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Abstract

Background: Smooth muscle cells (SMCs) exhibit remarkable plasticity, undergoing extensive phenotypic switching to gener-
ate a highly heterogeneous population within atherosclerotic plaques. While recent studies have highlighted the contribution
of SMC-derived macrophage-like cells to plaque inflammation, the specific molecular drivers governing the transition to these
pathogenic states remain poorly understood.

Methods: Here, we re-analyzed single-cell RNA sequencing data from lineage-traced mice to dissect SMC heterogeneity during
atherogenesis. Trajectory analysis revealed that SMCs transdifferentiate into a distinct pro-inflammatory macrophage-like
subpopulation (macrophage 4) via an intermediate “stem-endothelial-monocyte" cell state. Integrated gene regulatory net-
work inference and in silico perturbation modeling identified interferon regulatory factor 7 (IRF7) as a master transcriptional
regulator orchestrating this specific pathogenic transition.

Results: Clinically, IRF7 expression was significantly upregulated in unstable and advanced human atherosclerotic plaques,
correlating strongly with inflammatory macrophage burden. In vivo, ApoE~/~ mice challenged with a high-fat diet exhibited
robust upregulation of IRF7 in aortic plaques, which co-localized with macrophage markers. Crucially, SMC-specific knock-
down of Irf7 using an AAV-SM22«-shIRF7 vector significantly attenuated atherosclerotic plaque progression, reduced necrotic
core formation, and enhanced fibrous cap stability. Mechanistically, /rf7 silencing preserved the contractile SMC phenotype
and inhibited the accumulation of pro-inflammatory SMC-derived macrophage-like cells within the lesion.

Conclusions: These findings identify IRF7 as a critical checkpoint in maladaptive SMC phenotype switching. We demonstrate
that IRF7 drives the transdifferentiation of SMCs into a pro-inflammatory macrophage-like state, thereby fueling plaque insta-
bility. Consequently, therapeutic strategies capable of inhibiting IRF7-mediated SMC plasticity may prove effective in stabiliz-
ing vulnerable atherosclerotic plaques.
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Single-cell RNA sequencing identifies the trajectory of SMC transdifferentiation into a pro-inflammatory macrophage-like state
with IRF7 as the master regulator of this pathogenic transition. In human plaques, high IRF7 expression correlates with plaque
instability. In vivo SMC-specific knockdown of Irf7 inhibits the maladaptive phenotypic switching and stabilizes the atheroscle-

rotic plaque.

Introduction

Atherosclerosis serves as the fundamental pathological basis for
ischemic heart disease and stroke, collectively remaining the lead-
ing causes of morbidity and mortality worldwide. Historically, the
pathology of atherosclerosis was defined primarily by the forma-
tion of atheroma resulting from the excessive accumulation of
lipids. However, over the past few decades, it has become clear
that atherosclerosis is not simply a by-product of hypercholes-
terolemia, but a chronic inflammatory disease involving the par-
ticipation of endothelial cells (ECs), smooth muscle cells (SMCs),
and immune cells such as macrophages [1-3].

While immune cells were once considered the primary drivers
of plaque progression, recent studies have revealed that SMCs
are a major source of plaque cells [4]. The contribution of SMCs
to atherosclerosis presents a significant biological paradox. On
one hand, the migration of SMCs and their subsequent produc-
tion of extracellular matrix are critical for forming the fibrous
cap, the primary barrier against thrombotic rupture [5]. On the
other hand, recent studies combining single-cell RNA sequencing
(scRNA-seq) and lineage tracing technology reveal that this repar-
ative response is highly heterogeneous [6]. A significant subset of
these cells bypasses the stabilizing myofibroblast state, instead
acquiring a degradative, synthetic phenotype that exacerbates in-
flammation [7, 8]. This duality highlights that SMCs are not merely
a uniform population, but a mosaic of distinct subsets with oppos-
ing effects on plaque stability.

Despite the pivotal role of SMC plasticity, the specific transcrip-
tional regulators that tip this balance toward a pathogenic phe-
notype remain largely undefined. In this study, utilizing scRNA-
seq data, bulk RNA-seq data, and in vivo experimental models, we
identify interferon regulatory factor 7 (IRF7) as a critical factor pro-
moting SMC phenotype switching and driving the progression of
atherosclerosis.

IRF7 is a transcription factor known to orchestrate immune
responses in cancer, autoimmunity, and viral infections [9, 10].
Emerging evidence highlights a complex, cell-type-specific role
for IRF7 in vascular pathology. In the context of vascular injury
and remodeling, IRF7 functions as a protective factor within SMCs.
Huang et al. demonstrated that IRF7 expression is downregulated
following carotid artery injury, and its restoration inhibits neoin-

tima formation by suppressing SMC proliferation through the in-
hibition of the activating transcription factor 3 (ATF3) - prolifer-
ating cell nuclear antigen (PCNA) signaling axis [11]. Similarly,
in pulmonary hypertension, IRF7 has been identified as a crit-
ical checkpoint that prevents pulmonary vascular remodeling;
its overexpression attenuates pulmonary artery smooth muscle
cell proliferation and inflammation, again by antagonizing ATF3-
mediated signaling [12]. Conversely, in the context of diabetic
atherosclerosis, IRF7 appears to play a detrimental role within
the immune compartment. Senatus et al. reported that receptor
for advanced glycation end products (RAGE) signaling upregulates
IRF7 in macrophages, which in turn promotes inflammation and
suppresses cholesterol efflux, thereby impairing plaque regres-
sion [13]. However, despite these insights into macrophage func-
tion and mechanical injury models, the specific contribution of
SMC-derived IRF7 to the development and stability of lipid-driven
atherosclerotic plaques remains unknown.

In this study, we utilized scRNA-seq combined with in vivo ex-
perimental models to dissect this heterogeneity. We identify IRF7
as a potential but critical factor promoting SMC phenotype switch-
ing and driving the progression of atherosclerosis.

