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Abstract

Background: Common genetic variation in close proximity to the ILRUN gene are significantly 

associated with coronary artery disease (CAD) as well as with plasma lipid traits. We recently 

demonstrated that hepatic ILRUN regulates lipoprotein metabolism in vivo in mice. However, 

whether ILRUN, which is expressed in vascular cells, directly impacts atherogenesis remains 

unclear. We sought to determine the role of ILRUN in atherosclerosis development in mice.

Methods: For our study we generated global Ilrun deficient (IlrunKO) male and female mice 

on two hyperlipidemic backgrounds: low density lipoprotein receptor knockout (LdlrKO) and 

apolipoprotein E knockout (ApoeKO) (double KO, DKO).

Results: Compared with littermate control mice (single LdlrKO or ApoeKO), deletion of Ilrun 
in DKO mice resulted in significantly attenuated both early and advanced atherosclerotic lesion 

development, as well as reduced necrotic area. DKO mice also had significantly decreased plasma 

cholesterol levels, primarily attributable to non-HDL cholesterol. Hepatic-specific reconstitution 

of ILRUN in DKO mice on the ApoeKO background normalized plasma lipids, but atherosclerotic 

lesion area and necrotic area remained reduced in DKO mice. Further analysis showed that loss 
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of Ilrun increased efferocytosis receptor MerTK expression in macrophages, enhanced in vitro 
efferocytosis, and significantly improved in situ efferocytosis in advanced lesions.

Conclusions: Our results support ILRUN as an important novel regulator of atherogenesis 

that promotes lesion progression and necrosis. It influences atherosclerosis through both plasma 

lipid-dependent and lipid-independent mechanisms. These findings support ILRUN as the likely 

causal gene responsible for genetic association of variants with CAD at this locus, and suggest that 

suppression of ILRUN activity might be expected to reduce atherosclerosis.
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Introduction

Despite the widespread success of effective current therapies, atherosclerotic cardiovascular 

disease (ASCVD) remains a main leading cause of death globally1, and represents an 

ongoing unmet medical need. Major efforts are ongoing to better understand the genetic 

architecture of ASCVD. To date, large-scale genome-wide association studies (GWAS) 

have discovered over 160 genomic loci that are significantly associated with coronary 

artery disease (CAD) risk2. One of these loci on chromosome 6 harbors the gene ILRUN 
(inflammation and lipid regulator with UBA-like and NBR1-like domains; previously 

C6ORF106). Variants at this same locus are also significantly associated with plasma LDL 

cholesterol (LDL-C) and HDL cholesterol (HDL-C)3–6. ILRUN is a recently characterized 
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and named gene that is ubiquitously expressed, including abundant expression in arterial 

tissues as well as in the liver7. It encodes a protein with two regions of sequence 

conservation: an N-terminal α-helical ubiquitin associated domain-like (UBA-like) domain 

and a “next to BRCA1 gene 1 protein-like” (NBR1-like) domain8.

Prior research on ILRUN had mainly focused on the correlation of its expression in tumors 

with cancer prognosis9–11. While our knowledge of ILRUN remains limited, more recent 

studies in HeLa cells suggest a role for ILRUN in anti-viral immunity, where both conserved 

domains are necessary for ILRUN regulation of transcription factor IRF3 binding to DNA 

and downstream gene transcription12,13. Our previous work showed that hepatic ILRUN 

regulates plasma lipoprotein metabolism14, consistent with the human genetic association 

with plasma lipid traits. We demonstrated that ILRUN promotes hepatic lipoprotein 

production in vivo, and that the UBA-like domain, but not the NBR-1 like domain, 

of ILRUN mediates its interaction with ubiquitinated proteins, including transcriptional 

regulators known to regulate lipid metabolic pathways. This interaction likely modulates 

target protein homeostasis and accessibility, thereby influencing lipoprotein metabolism at 

the level of gene transcription14.

Given the human genetic association of the ILRUN locus to CAD2,15,16 and the expression 

of ILRUN in arterial tissues7 and vascular cells such as endothelial cells17,18, we sought 

to investigate the relationship between ILRUN and atherosclerosis development in mice. 

We show that Ilrun deficiency markedly protected against atherogenesis in both the low-

density lipoprotein receptor knockout (LdlrKO) and apolipoprotein E knockout (ApoeKO) 

disease models. While Ilrun deficiency also reduced plasma cholesterol and non-HDL-

C levels, normalization of plasma cholesterol by reconstitution of ILRUN in the liver 

failed to normalize the atherosclerosis phenotype. We found that Ilrun deficient mice 

and macrophages have enhanced in situ efferocytosis markers and in vitro efferocytosis 

respectively, which may contribute to the observed reduced atherosclerosis. These results 

establish ILRUN as a pro-atherogenic protein that acts through effects on plasma lipids as 

well as non-lipid-dependent mechanisms.

