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Atherosclerosis is a chronic inflammatory disorder of the 
arterial vessel wall, which is initiated by an accumula-

tion of lipoproteins in the intimal layer of the vascular wall. 
Subsequent activation of the overlying endothelium leads to 
the recruitment of circulating monocytes.1 Monocyte entry 
into the vessel wall is crucial for the onset of the disease 
because mice lacking monocyte chemokines or their recep-
tors have less atherosclerosis.2–4 Within the intimal layer, 
monocytes differentiate into macrophages that subsequently 
engulf oxidized low-density lipoprotein (oxLDL) particles via 
scavenger receptors, mainly CD36 and scavenger receptor-A 
(SR-A),5 leading to the formation of foam cells.6 In addition, 
lesional macrophages can be activated by various stimuli, lead-
ing to the release of proinflammatory cytokines and matrix-
degrading proteins, thereby promoting disease progression 

and plaque destabilization.7,8 This activation of macrophages 
occurs via membrane-bound and intracellular pattern rec-
ognition receptors, including toll-like receptor (TLR)-2 and 
TLR4. Interestingly, the rate of progression of atherosclerosis 
is critically dependent on the characteristics of the circulat-
ing monocyte pool. It has been established in mouse models 
of atherosclerosis that hypercholesterolemia and a myocardial 
infarction can accelerate atherogenesis by changing the num-
ber and characteristics of circulating monocytes.9,10 Although 
the role of monocytes in atherosclerosis has now been well 
established, it still remains elusive why the strong inflamma-
tory response in the arterial wall persists in time.

Recently, our group reported that monocytes can build 
up an immunologic memory after microbial stimulation via 
epigenetic reprogramming of histone modifications, and this 
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Objective—Although the role of monocytes in the pathogenesis of atherosclerosis is well established, the persistent vascular 
inflammation remains largely unexplained. Recently, our group reported that stimulation of monocytes with various 
microbial products can induce a long-lasting proinflammatory phenotype via epigenetic reprogramming, a process 
termed trained immunity. We now hypothesize that oxidized low-density lipoprotein (oxLDL) also induces a long-lasting 
proinflammatory phenotype in monocytes, which accelerates atherosclerosis by proinflammatory cytokine production 
and foam cell formation.

Approach and Results—Isolated human monocytes were exposed for 24 hours to medium or oxLDL. After washing and 
resting for 6 days, the cells were exposed to toll-like receptor 2 and 4 agonists. Pre-exposure to oxLDL increased mRNA 
expression and protein formation on toll-like receptor 2 and 4 stimulation of several proatherogenic proteins, including 
interleukin-6, interleukin-18, interleukin-8, tumor necrosis factor-α, monocyte chemoattractant protein 1, and matrix 
metalloproteinase 2 and 9. In addition, foam cell formation was enhanced after oxLDL exposure, which was associated 
with an upregulation of scavenger receptors CD36 and scavenger receptor-A and downregulation of ATP-binding 
cassette transporters, ABCA1 and ABCG1. Chromatin immunoprecipitation performed 6 days after oxLDL stimulation 
demonstrated increased trimethylation of lysine 4 at histone 3 in promoter regions of tnfα, il-6, il-18, mcp-1, mmp2, mmp9, 
cd36, and sr-a. Finally, pretreatment of the monocytes with the histone methyltransferase inhibitor methylthioadenosine 
completely prevented the oxLDL-induced long-lasting proinflammatory phenotype.

Conclusions—Brief exposure of monocytes to a low concentration of oxLDL induces a long-lasting proatherogenic 
macrophage phenotype via epigenetic histone modifications, characterized by increased proinflammatory cytokine 
production and foam cell formation.    (Arterioscler Thromb Vasc Biol. 2014;34:1731-1738.)
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mechanism has been termed trained immunity.11,12 In humans, 
monocytes isolated from healthy volunteers after Bacillus 
Calmette–Guérin vaccination present an increased production 
of proinflammatory cytokines ex vivo after re-exposure to var-
ious unrelated pathogens.13 This enhanced proinflammatory 
state of the monocytes could be detected ≤1 year after first 
exposure.14 In addition to Bacillus Calmette–Guérin, trained 
immunity can also be induced by Candida albicans and its 
cell wall component β-glucan.15 It has been shown that trained 
immunity is at least partly mediated by an increased trimethyl-
ation of histone 3 at lysine 4 (H3K4me3), which is associated 
with an increased expression of target genes on restimulation 
of the cells, including various proinflammatory cytokines. 
The kinetics of the epigenetic process leading to this sustained 
functional reprogramming of monocytes and macrophages 
has recently been described, and the epigenetic units respon-
sible for this process have been termed latent enhancers.16

A genome-wide analysis of the epigenetic changes induced 
by the exposure of monocytes to β-glucan revealed that the 
top 500 genes with a clear increase of H3K4Me3 include 
many genes that are involved in the process of atherosclero-
sis. Therefore, we recently hypothesized that trained innate 
immunity contributes to atherosclerosis.12 We now investigate 
whether sustained epigenetic remodeling of monocytes can 
also be induced by nonmicrobial stimuli that are relevant to 
atherosclerosis, such as oxLDL. In addition, we characterize 
the phenotype of the long-term activated monocyte-derived 
macrophage with regard to production of cytokines and 

chemokines that orchestrate the process of atherosclerosis and 
with regard to foam cell formation in detail.

