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Introduction
Atherosclerosis is characterized by chronic inflammation and disordered lipid metabolism during 
the initiation and development of  this disease, which leads to acute cardiovascular events, such as 
myocardial infarction and stroke (1). It starts as an endothelial response to injury that leads to lipid 
deposition in the vessel wall, followed by circulating monocyte infiltration, mediated by chemokines 
and proinflammatory cytokines, macrophage foam cell formation, impaired resolution of  persistent 
inflammation, and, eventually, plaque rupture and thrombosis (1, 2). The relevance of  epigenetic mod-
ifications that regulate gene expression in vascular and immune cells during atherogenesis, including 
DNA methylation, histone methylation/acetylation, and noncoding RNAs, has been increasingly rec-
ognized (3). Deficiency of  DNA-demethylating enzyme TET methylcytosine dioxygenase 2 (TET2) in 
hematopoietic cells accelerates atherosclerosis by elevating expression of  cytokines and chemokines 
and NLRP3 inflammasome activation (4, 5). Histone methyltransferase enhancer of  zeste homolog 2 
(EZH2) induces DNA methyltransferase 1 (DNMT1) expression and methyl-CpG–binding protein-2 
(MeCP2) recruitment to the ATP-binding cassette transporter A1 (ABCA1) gene promoter, suppressing 
cellular cholesterol efflux and promoting foam cell formation and atherogenesis (6).

Epigenetic modifications of the genome, including DNA methylation, histone methylation/
acetylation, and noncoding RNAs, have been reported to play a fundamental role in regulating 
immune response during the progression of atherosclerosis. SETDB2 is a member of the KMT1 
family of lysine methyltransferases, and members of this family typically methylate histone H3 
Lys9 (H3K9), an epigenetic mark associated with gene silencing. Previous studies have shown that 
SETDB2 is involved in innate and adaptive immunity, the proinflammatory response, and hepatic 
lipid metabolism. Here, we report that expression of SETDB2 is markedly upregulated in human 
and murine atherosclerotic lesions. Upregulation of SETDB2 was observed in proinflammatory 
M1 but not antiinflammatory M2 macrophages. Notably, we found that genetic deletion of 
SETDB2 in hematopoietic cells promoted vascular inflammation and enhanced the progression 
of atherosclerosis in BM transfer studies in Ldlr-knockout mice. Single-cell RNA-Seq analysis in 
isolated CD45+ cells from atherosclerotic plaques from mice transplanted with SETDB2-deficient 
BM revealed a significant increase in monocyte population and enhanced expression of genes 
involved in inflammation and myeloid cell recruitment. Additionally, we found that loss of SETDB2 
in hematopoietic cells was associated with macrophage accumulation in atherosclerotic lesions and 
attenuated efferocytosis. Overall, these studies identify SETDB2 as an important inflammatory cell 
regulator that controls macrophage activation in atherosclerotic plaques.
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SETDB2 (su(var) 3-9–enhancer-of-zeste–trithorax [SET] domain bifurcated 2) belongs to the KMT1 
family of  lysine methyltransferases that includes the SUV39 and SETDB1, which have been shown to bind 
AdoMet in their SET domain and transfer methyl residues to the amino group of  histone H3 Lys9 (H3K9) 
to silence gene expression (7). SETDB2 has been previously reported to be involved in innate and adaptive 
immunity, proinflammatory responses, and T cell differentiation through modulation of  the expression of  
NF-κB target genes and type I IFN responses (8, 9). In this setting, SETDB2 loss is associated with a pro-
longed proinflammatory response, in which a subset of  proinflammatory genes are not repressed normally 
to resolve the initial inflammatory response. The prolonged expression is associated with reduced H3K9 
methylation at the promoters of  affected genes. Independently, we have shown that SETDB2 is induced 
during fasting in the liver and functions together with the glucocorticoid receptor (GR) to regulate a subset 
of  GR-target genes, including insulin-induced gene 2 (INSIG2a), which function to inhibit SREBPs that 
mediate lipid metabolism during fasting (10). Together, the functional relevance of  SETDB2 in inflamma-
tion, immunity and lipid metabolism suggest that SETDB2 might regulate atherosclerosis.

In this study, we report that SETDB2 expression is induced upon proinflammatory activation in mac-
rophages and is highly expressed in macrophages that accumulate in human and mouse atherosclerotic 
plaques. We further show that deficiency of  SETDB2 in hematopoietic cells promoted the progression of  
atherosclerosis and plaque instability in atherosclerotic mice. Notably, single-cell RNA-Seq (scRNA-Seq) 
analysis in isolated CD45+ cells from atherosclerotic plaques revealed that SETDB2 controls the recruit-
ment of  inflammatory monocytes to atherosclerotic lesions and increases the expression of  proinflammato-
ry cytokines and chemokines. SETDB2 deficiency in macrophages promoted an LPS-induced inflammato-
ry response and impaired the engulfment of  apoptotic cells in vitro, which may contribute to the molecular 
mechanisms of  SETDB2 in atherogenesis.