Methods

A detailed Methods section is available in Supplemental Material. All animal experiment 

protocols and procedures were reviewed and approved by the Institutional Animal Care and 

Use Committees of the University of Pennsylvania.

Data Availability

The majority of supporting data are presented within this article and its data supplement. 

Data that are not directly available are available from the corresponding author upon 

reasonable request.
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Results

Genetic variations near ILRUN associated with CAD risk are associated with ILRUN 
expression in arterial tissues

The minor allele of a common ILRUN intronic SNP (rs2814993-A) is genome-wide 

significantly associated with increased CAD risk2. Phenome-wide association studies using 

the UK biobank data further confirmed the associations of rs2814993-A with increased risk 

of coronary atherosclerosis and ischemic heart disease, in addition to the most significant 

associations with hypertension and essential hypertension30,31. Human ILRUN is highly 

expressed in atherosclerosis-relevant tissues and cells, including aorta, tibial artery, coronary 

artery, and blood cells7. In analyses of human arterial tissue and blood gene expression 

data, we found that rs2814993-A is significantly associated with increased expression of 

ILRUN (Figure 1A), consistent with a model in which increased ILRUN expression leads to 

increased risk of CAD.

Ilrun is expressed in normal and atherosclerotic arteries in mice

We previously showed abundant Ilrun expression in normal aortas of C57BL/6 mice14. 

Our mouse model has lacZ knocked into the Ilrun locus, allowing for convenient 

evaluation of gene expression. Detailed histological analysis of normal and atherosclerotic 

mouse vascular tissues stained with X-gal confirmed expression in the vasculature, 

including brachiocephalic artery and thoracic aorta. Positive stains were consistent with 

expression in smooth muscle cells (SMC) and endothelial cells (EC) (Figure 1B). Indeed, 

immunohistochemistry with the SMC marker SM22α revealed a significant overlap between 

X-gal positive signals and SM22α positive stains in the normal vessel wall (Figure 1C). 

Publicly available data support ILRUN expression in human atherosclerotic plaques32,33. 

In our analysis of aortic root lesions in mice, ILRUN was present with positive stains 

colocalizing with SM22α+ SMC and Mac3+ macrophages (Figure 1D–F). Further analysis 

of a single cell RNA-seq dataset27 of CD45+ leukocytes from the aortas of male LdlrKO 

mice fed a high-fat diet for 11 weeks showed that Ilrun was highly expressed in myeloid 

cells, including monocytes and macrophages, as well as some dendritic cells, yet relatively 

lowly expressed in other immune cells (Figure S1). In short, Ilrun is ubiquitously expressed 

in both normal and atherosclerotic arteries in mice.

Global Ilrun deletion in LdlrKO and ApoeKO mice attenuates atherogenesis

To evaluate atherosclerotic lesion development, we crossed IlrunKO mice onto both the 

Ldlr and ApoeKO backgrounds. To investigate the impact of Ilrun on atherosclerosis 

development in a stage-specific manner (i.e., both early and advanced lesions), IlrunKO/

LdlrKO and littermate control LdlrKO mice were maintained on a normal laboratory diet 

(ND) for 24 weeks or switched from ND to a western type diet (WTD) for 16 weeks. In 

male LdlrKO mice fed a ND, we detected only small early-stage lesions. Loss of Ilrun 
resulted in a significant ~67% decrease in average lesion area (Figure 2A). As expected, 

male mice challenged with WTD for 16 weeks developed more advanced lesions that were 

significantly smaller (~50% decrease) in IlrunKO/LdlrKO mice compared with LdlrKO 

control mice (Figure 2B). Similarly, female IlrunKO/LdlrKO mice on WTD displayed a 

significant ~66% reduction in lesion size relative to LdlrKO controls (Figure S2A). These 

Bi et al. Page 4

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



results on the Ldlr deficient genetic background support an atherogenic role for Ilrun in both 

early and advanced lesion development.

Atherosclerotic lesion progression was also assessed in ApoeKO mice. IlrunKO/ApoeKO 

and littermate control ApoeKO mice were either maintained on ND for 28 weeks or fed 

with WTD for 10 weeks, to accelerate atherogenesis. The absence of Ilrun resulted in 

markedly smaller lesion areas in male mice fed either ND (~60% reduced) or WTD (~50% 

reduced) (Figure 2C–D). Ilrun deficiency also protected female ApoeKO mice against 

atherogenesis; lesion areas were decreased significantly, ~80% on ND and over 30% that 

did not reach statistical significance on WTD in IlrunKO/ApoeKO vs. ApoeKO mice (Figure 

S2B–C). Along with findings from LdlrKO mice, these data unequivocally demonstrate an 

atherogenic role for Ilrun that is evident for both sexes of mice and independent of the 

disease model.