Methods
Analysis of sc- and bulk RNA-seq data

The mouse scRNA-seq data utilized in this study were obtained
from the Gene Expression Omnibus (GEO) database under acces-
sion number GSE155513, originating from the study by Pan et al.
[14]. To investigate the phenotypic heterogeneity and transdiffer-
entiation of SMCs during atherogenesis, the study employed a
specific SMC-lineage-tracing mouse model generated by crossing
ROSA26756™en/+ reporter mice with Myh11-CreER™ mice. These
lineage-tracing mice were subsequently crossed onto an Ldlr~/~
background and fed a Western diet (WD) to induce atherosclero-
sis.

Arterial tissues, including the ascending aorta, brachiocephalic
artery, and thoracic aorta, were harvested at four distinct time
points (after 0, 8, 16, and 26 weeks of WD feeding) to cap-
ture the temporal dynamics of plaque progression. To distin-
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guish SMC-derived cells from other cell types, arterial tissues
were digested into single-cell suspensions and subjected to
fluorescence-activated cell sorting (FACS). This strategy separated
cellsinto ZsGreenl-positive (SMC-lineage) and ZsGreenl-negative
(non-SMC lineage) populations, which were then independently
processed for scRNA-seq using the 10x Genomics Chromium
platform.

The human carotid atherosclerosis scRNA-seq data utilized in
this study were obtained from the GEO database under accession
number GSE253903, originating from the study by Bashore et al.
[6]. To investigate the clinical relevance of SMC phenotype switch-
ing and inflammatory burden, the dataset comprised carotid en-
darterectomy specimens collected from a cohort of patients clini-
cally stratified into symptomatic and asymptomatic groups.

Human bulk RNA-seq data was used to evaluate the clinical
relevance of IRF7 expression in different pathological stages and
phenotypes of human atherosclerosis. Three independent bulk
RNA-seq datasets were retrieved from the GEO database. The
dataset GSE28829 was analyzed to compare IRF7 expression lev-
els between stable and unstable atherosclerotic plaques [15].
The GSE163154 dataset was utilized to assess differential expres-
sion in plaques characterized by intraplaque hemorrhage (IPH)
versus non-IPH lesions [16]. Additionally, the GSE120521 dataset
was employed to examine IRF7 expression differences between
early-stage and advanced atherosclerotic lesions [17]. For detailed
bioinformation methods, see the online supplementary material.

Animals and ethics statement

All animal experiments were conducted in accordance with the
guidelines for the Care and Use of Laboratory Animals and were
approved by the Ethics Committee of Second Military Medical Uni-
versity (No. 20245L197). Male ApoE knockout (KO) ApoE”- mice on
a C57BL/6J background (GemPharmatech Co., Ltd) were used for
all experiments. Mice were housed in a specific pathogen-free fa-
cility under a 12-h light/dark cycle with ad libitum access to food
and water.

Evaluation of IRF7 expression in
atherosclerosis

To investigate the expression pattern of IRF7 during atherogene-
sis, 12 ApoE- mice were randomly assigned to two groups (n = 6
per group): anormal diet (ND) group fed a standard chow diet, and
a high-fat diet (HFD) group fed a WD (Research Diets) to induce
atherosclerosis.

SMC-specific IRF7 knockdown mouse
model

To determine the specific role of SMC-derived IRF7 in atheroscle-
rosis, an adeno-associated virus (AAV) system was employed to
knock down Irf7 expression specifically in SMCs. AAV2/9 vec-
tors carrying a short hairpin RNA (shRNA) targeting Irf7 (AAV2/9-
SM22a-shIRF7) or a scramble control sequence (AAV2/9-SM22q-
scramble) under the control of the SMC-specific SM22a promoter
were constructed (Anzhen Bio). A total of 24 male ApoE”- mice were
randomly divided into two groups (n = 12 per group): the control
group and the Irf7 knockdown (KD) group. At 8 weeks of age, mice

received a tail vein injection of the respective AAV vectors (5x 10!
genome copies/mouse). Following a 1-week recovery period (at 9
weeks of age), all mice were challenged with a HFD for 20 weeks to
promote atherosclerotic plaque formation.

Tissue collection and histological analysis

To enable both morphological and molecular analyses from the
same animal, the aorta was divided anatomically. The proximal
portion, comprising the ascending aorta and the aortic arch, was
fixed in 4% paraformaldehyde and processed for en face oil red
O staining to quantify the gross atherosclerotic lesion area. The
descending thoracic and abdominal aorta was immediately snap-
frozen in liquid nitrogen and stored at —80°C for subsequent pro-
tein extraction and western blot analysis. Additionally, the upper
portion of the heart containing the aortic root was embedded in
optimal cutting temperature (OCT) compound (Sakura) or paraf-
fin. Serial cryosections of the aortic sinus were prepared for histo-
logical assessment. These sections were subjected to hematoxylin
and eosin (H&E) staining for plaque morphology, oil red O stain-
ing for lipid accumulation, and Masson’s trichrome and sirius red
staining to evaluate collagen content.

Western blot

Proteins were extracted from thoracic and abdominal aor-
tic tissues using radioimmunoprecipitation assay (RIPA) ly-
sis buffer containing protease and phosphatase inhibitors.
Equal amounts of protein were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto polyvinylidene difluoride (PVDF) membranes.
After blocking with 5% non-fat milk, membranes were incu-
bated overnight at 4°C with primary antibodies against IRF7,
a-SMA, CD68, and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). Membranes were then washed and incubated
with horseradish peroxidase (HRP)-conjugated secondary
antibodies for 1 h. Protein bands were visualized using an
ECL detection system and quantified using ImageJ software.
All the antibodies used and their dilution ratios are listed in
supplementary Table 1, see online supplementary material.