Results
Macrophage SETDB2 expression is upregulated in response to innate immune activation but it is not affected by cho-
lesterol accumulation. Activation of  the innate immune response in the arterial wall plays a major role in the 
pathogenesis of  atherosclerosis. Macrophage activation in response to pathogen-associated molecular pat-
terns and damage-associated molecular patterns is responsible for initiating and perpetuating the chronic 
inflammatory cascade that characterizes this disease. To determine how innate immune activation influ-
ences the expression of  histone-modifying enzymes, we treated mouse peritoneal macrophages with LPS 
for 4 and 12 hours. Notably, SETDB2 was the most upregulated histone-modifying enzyme in response to 
LPS at both time points (Figure 1, A and B). Similarly, SETDB2 was also upregulated at both the mRNA 
and protein levels in BM-derived macrophages (BMDMs) treated with LPS, but SETDB2 expression was 
refractory to IL-4 treatment, indicating that it is not part of  the alternative macrophage activation pathway 
(Figure 1, C and D, and Supplemental Table 1; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.147984DS1). LPS-mediated TLR4 signaling elicits two parallel signal-
ing pathways: the MyD88 pathway, which triggers NF-κB and AP-1 activation, TLR-stimulated genes, 
and related inflammatory cytokine production, and the TIR domain–containing adapter-inducing IFN-β 
pathway, which activates IRF3/7, which mediates the subsequent upregulation of  genes encoding type I 
IFNs and costimulatory molecules. SETDB2 is known to be an IFN-response gene, which can be regulated 
by both type I and type II IFN. (8, 9, 11) The upregulation of  Setdb2 by IFN-γ and IFN-β in peritoneal mac-
rophages was confirmed by qRT-PCR analysis (Figure 1E). Interestingly, IFN-β–induced Setdb2 expres-
sion was significantly higher compared with IFN-γ expression (Figure 1E), suggesting that LPS-induced 
SETDB2 expression in macrophages is likely mediated by type I IFN signaling.

In addition to innate immune activation, lesional macrophages engulf  large amounts of  modified 
lipoproteins, which leads to the accumulation of  foamy cells in atherosclerotic plaques. Thus, we stud-
ied whether lipid loading might influence macrophage expression of  SETDB2. To this end, we assessed 
the expression of  histone-modifying enzymes in macrophages in vivo under hyperlipidemic conditions 
induced by high-fat diet and genetic absence of  the low-density lipoprotein receptor (Ldlr–/–). This approach 
allows the analysis of  changes in lipid metabolism and gene expression during foam cell formation in vivo. 
RNA-Seq analysis revealed no significant changes in the expression of  histone-modifying enzymes, includ-
ing Setdb2, in foamy macrophages compared with macrophages isolated from normolipidemic mice (Figure 
1F). Together, these findings demonstrate that SETDB2 expression is upregulated upon innate immune 
activation but is not affected by lipid loading.
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SETDB2 is highly expressed in mouse and human atherosclerotic plaques. We next analyzed the expression of  
SETDB2 in atherosclerotic human coronary arteries and mouse aortic sinuses (Figure 2). Notably, we found 
the highest expression of  SETDB2 in intimal macrophages from human atherosclerotic plaques (Figure 2, A 
and B). This finding correlates with the higher mRNA expression level of  SETDB2 in lysates from atheroscle-
rotic lesions compared with healthy human coronary arteries (Figure 2C). Similar to the results observed in 
human plaques, SETDB2 expression was also highly abundant in mouse lesional macrophages (Figure 2D).

Hematopoietic SETDB2 deficiency promotes the progression of  atherosclerosis. To determine the in vivo function 
of  SETDB2 during the progression of  atherosclerosis, we developed mice with a gene trap insertion at the 
Setdb2 locus that is designed to limit global expression of  the Setdb2 gene (Setdb2GT mice). (10) We transplant-
ed BM cells from WT or Setdb2GT mice to lethally irradiated male Ldlr–/– mice followed by a Western diet 
(WD, 40% fat and 1.25% cholesterol) for 14 weeks. While mice transplanted with Setdb2GT BM showed a 
statistically significant increase in body weight (Supplemental Figure 1A), plasma cholesterol, high-density 

