cell via TGFRB1, TGFRB2, and ACVR1 receptors
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Figure 6. Comparison of Ossabaw pig SMC, EC, and immune subtypes and atherosclerosis-induced changes to humans and mice

(A) Schematic of inter-species comparison.

(B-E) Similarity heatmaps between pig abdominal aorta atherosclerosis snRNA-seq and integrated human atherosclerosis scRNA-seq datasets®”*°°": (B and C)
SMC and FB subpopulations of (B) humans and (C) mice, (D) EC subpopulations, and (E) immune subpopulations.
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(Figure 5G).>" Similarly, we observed THBS1-CD47 interaction
only in the atherosclerotic condition, with the ligands originating
in pericytes, SMCs, and ECs that signal to SMCs and lymphoid
cells (Figure 5H). THBS1—thombospondin 1—is associated
with vascular injury®® and is known to induce fibrosis and inflam-
mation and activate TGF-p signaling,”®** consistent with the
atherosclerosis progression observed in our obese samples.
Taken together, our data showcase alterations in cell communi-
cation in atherosclerosis and highlights central molecular net-
works involved in pathological atherogenesis and remodeling,
including fibrosis, inflammation, and calcification.

Atherosclerosis signatures in the Ossabaw pig show a
strong correlation to human disease

Given the importance of animal model systems to accurately
recapitulate human disease states, we assessed the proximity
of the Ossabaw pig model to human atherosclerosis and mouse
atherosclerosis models (Figure 6A). We re-analyzed publicly
available single-cell RNA sequencing (scRNA-seq) datasets of
human atherosclerosis®’>°°” and scRNA-seq datasets of
mouse aortic disease and atherosclerosis.®”**® Human datasets
were integrated and clustered, and major cell types annotated
(Figure S7A). Mouse datasets were analyzed separately due to
differences in animal models, where mice only on high-fat diet
(HFD) developed aortic disease,”® while the Apoe™~ back-
ground and HFD were required for the development of athero-
sclerosis®’ (Figures S6B-S6C).

We initially identified human and mouse counterparts of cell
populations detected in our pig dataset. Pig SMC_1 and
SMC_2 displayed higher similarity to contractile SMCs in human
and baseline SMCs in mouse, while SMC_3 and SMC_4 were
most similar to transdifferentiating fibromyocytes, fibrochondro-
cytes, and FB subpopulations in human and mouse (Figures 6B
and 6C). EC_1 and EC_4 were most similar to vasa vasorum ECs
and inflammatory EC population in human, while EC_2 and EC_3
were associated with EndoMT transitioning ECs of intimal layer
(Figure 6D). The number of immune and EC cell types was too
low for similar analyses in mouse datasets. Pig immune cells
also showed consistent similarity to human, with B cells being
similar to plasma cells, B cells, and proliferating cells, while
T cells were similar to two T cell populations and NK cells in hu-
man (Figure 6E). Myeloid-SMC-like cells were matched by SMC-
like MFs in human atherosclerosis, while other MF subpopula-
tions were most similar to human inflammatory and foamy MFs
(Figure 6E).

We next compared gene expression changes in human and
mouse atherosclerosis to the Ossabaw pig (Figures 6F and
6G). Only one human dataset, human coronary artery athero-
sclerosis,”® had disease and control experimental groups that al-
lowed for direct comparisons. Pig DEGs displayed moderate
correlation with human coronary artery atherosclerosis, where
SMCs and myeloid cells displayed the strongest similarity
(Figure 6F). DEG analyses also revealed significant correlations
between human and mouse (Apoe™~ model) in SMCs, ECs,
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and FBs (Figure 6G). Specifically, concordant changes of key
atherosclerosis-associated genes such as SPP1, APOE, IBSP,
CD163, and TREM2 were observed®'**® (Figure 6G). In contrast,
gene expression changes in mouse aortic disease showed
poor correlation to the pig aorta, emphasizing that HFD alone
is insufficient to induce atherosclerosis in mice, while HF/HFru
diet in Ossabaw pig can trigger disease without the need for
further genetic modifications (Figure S8A). Moreover, we
compared bulk RNA sequencing (RNA-seq) data from human
abdominal aorta atherosclerotic lesions® with the Ossabaw
pig aortas (Figure S8B). Pig DEGs in atherosclerosis correlated
better with human abdominal aorta when compared with athero-
sclerosis samples from the coronary artery (Figure S8B), most
likely due to the differences in the architecture and fluid dy-
namics of these vessels.