Materials and Methods
Materials and Methods are available in the online-only Supplement.

Results
β-Glucan Training Induces Enrichment of 
H3K4me3 on Genes Relevant to Atherosclerosis
From our previous work on monocyte training with β-glucan, 
we analyzed the top 500 H3K4Me3 enriched genes for their 
involvement in the process of atherosclerosis.15 These genes 
involved not only various cytokines and chemokines that are 
relevant to atherogenesis but also scavenger receptors and 
other proteins involved in foam cell formation and proteins 
involved in atherosclerotic plaque destabilization (Table I in 
the online-only Data Supplement).

OxLDL but Not LDL Induces 
Training of Monocytes In Vitro
Using the established in vitro model of human primary mono-
cyte training, we explored the effect of LDL and oxLDL on 
training (Figure  1A). Incubation of monocytes with LDL 
and oxLDL did not induce cytokine production (interleukin 
[IL]-6, tumor necrosis factor [TNF]-α, or IL-1β) in the first 
24-hour stimulation period (Figure IB–ID in the online-only 
Data Supplement). Moreover, incubation with oxLDL in a 
concentration ≤10 μg/mL and incubation with LDL (≤100  
μg/mL) was not cytotoxic, as demonstrated by an lactate dehy-
drogenase cytotoxicity assay (Figure IA in the online-only 
Data Supplement). However, incubation of cells with oxLDL 
on day 1 induced a significant dose-dependent increase in IL-6 
and TNFα production by monocytes that were restimulated 
with TLR ligands on day 6. A significantly increased cyto-
kine production of both TLR4 (lipopolysaccharide; Figure 1B 
and 1C) and TLR2 (Pam3Cys; Figure IIA and IIB in the 
online-only Data Supplement) was observed for stimulation. 
Interestingly, preincubation with native LDL in a concentra-
tion ≤100 μg/mL did not have any effect on the capacity of 
monocytes to produce IL-6 and TNFα on restimulation, sug-
gesting that the modification of LDL is required to induce 
training. In an additional set of experiments, oxLDL was kept 

Nonstandard Abbreviations and Acronyms

acLDL	 acetylated LDL

DC	 dendritic cells

H3K4me3	 histone 3 Lysine 4 trimethylation

LDL	 low-density lipoprotein

MCP-1	 monocyte chemoattractant protein 1

MMP	 matrix metalloproteinase

oxLDL	 oxidized LDL

SR-A	 scavenger receptor-A

TLR	 toll-like receptor

TNF	 tumor necrosis factor

Figure 1. Priming with low concentrations of oxi-
dized low-density lipoprotein (oxLDL) but not native 
LDL augments interleukin (IL)-6 and tumor necrosis 
factor (TNF)-α production on restimulation with 
lipopolysaccharide (LPS). A, Schematic represen-
tation of the in vitro experimental setup. B, IL-6 
and (C) TNFα production were measured in the 
supernatants of adherent monocytes from healthy 
volunteers, exposed for 24 hours to medium alone, 
β-glucan as a positive control, or different concen-
trations of oxLDL or native LDL. After washing and 
6 days of resting period, monocytes were restimu-
lated with LPS (n=8; *P<0.05, **P<0.01 compared 
with the RPMI control). ChIP indicates chromatin 
immunoprecipitation; and PCR, polymerase chain 
reaction.
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in the medium for the entire 6-day resting period. Similar 
potentiating effects were obtained on the inflammatory profile 
of monocytes (Figure III in the online-only Data Supplement).

To assess whether training could also be induced by alter-
native modification of LDL, we repeated the experiments 
with acetylated LDL (acLDL), which also binds SR-A but 
not CD36. Indeed, restimulation of the cells on day 6 with 
either TLR4 or TLR2 agonists induced an increase in IL-6 and 
TNFα production, similar to oxLDL, albeit higher concentra-
tions of acLDL were required (Figure IIC in the online-only 
Data Supplement).

Characteristics of oxLDL-Induced Trained 
Monocyte-Derived Macrophages
In our experimental design, after 24-hour exposure to oxLDL, 
the monocytes were kept in RPMI (Roswell Park Memorial 
Institute) culture medium supplemented with 10% serum for 
6 additional days until restimulation on day 6. During this 
period, the monocytes differentiate into monocyte-derived 
macrophages. We have previously reported that training with 
β-glucan did not induce skewing of the macrophages into 
type M1 or M2 macrophages.15 In addition, monocytes can 
also differentiate into dendritic cells (DCs), such as TNF and 
nitric oxide synthase–producing DCs.17 It should be realized 
that this categorization into distinct macrophage phenotypes 
likely represents a simplified model because recently a spec-
trum of macrophage activation states was revealed on stimu-
lation with various stimuli, extending the current M1 versus 
M2-polarization model.18 To characterize the phenotype of 
the monocytes-derived macrophages on day 7 after stimula-
tion with oxLDL better, we measured the expression of several 
markers of classically activated and alternatively activated mac-
rophages and of inflammatory Tip-DCs on day 7 (Figure IV in 
the online-only Data Supplement). We observed no significant 
differences in expression of TLR4, TLR2, and nitric oxide syn-
thase (M1 markers); arginase1 and CD163 (M2 markers); and 
HLA-DR (human leukocyte antigen-DR), DC-SIGN (dendritic 
cell-specific intercellular adhesion molecule-3-grabbing non-
integrin), and CD83 expression (DC markers).