Figure 1. SETDB2 is the most upregulated histone methyltransferase in classically activated macrophages. (A and 
B) Heatmaps representing expression (rlog-transformed values) of genes differentially expressed in WT macrophages 
treated without or with LPS at 4 (A) and 12 (B) hours. (C) qRT-PCR analysis of Setdb2 expression in BM-derived mac-
rophages (BMDM) from WT mice treated with LPS (classical macrophages) or IL-4 (alternative macrophages) for 12 
hours. Data represent the mean ± SEM of relative expression levels normalized to control. **P < 0.01. (D) Western blot 
analysis of SETDB2 in BMDM from WT and Setdb2GT mice treated with LPS (classical macrophages) or IL-4 (alternative 
macrophages) for 24 hours. HSP90 was used as a loading control. Quantification represents the mean ± SEM of relative 
expression levels normalized to control. *P < 0.05, **P < 0.01. (E) qRT-PCR analysis of Setdb2 expression in BMDM from 
WT mice treated with IFN-γ (5 ng/ml) and IFN-β (10 ng/ml) for 12 hours. Data represent the mean ± SEM of relative 
expression levels normalized to control. **P < 0.01, ***P < 0.001, ****P < 0.0001. (F) RNA-Seq analysis of Setdb2 
expression in mouse peritoneal macrophages from Ldlr–/– mice fed a chow diet or Western diet for 12 weeks. Data are 
shown in representative counts from 3 independent experiments. Data were analyzed by 1-way ANOVA and Tukey’s 
post hoc test (C–E) or unpaired 2-tailed Student’s t test (F).

https://doi.org/10.1172/jci.insight.147984
https://insight.jci.org/articles/view/147984#sd


4

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(12):e147984  https://doi.org/10.1172/jci.insight.147984

lipoprotein cholesterol, triglycerides, blood glucose, and plasma leukocytosis were similar in both groups of  
mice (Supplemental Figure 1, B–F). Compared with Ldlr–/– mice transplanted with WT BM, after 14 weeks 
on a WD, Setdb2 deficiency in hematopoietic cells resulted in larger atherosclerotic lesions analyzed in the 
aortic root (Figure 3A, quantified on the right). Notably, we observed a significantly larger necrotic core 
(NC) size and thinner fibrous cap, two morphological markers of  vulnerable atherosclerotic lesions, in mice 
receiving BM from Setdb2GT donors compared with mice transplanted with WT BM (Figure 3A, quantified 
on the right). Detailed histological analysis of  the aortic root plaques revealed a significant increase in mac-
rophage content (CD68+ cells) in the lesions (Figure 3B) accompanied by enhanced vascular inflammation 
analyzed by immunostaining of  inducible nitric oxide synthase (iNOS) and vascular cell adhesion mole-
cule-1 (VCAM-1) in mice lacking SETDB2 in hematopoietic cells (Figure 3C). As expected by the greater 
NC and thinner fibrous cap found in mice transplanted with Setdb2GT BM, we found a significant reduction 
of  α-SMA+ vascular smooth muscle cell coverage in lesions from Ldlr–/– mice receiving Setdb2GT BM (Figure 
3B). No differences were found in lipid deposition in atherosclerotic lesions (Supplemental Figure 2A); this 
finding correlates with the similar foam cell formation observed in peritoneal macrophages isolated from 
Ldlr–/– mice transplanted with WT and Setdb2GT BM and fed a WD for 12 weeks (Supplemental Figure 2B) 
and BMDMs treated with acetylated LDL (Supplemental Figure 2C). Together, these findings demonstrate 
that loss of  Setdb2 in hematopoietic cells accelerates the progression of  atherosclerosis and promotes plaque 
instability by increasing inflammation and macrophage accumulation in the lesions.

Single-cell transcriptomics analysis reveals an increased accumulation of  proinflammatory macrophages in 
atherosclerotic lesions from mice lacking SETDB2 in hematopoietic cells. To investigate the molecular and 
cellular basis of  how SETDB2 expression in hematopoietic cells influences the progression of  athero-

Figure 2. SETDB2 is highly expressed in atherosclerotic macrophages. (A) Representative elastic van Gieson (EvG) staining from healthy (top) and 
atherosclerotic (bottom) human coronary arteries. (B) Representative immunofluorescence analysis of SETDB2 and CD68 expression in human coro-
nary lesions. (C) qRT-PCR analysis of Setdb2 expression in healthy (no/mild, n = 3) and atherosclerotic arteries (severe plaque, n = 7). Quantification 
represents the mean ± SEM of relative expression levels normalized to healthy artery. *P < 0.05. Data were analyzed by an unpaired 2-tailed Student’s 
t test. (D) Representative immunofluorescence analysis of SETDB2 and CD68 expression in mouse atherosclerotic plaques. Dashed bars indicate the 
atherosclerotic plaques. Scale bar: 100 μm. L, lumen.

