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ABSTRACT
Systemic inflammation is a key driver of atherogenesis and its complications. While anti-inflammatory therapies targeting 
pathways such as IL-1β and IL-6 have shown promise in established atherosclerotic cardiovascular disease (ASCVD), potential 
systemic effects raise concerns about immune suppression and infection, underscoring the need for more precise immunomod-
ulatory approaches. Trained immunity—a form of innate immune memory—has emerged as a potential contributor linking 
ASCVD risk factors to chronic inflammation and disease progression. In this review, we discuss the evidence for trained immu-
nity in ASCVD, its induction by several known risk factors (e.g., hyperglycaemia, hypercholesterolemia, diet, chronic stress, in-
flammatory diseases, and infection), and its potential role in sustaining vascular inflammation. Advancing our understanding of 
the metabolic and epigenetic mechanisms underlying trained immunity, as well as defining shared and cumulative effects across 
risk factors, will be critical to guide the development of next-generation targeted therapies for ASCVD prevention and treatment.

1   |   Introduction

The involvement of inflammation in cardiovascular disease 
was first recognized more than three decades ago, when sys-
temic inflammatory markers (specifically the acute-phase 
proteins C-reactive protein (CRP) and serum amyloid A) were 
associated with adverse outcomes, initially in patients with 
acute coronary syndromes [1] and subsequently in appar-
ently healthy men [2]. More recently, in a collaborative anal-
ysis of three randomized clinical trials, Ridker and colleagues 
showed that in patients in whom LDL-cholesterol was treated 
to contemporary standards, inflammation assessed by high-
sensitivity C-reactive protein (hsCRP) was a stronger predictor 
for risk of future cardiovascular events and death than on-
treatment LDL cholesterol [3]. In line with this, clinical studies 
have shown that increased CRP and proinflammatory remod-
eling of circulating leukocytes in patients with acute coronary 
syndrome (ACS) predicts the likelihood of recurrence of car-
diovascular events [4]. These data fall into a broader landscape 

that identifies a role of inflammation as a target for reducing 
risk in cardiovascular disease.

Several recent randomized controlled trials demonstrate that 
targeted immunomodulation can reduce cardiovascular event 
risk. However, enthusiasm for a widespread application of im-
precisely targeted “anti-inflammatory” drugs has been tem-
pered by concerns around potential infection risk and the high 
financial cost of using expensive biologicals in populations that 
are not identified based on known/high probability mechanistic 
susceptibility to treatment.

At population level, hsCRP, an acute phase protein made by 
the liver, has repeatedly been shown to predict cardiovascular 
risk. However, while hsCRP serves as an integrated indicator 
of systemic infection it (a) gives little indication of the partic-
ular underlying processes of inflammation and (b) is not itself 
on the causal pathway for atherosclerotic cardiovascular disease 
(ASCVD) [5].
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To capitalize on translational opportunities to target pathogenic 
processes of inflammation means to characterize these processes 
in individual patients, with a view to guiding therapies targeting 
inflammation reprogramming and immunomodulation that are 
urgently needed. Accumulating evidence implicates innate im-
mune memory, termed “trained immunity”, as a central mecha-
nism driving pathogenic inflammation and impeding homeostatic 
repair in ASCVD. After exposure to environmental risk factors or 
pathogens, monocytes can undergo persistent changes in immune 
cell function that alter both cellular metabolism (favoring aerobic 
glycolysis), epigenetic status, and promote processes of inflamma-
tion while impairing pathways linked to repair and remediation 
[6]. The potential significance of trained immunity in ASCVD is 
highlighted by its presence in patients with established symptom-
atic atherosclerosis [7], acute myocardial infarction (AMI) [8], and 
now also unstable angina with high hsCRP [9].

In this review, we will critically evaluate the relationship be-
tween established drivers of ASCVD and trained immunity. 
We will consider how multiple inflammatory drivers may 
converge through epigenetic reprogramming of bone marrow 
stem cells, fundamentally altering the metabolic profile and 
the inflammatory or homeostatic functions of their progeny. 
We will also discuss how these changes can persist long-term, 
be detected in peripheral cells, and form the basis for new ap-
proaches to both individualized diagnostic tools and targeted 
therapeutic interventions. These considerations are timely 
and highlight new opportunities for the prevention and treat-
ment of ASCVD.

2   |   Trained Immunity Background

The phenomenon of ‘trained immunity’, first described in 2011, 
is an ability of innate immune cells to acquire a persistent, non-
specific immunological memory of prior functionally important 
exposures, which results in an enhanced or modified response 
to subsequent immune stimuli [10]. This concept was demon-
strated in humans in 2012 [11], when Bacillus Calmette–Guérin 
(BCG) vaccination in healthy volunteers was shown to lead to 
the functional reprogramming of monocytes, such that they 
elicited an enhanced pro-inflammatory response to secondary 
challenge with unrelated pathogens.

Immunologically induced trained immunity develops after 
pathogen-associated molecular patterns (PAMPs), such as β-
glucan and BCG, bind to cells of the innate immune system via 
pattern recognition receptors (PRRs) expressed on their cell sur-
face and cytoplasm. This leads to changes in cellular signaling and 
metabolism that culminate in long-term metabolic and epigenetic 
reprogramming (detailed below). This reprogramming, in turn, 
renders cells “primed” for enhanced secretion of pro-inflammatory 
cytokines (e.g., tumor necrosis factor alpha (TNF-α), interleukin 6 
(IL-6), and IL-1β) and chemokines (e.g., C-X-C Motif Chemokine 
Ligand (CXCL)-9–11) upon secondary stimulation.

2.1   |   Metabolic Reprogramming

At a molecular level, immune stimulation results in the 
convergence of multiple regulatory pathways, including 

changes in cellular metabolism (e.g., glycolysis, glutaminoly-
sis, mevalonate pathway, the tricarboxylic acid (TCA) cycle, 
arginine-derived metabolites, and oxidative phosphorylation) 
essential to the establishment of functional trained immunity 
programmes in innate immune cells and their progenitors. 
Specifically, trained immunity is associated with a metabolic 
shift of central glucose metabolism from oxidative phosphor-
ylation to aerobic glycolysis (similar to the “Warburg effect”), 
regulated via mechanistic target of rapamycin (mTOR), which 
stabilizes and increases translation of hypoxia inducible fac-
tor 1α (HIF-1α), and in turn, HIF-1α promotes transcription 
of glycolytic enzymes and glucose transporters (e.g., GLUT1, 
hexokinase, phosphofructokinase), thereby enhancing gly-
colytic flux while suppressing reliance on mitochondrial ox-
idative phosphorylation [12]. This metabolic reprogramming 
results in increased glucose consumption and high lactate 
accumulation. Many trained immunity stimuli converge 
on glycolysis and, importantly, the inhibition of glycolysis 
abolishes the trained immunity phenotype in some models 
[9, 12–16], demonstrating the significance of glycolysis as a 
key metabolic pathway in the formation of innate immune cell 
memory. In line with this, associations between single nucle-
otide polymorphisms (SNPs) in key glycolytic genes, includ-
ing 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 
(PFKFB3) and phosphofructokinase (PFKP), have been found 
to influence the training capacity of monocytes isolated from 
healthy volunteers [14]. Moreover, a recent study reports that 
trained monocytes preferentially employ lactate as a TCA 
cycle substrate, and lactate metabolism is required for trained 
immune cell responses to bacterial and fungal infection 
[17]. According to this model, a portion of accumulated lac-
tate serves as a primary source of acetyl-CoA production for 
the TCA cycle in trained monocytes. The remaining lactate 
enters the nucleus and binds the loci of cytokine promoters 
(histone lactylation, discussed in detail below), leading to and 
maintaining the accessibility of chromatin at cytokine gene 
loci [17]. Inhibiting lactate-dependent metabolism by silenc-
ing lactate dehydrogenase A (LDHA) impaired both lactate-
fuelled TCA cycle and histone lactylation [17].