Training of Monocytes Induces an 
Atherogenic Cytokine and Chemokine 
Response on Secondary Stimulation
A broad spectrum of cytokines and chemokines has been 
implicated to play a role in atherogenesis, including IL-6, 
IL-18, TNFα, monocyte chemoattractant protein 1 (MCP-1), 
and IL-8.19 To study the effect of brief exposure of oxLDL 
on the production of these cytokines and chemokines, mono-
cytes were trained for 24 hours by medium alone as a nega-
tive control, β-glucan as a positive control, or oxLDL. After 
washing on day 1 and the additional 6-day resting period, 
cells were restimulated by lipopolysaccharide and Pam3Cys 
for 4 or 24 hours to study the induction of mRNA produc-
tion and cytokine or chemokine production, respectively. 
Both β-glucan and oxLDL training of monocytes augmented 
the production of IL-6, TNFα, IL-8, and MCP-1 (Figure 2). 
We subsequently assessed whether the potentiation of cyto-
kine production is exerted at the gene transcription level. On 

restimulation of trained monocytes, il-6, tnfα, il-8, mcp-1, and 
also il-18 mRNA expression showed a significant upregula-
tion when compared with the untrained control (Figure  3). 
Interestingly, whereas the basal levels of il-6, tnfα, and il-8 
showed no difference on training, the baseline expression of 
il-18 was significantly upregulated (Figure V in the online-
only Data Supplement) and the baseline expression of mcp-
1 shows a similar effect, albeit not significantly, suggesting 
enhanced constitutive expression of these genes.

In addition to enhanced cytokine production, we also 
observed an enhanced baseline mRNA expression of matrix 
metalloproteinase 9 (mmp9) and increased expression of 
mmp2 and mmp9 on lipopolysaccharide restimulation, 2 of 
the most important matrix-degrading proteins, responsible for 
plaque destabilization (Figure 3). In contrast, mmp8 was not 
upregulated at baseline or on restimulation (Figure 3; Figure 
V in the online-only Data Supplement). The upregulation of 
mmp2 and mmp9 and not mmp8 mRNA is in accordance with 
our previous findings on H3K4Me3 enrichment in the pro-
moter regions of mmp2 and mmp9 but not mmp8 after training 
with β-glucan (Table I in the online-only Data Supplement).

Foam Cell Formation Is Enhanced in Trained 
Monocytes-Derived Macrophages
In the vessel wall, the uptake of oxLDL by macrophages leads 
to the generation of foam cells, thereby contributing to the 
formation of atherosclerotic plaques.6 Therefore, we explored 
foam cell formation of trained monocyte-derived macrophages 
in our in vitro model. For this purpose, we trained adherent 

Figure 2. Primed monocytes have a more atherogenic cytokine 
and chemokine profile on restimulation than nonprimed mono-
cytes. β-glucan and oxidized low-density lipoprotein (oxLDL) 
primed monocytes produce more interleukin (IL)-6, tumor necrosis 
factor (TNF)-α, IL-8, and monocyte chemoattractant protein 1 
(MCP-1) on restimulation than untrained monocytes. Cytokine 
levels are measured in supernatants of cultured adherent mono-
cytes from healthy volunteers, trained by β-glucan, oxLDL or 
medium alone for 24 hours and restimulated after 6 days with toll-
like receptor (TLR) 2 or TLR4 agonists (n≥10 per group; *P<0.05, 
**P<0.01, ***P<0.005 compared with the RPMI [Roswell Park 
Memorial Institute] control). LPS indicates lipopolysaccharide.
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monocytes and subsequently induced foam cell formation on 
day 6 by incubation with a high dose of oxLDL. Oil Red O 
staining revealed an increased intracellular accumulation of 
lipid droplets in cells stimulated with oxLDL and β-glucan 
when compared with control cells (Figure 4A–4C). The first 
24-hour priming of monocytes with a low dose of oxLDL did 
not induce foam cell formation (data not shown). To quantify 
the uptake of oxLDL by foam cells, intracellular apolipopro-
tein B levels were measured and compared with the medium 

control. Both β-glucan and oxLDL exposure significantly 
increased the intracellular apolipoprotein B concentration on 
day 6 (Figure 4D).