Ilrun deficiency reduces plasma lipid levels in LdlrKO and ApoeKO mice

Plasma lipid levels of experimental mice during disease progression were monitored with 

periodic measurements. In ND-fed male LdlrKO mice at 24 weeks of age, we observed 

significantly lower plasma total cholesterol (TC) in IlrunKO/LdlrKO vs. LdlrKO mice 

(Figure 3A), which was attributed to lower high-density lipoprotein cholesterol (HDL-

C) and non-HDL-C levels (Figure 3B–C). Fast protein liquid chromatography (FPLC) 

analysis revealed a predominant reduction of cholesterol mass associated with LDL 

particles in IlrunKO/LdlrKO relative to control LdlrKO mice (Figure 3D). Similarly, 

compared to control LdlrKO mice, ND-fed IlrunKO/LdlrKO had significantly lower plasma 

phospholipids (PL) and triglyceride (TG) levels (Figure S3A–B), primarily in fractions in 

the VLDL range. In male mice fed WTD, the increase in cholesterol in IlrunKO/LdlrKO 

mice was significantly attenuated relative to the LdlrKO mice throughout the study (Figure 

3E–G and S3D–E). The lower plasma TC and TG in IlrunKO/LdlrKO mice were mainly due 

to effects on non-HDL particles (Figure 3H and S3F). Female IlrunKO/LdlrKO vs. control 

mice displayed a similar pattern of lower plasma lipids (Figure S3G–K). These data show 

that the lipid-regulatory effect of Ilrun is independent of the Ldlr, consistent with a model 

that Ilrun deficiency lowers non-HDL-C by reducing lipoprotein production.

We also investigated whether Ilrun regulates lipid metabolism similarly in ApoeKO mice. 

In ND-fed male mice, plasma TC was significantly lower (over 30%) in IlrunKO/ApoeKO 

relative to ApoeKO mice (Figure 3I). This difference was primarily driven by markedly 

lower non-HDL-C levels (Figure 3J–K), in particular cholesterol associated with VLDL 

particles (Figure 3L). Additionally, plasma PL was also significantly lower in mice lacking 

Ilrun whereas comparable TG was observed between genotypes (Figure S4A–C). While 

WTD consumption greatly induced plasma lipid levels in both groups, male IlrunKO/

ApoeKO mice exhibited an attenuated response to WTD leading to noticeably lower plasma 

TC, HDL-C, non-HDL-C, especially VLDL-C, and PL levels throughout the course of 

disease progression (Figure 3M–P and S4D). Plasma TG did not differ significantly between 

genotypes over the course of study (Figure S4E–F). Lack of Ilrun in female ApoeKO mice 

resulted in significantly lower plasma TC and non-HDL-C levels on both ND and WTD. 

However, unlike male mice, plasma TG on WTD, HDL-C, and PL levels on both ND and 
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WTD-fed female mice were minimally impacted by the absence of Ilrun. Plasma TG in 

ND-fed female IlrunKO/ApoeKO mice was instead significantly higher relative to ApoeKO 

mice (Figure S4G–Q). Altogether, our results uncovered a predominant role for Ilrun in 

non-HDL-C metabolism in the face of hyperlipidemia due to Apoe deficiency.

Hepatic reconstitution of ILRUN normalizes plasma lipids in IlrunKO mice but 
atherosclerosis remains reduced

We previously showed that Ilrun expression in hepatocytes is a primary mediator of plasma 

lipid regulation by Ilrun in mice wild-type for Ldlr and Apoe14. To test whether the altered 

plasma lipid profile during atherogenesis in mice globally deficient in Ilrun is also a result 

of loss of hepatic Ilrun expression, we used an adeno-associated virus (AAV) to drive human 

ILRUN expression specifically in the hepatocytes of IlrunKO/ApoeKO mice. ND-fed male 

ApoeKO control and IlrunKO/ApoeKO mice were injected with either an empty AAV8 

vector (AAV-null) or an ILRUN expressing AAV8 vector (AAV-ILRUN). Two weeks after 

AAV injection, these mice were switched from ND to WTD for 10 weeks to further induce 

hyperlipidemia. As expected, WTD consumption robustly elevated plasma lipids for all 

study groups. Consistent with our observations in ApoeKO mice, IlrunKO/ApoeKO vs. 