https://doi.org/10.1172/jci.insight.147984
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genesis, we performed scRNA-Seq of  CD45+ cells isolated from atherosclerotic plaques. To this end, 
CD45.2 BM cells isolated from WT and Setdb2GT mice were transplanted to lethally irradiated CD45.1 
Ldlr–/– mice. Atherosclerotic plaques were digested into single cells after 14 weeks of  WD feeding, and 
CD45.2+ leukocytes were isolated by fluorescence-activated cell sorting. A total of  5149 WT and 4159 
Setdb2-deficient cells were sequenced, and the analysis identified 10 distinct cell clusters based on gene 
expression patterns of  established canonical markers of  lymphocyte lineages (Cd3g and Cd79b) and 
myeloid cells (Cd14, Cd68, Lgals3, Ccr2, Ly6c2, Retnlg, and Cd209a; Figure 4, A–C; Supplemental Fig-
ure 3; and ref. 12). Consistent with increased macrophage content observed in lesions from Setdb2GT  
BM–transplanted mice observed by immunostaining in Figure 3, scRNA-Seq analysis revealed 
increased F10+ monocytes (cluster 0) in the atherosclerotic lesions from Ldlr–/– mice transplanted with 
Setdb2GT BM (Supplemental Figure 4A). A significant number of  transcripts from genes involved in the  

Figure 3. Loss of SETDB2 in hematopoietic cells promotes atherosclerosis progression and plaque instability. (A) Representative histological analysis 
of cross-sections of the aortic sinus stained with H&E (left) and Masson’s trichrome (right) in Ldlr–/– mice transplanted with WT or Setdb2GT BM fed a 
Western diet for 14 weeks. Means of the lesion area, necrotic core (NC) area, and fibrous cap (FC) thickness calculated from H&E-stained and Masson’s 
trichrome–stained aortic cross-sections were quantified and are shown (n = 8–10 mice per group). Dashed lines indicate the atherosclerotic lesion, and 
continuous lines indicate the boundary of the developing NC (plaque acellular area). (B and C) Representative immunofluorescence analysis of aortic root 
cross-sections of the aortic root lesions stained with CD68 (macrophage marker) and smooth muscle α-actin (α-SMA) (B) as well as NOS2 and VCAM-1 (C) 
in Ldlr–/– mice transplanted with WT or Setdb2GT BM fed a Western diet for 14 weeks. Dashed lines indicate the atherosclerotic lesion. Quantifications are 
shown (n = 8–10 mice per group). All data represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared with Ldlr–/– mice transplanted with WT BM. 
Data were analyzed by an unpaired 2-tailed Student’s t test. Scale bar: 100 μm.
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proinflammatory response (Cebpb, Tyrobp, Trem1, Il1r2, Il1b, Il1a, and Tnf) and unfolded protein 
response (Clec4e and Clec4d) were upregulated in Setdb2-deficient leukocytes (Supplemental Figure 4B 
and Supplemental Tables 2 and 3), which is consistent with the in vivo phenotype of  increased inflam-
mation and plaque instability in Setdb2-deficient atherosclerotic lesions.

SETDB2 has been identified as a novel regulator of  a subset of  proinflammatory genes involved in 
monocyte and neutrophil recruitment by increasing H3K9 trimethylation levels at promoters of  Ccl2 
and Cxcl1 (8, 9) during the resolution phase of  the proinflammatory response. In our study, we found 
increased monocytes (F10+, cluster 0) and neutrophil (cluster 4) in Setdb2-deficient leukocytes com-
pared with WT cells (Supplemental Figure 4A). This was accompanied by increased expression of  
proinflammatory molecules (Cebpb, S100a8, S100a9, Ccr1, and Trem1) and unfolded protein response 
(Clec4e, Clec4d, and Clec4n) in the monocyte/macrophage population (clusters 0, 1, and 6) from Setdb-
2GT BM–transplanted mice (Figure 4D and Supplemental Tables 4–9). Pathway enrichment analysis of  
these differentially upregulated transcripts was associated with biological processes involved in protein 
synthesis (EIF2 signaling), oxidative stress (glutathione redox reactions and NRF2-mediated oxidative 
stress response), cell apoptosis (unfolded protein response), and atherosclerosis signaling (Figure 4E). 
Furthermore, pathway analysis of  differentially downregulated transcripts demonstrated impaired reg-
ulation of  antigen presentation pathway and antiinflammatory response (IL-4 signaling; Figure 4E) in 
the monocyte/macrophage population.

Setdb2 deficiency in macrophages enhances inflammatory response and impairs efferocytosis. To determine 
whether SETDB2 deficiency influences macrophage inflammatory response in vitro, we treated WT and 
Setdb2GT BMDMs with LPS and assessed the expression of  Ccl2, Il6, and Il10. The results showed that loss 
of  SETDB2 resulted in a significant increase of  Ccl2, Il6, and Il10 expression (Figure 5A). In addition to the 
increased self-intrinsic inflammatory response of  Setdb2-deficient macrophages and the enhanced plaque 
inflammation observed in Ldlr–/– mice transplanted with Setdb2GT BM, we also observed a marked increase 
in circulating proinflammatory cytokines, including TNF-α and IL-1β (Figure 5B). Together, these findings 
demonstrate that SETDB2 expression in macrophages is associated with the regulation of  proinflammato-
ry responses during macrophage activation and systemic inflammation.