Trained Monocytes Have an Increased 
Expression of Scavenger Receptors and Reduced 
Expression of Cholesterol Efflux Transporters
OxLDL is taken up by macrophages via scavenger receptors, 
of which CD36 and SR-A are considered the most important.5 
Interestingly, the genes of these receptors showed enriched 
H3K4me3 in our previous study of training with β-glucan 
(Table I in the online-only Data Supplement). To study the 
expression of these scavenger receptors, we trained adherent 
monocytes with oxLDL and on day 6 the cells were processed 
for Western blot analysis. We found that both CD36 and SR-A 
were strongly upregulated in trained monocytes in compari-
son with untrained controls (Figure  5A). RNA expression 
analysis also showed upregulation of gene expression cd36 
and sr-a (Figure  5B and 5C). Because foam cell formation 
represents the net effect of cholesterol influx and efflux, we 
also studied the expression of the cholesterol efflux transport-
ers ATP binding cassette transporters, abca1 and abcg1. For 
both transporters, there was a significant downregulation of 
mRNA expression (Figure 5D and 5E).

Enriched H3K4me3 on the Promoters of 
Proatherogenic Genes by oxLDL Exposure
Our previous reports showed that training of monocytes by 
β-glucan increased H3K4me3 at the level of the promoters 
of proinflammatory cytokine genes. Here, we investigated 
whether oxLDL training also induced H3K4 trimethylation 
on genes encoding for proinflammatory cytokines, chemo-
kines, MMPs, or scavenger receptors. Therefore, we trained 
adherent monocytes as described above and performed chro-
matin immunoprecipitation on H3K4me3 on day 6, to assess 

Figure 4. Foam cell formation is significantly enhanced in trained 
monocytes in vitro. Adherent monocytes of healthy volunteers 
were exposed to β-glucan, oxidized low-density lipoprotein 
(oxLDL), or medium alone for 24 hours and rested for 6 days 
in supplemented medium. Four hours before foam cell induc-
tion, the cells were starved from serum and were subsequently 
incubated with a high amount of oxLDL (50 μg/mL) for 24 hours. 
Intracellular apolipoprotein B levels were measured by ELISA (D) 
n=6; *P<0.05, and foam cell morphology of trained monocytes 
was compared with untrained monocytes by staining with Oil 
Red O (A–C, single cell, ×40; [A] RPMI [Roswell Park Memorial 
Institute], [B] β-glucan, [C] oxLDL; representative pictures).

Figure 3. mRNA expression of pro-
atherogenic cytokines is enhanced in 
trained monocytes. Adherent monocytes 
of healthy volunteers were exposed to 
β-glucan, oxidized low-density lipopro-
tein, or medium alone for 24 hours and 
restimulated after 6 days with lipopoly-
saccharide for 4 hours. Relative mRNA 
expression values are shown when com-
pared with the untrained control. Expres-
sion of il-6, tnfα, mcp-1, il-8, il-18, mmp2, 
mmp9 but not mmp8 in trained mono-
cytes is significantly higher on restimula-
tion than in untrained monocytes (n=6 per 
group; *P<0.05).
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sustained epigenetic changes. The percentage input H3K4me3 
on the promoters of tnfα, il-6, mcp-1, il-18, mmp2, mmp8, 
mmp9, cd36, and sr-a was measured and compared with the 
untrained control. We confirmed enrichment of H3K4me3 on 
the promoters of tnfα, il-6, mcp-1, il-18, cd36, sr-a, mmp2, and 
mmp9 but not on the promoter of mmp8, which correlates with 
the mRNA expression data (Figure 6).

OxLDL Training of Monocytes Is 
Dependent on Methyltransferases
Finally, to show that training by oxLDL is indeed dependent on 
histone methylation, we used the nonselective pharmacological 
blocker of histone methyltransferases methylthioadenosine. We 
preincubated adherent monocytes with either culture medium 
or 1 mmol/L of methylthioadenosine, 1 hour before adding cul-
ture medium, β-glucan, or oxLDL. After a 24-hour incubation 
period, washing, and 6-day resting, the cells were restimulated 
on day 6 with lipopolysaccharide and Pam3Cys. As a control, 
cells were also preincubated with the nonselective demethylase 

inhibitor Pargyline (3 μmol/L). IL-6 and TNFα concentra-
tions were measured in the supernatant and compared with the 
untrained control (Figure 7A and 7B; Figure VIA and VIB in 
the online-only Data Supplement). Indeed, pretreatment with 
methylthioadenosine completely abolished the training induced 
by oxLDL, whereas pargyline did not affect the training. 
Similarly, the augmented foam cell formation on day 6 after 
training with oxLDL was completely abolished by pretreatment 
with methylthioadenosine (Figure 7C).