ApoeKO mice injected with AAV-null exhibited markedly lower plasma TC and non-HDL-

C levels. In contrast, hepatic human ILRUN reconstitution in IlrunKO/ApoeKO mice via 

AAV-ILRUN restored plasma cholesterol to those of ApoeKO-AAV-null control mice levels 

throughout the study (Figure 4A–C). These data support the notion that Ilrun expression in 

hepatocytes is primarily responsible for the altered plasma lipid profile seen in global Ilrun 
deficient mice under hyperlipidemic conditions.

To investigate whether Ilrun exacerbates atherogenesis solely by regulating atherogenic 

lipoprotein metabolism, we examined atherosclerosis development in mice from the AAV8 

study that were globally Ilrun deficient, but with ILRUN expression solely in hepatocytes. 

This approach allowed us to minimize the differences in plasma lipids between genotypes 

and test for effects of Ilrun on atherogenesis that are independent of lipid levels. As 

previously noted, aortic root lesion area trended smaller (~55%) in AAV-null injected 

IlrunKO/ApoeKO mice compared to their ApoeKO counterparts (p=0.061). Intriguingly, 

despite the normalization of plasma cholesterol, a ~40% smaller average lesion size that did 

not reach statistical significance (p=0.075) was observed in AAV-ILRUN injected IlrunKO/

ApoeKO mice relative to AAV-null injected ApoeKO mice (Figure 4D–E), suggesting 

that extra-hepatic Ilrun expression may contribute to atherogenesis by a lipid-independent 

mechanism.

Ilrun deficiency promotes in situ efferocytosis and reduces plaque necrosis

Analysis of transcriptomic data from laser micro-dissected macrophages from human 

carotid plaques34 revealed that ILRUN expression was increased in cells from ruptured 

vs. stable plaques (Figure 5A). This suggests that ILRUN may affect plaque stability in 

humans. ApoeKO mice develop atherosclerotic lesions that are complex at later stages35. 

We evaluated lesion composition to gain insights into lipid-independent effects Ilrun may 

have on atherogenesis and markers of plaque stability. When acellular nonfibrotic lesion 

necrotic areas were quantitated in female mice with spontaneous lesion development, 
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lesional necrotic area was dramatically reduced (~ 70%) in IlrunKO/ApoeKO vs. ApoeKO 

mice (Figure S5A). For male mice in the hepatic ILRUN reconstitution study, a consistent 

significant ~90% reduction in necrotic lesions was detected in AAV-null injected IlrunKO/

ApoeKO vs. ApoeKO mice, confirming a role for Ilrun in aggravating lesion necrosis. 
Importantly, normalization of plasma lipid profiles in Ilrun deficient mice failed to reverse 

the relative difference in necrosis between genotypes (Figure 5B–C), demonstrating that loss 

of extra-hepatic Ilrun contributes to atheroprotection independent of plasma lipids.

Total collagen content measured as a percent of Masson’s trichrome-positive stained fibrotic 

lesions did not differ significantly between genotypes in WTD-fed male (Figure 5D–E) 

and ND-fed female mice (Figure S5B). Mac3 staining showed similar percentage of lesion 

areas positive for Mac3+ macrophage between groups in WTD-fed male (Figure 5F–G) 

and ND-fed female mice (Figure S5C), whereas a non-significant trend toward increased 

SM22α+ SMC content was observed in the absence of Ilrun (Figure S5D). Leukocytosis, 

including monocytosis, is a known risk factor for atherogenesis that can contribute to the 

imbalance of lesional leukocytes36. Upon WTD feeding, the ratio of blood neutrophils to 

lymphocytes was increased, suggesting WTD-induced systemic inflammation37,38 that was 

not impacted by mouse genotype, gender, or models. Despite the difference in plasma 

cholesterol levels, cholesterol contents of resident peritoneal macrophages from male and 

female mice were similar between genotypes (Figure S6). In agreement with comparable 

macrophage content, blood leukocyte counts (data not shown) and distribution were overall 

similar between genotypes, irrespective of diet and disease model (Figure S7).

To determine whether loss of Ilrun decreases necrosis by altering apoptosis and 

efferocytosis, aortic roots were stained with TUNEL, Mac3, and DAPI using an established 

method19. Interestingly, while normalized TUNEL+ nuclei counts were comparable, the 

presence of in situ efferocytosis marker was significantly enhanced in IlrunKO/ApoeKO 

relative to ApoeKO mice, as the ratio of free to macrophage-associated TUNEL+ apoptotic 

cells was markedly and significantly reduced by over 90%. Restoration of plasma lipids 

in IlrunKO/ApoeKO mice led to a non-significant ~62% reduction in the ratio (p=0.0613) 

between genotypes (Figure 5H–I). The presence of efferocytosis markers was also measured 

in lesions of WTD-fed male mice on the LdlrKO background. Interestingly, a significant 

~75% decrease in the ratio of free to macrophage-associated TUNEL+ apoptotic cells 

was observed in IlrunKO/LdlrKO vs. LdlrKO mice (Figure S8), further supporting a 

potential role for Ilrun in efferocytosis. Altogether, these results suggest Ilrun deficiency 

reduces plaque necrosis likely by enhancing efferocytosis, providing evidence of plasma 

lipid-independent effects of Ilrun that involves non-hepatic tissues.