Multiplex immunohistochemistry

To simultaneously visualize the spatial distribution of IRF7, CD68,
and alpha-smooth muscle actin (¢-SMA) on the same tissue sec-
tion, multiplex immunohistochemistry (mIHC) was performed us-
ing tyramide signal amplification (TSA) technology (RecordBio).
Following deparaffinization, antigen retrieval (pH 9.0, Tris-EDTA
for 1 h) and blocking (Beyotime), tissue sections were subjected
to three sequential rounds of staining. In the first cycle, sections
were incubated with anti-IRF7 antibody overnight at 4°C followed
by HRP-conjugated secondary antibody and detection with TSA-
570. The antibody-HRP complex was stripped via microwave heat
treatment. In the second cycle, sections were incubated with anti-
CD68 antibody and detected with TSA-520. In the third cycle, anti-
a-SMA antibody was applied and detected with TSA-690. Finally,
nuclei were counterstained with Hoechst (Thermo Fisher Scien-
tific) and slides were mounted with antifade medium (Thermo
Fisher Scientific). All the antibodies used and their dilution ratios
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are listed in supplementary Table 2, see online supplementary
material).

IHC and immunofluorescence staining

To characterize plaque composition, IHC staining was performed
on paraffin-embedded aortic root sections. Sections were de-
paraffinized in xylene and rehydrated through a graded ethanol
series. Antigen retrieval was achieved by heating slides in cit-
rate buffer (pH 6.0) for 1 h. Endogenous peroxidase activity was
quenched with 3% hydrogen peroxide, and non-specific binding
was blocked with quick-blocking buffer (Beyotime). Sections were
incubated overnight at 4°C with primary antibodies against CD68
to identify macrophages and «-SMA to identify SMCs. Detection
was performed using a HRP-conjugated secondary antibody poly-
mer system followed by incubation with 3,3’-diaminobenzidine
(DAB) substrate (Servicebio), yielding a brown reaction product.
Nuclei were counterstained with hematoxylin, and images were
captured using a light microscope. For standard assessment of cel-
lular abundance, sections were incubated overnight with primary
antibodies against CD68 and «-SMA, followed by species-specific
fluorophore-conjugated secondary antibodies for 1 h at room tem-
perature. All the antibodies used and their dilution ratios are listed
in supplementary Table 2.

Statistical analysis

All statistical analyses were performed using GraphPad Prism soft-
ware (version 9.0). Data are presented as the mean =+ standard
error of the mean (SEM). The normality of data distribution was
assessed using the Shapiro-Wilk test. For comparisons between
two experimental groups (e.g. ND vs. HFD; control vs. Irf7 KD), sta-
tistical significance was determined using an unpaired, two-tailed
Student’s t-test for normally distributed data or a Mann-Whitney U
test for non-normally distributed data. For comparisons involving
more than two groups, one-way analysis of variance (ANOVA) was
used, followed by Tukey’s post hoc test for multiple comparisons.
A P-value < 0.05 was considered statistically significant.

Results

Single-cell transcriptomic analysis reveals
SMC transdifferentiation into distinct
macrophage-like states during
atherogenesis

To dissect the cellular heterogeneity and lineage trajectories
within atherosclerotic lesions, we utilized the scRNA-seq dataset
from a study published in Circulation in 2020 by Pan et al. [14].
This dataset profiled aortic cells derived from lineage-traced
ROSA26756reent/+ - | dr~/- Myh11-CreER™ mice fed a WD for 0, 8, 16,
and 26 weeks to capture the dynamic progression of plaque devel-
opment. Following rigorous quality control and doublet removal,
we re-analyzed the data and identified 16 distinct cell clusters via
unsupervised clustering, which were annotated based on the ex-
pression of canonical marker genes (Fig. 1A). The cell type identi-
ties were further confirmed by analyzing the top differentially ex-

Precision Clinical Medicine, 2026, Volume 9, Issue 1

pressed genes for each cluster (supplementary Fig. 1A, see online
supplementary material).

We next utilized the lineage-tracing information embedded in
the dataset to distinguish cells of SMC origin (ZsGreenl+) from
those of non-SMC origin. While the majority of SMC-lineage cells
clustered within the canonical SMC and fibroblast populations, a
significant fraction mapped to clusters identified as macrophages
(Fig. 1B). Specifically, among the four macrophage clusters iden-
tified (macrophage 1-4), macrophage 3 and macrophage 4 were
predominantly of SMC origin, indicating extensive transdifferenti-
ation of SMCs into macrophage-like phenotypes. Temporal anal-
ysis revealed that this phenotypic switching is a progressive pro-
cess; while SMC identity was largely preserved at early time points
(weeks 0 and 8), a profound shift toward these macrophage-like
states was observed at advanced stages of atherosclerosis (weeks
16 and 26) (Fig. 1C).

Given that both macrophage 3 and macrophage 4 originated
from SMCs yet formed distinct clusters, we hypothesized that they
represent functionally distinct states. To elucidate the molecu-
lar differences between them, we performed differential expres-
sion followed by gene ontology (GO) enrichment analysis. The re-
sults revealed a striking functional divergence: the top five en-
riched biological pathways in macrophage 4 were exclusively as-
sociated with inflammatory responses, including “inflammatory
response,” “cytokine production,” and “response to bacterium”
(Fig. 1D).

To further validate this pro-inflammatory phenotype, we ex-
amined the expression profiles of specific inflammation-related
genes. A heatmap of genes associated with the “inflammatory re-
sponse” GO term demonstrated that macrophage 4 exhibited sig-
nificantly higher expression of pro-inflammatory mediators com-
pared to macrophage 3 (Fig. 1E). This observation was corrob-
orated by feature plots showing the intense expression of typ-
ical pro-inflammatory markers (e.g. Ccl2, Cxcl2, Nlrp3) specifi-
cally within the macrophage 4 cluster (supplementary Fig. 1B-
G). Collectively, these analyses demonstrate that during ad-
vanced atherosclerosis, a subpopulation of SMCs transdifferen-
tiates into a specific, highly pro-inflammatory macrophage-like
state (macrophage 4), distinct from other SMC-derived popula-
tions.