Together, our analyses reveal a positive correlation of pig data
with human and mouse atherosclerosis, as well as presence of
similar cellular transitions and upregulation of atherosclerosis-
associated genes, emphasizing the suitability of Ossabaw pig
model for preclinical CVD research.

DISCUSSION

In the current study, we characterized the Ossabaw pig model of
atherosclerosis for further basic and preclinical studies via the
single-cell transcriptomics approach. Our study revealed
complex cellular adaptations and molecular interactions that
occur in atherosclerosis in Ossabaw pig. We found involvement
of the BDNF, TGF-B, and interleukin signaling pathways in
atherosclerosis as a common mechanism affecting all vascular
cell types. From single-cell profiles, we detected phenotypic
switches in SMCs and immune cells, as well as EndoMT in
intimal ECs. Furthermore, we characterized intercellular commu-
nication networks impeded by atherosclerosis, including pro-os-
teogenic SPP1, PGE2, and SEMAS3C signaling. Through com-
parisons with atherosclerotic changes reported in mice and
human, our work shows that the Ossabaw pig is a reliable model
for atherosclerosis due to the similarity of molecular changes, as
well as plaque characteristics such as naturally occurring
calcification.

With the recent development of novel single-cell technologies,
it has become possible to decipher tissue complexity and
vascular heterogeneity on a previously unreachable level.®%°?
Several consortia took to create whole-organism single-cell at-
lases as a valuable scientific community resource.®*°* Similarly,
a pig atlas was recently developed.®® It described multiple or-
gans in great detail at baseline condition; however, CVD-relevant
tissues such as aorta or carotid artery were not profiled.
Sukhanov et al. utilized spatial transcriptomics platform to
analyze plaques in the coronary artery of domesticated, familial
hypercholesterolemic pigs.®® An increase in the “fibromyocyte”
population was reported in the plaque area, with upregulation of
THBS1, APOE, MMP9, and CTSD, as well as AP-1-related
genes, concordant with our findings. Here, we further deepen

(F and G) Correlation of DEGs between pig abdominal aorta atherosclerosis and (F) human coronary artery atherosclerosis scRNA-seq dataset™ or (G) mouse
ascending aorta atherosclerosis scRNA-seq.”’ Significant DEGs (p-adj < 0.001, |log2FC| > 1) from the pig dataset were utilized for these comparisons; R,

Pearson’s correlation coefficient.
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the knowledge of pig atherosclerosis by providing the first high-
resolution single-nucleus transcriptomic profile of healthy and
atherosclerotic aortas in the Ossabaw pig, thus contributing to
the publicly available single-cell resources.

Atherosclerotic plaques typically contain ECs, SMCs, and
various inflammatory cells, including lipid-loaded foam cells.®”
We too detected these cell types, accompanied with other cell
types originating in the adventitia (FBs, stromal, and Schwann
cells). The SMCs in atherosclerosis significantly change their
phenotype and undergo transdifferentiation. As such, “fibro-
myocyte”®” or “fibrochondrocyte”®’” phenotypes have been re-
ported in mouse and human atherosclerosis, as well as MF-like
SMCs, characterized by expression of immune cell markers
CD45, CD68, LGALS3, and CD11b, which contribute to the im-
mune cell milieu of the plaque in mice.**:%%° Within atheroscle-
rotic plaques analyzed here, SMCs presented a phenotypic
switch to synthetic, pro-inflammatory, and pro-osteogenic fates
that could be directly linked to human and mouse fibromyocyte
and fibrochondrocyte subpopulations,®”>” while MFs shifted to-
ward an SMC-like phenotype (Figures 6B-6E). Pathways upre-
gulated in Ossabaw pig atherosclerosis in ECs like EndoMT,
TGF-p, and interleukin signaling were also consistent with human
reports.”® Similarly, atherosclerotic pig samples displayed stron-
ger myeloid-SMC interactions (e.g., SPP1 signaling [Figure 5]) in
line with analyses on human plaques.*>°