Although we and others have focused on the role of glycolysis, 
there are simultaneous and important changes in other meta-
bolic pathways and metabolites that contribute to the develop-
ment of trained immunity. For example, glutaminolysis (the 
conversion of glutamine into glutamate) also plays a central role 
in the induction of trained immunity. Specifically, increased 
rates of glutaminolysis replenish TCA cycle intermediates, re-
sulting in the accumulation of succinate, fumarate, and malate 
[18, 19]. The central role of fumarate has been exemplified by 
its ability to dose-dependently induce training in monocytes 
in  vitro [18]. Mechanistically, fumarate accumulation contrib-
utes to the trained immunity phenotype in at least two ways: 
(i) by inhibiting KDM5 histone lysine demethylases and thus 
influencing monocyte epigenetic reprogramming [18] and (ii) 
through inhibition of HIF-1α proteasomal degradation, which 
maintains the increased glycolytic flux necessary for trained 
immunity [20].

In addition to the role of fumarate, excess acetyl-CoA (gener-
ated via a truncated TCA cycle where pyruvate is converted 
into acetyl-CoA and citrate and then exported to the cytosol to 
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be converted back into acetyl-CoA by ATP citrate lyase) enters 
the mevalonate pathway. This leads to accumulation of the me-
tabolite mevalonate, which dose-dependently induces trained 
immunity in vitro via the activation of insulin growth factor-1 
receptor (IGF-1R)–mTOR signaling [15]. This creates a positive-
feedback loop whereby glycolysis promotes mevalonate accu-
mulation, which subsequently amplifies glycolysis via IGF-1R 
signaling. In support of the role of mevalonate, monocytes from 
patients with a mevalonate kinase deficiency, termed hyper im-
munoglobulin D syndrome (HIDS), accumulate mevalonate and 
have a constitutive trained immunity phenotype at both the im-
munological and epigenetic levels [15].

Furthermore, arginine and its metabolites have also been re-
ported as involved in the induction of trained immunity [21]. 
Arginine deprivation or arginase inhibition during β-glucan 
training impaired the amplification of IL-6 and TNF cytokine 
response to LPS, and genetic studies revealed polymorphisms 
near genes coding for arginine-metabolizing enzymes modu-
lated the induction of trained immunity [21]. Indeed, arginine 
starvation of T cells has been found to result in a genome-wide 
reduction in chromatin accessibility and increased repressive 
H3K27me3 modification, which was associated with the in-
ability of these cells to fully activate [22]. It is possible that a 
link between amino acid deprivation and changes in epigene-
tic programming exists in innate immune cells during trained 
immunity.

2.2   |   Epigenetic Reprogramming

It is well-established that changes in cellular metabolites act as 
substrates and cofactors for chromatin-modifying enzymes, in-
cluding histone methyltransferases and demethylases, and his-
tone acetyltransferases and deacetylases, leading to the related 
induction of epigenetic reprogramming at genes involved in in-
nate immune responses (Figure 1).

Epigenetic reprogramming is essential to the establishment 
and maintenance of long-term innate immune memory. 
Indeed, training can be abolished following the inhibition of 
epigenetic enzymes with methyltioadenosine (MTA, a non-
selective methyltransferase inhibitor) and ITF2357 (ITF, 
a histone deacetylase inhibitor) [12, 16, 23–26]. Two of the 
most well-studied epigenetic modifications enhanced in 
trained immunity include histone 3 lysine 4 trimethylation 
(H3K4me3) at promoters, and histone 3 lysine 27 acetylation 
at both promoters and distal enhancers of genes involved in 
immunity/inflammation and metabolism, leading to their in-
creased transcriptional activation in monocytes and macro-
phages [12, 14, 15, 18, 24–31]. In line with this, the increase 
in H3K27ac in β-glucan-trained monocytes has been linked 
to reduced NAD + -dependent class III histone deacetylase, 
Sirtuin-1, expression [12] Furthermore, the acquisition of 
H3K4 monomethylation (H3K4me1) at distal enhancers has 
also been observed in trained immunity [27, 31]. Selective in-
hibition of H3K4 monomethyltransferase Set7 (SETD7) during 
training in  vitro attenuated pro-inflammatory cytokine pro-
duction following restimulation with LPS, and Setd7 knock-
out (KO) mice are unable to mount an enhanced response to 

secondary challenge in  vivo, highlighting the importance of 
Set7 for trained immunity [28].

In two very recent studies, trained monocytes/macrophages 
have also been associated with increased histone lactylation. In 
the first study, transcriptome analysis, ATAC-seq, and CUT&Tag 
demonstrated that lactate enhances chromatin accessibility in a 
manner dependent histone lactylation, specifically lactylation 
of histone H3 at lysine residue 18 (H3K18la) and 27 (H3K27la), 
at the promoters of cytokines gene loci, including IL6 [17]. The 
second study identified increased H3K18la, mainly at distal reg-
ulatory regions, during trained immunity [32]. H3K18la was 
positively associated with active chromatin and gene transcrip-
tion, persisted after the elimination of the training stimulus, 
and was strongly associated with “trained” gene transcription 
in response to a secondary stimulus [32]. Long-term histone lac-
tylation persisted in  vivo 90 days after vaccination with BCG, 
and pharmacological inhibition of lactate production or histone 
lactylation blocked trained immunity responses [32]. However, 
histone lactylation has previously been demonstrated to act 
as an endogenous “lactate clock” that directly stimulates gene 
transcription in the late phase of M1 macrophage polarization 
to induce the expression of M2-like homeostatic genes involved 
in wound healing and repair, including arginase 1 (Arg1) [33]. 
It is plausible that this mechanism is defunct in trained macro-
phages that display resistance to induction of anti-inflammatory 
processes that mediate regression or repair. Therefore, the role 
of histone lactylation in trained immunity requires further 
exploration.

The role of repressive histone modifications in trained immu-
nity has also been explored, for example, repressive histone 
modification H3K9me3 was found to be decreased at promoters 
of pro-inflammatory genes during β-glucan training, contrib-
uting to their increased transcriptional activation [26, 29, 34]. 
In agreement, the expression of histone methyltransferase G9a, 
also known as Euchromatic Histone Lysine Methyltransferase 2 
(EHMT2), which mediates H3K9 methylation, was decreased fol-
lowing the induction of trained immunity [35]. Pharmacological 
inhibition of EHMT2 in monocytes amplified trained immunity 
responses, as shown by increased pro-inflammatory cytokine 
production and increased metabolic rate [35]. Moorlag et al. [36] 
identified a strong association between KDM4 histone demeth-
ylases, which promote gene transcription by removing the re-
pressive histone modification H3K9me3, and trained immunity 
responses. Confirming this, inhibition of KDM4 proteins in vitro 
by the small molecule JIB-04 significantly decreased trained 
immunity responses induced by either β-glucan or BCG due to 
increased levels of H3K9me3 at genes important for the induc-
tion of glycolysis [36]. Dynamic levels of repressive H3K27me3 
were also reported in models of β-glucan-induced trained im-
munity [37]. A small-molecule catalytic site inhibitor selective 
for the H3K27me3-specific demethylase subfamily (KDM6 
subfamily members JMJD3 and UTX), called GSK-J4, reduces 
LPS-induced pro-inflammatory cytokine production by human 
primary macrophages [38], however, to our knowledge, this has 
not yet been explored in the context of trained immunity.