Integrated regulatory network analysis
identifies IRF7 as a key driver of the
pro-inflammatory SMC-macrophage
transition

To unravel the molecular mechanisms governing the bifurca-
tion of SMCs into distinct macrophage-like states—specifically
the pro-inflammatory macrophage 4 vs. the less inflammatory
macrophage 3—we sought to identify key transcription fac-
tors (TFs) directing these lineage decisions. We employed the
pySCENIC pipeline to reconstruct the gene regulatory network and
quantify regulon activity at the single-cell level [18]. By applying a
random forest classification algorithm to the regulon activity ma-
trix, we ranked TFs based on their importance in distinguishing
macrophage 4 from macrophage 3. This analysis identified IRF7
as a top-ranking candidate driver (ranking second among all iden-
tified TFs) (Fig. 2A). Consistent with this ranking, the regulon ac-
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Figure 1 Single-cell transcriptomic analysis reveals SMC transdifferentiation into distinct macrophage-like states during atherogenesis. (A) Uniform
manifold approximation and projection visualization of 16 distinct cell clusters identified from the aortic single-cell dataset (GSE155513). Clusters were
annotated based on canonical marker gene expression. (B) Lineage tracking of SMCs. Cells of SMC origin (ZsGreen1+) are highlighted in yellow. Note the
significant contribution of SMC-lineage cells to macrophage clusters 3 and 4. (C) Temporal evolution of SMC-lineage cells across disease progression (0, 8,
16, and 26 weeks of WD). The transition from contractile SMCs to macrophage-like states is prominent in advanced stages (16 and 26 weeks). (D) Gene
ontology (GO) enrichment analysis comparing the biological processes between SMC-derived macrophage 4 and macrophage 3. The top five enriched
terms in macrophage 4 are associated with inflammatory responses. (E) Heatmap showing the relative expression of genes involved in the
“inflammatory response” GO term. Macrophage 4 exhibits a distinct pro-inflammatory transcriptional profile compared to macrophage 3.
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tivity (AUCell score) of IRF7 was significantly elevated in the pro-
inflammatory macrophage 4 cluster compared to macrophage 3
(Fig. 2B), a pattern mirrored by the global gene expression distri-
bution (Fig. 2C).

To further validate the regulatory hierarchy of IRF7, we utilized
CellOracle to model cell-type-specific gene regulatory networks
[19]. As a prerequisite for network modeling, we visualized the
imputed gene expression within the specific macrophage sub-
lineage, which confirmed the distinct enrichment of Irf7 in the
macrophage 4 population (Fig. 2D). We then calculated eigenvec-
tor centrality, a metric quantifying a gene’s influence within the
inferred network. Strikingly, IRF7 exhibited a high centrality score
specifically within the macrophage 4 network, whereas its central-
ity was negligible in macrophage 3 (Fig. 2E). This indicates that
IRF7 functions as a critical regulatory hub essential for establish-
ing or maintaining macrophage 4 identity.

Finally, to predict the functional consequence of IRF7 loss on
cell fate, we performed in silico perturbation analysis using CellOr-
acle. We simulated a specific KO of Irf7 within the inferred gene reg-
ulatory network and modeled the resulting shift in cellular iden-
tity. The perturbation simulation map revealed a strong shift mag-
nitude (indicated by deep maroon color) specifically localized to
the macrophage 4 cluster (Fig. 2F), in contrast to the randomized
control (Fig. 2G). Vector field analysis of the differentiation trajec-
tory demonstrated that /rf7 KO fundamentally altered the devel-
opmental flow: rather than maintaining the macrophage 4 state,
the velocity vectors reversed direction, pointing toward the less
inflammatory macrophage 3 phenotype (Fig. 2H and I). Collec-
tively, these computational models suggest that IRF7 is a requi-
site factor for driving SMC phenotypic switching toward the pro-
inflammatory macrophage-like state.

Elevated IRF7 expression correlates with
plaque instability and inflammatory
macrophage accumulation in human
atherosclerosis

To validate the clinical relevance of our findings, we analyzed IRF7
expression in three independent human bulk RNA-seq datasets
representing different stages of atherosclerotic plaque progres-
sion. Across all cohorts, IRF7 expression was significantly upreg-
ulated in complex, vulnerable lesions compared to stable or early-
stage plaques. Specifically, IRF7 levels were elevated in advanced
vs. early-stage atheroma (GSE28829; Fig. 3A), in unstable vs. stable
plaques(GSE120521; Fig. 3B), and in lesions with IPH vs. non-IPH
lesions (GSE163154; Fig. 3C). These data indicate that IRF7 expres-
sion scales with disease severity and plaque instability in humans.

To determine if this upregulation reflects the accumulation of
the specific SMC-derived macrophage population identified in our
mouse model, we generated a “macrophage 4” gene signature
based on the top 100 differentially expressed genes defined in our
scRNA-seq analysis. Single-sample gene set enrichment analysis
(sSGSEA) revealed that this pro-inflammatory macrophage 4 sig-
nature was significantly enriched in severe atherosclerotic lesions.
(supplementary Fig. 2B, D, F, see online supplementary material),
suggesting that the expansion of this specific cell state is a con-
served feature of advanced human atherosclerosis.

Furthermore, we characterized the immune landscape of these
plaques using CIBERSORT deconvolution. Consistent with the in-
flammatory nature of advanced disease, severe plaques (unstable,
IPH, advanced) exhibited a significantly higher proportion of total
macrophages and monocytes compared to their stable counter-
parts (Fig. 3D, F, H; supplementary Fig. 2A, C, E). Notably, Spear-
man correlation analysis demonstrated a robust positive corre-
lation between IRF7 expression and total macrophage content
(Fig. 3E, G, I). While the specific polarization status (M1 vs. M2)
showed variable correlations with IRF7 (supplementary Fig. 2G-
H), the consistent association with total macrophage burden and
the specific macrophage 4 signature strongly supports the hypoth-
esis that IRF7 drives the accumulation of pro-inflammatory, SMC-
derived macrophage-like cells in human atherosclerotic plaques.