Transcriptional changes observed in pig atherosclerosis
showed a positive correlation with both human coronary and
aortic atherosclerosis, as well as with mouse aortic atheroscle-
rosis (Figures 6F and 6G). These findings collectively indicate
that the Ossabaw pig model effectively mirrors features of hu-
man atherosclerosis development, supporting its suitability for
CVD research. Of note, we showed that diet-induced aortic
disease in wild-type mice had little to no correlation with the Os-
sabaw pig diet-induced atherosclerosis, and only genetically
modified Apoe "~ mice could capture aspects of diet-induced
atherosclerosis (Figures 6G and S8A). This emphasizes the
simplicity of experimental design and the lack of genetic manip-
ulations needed to induce atherosclerosis in the Ossabaw pig
model.

Since the morphology of porcine atherosclerotic lesions is
similar to that of human lesions, they are particularly fit for CVD
research as an animal model. Their morphology, location within
the vascular system, and developmental progress resemble the
full complexity of lesions with necrotic cores, neovascularization,
calcification, and thin fibrous caps in contrast to less complex
mouse lesions.” Calcification of atherosclerotic plaques is
frequently observed in humans. Therefore, the ability to naturally
form calcium deposits in the plaque is of particular interest for
the Ossabaw model. Calcification is associated with advanced
plague complexity, limiting acute and long-term outcomes after
endovascular interventions.”®"" Although several pathways pro-
moting calcification have been identified, reasons underlying the
higher susceptibility of certain arteries to calcification is still un-
clear.”” We showed an upregulation of osteogenic markers
such as SPP1 and IBSP*"-*° and observed mild-to-severe aortic
plaque calcification by histological stainings (Figures 1D, 1E, and
S1D). The prevalence of calcification in human atherosclerosis
ranges from 25% to 46% depending on the artery type and, in

12  iScience 28, 113464, October 17, 2025

iScience

general, is more frequent in males compared to females.”®"" It

is positively correlated with increased body mass index and
age and associated with vulnerable plaques and higher mortality
rate.”®”"""®> While some of the mechanisms underlying the calci-
fication process have been identified, the higher susceptibility of
certain arteries still needs to be addressed.””

Vascular calcifications have also been reported in mouse
models. The Apoe ™~ mouse model displays vascular calcifica-
tion at 12-18 months of age on a chow diet.”* Ldlr”’~ mice
display calcification at 18 months on a chow diet and at 6 months
on a Western diet, while mice injected with Psck9-AAV viruses
display calcification at 12 months on a Western diet.”” This im-
plies that mouse models to study calcification are commonly
attributed to senescent animals with relatively high disease
burden. In case of Ossabaw pigs, we detected calcification of
aortas at 25 months of age, equivalent to a mature adult but
not yet senescent age.”® Thus, due to physiological similarities
of pig cardiovascular system to human and age-relevant calcifi-
cation manifestation, the Ossabaw pig model of atherosclerosis
provides an excellent opportunity to study mechanisms underly-
ing calcification of plaques and its potential reversibility.

Limitations of the study

In the current study, we performed experiments on 5 castrated
male pigs. While we recognize the limited sample number, our an-
alyses nevertheless have sufficient statistical power to show the
key features of atherosclerosis development including inflamma-
tion, phenotypic shifts of various cell types, and changes in cell
communication. Unlike other studies, we could not observe
cross-cell-type transitions (EC-immune and EC-SMC) in our data-
set, which might be related to the conservative data preprocess-
ing strategy. We removed doublets and nuclei with dual transcrip-
tional identities (expressing several of major cell type markers)
from the analysis, as we could not predict if those were real nuclei
of “transitioning” cells or technical artifacts of the experimental
method. We speculate that such transitioning cells may exist in
the pig model similar to mouse or human; however, the confirma-
tion will require further validation.