Macrophage Ilrun deficiency increases MerTK protein expression and enhances in vitro 
efferocytosis

Evaluation of in situ efferocytosis markers suggests Ilrun as a potential negative regulator 

of efferocytosis. We therefore directly tested the effect of macrophage Ilrun on efferocytosis 

using in vitro assays. Resident peritoneal macrophages (PM) and bone marrow derived 

macrophages (BMDM) were isolated from ND-fed male mice on the ApoeKO background 

to incubate with labeled apoptotic cells (AC) and the percentage of macrophages with 
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engulfed AC was quantified by FACS and compared between genotypes. Interestingly, a 

significant ~43% and 54% increase in efferocytosis was noted for Ilrun deficient PM and 

BMDM respectively (Figure 6A–B), in support of macrophage Ilrun as a novel negative 

regulator of efferocytosis.

To explore pathways that may be impacted by Ilrun deletion in macrophages and 

mechanisms underlying increased efferocytosis in the absence of Ilrun, we performed RNA-

seq with BMDM from ND-fed male ApoeKO and IlrunKO/ApoeKO mice. Differentially 

expressed gene analysis revealed an overall minimal impact of Ilrun on macrophage 

transcriptome at basal level (i.e., cells from ND-fed mice), as shown in the volcano 

plot (Figure 6C). We also examined efferocytosis receptors with known effects in the 

context of atherosclerosis development39. Analysis of total cellular protein expression 

uncovered a significant increase in the abundance of MerTK, a known pivotal receptor that 

mediates uptake of apoptotic cells and impacting atherosclerosis40,41. In contrast, the protein 

expression of other tested receptors was comparable between genotypes (Figure 6D–E). 

To determine if this difference in protein expression was a result of changes in transcript 

expression, we tested mRNA expression of these receptors. Consistent with a minimum 

effect on macrophage transcriptome under this condition as suggested by RNA-seq, none 

of the tested efferocytosis receptor transcripts (Figure 6F), including Mertk, and other 

efferocytosis-related molecules had differential mRNA expression between groups (Figure 

S9). Together, these data suggest that macrophage Ilrun deletion enhances efferocytosis and 

this effect may be, at least partly, attributed to post-transcriptional regulation of MerTK 

expression by Ilrun.

Discussion

GWAS have offered the opportunity to uncover genetic loci associated with CAD and its risk 

factors for translating genetic findings into novel biological discoveries. Nevertheless, only 

a limited number of novel genetic CAD associations have been functionally validated thus 

far. The ILRUN locus is robustly associated with CAD risk2 but remains under-studied; it is 

not clear that ILRUN is the causal gene at the locus and little is known about the function of 

the ILRUN protein. We addressed the genetic association of the ILRUN locus with CAD risk 

by deleting Ilrun in two commonly used mouse models of atherosclerosis. We found that 

deletion of Ilrun in both LdlrKO and ApoeKO mice consistently and substantially reduced 

atherosclerosis lesion size, both early and advanced lesions and in both male and female 

mice, revealing for the first time a pro-atherogenic role for ILRUN in vivo. While reduced 

plasma cholesterol levels may have contributed to reduced atherosclerosis, our data provide 

evidence for pro-atherogenic actions mediated by extra-hepatic Ilrun (i.e., inhibition of 

efferocytosis by macrophage Ilrun), identifying two independent mechanisms that contribute 

to the human genetic association of the ILRUN locus with CAD.

We recently used whole-body IlrunKO mice to show that Ilrun is a novel regulator of plasma 

lipid homeostasis that promotes hepatic lipoprotein production14, providing mechanistic 

insights into the associations between human genetic variation at the 6p21 locus and 

plasma lipid traits3,4. Here, we crossed the IlrunKO allele onto two atherosclerosis-prone 

hyperlipidemic genetic backgrounds (i.e., LdlrKO and ApoeKO), and showed that the major 
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effects of Ilrun on plasma lipid levels persisted, supporting the notion that the lipid-lowering 

effect of Ilrun deletion is independent of the LDLR and ApoE. In the absence of Ilrun, 

plasma total cholesterol levels were decreased regardless of genetic background, diets, or 

the sex of the mice in this study. The reduction of plasma lipids was primarily associated 

with atherogenic apolipoprotein B containing lipoproteins (apoBLp), as one would predict 

considering highly elevated non-HDL lipoproteins in these models of disrupted apoBLp 

clearance42. Consistent with our previous finding, in this study plasma lipids of Ilrun 
deficient mice were restored to control mice levels by AAV-mediated expression of human 