Epigenetic mechanisms such as histone modifications are not 
the only drivers of trained immunity; long noncoding RNAs 
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(lncRNAs) also play a critical role. In particular, immune 
gene-priming lncRNAs (IPLs) have emerged as central regu-
lators. Exposure to β-glucan induces epigenetic reprogram-
ming of immune genes by upregulating IPLs. One example is 
UMLILO (Upstream Master LncRNA Of The Inflammatory 
Chemokine Locus), which, when inserted into the chemokine 
topologically associating domain (TAD) in mouse macrophages, 
enhances the training of chemokine genes [39]. Within the 
same TAD, the IL1B gene (encoding the pro-inflammatory cy-
tokine IL-1β) is positioned alongside IL37, which encodes the 
anti-inflammatory cytokine IL-37 that counterbalances IL-1β 
activity  [40] and has previously been shown to counteract the 
protective effects of trained immunity in vivo [41]. Recent work 
has identified an additional lncRNA in this region, AMANZI, 
which attenuates IL-1β expression and trained immunity by 
promoting IL-37 transcription [40]. Importantly, a common ge-
netic variant, rs16944, within AMANZI strengthens this regula-
tory axis, thereby predisposing individuals to either heightened 

pro-inflammatory responses or immunosuppressive states, de-
pending on context [40].

2.3   |   Peripheral Versus Central Trained Immunity

Initially, trained immunity was discovered in circulating mono-
cytes (i.e., peripheral trained immunity), but the long-term 
persistence of trained immunity is reliant upon epigenetic re-
programming at the level of bone marrow progenitor cells that 
replenish short-lived peripheral cells (i.e., central trained immu-
nity) [42]. Central trained immunity explains how terminally 
differentiated cells with short-half lives, such as macrophages, 
can also demonstrate “memory” [42, 43]. The longevity of train-
ing enables innate immune cells to provide broad and robust 
protection against a wide range of stimuli but is maladaptive 
when activated in the context of chronic inflammatory diseases, 
such as cardiovascular diseases.

FIGURE 1    |    Metabolic-epigenetic regulation of trained immunity. Trained immune cells undergo a glycolytic shift that increases pyru-
vate availability and drives its conversion into acetyl-CoA and lactate. Lactate promotes histone lactylation (e.g., H3K18la and H3K27la), whereas 
acetyl-CoA fuels histone acetyltransferase (HAT) activity to deposit activating acetylation marks such as H3K27ac. Entry of acetyl-CoA into the tri-
carboxylic acid (TCA) cycle, together with enhanced glutaminolysis, results in the accumulation of intermediates including succinate, fumarate and 
malate, which modulate chromatin-modifying enzymes, notably inhibiting the histone demethylase KDM5. In parallel, increased Set7 and KMT5A 
activity enhances activating histone methylation (H3K4me and H4K20me1, respectively), while elevated KDM4 combined with reduced EHMT2 
promotes removal of repressive marks such as H3K9me3. Reduced sirtuin histone deacetylase (HDAC) activity further preserves activating acetyla-
tion states. Together, these coordinated metabolic-epigenetic changes establish a more accessible chromatin landscape that enhances transcription 
of pro-inflammatory genes, thereby sustaining the trained immunity phenotype. Abbreviations: ACLY, ATP citrate lyase; Ac, acetylation; La, lac-
tylation; Me, methylation. Epigenetic enzyme color key: Dark blue, histone methyltransferase; green, histone acetyltransferase; dark pink, histone 
demethylase; orange, histone deacetylase.
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3   |   Trained Immunity in Cardiovascular Disease

Cardinal features of trained immunity include long-term 
heightened inflammation with increased propensity to gen-
erate IL-1β and IL-6, which can aggravate ASCVD. IL-6 will 
also drive CRP production by the liver. Indeed, trained immu-
nity has been described in ASCVD. For example, Bekkering 
et  al. reported that circulating monocytes isolated from pa-
tients with symptomatic atherosclerosis have an enhanced 
pro-inflammatory phenotype upon ex  vivo LPS stimulation 
with increased expression of glycolytic enzymes and epigene-
tic remodeling at the level of histone methylation, specifically 
decreased H3K27me3 at the TNF-α promoter compared to 
control cells [44]. This trained state in peripheral monocytes 
was accompanied by significantly increased plasma hsCRP 
compared to controls [44]. Notably, in another study, Zhang 
et  al. demonstrated that cellular markers of trained immu-
nity were increased in monocytes from patients with elevated 
hsCRP (vs. normal hsCRP) in the context of unstable angina 
[9]. Specifically, upon ex vivo LPS challenge, monocytes from 
these patients exhibited heightened pro-inflammatory cyto-
kine production, metabolic reprogramming (increased gly-
colysis), and transcriptional and epigenetic reprogramming 
of proinflammatory genes including NLRP3 inflammasome-
related genes [9]. The findings in this study provide an in-
triguing association between trained immunity and the 
clinically useful, but non-specific, feature of elevated hsCRP 
and highlight the potential importance of hsCRP as a quan-
titative integrated marker of trained immunity. That said, 
trained immunity is a “priming” phenomenon, and its effects 
are most clearly apparent in the context of an acute stimulus, 
which was intentionally avoided in these patients with unsta-
ble angina, arguing for further in-depth characterization and 
prospective monitoring.

Trained immunity has also been reported in patients with AMI 
without traditional risk factors [8]. The authors found that even 
in the absence of systemic inflammation (as measured by CRP), 
circulating monocytes from patients with myocardial infarction 
(MI) had an increased overall cytokine production capacity fol-
lowing ex  vivo LPS stimulation, with the strongest difference 
reported for IL-10, which was associated with an enrichment of 
H3K4me3 at the promoter region [8]. However, RNA sequencing 
of circulating monocytes revealed no genome-wide differences 
in gene expression between patients and controls, suggesting 
that transcriptional alterations may only become apparent upon 
restimulation. Future studies examining monocyte responses 
to secondary challenges, for example, following AMI may pro-
vide new insights into the presence and mechanisms of trained 
immunity. Causally, a recent study also provides evidence that 
MI itself induces trained immunity in the bone marrow, which 
exacerbates systemic inflammation and accelerates atheroscle-
rosis development in naïve recipient mice [45]. Mechanistically, 
blood monocytes and bone marrow–derived macrophages from 
MI mice showed elevated spleen tyrosine kinase (SYK) expres-
sion—a key regulator of pro-inflammatory signaling through 
immune receptors (e.g., Dectin-1)—driven by KMT5A-mediated 
H4K20me1 deposition and CCHC-type zinc finger nucleic 
acid-binding protein (CNBP) transactivation [45]. Inhibition of 
KMT5A or CNBP potentially slowed post-MI atherosclerosis 
in vivo. Human relevance was confirmed as classical monocytes 

from ST-elevation MI (STEMI) patients with advanced coro-
nary lesions expressed higher SYK and KMT5A gene levels [45]. 
Indeed, the central roles of SYK and KMT5A in trained immu-
nity have previously been highlighted: heme-induced training 
induces SYK phosphorylation in human monocytes [46], while 
elevated KMT5A expression was observed in blood monocytes 
from unstable angina patients with hsCRP ≥ 3 mg/L and evi-
dence of trained immunity [9]. Altogether, the association of fea-
tures of trained immunity with MI plausibly relates AMI with 
accelerated disease progression/impaired healing, but demon-
strating causation and assessing the potential contribution in 
human observational studies remains challenging, particularly 
in the absence of robust quantitative clinical biomarkers.