Training of oxLDL Is Induced via a TLR Pathway
oxLDL can activate innate immune cells via TLR4, TLR2, 
TLR6, and CD36 heterodimerization.20 To assess the mech-
anisms of oxLDL training, we preincubated the cells with 
TLR4 and TLR2 blockers before exposure to oxLDL on day 
1. Pretreatment of the cells with both TLR4 and TLR2 block-
ers showed a partial reduction of the training effect (Figure 8A 
and 8B). Next, we examined which intracellular pathways are 
responsible for the training effect. Therefore, we pretreated 
the cells with pharmacological inhibitors of several intracel-
lular pathway proteins, which are known to be involved in 
the TLR pathways, including extracellular regulated kinase, 
phosphoinositide 3 kinase, spleen tyrosine kinase, and c-Jun 
N-terminal kinase. Pretreatment of the cells with inhibi-
tors of extracellular regulated kinase and phosphoinositide 3 
kinase significantly reduced the cytokine production on day 
6, whereas inhibition of spleen tyrosine kinase and c-Jun 
N-terminal kinase showed no effect. (Figure 8D–8G). Finally, 
we excluded that CD36-mediated endocytosis of oxLDL is 
involved, by demonstrating that pretreatment of the cells with 
cytochalasin B, an inhibitor of actin polymerization, did not 
inhibit the training (Figure 8C).

Discussion
In this study, we demonstrate that macrophages derived from 
monocytes that have been exposed to modified forms of LDL, 
including oxLDL, show a long-term proinflammatory pheno-
type because of epigenetic reprogramming of histones. These 
findings provide a novel mechanism that can contribute to the 
persistent vessel wall inflammation that is characteristic of 
atherosclerosis and can provide novel pharmacological targets 
to treat patients with atherosclerosis.

It is generally accepted that mononuclear phagocytes play a 
central role in the various stages of atherosclerosis.8 The pre-
vailing paradigm has long dictated that monocytes and mac-
rophages do not have any immunologic memory, in contrast 
to cells of the adaptive immune system. This assumption was 
recently challenged by the observation that 24-hour exposure 
of human monocytes to C albicans, β-glucan, or Bacillus 
Calmette–Guérin induced long-term activated macrophages 
by epigenetic reprogramming of their transcriptional pro-
grams.13–15 Analysis of markers for M1 and M2 macrophages 
suggested global pan-activation of these cells rather than sim-
ple skewing into M1 or M2 subtypes.15 Because an analysis 
of the top 500 regions of enriched H3K4me3 after stimulation 
with these microbial products revealed many genes that are of 
importance in the initiation and progression of atherosclero-
sis (Table I in the online-only Data Supplement), we recently 

Figure 5. Expression of scavenger receptors CD36 and scav-
enger receptor-A (SR-A) is increased on trained monocytes. 
Adherent monocytes of healthy volunteers were exposed to 
medium, β-glucan, or oxidized low-density lipoprotein (oxLDL) 
for 24 hours. After 6 days, cells were lysed and equal protein 
concentrations were put on SDS-PAGE. Arrows indicate the 
proteins CD36 (≈86 kDa), SR-A (≈220–250 kDa, depending on 
dimerization/trimerization), and actin as control. Two different 
healthy volunteers are shown; pictures are representative of ≥6 
donors. Protein expression for both receptors was enhanced for 
β-glucan training and oxLDL training when compared with the 
untrained control (A). Subsequently, mRNA expression of CD36 
(B) and SR-A (C) was measured in cells on day 0 and day 6 and 
shows increased mRNA expression of the scavenger receptors. 
Cholesterol efflux transporters ABCA1 (D) and ABCG1 (E) show 
downregulated mRNA expression on training (n=6; *P<0.05).
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argued that this mechanism of trained innate immunity could 
explain the persistent vessel wall activation in atherosclerosis.12

OxLDL is crucial for the development of atherosclerosis by 
inducing cytokine and chemokine production in macrophages 
by stimulation of membrane-bound CD36 and TLR2, TLR4, 
and TLR6.20,21 In addition, in isolated endothelial cells, oxLDL 
promotes IL-8 and MCP-1 secretion by increased acetylation 
of histone H3 and H4.22 On the basis of these findings, we have 
now demonstrated that 24-hour exposure of isolated human 
monocytes to a low concentration of oxLDL induces the for-
mation of macrophages with a long-lasting proinflammatory 
phenotype. These cells have several characteristics that can 
contribute to the formation of atherosclerotic plaques. By 
increased production of IL-6, TNFα, IL-8, IL-18, and MCP-1, 
these cells can promote and maintain inflammation in the ves-
sel wall. Moreover, by upregulation of scavenger receptors, 
CD36 and SR-A, and reduced expression of cholesterol export 
transporters, ABCA1 and ABCG1, foam cell formation is aug-
mented in these cells. Finally, increased production of MMP2 
and MMP9 can contribute to destabilization of the athero-
sclerotic plaque. This long-lasting proatherogenic phenotype 

induced by oxLDL resulted from enrichment of H3K4Me3 in 
the promoter regions of the various cytokines, chemokines, 
and transporters and was prevented by pharmacological inhi-
bition of histone methyltransferases.

mRNA analysis of oxLDL-stimulated monocyte-derived 
macrophages revealed no significant changes in expression 
of M1, M2, or DC markers. These findings argue against 
simple skewing of these cells into proinflammatory classi-
cally activated macrophages or proinflammatory DCs, as 
previously also described for stimulation of monocytes with 
β-glucan.15 Pathway analyses with pharmacological inhibitors 
revealed that the effects of oxLDL are dependent on stimula-
tion of TLR2 and TLR4. Experiments with the inhibitor of 
actin polymerization cytochalasin B demonstrated that CD36-
mediated endocytosis of oxLDL is not required for the train-
ing of monocytes to occur. In addition, the observation that 
acLDL, which also binds SR-A but not CD36, suggests that 
CD36 is not needed to induce this biological effect.23 Further 
characterization of the signaling pathways revealed that 
oxLDL-induced training is critically dependent on the activa-
tion of the MAP kinases extracellular regulated kinase 1/2 and 