ILRUN in hepatocytes, again pointing to the liver as the major site of Ilrun action in 

maintaining plasma lipid homeostasis. While the effects of Ilrun deficiency on plasma 

lipids were largely consistent across study conditions, certain genotype differences that were 

evident in male mice, such as HDL-C, were less obvious in female mice, particularly in mice 

on the ApoeKO background. This was possibly a result of overall relatively low lipid levels, 

including HDL-C, under these conditions42 and hormonal regulations that counteracted the 

effect of Ilrun43,44

Beyond lipoprotein metabolism, multiple lines of evidence suggest that ILRUN also impacts 

atherosclerotic lesion development at the vessel wall level through additional mechanisms. 

First, differences in lesion size and necrosis between Ilrun genotypes largely persisted 

even when differences in plasma lipid levels were normalized by hepatocyte ILRUN 
expression. Second, efferocytosis, a classical function of macrophages and the defect of 

which is critical for plaque necrosis39,45, was noticeably enhanced in macrophages lacking 

Ilrun. The presence of efferocytosis markers in lesions from Ilrun deficient mice was also 

greatly increased. Third, in support of potential tissue and cell specific roles of Ilrun during 

atherogenesis, histological and expression analyses showed ubiquitous expression of Ilrun 
in various cell types of normal arteries and developing lesions, with abundant expression 

in macrophages and SMC. Finally, ILRUN expression appears to be regulated during 

atherogenesis in humans32 and emerging human genetics evidence has linked the ILRUN 
locus to lipid-independent risk factors of ASCVD, including hypertension30,31,46.

Although the full spectrum of potential lipid-independent mechanisms in regulation of 

atherosclerosis by ILRUN have yet to be defined, existing results support an inhibitory 

role for Ilrun in efferocytosis: the phagocytic engulfment of dead and dying cells that 

involves professional phagocytes such as macrophages45. Indeed, results from our in 
vitro efferocytosis assays provided direct evidence of macrophage Ilrun as a negative 

regulator of efferocytosis. According to our analysis of published scRNA-seq data, Ilrun 
is highly expressed in myeloid cells, including monocytes and macrophages, among 

lesional immune cells. In particular, Ilrun is enriched in Trem2-high macrophages, lipid-

laden macrophages in the intima and necrotic cores, that may represent a major plaque 

macrophage subpopulation contributing to efferocytosis47,48 . Our previous study14 together 

with published work12 suggest that ILRUN is a regulator of protein turnover. Unlike ILRUN 

in the liver, the impact of Ilrun on macrophage transcriptome appears to be minimal 

at basal condition (i.e., BMDM derived from ND-fed mice) as suggested by RNA-seq 

analysis. This cell-type specific difference may be a result of different ILRUN target 

proteins. We explored the expression of known efferocytosis receptors in atherogenesis39. 

Of interest, Ilrun deletion specifically upregulated MerTK protein expression among tested 
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receptors. More importantly, no difference was observed at the transcript level for these 

receptors, including Mertk. Consistent with the concept of post-transcriptional regulation 

of MerTK by ILRUN, we previously showed that ILRUN interacts with ubiquitylated 

proteins via its UBA-like domain14 and MerTK has been shown to have ubiquitination 

sites49. In addition, ILRUN has been implicated in cytokine production in the context of 

viral infection12 and primary macrophage Ilrun expression is greatly induced in response 

to lipopolysaccharide stimulation (data not shown). As increasing evidence has linked 

inflammatory signaling to direct regulation of efferocytosis-related ligand expression, 

including induction of inactivating posttranslational modifications to “eat-me” phagocytic 

ligands under inflammatory conditions45,50, it is also possible that in vivo ILRUN also 

regulates lesion inflammation to modulate molecules key to efferocytosis. The molecular 

mechanisms by which ILRUN impacts MertTK protein abundance and efferocytosis need to 

be addressed in detailed future studies.