It is important to note genetic differences between pig breeds,
as these genetic variations could also be responsible for differ-
ences in vascular function.”””® Ossabaw pigs possess a genetic
predisposition for metabolic syndrome, display increased
vasomotor reactivity to vasoconstricting agents and reduced
vasodilation compared to Géttingen pigs, and are unresponsive
to ischemic preconditioning.””:”® These factors might play a role
in the progression of atherosclerosis and results we observed.
While studies have shown no difference in infarct size or treat-
ment response between female and castrated male Ossabaw
pigs,’® it remains unclear if atherosclerosis formation in female
Ossabaw pigs might display different dynamics compared to
the castrated males used here. Estrogen manifests atheropro-
tective function in premenopausal females compared to
males.”®®% It might prevent atherosclerotic plaque formation
during hormonal replacement therapy®'; however, its effective-
ness is still to be established.®**> More studies on female pigs
will be necessary to determine the precise mechanisms underly-
ing differences in phenotypes of CVD development and
response to treatment in females.
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Although the swine genome has been sequenced and anno-
tated by Ensemble with high precision and accuracy,'”** a sub-
stantial proportion of pig genes have not been assigned their hu-
man orthologs or characterized. Despite conservation of major
gene families between species, this knowledge gap can hinder
some of the downstream analysis and interpretation of pig
studies. In our study, we observed a high number of non-anno-
tated genes downregulated across cell types in atherosclerosis
(Figure S4B). We could still pursue GSEA and GO analyses to
infer the downregulated pathways; however, the non-annotated
genes could not be included in the analysis, which reduced its
statistical power. Importantly, we also manually curated several
novel gene annotations (Table S2), increasing the coverage of
transcriptomic information.

In our single-cell analyses, we could only directly compare
atherosclerosis-induced DEGs in Ossabaw pig aorta with human
coronary artery atherosclerosis (Figure 6F) due to lack of human-
derived single-cell datasets with healthy controls. Although the
similarity between SMC, EC, and immune cell subtypes of swine
aortic cells and human aortic, carotid, and coronary cells was
high (Figures S7G-S7I), other vascular beds in human might pro-
vide better comparison with our pig model.

Lastly, we observed a discrepancy in immune cell representa-
tion of the plaques of our pig model compared to human athero-
sclerosis. Human atherosclerosis is characterized by increased
T cell plaque infiltration and their gradual increase with disease
progression.**#%8% On the other hand, the number of myeloid
cells in human atherosclerosis is inversely correlated with age
and complexity of the plaque.®” While we detected both T cells
and B cells in atherosclerosis in our pig model, the predominant
immune cell type in the plagues was MFs and foamy cells,
consistent with reports of mouse atherosclerosis models.®:5°
This discrepancy in human to pig to mouse is important to inves-
tigate, and it could be related to the atherosclerosis stage. Thus,
further time-course studies of disease progression will be bene-
ficial to test this hypothesis.

Taken together, we provide detailed insights into the Ossabaw
pig model of atherosclerosis, thereby establishing a platform for
preclinical screening of novel therapeutic interventions. Our tran-
scriptomic analyses across species underpin the similarity of mo-
lecular and cellular mechanisms driving atherosclerosis develop-
ment in human and the Ossabaw pig. Thus, utilization of the
Ossabaw pig model will be an important tool to translate preclin-
ical findings on cardiovascular health into human applications.
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REAGENT or RESOURCE SOURCE IDENTIFIER

ClusterFoldSimilarity Gonzalez-Velasco et al.”’ https://github.com/OscarGVelasco/
ClusterFoldSimilarity