Beyond cytokine and metabolic reprogramming, trained im-
munity has also been shown to drive maladaptive procoagulant 
activity; for example, Rehill et  al. recently demonstrated that 
trained immunity also confers a procoagulant phenotype in my-
eloid cells, mediated by acid sphingomyelinase–dependent tis-
sue factor decryption, thereby linking innate immune memory 
to immuno-thrombosis and providing a plausible mechanism 
through which trained immunity could exacerbate athero-
thrombotic complications [47].

Taken together, these studies highlight the presence of trained 
immunity and its association with differences in inflamma-
tion risk between individuals—a factor which has been shown 
to be an independent predictor of cardiovascular events and 
recurrence.

4   |   Cardiovascular Risk Factors and Trained 
Immunity

As well as the presence of trained immunity in cardiovascular 
disease states, several known risk factors for ASCVD, including 
diabetes, obesity, hypercholesterolaemia, life-style factors (e.g., 
diet and stress), infection, and inflammatory diseases, promote 
states of trained immunity (summarized in Figure 2).

4.1   |   Diabetes

Diabetes drives vascular complications such as ASCVD and AMI 
[48], and clinical outcomes for patients who have sustained MI 
are persistently worse in patients with diabetes [49]. Treatments 
to prevent the vascular complications of diabetes have largely fo-
cused on lowering blood glucose [50], however, this has consis-
tently little or no effect, or markedly delayed effects, in reducing 
rates of MI [50–56]. Intriguingly, the UK Prospective Diabetes 
Study has shown that a period of sub-optimal glucose control 
shortly after diagnosis manifests in adverse cardiovascular out-
come > 24 years later [57].

This persistent risk of cardiovascular complications in diabe-
tes after glucose-lowering therapy has been termed ‘metabolic 
memory’ and may be linked to the development of long-term 
hyperglycaemia-induced trained immunity or ‘HITI’. Of partic-
ular interest are observations that hyperglycaemia alters bone 
marrow function and enhances inflammatory myelopoiesis 
[58–61]. For example, diabetic mice have increased numbers 
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of circulating neutrophils and Ly6Chi monocytes, reflecting a 
hyperglycaemia-induced proliferation and expansion of bone 
marrow myeloid progenitors with associated release of mono-
cytes into the circulation [60]. Interestingly, transient intermit-
tent hyperglycaemia (TIH), rather than sustained elevation, 
promoted myelopoiesis more potently, driving persistent re-
cruitment of inflammatory monocytes into atherosclerotic le-
sions and accelerating pre-clinical atherosclerosis [62]. Systemic 
hyperglycaemia enhanced GLUT1-dependent glucose uptake 
in neutrophils, increasing S100A8/S100A9 production, which 
stimulated myelopoiesis via receptor for advanced glycation end 
products (RAGE) on common myeloid progenitors. Myeloid-
restricted Slc2a1 (GLUT1) deletion or pharmacological S100A8/
S100A9 inhibition attenuated TIH-induced myelopoiesis and 
atherosclerosis. Indeed, plasma S100A8/S100A9 correlates with 
leukocyte counts and coronary artery disease (CAD) in type 1 
diabetes (T1D) [60], suggesting that targeting of the S100A8/
S100A9-RAGE axis may reduce atherosclerosis and cardiovas-
cular events in diabetic individuals with adequate glycaemic 
control.

In a study of human peripheral blood immune cell profiles 
from long-standing T1D patients, as compared to healthy 
controls, it showed a more active immune profile as demon-
strated by a higher percentage and absolute number of neu-
trophils, monocytes, total B cells, and activated CD4+CD25+ 
T cells, while the abundance of regulatory T cells (Tregs) 
was reduced [63]. Remarkably, a subgroup of T1D patients 
with diabetes-related macrovascular complications revealed 
a stronger proinflammatory phenotype characterized by 
a lower percentage of FOXP3+ Treg, higher proportions of 
CCR4 expressing CD4 and CD8 T cell subsets, classical, 
CD196+, and CD194+ monocyte subsets, a lower Treg/con-
ventional T-cell ratio, an increased proinflammatory cytokine 
(TNF-α, IFN-γ), and a decreased anti-inflammatory (IL-10) 
producing potential compared to T1D patients without mac-
rovascular complications [63]. Further to this, in CD34+ he-
matopoietic stem and progenitor cells (HSPCs) from sternal 
bone marrow of CAD patients undergoing bypass surgery, di-
abetes was associated with upregulation of inflammatory cy-
tokines/chemokines and downregulation of host defense and 

FIGURE 2    |    Drivers and consequences of trained immunity in atherosclerosis. Diverse clinical and environmental stimuli, including 
traditional cardiovascular risk factors, lifestyle influences, chronic inflammatory conditions, infection-driven inflammation, and atherosclerotic 
cardiovascular diseases, contribute to the induction of trained immunity. These factors initiate cellular metabolic and epigenetic reprogramming, 
involving alterations in key metabolites of the tricarboxylic acid (TCA) cycle and shifts in histone modifications and DNA methylation. The resulting 
trained immunity phenotype emerges both centrally in bone marrow progenitor cells and peripherally in circulating immune cells. These repro-
grammed cells persist over time and drive accelerated atherosclerosis development and progression, ultimately promoting plaque rupture and car-
diovascular events, such as myocardial infarction, which itself induces trained immunity, thus perpetuating a vicious cycle of chronic inflammation. 
Whether the magnitude of central trained immunity influences infarct size remains unknown. Cardiovascular risk factors rarely occur in isolation, 
raising the possibility that trained immunity induced by multiple factors could be cumulative and build progressively over time.
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lymphocyte activation genes [64]. Building on these findings, 
a subsequent study by the same group revealed that sternal 
bone marrow-derived HSPCs from T2DM patients exhibited 
a senescence-associated secretory phenotype (SASP) and 
SETD7 upregulation, and upon myeloid differentiation, gave 
rise to senescent proinflammatory intermediate monocytes 
(CD14++CD16+), characterized by H3K4me1 enrichment at 
the Nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-κB)-p65 promoter [65].

Mechanistically, hyperglycaemia has been shown to alter the 
function of bone marrow cells and their macrophage prog-
eny through mechanisms that depend on both metabolic and 
epigenetic reprogramming. For example, high extracellular 
glucose results in a shift towards glycolysis and accumula-
tion of TCA cycle intermediates with consequent enhanced 
pro-inflammatory and pro-atherogenic gene expression and 
decreased anti-inflammatory gene expression in mouse macro-
phages [13]. Crucially, these changes persist even after the cells 
are subsequently restored to a normal physiological glucose en-
vironment. Inhibition of glycolysis, using dichloroacetate and 
2-DG, inhibited changes in inflammatory gene expression and 
pro-atherogenic functions [13]. Furthermore, hyperglycaemia 
reprograms hematopoietic stem cells (HSCs) culminating in dis-
tinct chromatin modifications (e.g., histone 3 lysine 4 trimeth-
ylation and histone 3 lysine 27 acetylation) in HSCs and their 
macrophage progeny [6, 13, 66]. This “HITI” promotes athero-
sclerosis and persists in vivo despite complete correction of hy-
perglycaemia [13], confirming a cardiovascular disease-relevant 
and persistent form of trained immunity. Equivalent findings of 
“HITI” were confirmed in atherosclerotic plaque macrophages 
and circulating PBMCs from patients with type 2 diabetes.