Morphological plaque analysis also showed a marked increase in necrotic cores in lesions of  mice 
receiving BM from Setdb2-deficient mice (Figure 3A). Larger necrotic cores in atherosclerotic lesions are 
associated with an increased rate of  macrophage apoptosis and impaired efferocytosis. While we did not 
find differences in apoptotic macrophages (TUNEL+CD68+ cells) in atherosclerotic plaques from Ldlr–/– 
mice transplanted with Setdb2-deficient BM (Supplemental Figure 5A), we did find significantly impaired 
in vitro phagocytotic capacity associated to reduced levels of  c-Mer tyrosine kinase (MerTK), a receptor 
that mediates apoptotic cell engulfment in atherosclerotic lesions (Figure 5, C and D). Moreover, there 
was also a trend toward lower MerTK expression in lesional macrophages (CD68+ cells) from mice 
transplanted with Setdb2-deficient BM (Supplemental Figure 5B). Together, these results suggest that the 
increased macrophage content in atherosclerotic plaques in mice lacking SETDB2 in hematopoietic cells 
is likely due to increased macrophage recruitment and decreased clearance, as the number of  prolifera-
tive macrophages was reduced in lesions isolated from these animals (Supplemental Figure 6).

Discussion
Overall, the major finding of  this study is the identification of  SETDB2 as a major regulator of  immune acti-
vation during atherosclerosis. Absence of  Setdb2 in hematopoietic cells promotes vascular inflammation and 
enhances atherosclerotic lesion burden. Mechanistically, this phenotype is due to an increase in proathero-
genic pathways, such as enhanced innate immune activation, impairment in resolution of  inflammation, and 
increased vascular inflammation. We also report that SETDB2 is the most upregulated methyl transferase 
enzyme in response to LPS and, consistent with previous studies, show that SETDB2 is regulated by IRF7 
downstream of  IFN (9). These findings correlate with recent studies showing the antiinflammatory effect 
of  SETDB2 in both a model of  diabetic wound healing and during an acute respiratory viral infection (9, 
11). Our histological analysis and scRNA-Seq data demonstrate that SETDB2 is highly expressed in lesional 
macrophages and its absence enhances the expression of  a number of  proinflammatory cytokines, including 
Nos2, Il1b, Tnfa, and Cxcl2. The increased production of  Ccl2, Il6, and Il10 in Setdb2-deficient macrophages 
is likely mediated by the reduction of  H3K9m3 marks in the promoter of  these genes, which is associated 
with transcriptional inhibition (13, 14). Indeed, Gallagher and colleagues have recently demonstrated that 
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absence of  SETDB2 in macrophages significantly reduced levels of  H3K9m3 at the NF-κB–binding site of  
the Il1b, Tnfa, and Nos2 in Setdb2-deficient macrophages compared with littermate controls (11). In addi-
tion to the regulation of  Il1b expression, absence of  SETDB2 enhanced expression of  the enzyme xanthine 
dehydrogenase (XOR), which would reduce xanthine levels and increase uric acid production (11). Uric 
acid activates the nod-like receptor protein-3 (NLRP3) inflammasome, resulting in increased production of  
IL-1β. However, we were unable to find differences of  inflammasome activation in vitro (data not shown).

In this study, we also demonstrate that reduced STEDB2 in hematopoietic cells promotes a significant accu-
mulation of macrophages in atherosclerotic plaques that is associated with increased monocyte recruitment 

Figure 4. Single-cell RNA-Seq analysis reveals increased monocyte recruitment and vascular inflammation in atherosclerotic plaques isolated from 
Ldlr–/– mice transplanted with Setdb2GT BM cells. (A) Uniform manifold approximation and projection (UMAP) representation of aligned gene expres-
sion data in single cells extracted from atherosclerotic aortas of Ldlr–/– mice transplanted with WT (5149 cells) or Setdb2GT (4159 cells) BM after 16 weeks 
Western diet feeding. UMAP analysis identified 10 major clusters. (B) Feature plots depicting single-cell gene expression of individual genes. (C) Dot plots 
depicting diverse gene expression with known markers of the monocytes, macrophages, T cells, dendritic cells, neutrophils and B cells. (D) Violin plots of 
the top differentially expressed transcripts, showing statistically marked upregulation in the Setdb2GT monocyte/macrophage population. (E) Pathway 
enrichment of differentially expressed transcripts defined in D expressed as the log[–P] analyzed by Ingenuity Pathway Analysis.

https://doi.org/10.1172/jci.insight.147984
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and impaired efferocytosis. Notably, SETDB2 has been reported to be involved in the regulation of cell cycle 
progression in acute lymphoblastic leukemia but does not have any effect on normal hematopoietic stem and 
progenitor cell proliferation (15). This finding correlates with the decreased macrophage proliferation found in 
atherosclerotic lesions from Ldlr–/– mice transplanted with Setdb2-deficient versus WT BM and similar levels of  
circulating leukocytes in our study. In addition to changes in macrophage proliferation, we also found greater 
necrosis in plaques from Ldlr–/– mice transplanted with Setdb2GT BM compared with Ldlr–/– mice reconstituted 
with WT BM, which is associated with increased macrophage apoptosis and impairment in efferocytosis (16, 
17). Notably, we found a significant reduction in efferocytotic capacity in macrophages lacking SETDB2 com-
pared with WT macrophages; this finding correlates with a significant reduction of MerTK, a key receptor that 
controls apoptotic cell engulfment in atherosclerotic lesions (18). The mechanism behind this finding requires 
further investigation but may be explained by SETDB2-mediated epigenetic regulation of macrophage fate from 
an inflammatory to a reparative phenotype.