Other

High fat/ high fructose (HF/HFru), 2% - CorVus Biomedical LLC - KT324

cholesterol diet - Ssniff Spezialdiaten GmbH - S0602-S300S

Chow diet Special Diets Services Mini-pig diet SMP(E) 801586

gentleMACS C-tubes Milteny Biotec 130-096-334

gentleMACS™ Octo Dissociator Milteny Biotec -

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were performed in accordance with the German Animal Welfare Law, and were approved by the state animal ethics
committee, registration number: 25-5131/51/21 (Landesdirektion Sachsen, Leipzig, Germany). Ossabaw pigs (N = 4 and 3 pigs in
obese and control groups, respectively) were obtained from the Ossabaw facility at the Technical University of Denmark (DTU)
(https://ossabaw.dtu.dk). Animals were kept at natural light cycle (light/dark cycle of 12:12 with dawn) with a temperature of 20 +
2°C and allowed ad libitum access to water. They were given straw bedding or wood shaving on rubber mat and had constant access
to enrichment. The obesogenic feeding procedure and all other procedures used were approved by the Danish Animal Experiments
Inspectorate (permit 2016-15-0201-01022), complied with the ARRIVE guidelines and were done in accordance with Danish laws and
regulations regarding the use of animals in research (The Danish Ministry of Justice, Act on Animal Experiments no. 474 of 15 May
2014, as stipulated in the executive order no. 12 on 7 January 2016) and by the state animal ethics committee (Landesdirektion Sach-
sen, Leipzig, Germany). Starting at 16 months of age castrated male Ossabaw pigs were put either on a high-caloric high fat/high
fructose (HF/HFru), 2% cholesterol diet (CorVus Biomedical LLC, KT324; Ssniff Spezialdiaten GmbH, S0602-S300S) or control
chow diet (Special Diets Services; Mini-pig diet SMP(E) 801586). The HF/HFru diet consists of 16.3% kcal protein, 40.8% kcal car-
bohydrates (including 19% kcal from fructose), and 42.9% kcal fat, and is specifically designed for Ossabaw pigs for development of
metabolic syndrome and hypercholesterolenemia.’®'® All Ossabaw pigs were housed at the Ossabaw facility at the Technical Uni-
versity of Denmark (DTU) for the control and partially for the obesity feeding period (6 months), followed by transport and obesity
feeding period (additional 3 months) in Leipzig, Germany. Prior to termination, animals were anesthetized. Vessel dissection was per-
formed by certified surgeons. The samples were taken from abdominal aortic regions between renal and iliac arteries branching
points, and either fixed in formalin solution overnight at 4°C, or directly snap-frozen in liquid nitrogen and stored at -80°C. Samples
from 1 control sample could not be retrieved.

METHOD DETAILS

Histochemical staining
Aorta sections were cut into approximately 1 cm?® pieces and fixed with PBS-buffered formalin solution overnight at 4°C. Tissues
were embedded in paraffin and 5 pm sections cut using a microtome (Thermo Scientific HM355S) and attached to Superfrost slides
(Epredia J1B00AMNZ). Two segments of the aorta were prepared from each animal (descending aorta, iliac aorta). Three areas from
each segment were observed at 250 pm intervals. The sections were de-paraffinized and hydrated. Tissue area was outlined with a
Pap Pen (Kisker MKP-2).

Movat Pentachrome staining was performed with the Movat Pentachrome Stain Kit, Modified Russell-Movat (SkyTec laboratories,
Inc. MPS-1). The incubation times were adjusted to the tissue. In addition, to stain and differentiate the elastic fibers (black), the
staining solution was mounted for 25 min on slides, followed by 2% ferric chloride solution mount 3 x 1 min. The differentiation of
the muscle fibers (red) was modified in the same way. To reduce yellow background slides were immersed in 80% ethanol prior
to dehydrating and final covering in ROTI® Histokit (Carl Roth 6638.1).

Von Kossa silver staining was performed on de-paraffinized and hydrated sections. Briefly, slides were incubated for 30 min in 5%
silver nitrate, washed, and incubated for 2 min in 5% sodium carbonate in 10% formalin solution. Sections then were washed, fixed in
5% sodium thiosulphate, counterstained with nuclear fast red-aluminum sulfate solution (Carl Roth N069.1) for 3 min, and covered
with ROTI® Histokit (Carl Roth 6638.1).