IRF7 expression is upregulated and
localizes to macrophage-rich regions in
atherosclerotic plaques

Toinvestigate the expression dynamics of IRF7 during atherogene-
sis in vivo, we established a murine model of atherosclerosis using
ApoE~/~ mice challenged with a HFD or a ND. As expected, en face
oil red O staining revealed extensive atherosclerotic lesion forma-
tion in the aortas of the HFD group, whereas lesions were negli-
gible in the ND group (supplementary Fig. 3A, see online supple-
mentary material). This was corroborated by cross-sectional anal-
ysis of the aortic root, where HFD feeding resulted in significant
plaque burden and lipid accumulation as visualized by H&E and
oil red O staining (supplementary Fig. 3B, C).

Immunohistochemical characterization of the plaque compo-
sition confirmed a robust inflammatory response, characterized
by significantly elevated expression of the macrophage marker
CD68 in the HFD group compared to controls (Fig. 4A). Consistent
with the typical pathology of advanced lesions, «-SMA-positive
cells were observed migrating from the tunica media into the sub-
endothelial space, contributing to the formation of the fibrous cap
(Fig. 4A).

Concomitant with this plaque development, western blot anal-
ysis of aortic tissues demonstrated a significant upregulation of
IRF7 protein levels in the HFD group compared to the ND con-
trol (Fig. 4B and C). To spatially resolve this expression within the
plaque architecture, we utilized multiplex mIHC. While IRF7 signal
was minimal in the healthy vessel wall (ND), it was robustly ex-
pressed within the atherosclerotic plaques of HFD-fed mice. No-
tably, IRF7 immunoreactivity exhibited partial colocalization with
CD68 (Fig. 4D), supporting our single-cell findings that IRF7 is en-
riched in cell populations acquiring macrophage-like traits during
atherogenesis.

IRF7 drives the pro-inflammatory state of
SMC-derived macrophage-like cells in
symptomatic human atherosclerosis

To determine the clinical relevance of IRF7-mediated SMC trans-
differentiation, we analyzed a high-dimensional single-cell multi-
modal dataset of human carotid atherosclerosis containing both
symptomatic (n = 6) and asymptomatic (n = 6) plaques (Bashore
et al., Arterioscler Thromb Vasc Bio 2024) [6]. We first isolated the
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Figure 3 Elevated IRF7 expression correlates with plaque instability and inflammatory macrophage accumulation in human atherosclerosis. (A-C)
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Analysis of IRF7 mRNA expression in human atherosclerotic plaques from three independent GEO datasets. (A) Unstable vs. stable plaques (GSE28829).
(B) Advanced vs. early plaques (GSE120521). (C) IPH vs. non-IPH plaques (GSE163154). (D, F, H) CIBERSORT immune deconvolution analysis showing the
relative fractions of macrophages and monocytes in the respective datasets. (E, G, ) Spearman correlation analysis between IRF7 expression levels and
total macrophage content in human plaques. Data are presented as mean £ SEM. %P < 0.05, *xP < 0.01, s*xP < 0.001, s*xxP < 0.0001.
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total macrophage population based on the expression of canon-
ical markers ITGAM, CD68, and CD14 (supplementary Fig. 4A-D,
see online supplementary material). Strikingly, IRF7 expression
was significantly upregulated in macrophages derived from symp-
tomatic plaques compared to asymptomatic controls (Fig. 5A),
suggesting a link between IRFT7 activity and plaque instability.

A major challenge in human atherosclerosis research is distin-
guishing bone marrow-derived macrophages from SMC-derived
macrophage-like cells. To address this, we leveraged CD200,
which was recently identified as a robust, lineage-retained sur-
face marker specific to human and murine SMCs, even after
phenotypic switching (Bashore et al., Circulation 2024) [20].
We stratified the macrophage population based on inflamma-
tory status and found that cells with high expression of major
pro-inflammatory cytokines—IL1B, IL6, and NLRP3 (Fig. 5B-D)—
strongly co-localized with high levels of both CD200 and IRF7
(Fig. 5E and F). This triple-positive signature identifies a specific
subpopulation of SMC-derived macrophage-like cells that are in-
herently pro-inflammatory. Notably, these CD200+/IRF7Me" cells
were predominantly enriched in symptomatic patients (Fig. 5G),
reinforcing the hypothesis that IRF7-driven SMC transdifferentia-
tion contributes to the inflammatory milieu of unstable plaques.

Spatial localization confirms IRF7
expression at the SMC-macrophage
transition zone

To physically validate this transition in vivo, we performed mIHC
staining for CD200, CD68, and IRF7 in aortic roots from ND and HFD
ApoE~/~ mice. In ND mice, the vessel wall consisted of contractile
SMCs that were CD200™ but negative for IRF7 and CD68, confirm-
ing the baseline quiescence of these cells (Fig. 5H).

In contrast, HFD-fed mice exhibited complex plaques with
distinct spatial architecture. We observed a CD200" fibrous
cap/media region (SMC-lineage) and a distinct CD68™ core re-
gion (macrophage-rich). Crucially, IRF7 expression was robustly
induced in the HFD group and showed near-perfect co-localization
with CD200 in the plaque area (Fig. 5H). Closer examination of the
“transition zone”—the boundary interface between the SMC-rich
cap and the macrophage-rich core—revealed a population of cells
that were triple-positive for CD200, CD68, and IRF7 (Fig. 5H). The
presence of these CD200"/CD68™ cells specifically in IRF7-rich re-
gions provides direct histological evidence that IRF7 is actively ex-
pressed during the transdifferentiation of SMCs into macrophage-
like cells in situ.