Figure 6. Training induces enriched his-
tone 3 lysine 4 trimethylation (H3K4me3) 
on the promotors of proatherogenic 
genes. Chromatin immunoprecipitation 
of H3K4me3 was performed on chro-
matin from adherent monocytes from 
healthy volunteers, which were trained 
as described previously. Quantification 
of H3K4me3 was performed by quantita-
tive polymerase chain reaction analysis of 
the promotors of tnf-α, il-6, il-18, mcp-1, 
mmp-2, mmp8, mmp9, cd36, and sr-a. 
Results are shown as percentage input, 
and myoglobulin was used as a nega-
tive control. Significant upregulation of 
H3K4me3 on the promotors of TNFα, 
IL-6, IL-18, MCP-1, MMP2, MMP9, CD36, 
and SR-A but not MMP8 was shown for 
β-glucan training as well as oxidized low-
density lipoprotein (oxLDL) training (n=6; 
*P<0.05, **P<0.01 compared with the 
untrained RPMI [Roswell Park Memorial 
Institute] control). MSR indicates macro-
phage scavenger receptor.

Figure 7. Methyltransferase inhibition prevents 
training by oxidized low-density lipoprotein (oxLDL). 
Tumor necrosis factor (TNF)-α (A) and interleukin 
(IL)-6 (B) levels were measured in supernatants 
of adherent monocytes primed for 24 hours with 
β-glucan as a positive control, oxLDL, or medium 
alone in the absence or presence of the histone 
methyltransferase inhibitor methylthioadenosine 
(MTA) and the histone demethylase inhibitor Par-
gyline. At day 6, cells were restimulated with lipo-
polysaccharide (LPS). Next, foam cell formation 
was measured after pretreatment of the cells with 

histone methyltransferase inhibitor MTA (C). Results are shown as fold induction when compared with the untrained control group (n=8 
per group; *P<0.05, **P<0.01).
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phosphoinositide 3 kinase but not spleen tyrosine kinase and 
c-Jun N-terminal kinase.

Our findings have 3 important implications. First, our results 
increase our understanding of atherogenesis by revealing a 
novel mechanism that can contribute to the persistent inflam-
mation of the vessel wall that is characteristic of atherosclero-
sis. Second, this mechanism might offer a novel explanation 
for the association between infections and atherosclerosis.24 
Interestingly, administration of Bacillus Calmette–Guérin, 
which has been shown to induce training of monocytes,13 to 
rabbits fed a cholesterol-enriched diet augments the formation 
of atherosclerosis.25 On the basis of these findings, it is tempting 
to speculate that exposure to microorganism, such as C pneu-
monia, induces histone modifications in circulating monocytes, 
which subsequently home to the arterial endothelial lining and 
promote atherogenesis. In endothelial cells, exposure to C pneu-
moniae induces inflammatory gene expression via acetylation 
of histone H4 and phosphorylation and acetylation of histone 
H3.26 Finally, our results provide novel pharmacological targets 
to prevent or slow down the process of atherosclerosis: histone 
modifications are not static but amenable to (pharmacological) 
modulation by interfering with histone methyltransferases and 
histone demethylases. Particularly in the field of hematology 
and oncology, nonspecific methyltransferase inhibitors and his-
tone deacetylase inhibitors are already used in clinical trials.27 
As a proof-of-concept Choi et al28 showed that pharmacologi-
cal modulation of histone acetylation can indeed modulate the 
development of atherosclerosis. Treatment of LDL-R−/− mice 
with the histone deacetylase inhibitor trichostatin A increased 
atherosclerotic lesion size and increased macrophage accumu-
lation in aortic sinus.

A few limitations of our study need to be discussed. First, 
to prevent H3K4Me3 in our experiments, we used methylthio-
adenosine, which is a nonselective histone methyltransferase 
inhibitor. More specific inhibitors of H3K4Me3 are currently 
not available. To exploit our findings to develop novel phar-
macological strategies in the treatment of atherosclerosis, 
the development of these more specific inhibitors is critical. 
Second, we only studied H3K4Me3, which is only one of 
the epigenetic marks associated with an open transcription-
ally active chromatin. Additional experiments are required 
to understand the epigenetic pathways involved in oxLDL-
induced training of monocytes fully. Finally, our study only 
involves in vitro stimulation of isolated human monocytes. It 
needs to be emphasized that we used LDL that was oxidized in 
vitro using copper sulfate, which probably does not represent 
fully the in vivo modified LDL in the vessel wall. In addi-
tion, acLDL does not occur in vivo and we cannot exclude 
additional oxidation of acLDL during the 24-hour incubation 
period. Therefore, to translate our findings to clinical practice, 
it is critical to perform future studies to investigate whether the 
epigenetic marks can be identified in patients with risk factors 
for atherosclerosis or patients with established atherosclerosis.