Oil Red O staining was performed on frozen slides equilibrated in 60% isopropanol. Oil Red O working solution (3V: 2V distilled
H20) was incubated for 15 min at RT, briefly incubated in 60% isopropanol, washed in distilled H20, and counted stained with nuclei
staining with Hamatoxilin.

CD68 staining was performed on deparaffinized slides after the antigen retrieval. The slides were blocked for 30 min in 10% Meth-
anol + 3% H202 in distilled H20, and stained overnight in 1:100 CD68 antibody (DAKO, M0876). Next day the staining was developed
with DAKO EnVision+System-HRP for 30 min followed by nuclei staining with Hamatoxilin.
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Slides were visualized using fluorescent microscope Keyence BZ-X810. The same image exposure and acquisition settings were
used for all sections. Three slides per segment of aorta, two segments per animal (N = 4 and 2 pigs in obese and control groups,
respectively) were acquired. Quantification was done using the Keyence software by manually measuring intima and media thickness
at the largest distance between 2 points in 3 individual ROI per image, and by Imaged software, WandAutoMeasureTool for
measuring stenosis grade. Then, the data were averaged per image, and the non-parametric Mann-Whitney test was performed
(GraphPad Prism 10).

ELISA assay
ELISA assay measuring HDL/LDL cholesterol levels (CliniSciences, # MBS168251-192) was performed on animal’s serum isolated
before start of obesogenic diet and at the end of the treatment according to the manufacturer’s protocol.

Preparation of single nuclei suspension and FACS

To preserve true tissue composition proportions and avoid damage of more sensitive cells, we opted for single nuclei RNA-seq. Snap
frozen aortic tissue was stored at -80°C until nuclei isolation took place. To mitigate the possible batch effects of sample handling, all
samples were processed simultaneously. FACS isolation of nuclei was undertaken as previously described with several modifica-
tions.”° For each sample, a piece of frozen vessel tissue approximately 50 mm length was cut on dry ice to avoid thawing, and trans-
ferred directly into a gentleMACS C-tube (Milteny Biotec 130-096-334) containing nuclei isolation buffer (NIB) (5 mM CaCl2; 3mM
MgAc; 2 mM EDTA; 0.5 mM EGTA; 10 mM Tris-HCI, pH 8; cOmplete protease inhibitor cocktail, Roche; 1 mM dithiothreitol; RNAse
OUT™ | Invitrogen). It was further dissociated with the gentleMACS™ Octo Dissociator system with heaters using the “protein_01"
protocol at 4°C. The nuclei suspension was rinsed with NIB supplemented with 0.4% Triton X-100 to final 0.2% concentration, filtered
through a 70 pm cell strainer and the cell strainer was rinsed once with 10 ml FACS buffer (2% FCS in PBS (Sigma D8537)). Nuclei
were collected via centrifugation (4°C, 1000 g, for 5 min), resuspended in FACS buffer and passed through a 40 pm cell strainer into a
FACS tube. All samples were stained with the DRAQ5 stain (1:100, Cell Signaling Technology) diluted in FACS buffer for 10 min onice
in a total volume of 1 ml. Intact single nuclei were sorted on the FACS Melody (BD Biosciences) and collected into low-binding 1.5 ml
Eppendorf tubes pre-coated with 2% FCS-PBS to reduce nuclei clumping and aggregation. Next, nuclei were concentrated by
centrifugation, and their quality and concentration were established manually with hemocytometer, and processed immediately to
the single cell workflow.

Single nuclei workflow

Single nuclei RNA-seq was performed using 10x Next GEM Single Cell 3 GEM kit v3.1 (10x Genomics; Pleasanton, CA, USA) accord-
ing to the manufacturers protocol. Separate 10x genomics reactions were used for each sample. Generated libraries were
sequenced on an lllumina NovaSeq with >27.5 x 10° reads per cell followed by de-multiplexing and mapping to the domesticated
pig genome (build Sscrofal1.1) using CellRanger v5.0.1 (10x Genomics).