Further studies investigate the nature of epigenetic repro-
gramming in peripheral monocytes exposed to hyperglycae-
mic conditions. For example, THP-1 monocytes cultured in 
conditions of high extracellular glucose (25 mM) led to in-
creases in H3K4me2 and H3K9me2 at promoter regions of 
genes associated with chronic inflammation, including IL1A 
and IL8, which were confirmed in peripheral monocytes 
isolated from patients with type 1 and type 2 diabetes [67]. 
Moreover, high glucose culture of monocytes, mimicking dia-
betic conditions, can recruit the key p65 subunit of NF-κB and 
histone acetyltransferases to the promoters of inflammatory 
genes such as TNF-α and Cyclooxygenase 2 (COX-2), result-
ing in histone acetylation (e.g., H3K9ac, H3K14ac, H4K5ac, 
H4K8ac, and H4K12ac), chromatin remodeling, and increased 
transcriptional activation [68]. These changes were confirmed 
in monocytes isolated from patients with type 1 and type 2 
diabetes. Notably, overexpression of histone deacetylase iso-
forms inhibited the p65-mediated up-regulation of TNF-α 
transcription [68]. Additional studies of hyperglycaemia-
induced training of monocytes from patients with type 1 
diabetes demonstrated that epigenetic reprogramming was 
dependent upon up-regulation of the mixed lineage leukemia 
(MLL) lysine methyltransferases, which methylate H3K4 [23]. 
Treatment with the MLL inhibitor, menin-MLL, during the 
process of trained immunity repressed the pro-inflammatory 
phenotype. Other significantly up-regulated methyltransfer-
ases include SETD1A and SETD1B; however, these were not 
further explored [23].

Overall, multiple studies demonstrate that high glucose repro-
grammes HSPCs and monocytes via metabolic and epigenetic 
mechanisms, promoting enhanced myelopoiesis, sustained 
pro-inflammatory cytokine production, and accelerated ath-
erosclerosis despite restoration of normoglycaemia. These find-
ings highlight an important role for HITI in the perpetuation of 
chronic inflammation and acceleration of ASCVD progression 
in patients with diabetes, while simultaneously impairing pro-
cesses of ASCVD regression or repair. This may help to explain 
why glucose-lowering therapy alone, without also targeting pro-
cesses of inflammation, is ineffective in reducing cardiovascular 
risk. Nonetheless, the precise extent, duration, and patterns of 
hyperglycaemia that confer this heightened risk remain to be 
defined.

4.2   |   Obesity

Obesity is, in part, a chronic inflammatory disorder and is an 
independent risk factor for cardiovascular disease. In a recent 
study, adolescents with obesity had increased systemic and cel-
lular inflammation compared to controls, which were associated 
with worse subsequent subclinical cardiovascular measures [44]. 
Adolescents with obesity had increased monocyte activation 
and cytokine production upon stimulation, and monocyte tran-
scriptomics demonstrated upregulated inflammatory pathways 
and downregulated anti-viral responses [44]. In another study, 
accumulation of pro-inflammatory adipose tissue macrophages 
(ATMs) in white adipose tissue mass was associated with obesity-
induced inflammation [69]. This deleterious phenotypic switch 
of innate immune cells persists even after obesity-associated 
metabolic alterations have been normalized through weight loss, 
which has been termed an “obesogenic memory” [70]. Indeed, in 
patients with obesity, systemic inflammatory markers and leuko-
cyte counts fall to levels comparable with healthy lean individuals 
within 6 months of bariatric surgery; however, monocytes retain a 
residual functional and transcriptional hyper-inflammatory phe-
notype [71]. This may be driven, at least in part, by the ability of 
adipose tissue to imprint long-term pro-inflammatory memory 
in monocytes. Further evidence demonstrates that this obesity-
induced trained immunity is exacerbated by complete or partial 
weight regain (termed weight cycling) as evidenced by elevated 
metabolism and enhanced cytokine production in adipose tissue 
macrophages, which further accelerates cardiometabolic disease 
[72, 73]. Interestingly, it has been demonstrated in vitro that the 
distribution of adipose tissue in obese patients can differentially 
induce trained immunity in peripheral monocytes (Abstract: doi.​
org/​10.​1093/​eurhe​artj/​ehab7​24.​3438). Specifically, both visceral 
adipose tissue (VAT) and subcutaneous adipose tissue (SAT) from 
patients with obesity induced persistent innate immune cell acti-
vation in healthy human monocytes, as assessed by increased cy-
tokine production in response to a secondary stimulus. However, 
adipose tissue-secreted metabolites from VAT induced a higher 
cytokine response when compared to SAT, suggesting that VAT 
has an enhanced potential to induce trained immunity. Strategies 
that focus on the reduction of VAT in obese subjects might help to 
reduce the severity of obesity-associated trained immunity and its 
cardiometabolic consequences.

Sex differences in inflammatory status have also been re-
ported in obese individuals. In obese women with metabolic 

https://doi.org/10.1093/eurheartj/ehab724.3438
https://doi.org/10.1093/eurheartj/ehab724.3438
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syndrome, authors identified a lower concentration of the 
anti-inflammatory adiponectin, whereas in obese men, the 
presence of metabolic syndrome is associated with higher cir-
culating leptin and IL-6 concentrations and increased PBMC 
cytokine production capacity [74]. In a follow-up study, leptin 
was found to significantly positively correlate with circulating 
IL-1β and IL-6 levels, and treatment of healthy human mono-
cytes with leptin induced long-term monocyte hyperrespon-
siveness in an in vitro model of trained immunity [75]. Thus, 
these data warrant further investigation into the role of leptin 
in the regulation of trained immunity and cardiometabolic 
disease in obesity.

Mechanistically, obesogenic memory is dependent upon both 
metabolic and epigenetic reprogramming. For example, the 
treatment of healthy mouse macrophages with palmitic acid 
or adipose tissue conditioned media from obese mice signifi-
cantly increased maximal glycolysis and oxidative phosphory-
lation and increased LPS-induced TNF-α and IL-6 production 
in  vitro in a manner dependent upon TLR4 signaling [72]. 
These effects were impaired by inhibition of mTOR (met-
formin) or methyltransferase inhibition (MTA), thus confirm-
ing this form of innate memory is driven by metabolic and 
epigenetic changes [72]. As with other forms of trained immu-
nity, obesity also reprogrammes myeloid cells at the level of 
the bone marrow [76], driving both quantitative increases in 
myeloid progenitors and the preferential generation of inflam-
matory ATMs even after serial bone marrow transplantation, 
an effect that was regulated by hematopoietic MyD88 [76]. As 
in TIH, obesity enhanced myelopoiesis in the bone marrow 
via adipose-derived production of S100A8/S100A9 [77]. This 
induced ATM TLR4/MyD88 and NLRP3 inflammasome-
dependent IL-1β production, which interacted with the IL-1 
receptor on myeloid progenitor cells to stimulate the enhanced 
production of monocytes and neutrophils [77]. This highlights 
a potential positive feedback mechanism in obesity, whereby 
the inflamed adipose tissue stimulates the production of more 
pro-inflammatory monocytes, which perpetuates further in-
flammation. Thus, targeting of the NLRP3-IL-1β signaling 
axis could reduce adipose tissue inflammation and cardiomet-
abolic disease in obesity.