Consistent with observations in mice, human ILRUN is highly expressed in normal vessels7, 

including in SMC51 and is detectable in plaque cells32. A role for ILRUN in SMC has 

not been described. Previous studies in various cancer cells have linked ILRUN to cell 

proliferation and invasion9–11, and NBR1, the other protein that contains the NBR1-like 

domain, has been shown to interact with a microtubule associated protein MAP1B via its 

NBR1-like domain52. Moreover, common genetic variations close to ILRUN that associate 

with coronary atherosclerosis and ischemic heart disease (e.g., rs2814993-A) are also 

significantly associated with essential hypertension, a major risk factor for CAD in which 

altered vascular SMC function plays an important role53. Notably, these variants associate 

with CAD and hypertension in the same direction30,31 (i.e, the CAD risk allele is associated 

with increased risk of hypertension). It is therefore of interest to explore whether ILRUN 

action in vascular SMC also contributes to atherogenesis, and to dissect the accumulating 

evidence which highlights potential distinct cell-specific roles of ILRUN.

Our study highlights the complex role of ILRUN in atherosclerosis and opens up 

opportunities for future endeavors. First, the relative contribution of lipid-dependent and 

lipid-independent factors to the observed atheroprotection in the absence of ILRUN across 

the spectrum of lesion progression (e.g., early and advanced lesion development) remains to 

be precisely defined. Second, the present study focused on the role of macrophage ILRUN in 

efferocytosis as an example of a lipid-independent effect on the atherosclerosis phenotype. 

As discussed above, ILRUN may play roles beyond regulation of efferocytosis. Exploring 

the impact of ILRUN on other vascular cells and immune cells relevant to atherogenesis is 

of great interest and an important future direction to fully understand the lipid-independent 

effects of ILRUN on atherosclerosis development. Lastly, further investigations are in need 

to uncover detailed mode of ILRUN action as a negative regulator of efferocytosis. We 

focused on known regulators of efferocytosis to gain mechanistic insights. Identification 

of protein-protein interactions critical for post-transcriptional regulation of efferocytosis 

regulators by ILRUN will likely provide additional novel mechanistic insights.

In summary, we investigated the effects of global loss of Ilrun on early and advanced 

atherosclerosis lesion development in male and female LdlrKO and ApoeKO mice, finding 

a consistent and substantial reduction in atherosclerosis. Our studies firmly establish an 
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in vivo proatherogenic role for ILRUN in atherosclerosis lesion progression in mice 

that is attributable to both hepatic (via plasma lipid regulation) and extra-hepatic (lipid-

independent) ILRUN mechanisms. This work draws a mechanistic link between ILRUN 

and atherosclerosis that may help explain the strong genetic association between variants 

at this locus and CAD. Investigation of the diverse effects of ILRUN on atherogenesis in 

a cell-type specific manner holds promise for a better understanding of its role and could 

provide insights into new approaches to the prevention and treatment of ASCVD.
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Refer to Web version on PubMed Central for supplementary material.
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SKO Single Knockout
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TC Total Cholesterol
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Highlights

• Ilrun is a novel regulator of atherosclerosis development.

• Ilrun deficiency in the liver reduces plasma cholesterol levels and attenuates 

atherogenesis.

• Ilrun deficiency in extra-hepatic tissues is atheroprotective via lipid-

independent mechanisms.

• Ilrun deficiency in macrophages enhances efferocytosis.
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Figure 1. ILRUN expression in CAD relevant tissues.
A, eQTL results from the Genotype Tissue Expression project for rs2814993. Violin plots 

of normalized expression of ILRUN by genotype in aorta, tibial artery, and whole blood. 

Numbers indicate normalized effect size that is computed as the effect of the alternative 

allele (A) relative to the reference allele (G). B, Brachiocephalic artery sections from ND-

fed male mice stained with X-gal and light eosin. C, Thoracic aorta sections from female 

mice stained with X-gal, SM22α, and DAPI. D, Aortic root sections from ND-fed male mice 

stained with X-gal and light eosin. Aortic root sections from ND-fed IlrunKO/ApoeKO male 

mice were stained with X-gal, DAPI, and SM22α (E) or Mac3 (F). Scale bars represent 

100μm in B-C and 50μm in D-F. Arrows in B-C point to representative X-gal positive 

signals.
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Figure 2. Ilrun deficiency attenuates atherosclerosis in LdlrKO and ApoeKO mice.
Aortic roots from male mice on the LdlrKO background fed with ND for 24 weeks (A) or 

WTD for 16 weeks (B) were used for lesion area quantification. Aortic root lesion areas 

from male mice on the ApoeKO background fed with ND till 28 weeks of age (C) or WTD 

for 10 weeks (D) were determined. Representative images of sections stained with H&E are 

shown on the right. Scale bars represent 100μm. Data are shown as the mean ± SEM. Results 

in A and C were compared with Mann-Whitney test. Results in B and D were compared 

with Student’s t test. P values indicate comparisons between genotypes.
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Figure 3. Ilrun deletion lowers plasma cholesterol levels in LdlrKO and ApoeKO mice.
Four-hour fasted plasma from ND-fed male LdlrKO and IlrunKO/LdlrKO mice was 

collected; plasma (A) TC and (B) HDL-C levels were measured. C, Non–HDL-C was 

calculated by subtracting HDL-C from TC. D, FPLC fractionation of pooled plasma for 

TC analysis from each genotype. Mice were switched from ND to WTD for 16 weeks. 