Bioinformatics analyses

Data pre-processing

Gene expression matrices were generated using the Cell Ranger software v5.0.1 (10x Genomics) with standard settings and mapping
to the Sscrofa11 reference pig genome. The following data analysis was performed using Seurat package v5.0.°" Firstly, we per-
formed data filtering steps by removing low expressed genes and low-quality nuclei from further analyses: (i) genes with 0 raw counts
were removed; (i) nuclei with <500 or >6000 uniquely expressed genes, or with >25000 UMIs were excluded; (iii) nuclei with high
percentage of mitochondrial genes (>5%) were removed. Next, the data were corrected for ambient RNA with SoupX using
automated contamination estimation method.®” The data were normalized using the NormalizeData() function, the 1500 most variable
features detected with FindVariableFeatures(), data scaled with ScaleData(), the first 11 principal components calculated with
RunPCA(), and used for clustering (RunUMAP|), FindNeighbours(), FindClusters()). Doublets were removed with the DoubletFinder
package according to the doublet rates provided by 10x Genomics.’® Next, we integrated the data from all samples into one object
with Harmony®* using first 11 principal components, and annotated major cell types. Clusters were annotated based on the expres-
sion of canonical markers®”**%": PECAM1 (CD31) and CDH5 (ECs); POSTN, DCN, PDGFRA (FBs); MYH11, COL13A1 (SMC);
PDGFRB, RGS6, CTNNAS3 (pericytes); PLP1, GRIK3 (Schwann cells); SPON1, KCNIP1 (stromal cells); PTPRC, FMN1, CD163,
DOCK4 (myeloid cells); BCL11B, IKZF1, SKAP1, NKG7, PAX5, CD8A (lymphoid cells); as well as unbiased markers identified by
FindAllMarkers() function. For further analyses, cells were separated according to their cell type (SMC, EC, myeloid, lymphoid) for
sub-clustering and differential gene expression analysis. For immune cells ScType® R package was used for cell type prediction,
followed by manual curation based on the gene module score enrichment. Module scores were calculated per each cell using
AddModuleScore() function, following genes were used to assign the modules: arterial (intima) ECs (FBLN5, HEY1, SEMAS3G, ID1,
SLCY9A3R2, GJA4, GJAS, DKK2, SERPINEZ2); Vasa vasorum ECs (NR2F2, VWF, RGCC, CA4, ACKR1, FABP4, PLVAP); TGFp
signaling (KLF11, TGFB2, DAB2, CAV1, RAF1, SMAD6, SKIL, SMAD7, ACVRL1, BMP2, ID1, SMURF1, ACVR1B, HDACI,
SMAD2, ROCK1, AMHR?2); Chemotaxis (PLAT, SELP, ICAM1, VCAM1, ACKR1, CEMIP2, ITGA6); Resident-like MF (CD163,
LYVE1, LGMN, MARCO, FOLR2, F13A1, SELENOP, MRC1, TIMD4, CXCR1, CXCR4, SECISBP2L); Inflammatory MF (CD74,
CD83, CD80, CD86, KDM6B, HLA-DRA, TNF, IL1, CXCL2, NFKBIA, NLRP3, CCL2, CCL3, CCL4, CCL5, CD68); Foamy MF
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(TREM2, ABCA1, FABP4, CYP7AT1, LIPA, SLC9B2, CD9, MREG, PPARG, ACAT1, APOE, ABCG1, OLR1, NPC1, NPC2, NR1H2,
NR1H3, SCARB1); SMC-like (MYH11, ACTA2, COL1A1, MYH9); Progenitor-like MF (KIT, CD34, THY1, CD38, FLT3, CD93, SLAMF1).
Markers used for T-cell subcluster identification: CD4, CD8A; FOXP3, IL2RA, LEF1, SELL, IL7R - regulatory/memory T-cells; NKG?7,
GZMH, GZMA, GZMK, PRF1 — cytotoxic T-cells.*® Differentially expressed genes (DEGs) were obtained using the FindMarkers()
function based on the non-parametric Wilcoxon rank sum test with Benjamini p-value correction. Significant DEGs were identified
by the criteria Benjamini-adjusted p-value (p-adj) < 0.05.