SMC-specific KD of Irf7 attenuates
atherosclerotic plaque progression and
enhances plaque stability

To definitively establish the functional role of SMC-derived IRF7 in
atherogenesis, we employed an AAV serotype 2/9 system to specif-
ically knock down Irf7 in smooth muscle cells. We constructed a
vector expressing a short hairpin RNA targeting Irf7 (shIRF7) driven
by the SMC-specific SM22«: promoter. ApoE~/~ mice were random-
ized into control (scramble) and /rf7 KD groups, injected with the
AAV vectors, and subsequently challenged with a WD for 20 weeks
to induce atherosclerosis (Fig. 6A).
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Gross morphological analysis via en face oil red O staining re-
vealed a striking reduction in the total atherosclerotic lesion bur-
den across the aorta in the Irf7 KD group compared to controls
(Fig. 6B and C). This observation was corroborated by histological
assessment of the aortic root; H&E staining demonstrated a sig-
nificant decrease in average plaque size in mice with SMC-specific
Irf7 silencing (Fig. 6D and E). Furthermore, cross-sectional oil red O
staining indicated significantly reduced lipid accumulation within
the lesions of the Irf7 KD group (Fig. 6D and F).

Beyond plaque size, we evaluated the metrics of plaque stabil-
ity. Masson’s trichrome staining revealed that plaques from Irf7 KD
mice contained significantly higher collagen content compared to
controls, indicative of a thicker, more stable fibrous cap (Fig. 6D,
G). Consistent with this stable phenotype, the area of the necrotic
core was significantly reduced in the Irf7 KD group (Fig. 6D, H).

Importantly, these atheroprotective effects were independent
of systemic metabolic changes. We observed no significant differ-
ences in body weight, serum total cholesterol, triglycerides, low-
density lipoprotein cholesterol (LDL-C), or high-density lipopro-
tein cholesterol (HDL-C) levels between the control and /rf7 KD
groups (supplementary Fig. 5A-E, see online supplementary ma-
terial). Collectively, these in vivo findings highlight the profound
impact of SMC-specific IRF7 on lesion development, identifying it
as a pivotal driver of plaque progression and destabilization inde-
pendent of systemic lipid metabolism.

SMC-specific Irf7 KD inhibits phenotypic
switching and preserves plaque stability

To interrogate the cellular mechanisms underlying the atheropro-
tective effects of Irf7 silencing, we performed IF staining to char-
acterize the cellular composition of the plaques. In the control
group, plaques were characterized by a large necrotic core and
abundant CD68* macrophage-like cells, with «-SMA expression
largely confined to a thin fibrous cap at the shoulder regions.
In striking contrast, plaques from the SMC-specific Irf7 KD group
exhibited a significantly preserved a-SMAT smooth muscle cell
population throughout the lesion (Fig. 7A). Quantitative analysis
confirmed a significant reduction in the CD68" area and a con-
comitant increase in the «-SMA™ area in the Irf7 KD group com-
pared to controls (Fig. 7B and C). These shifts in cellular compo-
sition are indicative of a more stable, less inflammatory plaque
phenotype.

To validate the efficiency of the Irf7 KD model and confirm the
loss of IRF7 specifically within the plaque microenvironment, we
utilized mIHC. While control plaques displayed high levels of IRF7
expression, the Irf7 KD group showed negligibleimmunoreactivity,
confirming effective silencing of the target protein (Fig. 7D). Quan-
tification of the IRF7-positive area further substantiated this sig-
nificant reduction (Fig. 7E).

Corroborating these findings at the protein level, western blot
analysis of aortic lysates demonstrated rigorous suppression of
IRF7 in the KD group (Fig. 7F). Importantly, this loss of IRF7 was
accompanied by a significant downregulation of the macrophage
marker CD68 (Fig. 7G and H).

To definitively distinguish whether the observed reduction
in plague macrophage burden was due to decreased mono-
cyte infiltration or blocked SMC transdifferentiation, we em-
ployed the CD200 lineage-tracing strategy in our AAV-mediated
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Irf7 KD model. In the control group, we consistently observed
the large proportion of pathogenic triple-positive population
(CD200%/CD68™/IRFTT) in plaque, confirming active maladaptive
phenotype switching driven by endogenous IRF7 (Fig. 71, top
panel). Strikingly, SMC-specific silencing of Irf7 almost completely
abolished this triple-positive population. In the Irf7 KD group,
the majority of CD200" cells retained a non-macrophage phe-
notype (CD687). This result provides direct in vivo evidence that
IRF7 expression is functionally required for SMCs to shed their
contractile identity and acquire macrophage-like traits (Fig. 71,
bottom panel). By blocking this IRF7-dependent trajectory, we
effectively preserved the SMC lineage identity and prevented
the accumulation of SMC-derived inflammatory cells within the
lesion.

Discussion

The phenotypic plasticity of SMC is a major driver of atheroscle-
rotic plaque complexity, yet the specific regulatory networks gov-
erning their transition to pathogenic, pro-inflammatory states
have remained elusive [21]. In this study, we integrated single-
cell trajectory analysis with gene regulatory network model-
ing to demonstrate that SMCs transdifferentiate into a distinct,
pro-inflammatory macrophage-like population (macrophage 4)
through an intermediate “stem-endothelial-monocyte” cell state.
We identified IRF7 not merely as a passive marker, but as a mas-
tertranscriptional regulator required for the acquisition and main-
tenance of this specific pathogenic identity. Crucially, we pro-
vide direct in vivo evidence that SMC-specific silencing of Irf7 ef-
fectively blocks this transdifferentiation trajectory, leading to re-
duced plaque burden, diminished inflammation, and enhanced fi-
brous cap stability in hyperlipidemic mice. Furthermore, our anal-
ysis of human transcriptomic datasets validates the clinical trans-
lational potential of these findings, linking elevated IRF7 expres-
sion to plaque instability and IPH. Collectively, our data unveil a
novel mechanism of maladaptive SMC plasticity and propose the
targeted inhibition of IRF7 in the vascular wall as a potent strategy
to stabilize vulnerable plaques (Fig. 8).