In conclusion, we provide the first in vitro evidence that 
oxLDL exposure of human monocytes induces epigenetic his-
tone modifications that result in a long-lasting proinflammatory 
phenotype with increased production of proinflammatory cyto-
kines and chemokines, augmented foam cell formation, and 
increased production of MMPs. Additional studies both in ani-
mal models and in humans are necessary to provide definitive 
evidence that this mechanism affects the development of ath-
erosclerosis and is amenable to pharmacological modulation.

Figure 8. Pathway analysis of oxidized low-density 
lipoprotein (oxLDL) training. At day 6, cells were 
restimulated with lipopolysaccharide (LPS). Results 
are shown as percentage change in training or fold 
of change and when compared with the untrained 
control group (n=5 per group; *P<0.05). ERK indi-
cates extracellular regulated kinase; JNK, c-Jun 
N-terminal kinase; PI3K, phosphoinositide 3 kinase; 
and SYK, spleen tyrosine kinase.



1738    Arterioscler Thromb Vasc Biol    August 2014

Sources of Funding
Dr Riksen was supported by a grant of the Netherlands Heart 
Foundation (grant number 2012T051). Dr Netea was supported by a 
Vici grant of the Netherlands Organization for Health Research and 
Development (ZonMW).

Disclosures
Dr Riksen served on a Scientific Advisory Board of AstraZeneca, 
which is unrelated to the current article. The other authors report no 
conflicts.

References
	 1.	 Hansson GK, Hermansson A. The immune system in atherosclerosis. Nat 

Immunol. 2011;12:204–212.
	 2.	 Braunersreuther V, Zernecke A, Arnaud C, Liehn EA, Steffens S, 

Shagdarsuren E, Bidzhekov K, Burger F, Pelli G, Luckow B, Mach 
F, Weber C. Ccr5 but not Ccr1 deficiency reduces development of 
diet-induced atherosclerosis in mice. Arterioscler Thromb Vasc Biol. 
2007;27:373–379.

	 3.	 Boring L, Gosling J, Cleary M, Charo IF. Decreased lesion formation in 
CCR2-/- mice reveals a role for chemokines in the initiation of atheroscle-
rosis. Nature. 1998;394:894–897.

	 4.	 Gu L, Okada Y, Clinton SK, Gerard C, Sukhova GK, Libby P, Rollins 
BJ. Absence of monocyte chemoattractant protein-1 reduces athero-
sclerosis in low density lipoprotein receptor-deficient mice. Mol Cell. 
1998;2:275–281.

	 5.	 Kunjathoor VV, Febbraio M, Podrez EA, Moore KJ, Andersson L, Koehn 
S, Rhee JS, Silverstein R, Hoff HF, Freeman MW. Scavenger receptors 
class A-I/II and CD36 are the principal receptors responsible for the 
uptake of modified low density lipoprotein leading to lipid loading in mac-
rophages. J Biol Chem. 2002;277:49982–49988.

	 6.	 Moore KJ, Tabas I. Macrophages in the pathogenesis of atherosclerosis. 
Cell. 2011;145:341–355.

	 7.	 Hansson GK, Robertson AK, Söderberg-Nauclér C. Inflammation and ath-
erosclerosis. Annu Rev Pathol. 2006;1:297–329.

	 8.	 Swirski FK, Nahrendorf M. Leukocyte behavior in atherosclerosis, myo-
cardial infarction, and heart failure. Science. 2013;339:161–166.

	 9.	 Swirski FK, Libby P, Aikawa E, Alcaide P, Luscinskas FW, Weissleder R, 
Pittet MJ. Ly-6Chi monocytes dominate hypercholesterolemia-associated 
monocytosis and give rise to macrophages in atheromata. J Clin Invest. 
2007;117:195–205.

	10.	 Dutta P, Courties G, Wei Y, et al. Myocardial infarction accelerates athero-
sclerosis. Nature. 2012;487:325–329.

	11.	 Netea MG, Quintin J, van der Meer JW. Trained immunity: a memory for 
innate host defense. Cell Host Microbe. 2011;9:355–361.

	12.	 Bekkering S, Joosten LA, Meer JW, Netea MG, Riksen NP. Trained innate 
immunity and atherosclerosis. Curr Opin Lipidol. 2013;24:487–92

	13.	 Kleinnijenhuis J, Quintin J, Preijers F, Joosten LA, Ifrim DC, Saeed S, 
Jacobs C, van Loenhout J, de Jong D, Stunnenberg HG, Xavier RJ, van der 
Meer JW, van Crevel R, Netea MG. Bacille Calmette-Guerin induces NOD2-
dependent nonspecific protection from reinfection via epigenetic reprogram-
ming of monocytes. Proc Natl Acad Sci U S A. 2012;109:17537–17542.

	14.	 Kleinnijenhuis J, Quintin J, Preijers F, Benn CS, Joosten LA, Jacobs 
C, van Loenhout J, Xavier RJ, Aaby P, van der Meer JW, van Crevel R, 

Netea MG. Long-lasting effects of BCG vaccination on both heterolo-
gous Th1/Th17 responses and innate trained immunity. J Innate Immun. 
2014;6:152–158.