Heatmaps

Heatmaps were generated using log2(FC) of DEGs, or z-scores calculated for average expression per cluster as indicated in
Fig. legends via the ggplot2 R package. For better visual representation, upper and lower value cut-offs were introduced as stated
on the heatmaps. Genes used for heatmaps were derived from the BioPlanet 2019 or KEGG Human 2021 databases.

GSEA, GO and pathway enrichment analysis

Gene set enrichment analysis (GSEA) was performed using ClusterProfiler”® R package using gseGO() function and human Ensemble
database. Analyses was done on DEG lists ranked by the log2FC. Gene ontology (GO) and pathway enrichment analyses were per-
formed using Enrichr,®” with BioPlanet 2019 or KEGG Human 2021 databases. Selected pathways and GO-terms significantly en-
riched with a Benjamini-adjusted P-value (P-adj) < 0.05 are presented. Data are presented on a -log4g scale.

Cell-cell interaction network analysis

Cell-cell interaction network analysis was performed on all cell types for control and atherosclerosis conditions separately using
CellChat R package.“® Interactions were inferred based on the human ligand-receptor database Cell.ChatDB.human using the
following parameters: computeCommunProb(cellchat, type = "triMean", population.size = TRUE), taking into account the scaling
for the cell type population size. Cell-cell communications with clusters of nuclei less than 30 were filtered out by function filterCom-
munication(cellchat, min.cells = 30). Word clouds were generated with computeEnrichmentScore() function using all interactions in
control and atherosclerosis conditions respectively. Differential interactions between control and atherosclerosis condition were
calculated using identifyOverExpressedGenes() function with following parameters: thresh.pc = 0.1, thresh.fc = 0.05, thresh.
p = 0.05, group.DE.combined = FALSE, only.pos = FALSE.

Comparison with human and mouse studies

For comparison of changes occurred in atherosclerosis vs. control condition in pig with the human and mouse datasets, we utilized
publicly available bulk and single cell transcriptomic data.®’-%%:°5-5°

To correlate of DEGs in atherosclerosis vs. control condition in pig with the human and mouse datasets, we used the datasets,
which contain both disease and control condition samples.®>°%°° We re-analyzed scRNA-seq data as mentioned above in Data
pre-pocessing, and generated DEG lists by Seurat FindMarkers() on major cell type populations: SMCs, ECs, and FBs. For human
bulk RNA-seq data,’ we used the DEGs provided by the authors for the comparison of abdominal aorta plaques to the left internal
mammary artery controls. Only the genes with (1) direct orthologs, (2) a Benjamini-adjusted P-value (P-adj) < 0.001, and (3) with ab-
solute log2 fold change >1, were considered for analysis using Pearson correlation test.

To compare the atherosclerotic plaque heterogeneity and cell subtypes in pig and human, we integrated several human datasets of
containing samples from carotid, coronary, and aortic vessels.®”**°°" We re-analyzed scRNA-seq data as mentioned above in
Data pre-pocessing, and integrated datasets using Harmony integration. Cell types and subtypes were annotated according to
the gene module score enrichment of top 100 markers per cluster of integrated data provided elsewhere®® using AddModule-
Score() function. For comparison between cell subtypes, single cell objects containing only SMCs, ECs, or immune cells were subset
in both pig and human cases. Cluster similarity was determined using clusterFoldSimilarity() function of ClusterFoldSimilarity R pack-
age,”® where the similarity values were based on the fold-changes from non-integrated pig and human datasets per each cluster
computed using a Bayesian approach with fold-change shrinkage. Similarity heatmaps were generated using similarityHeatmap()
function.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data, which were not derived from sc/snRNA-seq data analyses, are provided as mean + standard error of the mean (SEM). All sta-
tistical tests were exclusively undertaken on biological replicates using GraphPad Prism 10 software and or R. Comparison of data
between the indicated two groups was undertaken using the non-parametric Mann-Whitney test, unless otherwise specified. Com-
parison of cell percentages per cell type/subtype in snRNA-seq data was performed using Chi-squared test. A p-value < 0.05 was
considered statistically significant; * indicates p-values < 0.05, ** < 0.01, ™ < 0.001, *** < 0.0001.
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