In addition to its role in regulating epigenetic silencing of  gene expression, SETDB2 can also positively 
regulate gene expression, acting as a scaffolding protein that facilitates the binding of  transcription factors to 
enhancers and promoter regions (10). In this regard, we have shown that SETDB2 promotes GR binding to 
Insig2a enhancers, leading to an increase in expression of  INSIG2a in liver during fasting (10). This results in 
a retention of  the SCAP/SREBP complex in the ER and suppression of  lipogenesis under fasting conditions 
(10). While these observations identified a possibly novel role for SETDB2 in regulating lipid metabolism, 
we did not observe differences in neutral lipid accumulation in aortic lesions and macrophage foam cell 
formation in mice. Further studies will be needed to assess the nonenzymatic function of  SETDB2 in regu-
lating macrophage functions during atherosclerosis.

One caveat of  our study is the use of  BM transplantation studies to assess the role of  the immune 
system in atherosclerosis (19, 20). This approach does not dissect the specific contribution of  SETDB2 
in macrophages during atherogenesis. SETDB2 is also expressed in T cells that might play a role in the 
adaptive immune response in the lesions. Indeed, our scRNA-Seq analysis showed a significant reduction 
in T cell populations in atherosclerotic aortas isolated from Ldlr–/– mice transplanted with Setdb2GT BM. 

Figure 5. Macrophage Setdb2 deficiency enhances inflammatory response and impairs macrophage efferocytosis. (A) qRT-PCR analysis of LPS-induced 
(100 ng/ml for 4 hours) expression of Ccl2, IL-6, and IL-10 in BMDMs isolated from WT or Setdb2GT mice (n = 4 per group). Data were analyzed by 1-way ANOVA 
and Tukey’s post hoc test. (B) Analysis of plasma Il1b and Tnfa levels from Ldlr–/– mice transplanted with WT or Setdb2GT BM and fed a Western diet for 
14 weeks (n = 5–7). Data were analyzed by an unpaired 2-tailed Student’s t test. (C) Representative images (left) of the in vitro engulfment of CellTracker 
Red–labeled apoptotic Jurkat cells (AC) by BM-derived macrophages (BMDMs) isolated from WT or Setdb2GT mice. Quantification is shown (n = 3 each group). 
Phagocytosis is expressed with the phagocytic index, which is the number of apoptotic cells (red) ingested in 1 hour per CD68+ macrophage (green) × 100 of 
apoptotic Jurkat T cells. Data were analyzed by an unpaired 2-tailed Student’s t test (n = 3 each group). (D) Western blot analysis of MerTK in BMDMs from 
WT and Setdb2GT mice. HSP90 was used as a loading control. *P < 0.05, ****P < 0.0001 compared with WT BMDM or Ldlr–/– mice transplanted with WT BM.

https://doi.org/10.1172/jci.insight.147984
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This can also be explained by the function of  SETDB2 in macrophages, which has been shown to regulate 
T cell proliferation in virally induced lung damage (9).

In summary, we identified SETDB2 as an important regulator of  macrophage function and inflammatory 
response during atherosclerosis. Our results also suggest that enhanced activation of  SETDB2 in atheroscle-
rotic lesions will attenuate chronic inflammation and facilitate tissue repair and inflammation resolution, 
offering a therapeutic approach to treat atherosclerotic vascular disease.

Methods
Detailed methods are provided in the Supplemental Methods.

RNA-Seq and scRNA-Seq data
Data were deposited in the NCBI’s Gene Expression Omnibus database (GEO GSE169112 and GSE168777).

Statistics
All data are expressed as mean ± SEM. Statistical differences were calculated with unpaired 2-tailed Stu-
dent’s t test, 1-way ANOVA (followed by the Newman-Keuls post test), or 2-way ANOVA (followed by the 
Bonferroni post test). A P value of  less than 0.05 was considered statistically significant for all analyses. 
Data analysis was performed using GraphPad Prism software version 7.0.