Our study adds to the growing body of evidence challenging
the traditional binary view of SMC plasticity (contractile vs. syn-
thetic) [22]. Consistent with the single-cell genomic atlas reported
by Pan et al. [14], we identified the “stem-endothelial-monocyte”
cell state as a pivotal intermediate hub. This confirms that SMC
dedifferentiation is not a stochastic jump to a new identity, but
a stepwise trajectory through a multipotent, stem-like progeni-
tor state. This observation resonates with the emerging “athero-
oncology” perspective [23], which conceptualizes atherosclero-
sis as a SMC-driven, tumor-like disease characterized by exten-
sive dedifferentiation and clonal expansion [24]. However, the ulti-
mate fate of these dedifferentiated cells has been the subject of re-
cent debate. While some studies suggest that SMCs predominantly
differentiate into protective “fibromyocytes” and contribute mini-
mally to the macrophage pool, our lineage-tracing analysis aligns
with Pan et al. and others in identifying a substantial population
of SMC-derived macrophage-like cells [20]. Crucially, our study re-
fines this understanding by resolving the functional heterogeneity
within this transdifferentiated population. We demonstrate that
SMC-derived macrophage-like cells bifurcate into distinct sub-
sets: a less inflammatory state (macrophage 3) and a highly pro-
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inflammatory state (macrophage 4). By isolating the specific tra-
jectory of macrophage 4, we provide a higher-resolution map of
the “pathogenic” arm of SMC plasticity.

Our identification of IRF7 as a driver of plaque vulnerabil-
ity aligns with a broader emerging paradigm implicating the in-
terferon regulatory factor (IRF) family in the orchestration of
atherosclerotic inflammation. Previous studies have extensively
characterized IRF5 as a master regulator of macrophage polar-
ization toward a pro-inflammatory phenotype. Seneviratne et al.
demonstrated that IRF5 promotes necrotic core formation by im-
pairing macrophage efferocytosis and driving CD11c* cell accu-
mulation [25, 26]. Consistent with this, myeloid-specific deletion
of Irf5 has been shown to stabilize atherosclerotic lesions by re-
solving inflammation, and distinct IRF5-dependent macrophage
populations have been directly linked to plaque rupture in hu-
man patients [25-27]. Similarly, recent single-cell transcriptomic
analyses have highlighted IRF8 as another pivotal regulator gov-
erning macrophage burden and inflammatory signaling within the
lesion [28]. Besides, absence of IRF1 protects against atheroscle-
rosis in ApoE~/~ mice [29]. Our study extends this concept by re-
vealing that SMC-derived cells acquiring a macrophage-like iden-
tity also co-opt an IRF-driven regulatory program—specifically
IRF7—to fuel plaque instability. This suggests a conserved “IRF-
centric” mechanism of pathogenicity that operates across both
bone marrow-derived myeloid cells and transdifferentiated SMCs.

Several factors have been identified to take parts in the pheno-
type switching of SMC in atherosclerosis [5, 30-37]. Our identifi-
cation of IRF7 as a pathogenic driver in atherosclerosis presents
an intriguing contrast to its previously reported roles in other
vascular conditions. Prior studies by Huang et al. and Deng et
al. established IRF7 as a protective factor in the contexts of me-
chanical carotid injury and pulmonary hypertension, respectively
[11, 12]. In those models, IRF7 functioned primarily by inhibit-
ing SMC proliferation, thereby limiting neointimal hyperplasia
and vascular remodeling. However, our results in the ApoE~/~
atherosclerosis model reveal a distinct, deleterious function for
SMC-derived IRF7. This discrepancy likely reflects the fundamen-
tal differencesin disease etiology: while restenosis is driven largely
by rapid, maladaptive proliferation, atherosclerosis is orches-
trated by chronic lipid accumulation and inflammation. In the
lipid-rich plague microenvironment, our data suggest that IRF7
does not merely regulate cell cycle progression, but rather orches-
trates a transcriptional program driving transdifferentiation into a
pro-inflammatory macrophage-like state. This finding aligns with
Senatus et al., who reported that IRF7 expression in macrophages
promotes inflammation and impairs cholesterol efflux in diabetic
atherosclerosis [13]. Thus, IRF7 appears to act as a “double-edged
sword” in the vasculature: potentially stabilizing the vessel wall in
response to acute mechanical stress but fueling maladaptive phe-
notypic switching and plaque instability under chronic hyperlipi-
demic stress.

The discrepancy between the protective role of IRF7 in neoin-
timal hyperplasia and its pathogenic role in atherosclerosis may
be mechanistically explained by its interaction with ATF3. Previ-
ous studies established that IRF7 physically interacts with ATF3 in
SMCs, functioning as a transcriptional repressor that inhibits ATF3-
mediated expression of PCNA and cell proliferation. While this re-
pression is beneficial in the context of restenosis (where rapid pro-
liferation is the driver), the role of ATF3 in lipid-driven atheroscle-
rosis appears fundamentally different. A recent study by Nie et

920z 1udy /| uo 1senb Aq Z6950%8/6£05eqd/1/6/8l01e/Wod/wWoo"dno-olwapese/:Sdly WOy pepeojumoq



Precision Clinical Medicine, 2026, Volume 9, Issue 1

Mechanism & Human

scRNA-seq Discovery

15

In Vivo Functional

Sample Relevance Validation
e A e ' e A
Inflammation/ @& O. @
lipids ¢ -
! Dissociation (\ i} e OO
GSE155513 = Ui -
Atherosclerosis “1 Contractile SMC T Pro-inflammatory
plaque < Macrophage-like SMC Control
(AAV-SM22a-scramble)
scRNA seq | FACS
Promoting
r—>lnﬂammation Plaquen
Pro-inflammatory rrotgf.?tswn &
Macrophage-like SMC DA BT nstability
SMC-IRF7 KD
A§ < (AAV-SM22a-shIRF7)
.
o rF-- T T T I
R4 ) Human Plaque Data | Reduced
. .
& &“',' | ° | Plaque Size
. < s V4 & Enhgnced
5 I'rg Eg] oL ! Stability
&8 3 A RV
- 8 H 3| oo |
z I Stable Unstable Macrophage Marker |
: Plaque Plaque I
Contractile SMC 1 1
) | GsE28829 | | GSE163154 | |GSE120521||
|\ J | J & J