Time course plasma (E)TC, (F) HCL-C, and (G) non–HDL-C were determined. H, Pooled 

plasma from these mice were fractionated by FPLC. For mice on the ApoeKO background, 

plasma (I) TC and (J) HDL-C levels of ND-fed male mice were measured using four-hour 

fasted plasma. K, Non–HDL-C was calculated by subtracting HDL-C from TC. L, FPLC 

fractionation of pooled plasma from ND-fed mice followed by TC enzymatic assays. Mice 

were switched from ND to WTD for 10 weeks. Plasma (M) TC, (N) HCL-C, and (O) 

non–HDL-C were determined periodically. P, Pooled plasma from WTD-fed mice were 

fractionated by FPLC for TC analysis. Data are shown as the mean ± SEM. Results in A-C 

and I-K were compared with Student’s t test. Results in E-G and M-O were compared with 

two-way ANOVA. P values indicate comparisons between genotypes.
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Figure 4. Hepatic ILRUN reconstitution in Ilrun deficient ApoeKO male mice restores plasma 
lipids but lesion size remains reduced.
ND-fed male mice were i.p. injected with AAV-null or AAV-ILRUN. Two weeks after 

AAV injection, mice were switched from ND to WTD for 10 weeks and sacrificed at 

~23 weeks of age. Plasma lipid levels were monitored before (week 0), 2, 4, 8 and 12 

weeks after AAV injection. Plasma TC (A) and HDL-C (B) levels were measured. C, 

Non–HDL-C was calculated by subtracting HDL-C from TC. Aortic root lesion areas 

were measured (D) and representative H&E stained images are shown (E). SKO indicates 

ApoeKO and DKO indicates IlrunKO/ApoeKO. Scale bars represent 100μm. Data are shown 

as the mean ± SEM. Results in A-C were compared with two-way ANOVA with Tukey’s 

multiple comparisons test. Results in D were compared with Kruskal-Wallis test with 

Dunn’s multiple comparisons test for comparison with SKO-AAVnull. P values represent 

comparisons between indicated groups.
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Figure 5. Ilrun deficiency in ApoeKO mice increases the presence of efferocytosis markers and 
reduces plaque necrosis.
A, ILRUN expression in laser-micro-dissected macrophages from ruptured vs. stable 

plaques. Aortic roots from the hepatic ILRUN reconstitution study (male mice on WTD 

sacrificed at ~23 weeks of age) were stained and analyzed for necrotic area (B-C), collagen 

content (D-E), macrophage content (F-G), efferocytosis (H) and apoptotic cells (I). SKO 

indicates ApoeKO and DKO indicates IlrunKO/ApoeKO. Representative images next to 

H & I (right) indicate free (top) and macrophage associated TUNEL+ nuclei (bottom) 

respectively. Scale bars represent 100μm in C,E,G and 10μm in H. Data are shown as the 

mean ± SEM. Results in A were compared with Mann-Whitney test. Results in B, D, F, H, 

and I were compared with Kruscal-Wallis test with Dunn’s multiple comparisons test for 

comparison with SKO-AAVnull. P values represent comparisons between indicated groups.
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Figure 6. Ilrun deficiency in macrophages increases MerTK protein expression and enhances in 
vitro efferocytosis.
Resident peritoneal macrophages (A) and bone marrow derived macrophages (B) from 

ND-fed male mice on the ApoeKO background were used for in vitro efferocytosis assays. 

Percentage of macrophages with engulfed apoptotic cells are presented. C. The volcano 

plot of BMDM RNA-seq results comparing IlrunKO/ApoeKO vs. ApoeKO macrophages 

from ND-fed male mice. D. Ilrun mRNA expression in BMDM of ND-fed male mice. 

Total protein expression of known efferocytosis receptors and loading control (Actin) 

were compared between BMDM samples from ApoeKO and IlrunKO/ApoeKO male 

mice. Representative images (E) and quantitation of protein abundance (F) are shown. G. 

Expression of efferocytosis receptor mRNA in BMDM was measured with samples derived 

from the same mice tested in E-F. Data are shown as the mean ± SEM. Results in A and 

B were compared with Mann-Whitney test. Results in E-G were compared with Student’s t 

test. P values represent comparisons between indicated groups.
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