Study approval
Animal experiments. BM cells were obtained by flushing the tibias and femurs of  age-matched (8 weeks old) 
WT or Setdb2GT mice on C57BL/6J backgrounds, as described previously (21). The transplantation was done 
in Ldlr–/– mice lethally irradiated with 5 Gy 2 times in series and intravenously infused with 2 × 106 donor 
BM cells for each mouse (22, 23). At 4 weeks after the transplantation, by which time the BM of the recipient 
mice was reconstituted, atherosclerosis was induced by feeding the mice a WD (40% fat and 1.25% choles-
terol, no. D12108, Research Diets Inc.) for 14 weeks (24, 25). Mice used in all experiments were sex and age 
matched and kept in individually ventilated cages under pathogen-free conditions. All of  the experiments 
were approved by the Institutional Animal Care Use Committee of  Yale University School of  Medicine.

Human subjects. Human left main coronary arteries were obtained from the explanted hearts of  
transplant recipients or cadaver organ donors (Supplemental Table 10 and ref. 26). Research protocols 
were approved by the institutional review boards of  Yale University and the New England Organ Bank 
(Waltham, Massachusetts, USA). A waiver for consent for surgical patients was approved by Yale’s Human 
Investigation Committee, and written informed consent was obtained from a member of  the family for 
deceased organ donors by the New England Organ Bank.

Author contributions
CFH, TFO, YS, and XZ conceived and designed the study. XZ, JS, ACD, BA, and YJC performed experi-
ments and analyzed data. GT collected human specimens. YS, TFO, and CFH assisted with experimental 
design and data interpretation. CFH and XZ wrote the manuscript, which was reviewed by all authors.

Acknowledgments
This work was partially supported by grants from the NIH (R35HL135820 to CFH; R35HL155988 to YS).

Address correspondence to: Carlos Fernández-Hernando, 10 Amistad Street, Room 337c, New Haven, Con-
necticut 06520, USA. Phone: 203.737.4615; Email: carlos.fernandez@yale.edu. Or to: Timothy F. Osborne, 
600 Fifth Street S., St. Petersburg, Florida 33701, USA. Phone: 727.767.2195; Email: tosborn9@jh.edu. Or to: 
Yajaira Suárez, 10 Amistad Street, Room 301, New Haven, Connecticut, 06520, USA. Phone: 203.737.8858; 
Email: yajaira.suárez@yale.edu.

 1. Libby P, et al. Progress and challenges in translating the biology of  atherosclerosis. Nature. 2011;473(7347):317–325.
 2. Tabas I, Bornfeldt KE. Macrophage phenotype and function in different stages of  atherosclerosis. Circ Res. 2016;118(4):653–667.
 3. Khyzha N, et al. Epigenetics of  atherosclerosis: emerging mechanisms and methods. Trends Mol Med. 2017;23(4):332–347.
 4. Fuster JJ, et al. Clonal hematopoiesis associated with TET2 deficiency accelerates atherosclerosis development in mice. Science. 

2017;355(6327):842–847.

https://doi.org/10.1172/jci.insight.147984
https://insight.jci.org/articles/view/147984#sd
mailto://carlos.fernandez@yale.edu
mailto://tosborn9@jh.edu
mailto://yajaira.suárez@yale.edu
https://doi.org/10.1038/nature10146
https://doi.org/10.1161/CIRCRESAHA.115.306256
https://doi.org/10.1016/j.molmed.2017.02.004
https://doi.org/10.1126/science.aag1381
https://doi.org/10.1126/science.aag1381


1 0

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(12):e147984  https://doi.org/10.1172/jci.insight.147984

 5. Jaiswal S, et al. Clonal hematopoiesis and risk of  atherosclerotic cardiovascular disease. N Engl J Med. 2017;377(2):111–121.
 6. Lv YC, et al. Histone methyltransferase enhancer of  zeste homolog 2-mediated ABCA1 promoter DNA methylation contributes 

to the progression of  atherosclerosis. PLoS One. 2016;11(6):e0157265.
 7. Dillon SC, et al. The SET-domain protein superfamily: protein lysine methyltransferases. Genome Biol. 2005;6(8):227.
 8. Schliehe C, et al. The methyltransferase Setdb2 mediates virus-induced susceptibility to bacterial superinfection. Nat Immunol. 

2015;16(1):67–74.
 9. Kroetz DN, et al. Type I interferon induced epigenetic regulation of  macrophages suppresses innate and adaptive immunity in 

acute respiratory viral infection. PLoS Pathog. 2015;11(12):e1005338.
 10. Roqueta-Rivera M, et al. SETDB2 links glucocorticoid to lipid metabolism through Insig2a regulation. Cell Metab. 

2016;24(3):474–484.
 11. Kimball AS, et al. The histone methyltransferase Setdb2 modulates macrophage phenotype and uric acid production in diabetic 

wound repair. Immunity. 2019;51(2):258–271.
 12. Cochain C, et al. Single-cell RNA-seq reveals the transcriptional landscape and heterogeneity of  aortic macrophages in murine 

atherosclerosis. Circ Res. 2018;122(12):1661–1674.
 13. El Gazzar M, et al. G9a and HP1 couple histone and DNA methylation to TNFalpha transcription silencing during endotoxin 

tolerance. J Biol Chem. 2008;283(47):32198–32208.
 14. Saeed S, et al. Epigenetic programming of  monocyte-to-macrophage differentiation and trained innate immunity. Science. 