	15.	 Quintin J, Saeed S, Martens JH, Giamarellos-Bourboulis EJ, Ifrim DC, 
Logie C, Jacobs L, Jansen T, Kullberg BJ, Wijmenga C, Joosten LA, 
Xavier RJ, van der Meer JW, Stunnenberg HG, Netea MG. Candida albi-
cans infection affords protection against reinfection via functional repro-
gramming of monocytes. Cell Host Microbe. 2012;12:223–232.

	16.	 Ostuni R, Piccolo V, Barozzi I, Polletti S, Termanini A, Bonifacio S, 
Curina A, Prosperini E, Ghisletti S, Natoli G. Latent enhancers activated 
by stimulation in differentiated cells. Cell. 2013;152:157–171.

	17.	 Aldridge JR Jr, Moseley CE, Boltz DA, Negovetich NJ, Reynolds C, 
Franks J, Brown SA, Doherty PC, Webster RG, Thomas PG. TNF/iNOS-
producing dendritic cells are the necessary evil of lethal influenza virus 
infection. Proc Natl Acad Sci U S A. 2009;106:5306–5311.

	18.	 Xue J, Schmidt SV, Sander J, et al. Transcriptome-based network analy-
sis reveals a spectrum model of human macrophage activation. Immunity. 
2014;40:274–288.

	19.	 Tedgui A, Mallat Z. Cytokines in atherosclerosis: pathogenic and regula-
tory pathways. Physiol Rev. 2006;86:515–581.

	20.	 Stewart CR, Stuart LM, Wilkinson K, van Gils JM, Deng J, Halle A, 
Rayner KJ, Boyer L, Zhong R, Frazier WA, Lacy-Hulbert A, El Khoury 
J, Golenbock DT, Moore KJ. CD36 ligands promote sterile inflamma-
tion through assembly of a Toll-like receptor 4 and 6 heterodimer. Nat 
Immunol. 2010;11:155–161.

	21.	 Chávez-Sánchez L, Madrid-Miller A, Chávez-Rueda K, Legorreta-
Haquet MV, Tesoro-Cruz E, Blanco-Favela F. Activation of TLR2 and 
TLR4 by minimally modified low-density lipoprotein in human macro-
phages and monocytes triggers the inflammatory response. Hum Immunol. 
2010;71:737–744.

	22.	 Dje N’Guessan P, Riediger F, Vardarova K, Scharf S, Eitel J, Opitz B, 
Slevogt H, Weichert W, Hocke AC, Schmeck B, Suttorp N, Hippenstiel 
S. Statins control oxidized LDL-mediated histone modifications and gene 
expression in cultured human endothelial cells. Arterioscler Thromb Vasc 
Biol. 2009;29:380–386.

	23.	 Sheedy FJ, Grebe A, Rayner KJ, Kalantari P, Ramkhelawon B, Carpenter 
SB, Becker CE, Ediriweera HN, Mullick AE, Golenbock DT, Stuart LM, 
Latz E, Fitzgerald KA, Moore KJ. CD36 coordinates NLRP3 inflam-
masome activation by facilitating intracellular nucleation of soluble 
ligands into particulate ligands in sterile inflammation. Nat Immunol. 
2013;14:812–820.

	24.	 Rosenfeld ME, Campbell LA. Pathogens and atherosclerosis: update on 
the potential contribution of multiple infectious organisms to the patho-
genesis of atherosclerosis. Thromb Haemost. 2011;106:858–867.

	25.	 Lamb DJ, Eales LJ, Ferns GA. Immunization with bacillus Calmette-
Guerin vaccine increases aortic atherosclerosis in the cholesterol-fed rab-
bit. Atherosclerosis. 1999;143:105–113.

	26.	 Schmeck B, Beermann W, N’Guessan PD, Hocke AC, Opitz B, Eitel J, Dinh 
QT, Witzenrath M, Krüll M, Suttorp N, Hippenstiel S. Simvastatin reduces 
Chlamydophila pneumoniae-mediated histone modifications and gene 
expression in cultured human endothelial cells. Circ Res. 2008;102:888–895.

	27.	 Kelly TK, De Carvalho DD, Jones PA. Epigenetic modifications as thera-
peutic targets. Nat Biotechnol. 2010;28:1069–1078.

	28.	 Choi JH, Nam KH, Kim J, Baek MW, Park JE, Park HY, Kwon HJ, Kwon 
OS, Kim DY, Oh GT. Trichostatin A exacerbates atherosclerosis in low 
density lipoprotein receptor-deficient mice. Arterioscler Thromb Vasc 
Biol. 2005;25:2404–2409.

This study provides a novel concept of how oxidized low-density lipoprotein can induce long-lasting proinflammatory and proatherogenic 
phenotypic changes in monocytes via epigenetic histone modifications. These findings do not only increase our understanding of the process 
of atherosclerosis but also provide potential novel pharmacological targets to prevent or slow atherogenesis.

Significance