4.3   |   Hypercholesterolaemia

Patients with hypercholesterolaemia have an increased risk for 
ASCVD. In untreated patients, the risk is strongly related to the 
level of LDL-cholesterol. However, in the context of effective 
lipid-lowering with statin therapy, the relationship with LDL-
cholesterol is largely lost, but important residual risk is strongly 
associated with the level of hsCRP, as an indicator of inflamma-
tion [3].

Bekkering et al. [78] found that monocytes from patients with 
familial hypercholesterolaemia are characterized by a trained 
immune phenotype. Importantly, lowering cholesterol levels 
using a 3-month statin treatment did not reverse monocyte 
hyperresponsiveness in this patient population, with key epi-
genetic marks including increased H3K4me3 and decreased 
H3K9me3 at the promoters of pro-inflammatory cytokines 
(e.g., TNF-α) remaining unaffected by statin treatment [78]. 

As with hyperglycaemia, the effects of hypercholesterolaemia-
induced reprogramming were detectable at the level of the bone 
marrow progenitor cells. For example, bone marrow aspirates 
from patients with familial hypercholesterolaemia taken before 
and 3 months after cholesterol-lowering statin therapy showed 
increased gene expression in pathways involved in hematopoi-
etic migration and myelomonocytic skewing [79]. Interestingly, 
statin therapy reversed myelomonocytic skewing, but the tran-
scriptomic reprogramming of monocyte-associated inflamma-
tory and migratory pathways persisted, indicating the presence 
of central trained immunity [79].

Further verification of the effects of hypercholesterolae-
mia on bone marrow progenitor cells and its clinical rele-
vance to ASCVD has been evidenced in pre-clinical models. 
For example, the activation of hematopoietic progenitor cell 
proliferation and skewed development towards myeloid lin-
eages—especially granulocytes and inflammatory mono-
cytes—persisted following bone marrow transplantation from 
hypercholesterolaemic Ldlr−/− mice into normocholesterolae-
mic recipients, which resulted in increased leukocyte migra-
tion into the artery, with consequent significantly increased 
plaque size with more advanced characteristics [80]. These 
data confirm the cardiovascular disease-relevant nature of 
hypercholesterolaemia-induced training and provide a fur-
ther rational basis targeting inflammation to lower residual 
cardiovascular risk in patients with hypercholesterolaemia in 
addition to statin therapy.

Furthermore, atherogenic compound, oxLDL, resulting from the 
oxidation of LDL cholesterol can directly activate macrophages 
to induce a prolonged pro-inflammatory and pro-atherogenic 
phenotype which is sustained by metabolic and epigenetic re-
programming in human monocytes, and associated with an 
upregulation of scavenger receptors CD36 and scavenger recep-
tor-A and downregulation of ATP-binding cassette transport-
ers, ABCA1 and ABCG1 [24]. Keating et al. [14] identified that 
oxLDL-induced training is critically dependent on intracellular 
metabolic alterations, including a concomitant upregulation 
of glycolysis and oxidative phosphorylation as indicated by in-
creased oxygen consumption rate. In support of this, oxLDL-
induced trained immunity was found to induce transcriptional 
activation of genes enriched in mitochondrial metabolic path-
ways, and metabolome analysis revealed mitochondrial TCA 
cycle as the most upregulated pathway [81]. Indeed, oxLDL-
induced trained immunity is associated with changes in mi-
tochondrial size, mass, and membrane polarization [81]. The 
importance of the mitochondria in supporting cytokine hy-
perresponsiveness in trained immunity was confirmed using 
pharmacological inhibitors targeting mitochondrial function, 
which dose-dependently inhibited the production of TNF-α [81]. 
Notably, decreasing mitochondrial stress in macrophages can 
prevent inflammation in ASCVD and decrease atherosclerosis 
burden in mice [82], thus representing a potential therapeutic 
avenue to treat trained immunity in cardiometabolic disease.

In addition to oxLDL, Lp(a), the major lipoprotein carrier of 
phosphocholine-containing oxidized phospholipids (OxPLs) 
in plasma, has also been associated with the induction of 
trained immunity in monocytes as evidenced by an increased 
capacity to transmigrate and produce pro-inflammatory 
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cytokines upon stimulation [83]. Moreover, in  vitro studies 
found that Lp(a) augments the pro-inflammatory response in 
healthy human monocytes, which was markedly attenuated 
by inactivating OxPL on Lp(a), which is a recognized DAMP. 
This is clinically relevant as subjects with elevated Lp(a) have 
increased arterial inflammation and enhanced PBMC traf-
ficking to the arterial wall, suggesting that trained immunity 
might provide a novel link between Lp(a), OxPL, and acceler-
ated atherosclerosis in humans.

4.4   |   Western Diet

Western-type calorically rich diets (WD), containing numer-
ous immunologically active substances (e.g., high glucose, 
cholesterol, saturated fatty acids, L-carnitine and phosphati-
dylcholine, which are converted to trimethylamine N-oxide 
(TMAO)), are proficient at inducing a chronic inflammatory 
state that is associated with long-term innate immune cell 
reprogramming [84]. Specifically, in atheroscelrotic prone 
Ldlr−/− mice a 4-week WD induced the transcriptomic and 
epigenomic reprogramming of myeloid progenitor cells with 
skewing towards myelopoiesis, which persisted after 4 subse-
quent weeks of chow-diet and resulted in a hyperresponsive 
phenotype upon restimulation [85]. Mechanistically, the au-
thors identified the NLRP3 inflammasome and subsequent 
production of IL-1β as criticial to the WD-induced trained 
immunity phenotype. Nlrp3 deletion in Ldlr−/− mice led to 
the abolition of WD-induced systemic inflammation, hemato-
poiesis and myeloid precursor reprogramming. Thus, NLRP3 
orchestrates WD-induced training and could be targeted to 
mitigate the deleterious complications of the WD such as car-
diovascular disease. The relevance of WD-induced trained 
immunity to the development of ASCVD is demonstrated by 
the significantly increased aortic root plaque size (in the ab-
sence of changes in serum cholesterol) following bone mar-
row transplantation from WD-fed Ldlr−/− mice into chow-fed 
recipients [86]. Mice reconstituted with WD-fed bone mar-
row exhibited hypomethylation of CpG regions in the genes 
encoding Pu.1 and interferon regulatory factor 8 (Irf8), key 
transcriptional regulators of monocyte proliferation and mac-
rophage differentiation, and increased numbers of circulating 
peripheral leukocytes [86].