2014;345(6204):1251086.
 15. Lin CH, et al. SETDB2 links E2A-PBX1 to cell-cycle dysregulation in acute leukemia through CDKN2C repression. Cell Rep. 

2018;23(4):1166–1177.
 16. Doran AC, et al. Efferocytosis in health and disease. Nat Rev Immunol. 2020;20(4):254–267.
 17. Kojima Y, et al. The role of  efferocytosis in atherosclerosis. Circulation. 2017;135(5):476–489.
 18. Thorp E, et al. Mertk receptor mutation reduces efferocytosis efficiency and promotes apoptotic cell accumulation and plaque 

necrosis in atherosclerotic lesions of  apoe–/– mice. Arterioscler Thromb Vasc Biol. 2008;28(8):1421–1428.
 19. Iwata H, et al. Lineage of  bone marrow-derived cells in atherosclerosis. Circ Res. 2013;112(12):1634–1647.
 20. Aparicio-Vergara M, et al. Bone marrow transplantation in mice as a tool for studying the role of  hematopoietic cells in meta-

bolic and cardiovascular diseases. Atherosclerosis. 2010;213(2):335–344.
 21. Yu J, et al. Reticulon 4B (Nogo-B) is necessary for macrophage infiltration and tissue repair. Proc Natl Acad Sci U S A. 

2009;106(41):17511–17516.
 22. Fernandez-Hernando C, et al. Loss of  Akt1 leads to severe atherosclerosis and occlusive coronary artery disease. Cell Metab. 

2007;6(6):446–457.
 23. Price NL, et al. Genetic dissection of  the impact of  miR-33a and miR-33b during the progression of  atherosclerosis. Cell Rep. 

2017;21(5):1317–1330.
 24. Fernandez-Hernando C, et al. Genetic evidence supporting a critical role of  endothelial caveolin-1 during the progression of  

atherosclerosis. Cell Metab. 2009;10(1):48–54.
 25. Rotllan N, et al. Therapeutic silencing of  microRNA-33 inhibits the progression of  atherosclerosis in Ldlr–/– mice — brief  

report. Arterioscler Thromb Vasc Biol. 2013;33(8):1973–1977.
 26. Chen PY, et al. Smooth muscle FGF/TGFβ cross talk regulates atherosclerosis progression. EMBO Mol Med. 2016;8(7):712–728.

https://doi.org/10.1172/jci.insight.147984
https://doi.org/10.1056/NEJMoa1701719
https://doi.org/10.1371/journal.pone.0157265
https://doi.org/10.1371/journal.pone.0157265
https://doi.org/10.1186/gb-2005-6-8-227
https://doi.org/10.1038/ni.3046
https://doi.org/10.1038/ni.3046
https://doi.org/10.1371/journal.ppat.1005338
https://doi.org/10.1371/journal.ppat.1005338
https://doi.org/10.1016/j.cmet.2016.07.025
https://doi.org/10.1016/j.cmet.2016.07.025
https://doi.org/10.1016/j.immuni.2019.06.015
https://doi.org/10.1016/j.immuni.2019.06.015
https://doi.org/10.1161/CIRCRESAHA.117.312509
https://doi.org/10.1161/CIRCRESAHA.117.312509
https://doi.org/10.1074/jbc.M803446200
https://doi.org/10.1074/jbc.M803446200
https://doi.org/10.1126/science.1251086
https://doi.org/10.1126/science.1251086
https://doi.org/10.1016/j.celrep.2018.03.124
https://doi.org/10.1016/j.celrep.2018.03.124
https://doi.org/10.1038/s41577-019-0240-6
https://doi.org/10.1161/CIRCULATIONAHA.116.025684
https://doi.org/10.1161/ATVBAHA.108.167197
https://doi.org/10.1161/ATVBAHA.108.167197
https://doi.org/10.1161/CIRCRESAHA.113.301384
https://doi.org/10.1016/j.atherosclerosis.2010.05.030
https://doi.org/10.1016/j.atherosclerosis.2010.05.030
https://doi.org/10.1073/pnas.0907359106
https://doi.org/10.1073/pnas.0907359106
https://doi.org/10.1016/j.cmet.2007.10.007
https://doi.org/10.1016/j.cmet.2007.10.007
https://doi.org/10.1016/j.celrep.2017.10.023
https://doi.org/10.1016/j.celrep.2017.10.023
https://doi.org/10.1016/j.cmet.2009.06.003
https://doi.org/10.1016/j.cmet.2009.06.003
https://doi.org/10.1161/ATVBAHA.113.301732
https://doi.org/10.1161/ATVBAHA.113.301732
https://doi.org/10.15252/emmm.201506181