Figure 8 Schematic illustration summarizing the study. Left: (1) scRNA-seq identifies a trajectory of SMC transdifferentiation into a pro-inflammatory
macrophage-like state (macrophage 4) via an intermediate “stem-endothelial-monocyte” cell state. Middle: (2) integrated network analysis identifies
IRF7 as the master regulator of this pathogenic transition. In human plaques, high IRF7 correlates with instability. Right: (3) in vivo SMC-specific KD of Irf7
inhibits this phenotypic switch, reducing macrophage accumulation and necrotic core formation while increasing fibrous cap thickness, thereby

stabilizing the atherosclerotic plaque. Created with BioRender.com.

al. demonstrated that ATF3 deficiency significantly exacerbates
atherosclerosis, identifying ATF3 as a critical protective factor that
limits vascular senescence and inflammation [38, 39]. In this con-
text, we hypothesize that the robust upregulation of IRF7 in the
atherosclerotic plaque may lead to the “inappropriate” sequestra-
tion or inhibition of ATF3. If IRF7 continues to function as an ATF3
antagonist within the plaque microenvironment—as it does in in-
jured arteries—it would effectively suppress the protective, anti-
inflammatory, and anti-senescence functions of ATF3. This sug-
gests a model where IRF7 exacerbates atherosclerosis not only
by directly driving a pro-inflammatory macrophage-like fate but
also by dismantling the endogenous protective brake provided by
ATF3. Future studies exploring the protein-protein interaction be-
tween IRF7 and ATF3 specifically within the context of hyperlipi-
demia will be essential to validate this potential double-hit mech-
anism.

The translational relevance of our findings is underscored by
the robust upregulation of IRF7 in unstable and advanced hu-
man atherosclerotic plaques. Current standard-of-care therapies,
such as statins and proprotein convertase subtilisin/kexin type 9
(PCSK9) inhibitors, are highly effective at lowering systemic lipids
but do not fully abrogate the risk of plaque rupture, leaving a
significant “residual inflammatory risk” [40, 41]. Our data sug-
gest that IRF7 drives the precise features associated with plaque
vulnerability: a large necrotic core, thinned fibrous cap, and in-
tense local inflammation. By identifying IRF7 as the master regu-
lator of the pro-inflammatory SMC transition, we highlight a novel

therapeutic target located within the vessel wall itself, distinct
from systemic lipid metabolism. Strategies capable of inhibiting
IRF7 function—or its downstream effectors in the SMC lineage—
could potentially prevent the deviation of SMCs into pathogenic
macrophage-like cells. Such an approach could offer a comple-
mentary avenue to lipid-lowering therapies, specifically aimed at
promoting structural plaque stability and preventing catastrophic
clinical events [42].

Despite these promising findings, our study has several limita-
tions that warrant consideration and outline important avenues
for future investigation.

First, regarding our loss-of-function model, while our AAV-
mediated shRNA strategy effectively reduced IRF7 protein lev-
els and significantly ameliorated plaque pathology, it does not
achieve the complete and permanent ablation provided by a
germline genetic KO. Residual IRF7 expression in our Irf7 KD
mice may have underestimated the full pathogenic potential of
this transcription factor. Future studies utilizing smooth muscle-
specific conditional KO mice (e.g. Myh11-CreERT2; Irf7*/) would
provide more definitive evidence and allow for the precise tempo-
ral dissection of IRF7 function at different stages of atherogenesis.

Second, our mechanistic mapping of the IRF7 gene regulatory
network relies primarily on computational inference from single-
cell transcriptomic data. While the in silico perturbation analysis
(CellOracle) strongly predicts a causal role for IRF7 in orchestrat-
ing the macrophage-like trajectory, direct physical validation of
these regulatory interactions remains to be performed. We hy-
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pothesize that IRF7 may cooperate with other activator protein 1
(AP-1) superfamily members (e.g. ATF3) to remodel the SMC chro-
matin landscape. Future investigations employing ChIP-seq in pri-
mary SMCs will be essential to map the direct genomic binding
sites of IRF7 and elucidate the specific “pioneer” factors it recruits
during phenotypic switching.

Third, while we confirmed the reduction of the general
macrophage marker CD68 and the specific SMC-lineage marker
CD200 upon Irf7 KD, our assessment of the inflammatory milieu
relied largely on transcriptomic signatures. We did not explicitly
quantify the protein levels of secreted cytokines (e.g. IL-18, TNF-
«a, IL-6) within the plaque tissue. Given the strong correlation we
observed between IRF7 and the NLR family pyrin domain contain-
ing 3 (NLRP3) inflammasome pathway in human plaques, future
work should focus on determining whether SMC-specific IRF7 di-
rectly primes the inflammasome machinery, thereby identifying a
potential “druggable” axis to block plaque inflammation without
compromising systemic immunity.

Conclusion

In conclusion, this study delineates a previously unrecognized
pathogenic axis in atherosclerosis, wherein SMCs transdifferenti-
ate into a specific pro-inflammatory macrophage-like state driven
by the transcription factor IRF7. We demonstrate that this molec-
ular switch is not merely a marker of disease progression but a
functional driver of plaque instability. By identifying the specific
regulatory network governing this transition, our findings provide
a roadmap for developing precision therapies that target the root
cause of vascular inflammation. Interventions capable of inhibit-
ing IRF7 hold the potential to stabilize vulnerable plaques and re-
duce the residual risk of cardiovascular events in patients with ad-
vanced atherosclerosis (Fig. 8).
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