4.5   |   High-Salt Diet

Excess dietary salt is a well-established risk factor for hyperten-
sion, which in turn accelerates ASCVD and heart failure [87]. 
Beyond its hemodynamic effects, a high-salt diet has recently 
been identified as a novel inducer of trained immunity [88]. In 
experimental models, a high-salt diet induces innate immune 
priming and training in HSPCs, leading to enhanced inflamma-
tory responses but impaired reparative capacity. Mechanistically, 
this training involves downregulation of the NR4a transcription 
factor family, particularly NR4a1, alongside impaired mitochon-
drial oxidative phosphorylation [88]. Healthy mice transplanted 
with bone marrow from high-salt diet-fed mice retain signatures 
of reduced reparative functions, further confirming a persistent 
form of innate immune memory that originates in the bone 

marrow. Functionally, in models of intracerebral hemorrhage, 
high-salt diet-induced training impairs reparative macrophage 
polarization, resulting in defective hematoma clearance and 
worsened stroke recovery [88]. In parallel, sodium exposure has 
been shown to exacerbate mTORC1-dependent trained immu-
nity in mature macrophages, reinforcing a hyper-responsive, 
pro-inflammatory phenotype that accelerates chronic kidney 
disease progression [89]. Thus, a high-salt diet can both initiate 
and potentiate ongoing training in myeloid cells during chronic 
inflammatory conditions, highlighting why excess salt is such a 
potent and persistent risk factor for cardiovascular and cerebro-
vascular disease.

4.6   |   Chronic Stress

Exposure to physchological stress is associated with systemic 
inflammation [90] and is a risk factor for atherosclerosis [91], 
MI [92], and death from MI [93]. Of particular interest are 
observations that chronic stress alters bone marrow function 
and enhances inflammatory myelopoiesis. For example, Heidt 
et  al. demonstrated that chronic stress leads to enhanced 
proliferation of HSPCs and consequent increased output of 
disease-promoting neutrophils and inflammatory monocytes 
in humans [94]. Mechanistically, the authors demonstrated 
that during chronic stress in mice, sympathetic nerve fibers 
release surplus noradrenaline, which signaled bone marrow 
niche cells to decrease levels of HSC retaining factor CXCL12 
through the β3-adrenergic receptor [94]. Atherosclerosis-
prone Apoe−/− mice subjected to chronic stress showed accel-
erated hematopoiesis with a myeloid bias, which accelerated 
atherosclerosis and promoted plaque features associated with 
vulnerable lesions that cause MI and stroke in humans [94]. 
Also, it should be noted that MI itself results in sympathetic 
nervous system activation and increase in (nor)adrenaline 
levels, therefore, this might represent another mechanism by 
which MI drives processes of inflammation and accelerates 
atherosclerosis [95].

Furthermore, the effects of catecholamines (adrenaline and 
noradrenaline) on myeloid progenitors has been linked to the 
induction of trained immunity [96]. The authors identified that 
monocytes transiently exposed to adrenaline and noradrenaline 
undergo metabolic reprogramming (increased glycolysis) and 
mount a persistent hyperresponsive proinflammatory pheno-
type that is again dependent upon the β-adrenergic receptor [96]. 
This catecholamine-induced trained immunity phenotype was 
confirmed in pheochromocytoma patients, who have paroxys-
mal catecholamine excess, and was hypothesized to contribute 
to the increased cardiovascular risk in this patient population 
[96]. As well as the β-adrenergic receptor, increased myelopoi-
esis and chromatin and transcriptional reprogramming of bone 
marrow monocytes following psychological stress in mice has 
been linked to the Akt–mTOR-HIF-1α and interferon (IFN) 
signaling pathways, which are known to be critical mediators 
of the metabolic and epigenetic rewiring of myeloid cells, re-
spectively [97]. Potential clinical relevance was supported by a 
trained phenotype in monocytes isolated from human subjects 
with high vs. low stress, which may explain how psychological 
stress confers inflammatory disease risk.
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4.7   |   Chronic Inflammatory Diseases

4.7.1   |   HIV

ASCVD and its most fatal complication, MI, is a leading cause 
of morbidity and mortality among people living with HIV [98]. 
Across the different cardiovascular disease manifestations, a 
common pathogenic feature is HIV-associated inflammation, 
including elevated biomarkers of systemic inflammation (e.g., 
CRP and IL-6) and monocyte activation [99, 100]. Specifically, 
in a study of 211 people living with HIV on stable antiretroviral 
therapy, monocytes exhibited exacerbated cytokine responses to 
ex vivo restimulation, particularly of IL-1β, compared with HIV-
uninfected controls, and this response correlated with plasma 
hsCRP levels [101]. Transcriptomics confirmed priming of the 
monocyte IL-1β pathway, consistent with a monocyte-trained 
immunity phenotype. Notably, the increased monocyte re-
sponsiveness persisted for more than 1 year [101]. In an in vitro 
model of HIV trained immunity, human monocyte-derived 
macrophages originating from healthy monocytes treated with 
extracellular vesicles containing HIV-1 protein Nef (exNef) for 
48 h, but differentiated in the absence of exNef, released in-
creased levels of pro-inflammatory cytokines after LPS restim-
ulation [102]. The authors observed chromatin changes at genes 
involved in inflammation and cholesterol metabolism path-
ways. Bone-marrow-derived macrophages from exNef-injected 
mice, as well as from mice transplanted with bone marrow 
from exNef-injected animals, produced elevated levels of TNF-α 
upon stimulation [102]. Therefore, trained immunity might pro-
vide a possible explanation for chronic inflammation in some 
HIV-infected individuals treated with anti-retroviral therapy, 
and provides a promising therapeutic target for inflammation-
related comorbidities.

4.7.2   |   Rheumatological Diseases

The chronic rheumatic autoimmune disease primary Sjögren's 
syndrome (pSS) is associated with accelerated (subclinical) 
atherosclerosis and other cardiovascular risk factors [103, 104], 
which is also seen in other autoimmune rheumatic diseases, 
including systemic lupus erythematosus (SLE) [105], and 
rheumatoid arthritis [106]. Notably, a phenoptype indicative 
of trained immunity was identified in PBMCs from patients 
with pSS [107]. Specifically, PBMCs from pSS patients had in-
creased glucose consumption compared with controls, and 
produced more TNF-α upon LPS stimulation, however this 
did not reach significance [107]. In a study of SLE, Yanginlar 
et al. demonstrated that plasma isolated from SLE patients can 
induce trained immunity in monocytes in vitro, as determined 
by increased IL-6 production following restimulation [108]. 
Furthermore, PBMCs from SLE patients in remission produced 
more IL-6, IL-1β, and TNF-α upon stimulation, accompanied 
by increased monocyte expression of inflammatory/metabolic 
genes and altered H3K4me3 [108]. Although not explicitly de-
scribed as trained immunity, patients with rheumatoid arthritis 
display increased frequencies of CD14+ monocytes that exhibit 
a hyper-inflammatory and hyper-metabolic phenotype upon 
ex vivo LPS restimulation compared with healthy controls [109]. 
Inhibition of glycolysis with 2-DG markedly reduced the expres-
sion of pro-inflammatory cytokines and chemokines, including 

TNF-α, IL-6, IL-1β, CXCL10, and CXCL11. Mechanistically, the 
study identified signal transducer and activator of transcription 
3 (STAT3) as a central mediator of this phenotype, as selective 
STAT3 inhibition significantly attenuated both inflamma-
tory and metabolic responses [109]. These findings suggest a 
persistent reprogramming of innate immunity in rheumatoid 
arthritis, and an in-depth analysis of transcriptomic and epig-
enomic profiles would be valuable to confirm whether this re-
flects a bona fide trained immunity state.

Moreover, hyperuricemia is a metabolic condition intrinsic to 
gout pathogenesis, one of the most common forms of inflam-
matory arthritis, which is associated with increased risk of car-
diovascular diseases [110]. Monocytes from healthy volunteers 
were primed with uric acid and then subjected to stimulation 
with LPS in the presence or absence of monosodium urate crys-
tals, this led to significantly enhanced gene expression and 
secretion of IL-1β and suppression of antagonist interleukin-1 
receptor antagonist  (IL-1Ra) [111]. Mechanistically, uric acid 
activated the Akt–PRAS40 pathway and mTOR, which inhibits 
autophagy and activates inflammation [111].

4.7.3   |   Periodontitis

There is an enhanced risk of systemic diseases (e.g., cardiomet-
abolic disease and arthritis) in periodontitis [112], which is an 
inflammatory disease of the soft and bone tissues that support 
the dentition that causes chronic low-grade systemic inflamma-
tion. Experimental-periodontitis-related systemic inflammation 
in mice induced epigenetic reprogramming of HSPCs and led 
to elevated production of myeloid cells with an increased in-
flammatory phentoype [113]. Furthermore, the periodontitis-
induced trained phenotype was transmissible by bone marrow 
transplantation to naive recipients, which exhibited increased 
inflammatory responsiveness and disease severity when sub-
jected to inflammatory arthritis [113]. The authors identified 
IL-1 signaling in HSPC as essential for maladaptive training by 
periodontitis. Periodontitis is driven by a dysbiotic oral micro-
biome in which P. gingivalis is a major contributor. Notably, P. 
gingivalis has been shown to directly induce trained immunity 
in human PBMCs in vitro, evidenced by an increased capacity 
to produce IL-6 and TNF-α [114]. However, in this study, whilst 
circulating IL-6 and IL-1Ra concentrations were generally 
higher in patients with severe periodontitis, ex vivo restimula-
tion of PBMCs did not show a hyperresponsive phenotype and 
no differences were observed for vascular inflammation as vi-
sualized by PET/CT scan compared to controls [114]. Therefore, 
further investigation into maladaptive innate immune training 
in periodontitis and its inflammatory comorbidities is required.

4.8   |   Other

4.8.1   |   Renal Disease

Cardiovascular disease is a leading cause of death among pa-
tients with end-stage renal disease [115], and uremic toxins have 
been associated with cardiovascular risk and mortality due to 
their ability to generate oxidative stress and a proinflammatory 
cytokine milieu [116]. A major uremic toxin, indoxyl sulfate, has 
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been associated with the development of CKD-related compli-
cations such as cardiovascular disease [117]. Indoxyl sulfate has 
recently been reported to induce trained immunity in mono-
cytes via epigenetic and metabolic reprogramming, resulting 
in an augmented cytokine production, which was completely 
abolished by inhibition of glycolysis and methyltransferase ac-
tivity [16]. Notably, ex vivo monocytes of end-stage renal disease 
patients had a higher production of pro-inflammatory cytokines 
following LPS stimulation [16]. Mechanistically, the aryl hydro-
carbon receptor contributes to indoxyl sulfate-trained immunity 
by enhancing the expression of arachidonic acid metabolism-
related genes such as arachidonate 5-lipoxygenase (ALOX5) and 
ALOX5 activating protein (ALOX5AP) [16].

In patients with diabetic kidney disease, Chen et  al. reported 
that PBMCs exhibit increased expression of DNA methyltrans-
ferase 1 (DNMT1), leading to aberrant hypermethylation of pro-
moter regions of genes that regulate the mTOR pathway [118]. 
This suppressed negative regulators of mTOR, thereby height-
ening mTOR signaling and inflammatory activation, hallmarks 
of trained immunity [118]. Inhibition or knockdown of DNMT1 
restored methylation patterns, dampened mTOR activity, and 
reduced inflammatory gene expression [118]. More recently, a 
study of kidney transplant recipients found that serum collected 
1 week after transplantation can suppress trained immunity, 
and recipients whose serum exhibited the strongest suppressive 
capacity rarely experienced graft loss [119]. The authors hypoth-
esized that this effect was mediated by previously unreported 
effects of immunosuppressive drugs [119]. These findings sug-
gest that, immunosuppressive drugs, beyond improving kidney 
allograft survival, might also confer cardiovascular benefits via 
targeting of trained immunity. However, despite kidney trans-
plantation reducing the overall cardiovascular burden of ESRD, 
cardiovascular disease still remains the leading cause of pre-
mature mortality and allograft loss, suggesting a more complex 
mechanism exists beyond trained immunity [120].

4.8.2   |   Hormones

In a different but related context, supranormal levels of hor-
mone aldosterone (hyperaldosteronism) are associated with an 
increased cardiovascular risk in humans [121], and with acceler-
ated atherosclerosis in animal models [122]. Hyperaldosteronism 
can be caused by autonomous adrenal overproduction of aldo-
sterone [primary hyperaldosteronism (PHA)], one of the most 
prevalent forms of secondary hypertension [123], or result from 
general activation of the renin-angiotensin-aldosterone system 
(RAAS), as commonly seen in renal and cardiac failure and obe-
sity. Importantly, clinical data from patients with PHA revealed 
that chronic exposure to supranormal levels of aldosterone is as-
sociated with an increase in cardiovascular events independent 
of the presence of hypertension [121]. It has been demonstrated 
that aldosterone augments proinflammatory cytokine produc-
tion and reactive oxygen species production in monocyte-derived 
macrophages after restimulation, via the mineralocorticoid re-
ceptor [124]. These effects were not mediated by either induction 
of glycolysis or oxidative phosphorylation but was epigenetically 
mediated via enrichment of H3K4me3 at promoters of genes 
central to the fatty acid synthesis pathway, and pharmacolog-
ical inhibition of this pathway blunted aldosterone-induced 

trained immunity [124]. Thus, trained immunity may provide a 
novel mechanistic link between aldosterone and cardiovascular 
disease.

4.9   |   Infection-Driven Inflammation

4.9.1   |   Covid-19

One intriguing aspect of COVID-19, the severe respiratory ill-
ness associated with SARS-CoV-2 infection, is the markedly 
increased rate of cardiovascular disease complications and post-
acute risk of thrombotic events observed in patients, such as MI 
and stroke [125, 126]. Intriguingly, circulating leukocytes from 
the blood of COVID-19 patients showed increased responses to 
TLR ligands as measured by enhanced cytokine release, namely 
IL-1β, IL-6, and TNF-α, suggestive of trained immunity [127]. 
Additionally, it has been demonstrated that inactivated SARS-
CoV-2 can induce properties associated with trained immunity 
in human monocytes [128]. Further to this, SARS-CoV-2 spike 
protein (S-protein) was found to prime inflammasome forma-
tion and release of mature IL-1β in macrophages derived from 
COVID-19 patients but not in macrophages from healthy SARS-
CoV-2 naïve individuals, which correlated with distinct epigen-
etic and gene expression signatures suggesting innate immune 
memory after recovery from COVID-19 [129].

5   |   Immunomodulatory Trials in Cardiovascular 
Disease

Several recent randomized, controlled trials have shown a re-
duction in cardiovascular events with immunomodulating 
drugs (Table  1). Significantly, the use of anti-inflammatory 
therapeutics targeted against IL-1β (The Canakinumab Anti-
Inflammatory Thrombosis Outcome Study [CANTOS]) lead to 
a reduction in cardiovascular events independently of lipid low-
ering in patients with previous MI and elevated hsCRP [130]. 
Furthermore, subsequent analyses showed that the magni-
tude of hsCRP reduction [131] or IL-6 reduction [132] below a 
threshold was directly related to a reduction in major adverse 
cardiovascular events. Therefore, monitoring of hsCRP or IL-6 
might provide a simple clinical method to identify individuals 
most likely to accrue the largest benefit from continued immu-
nomodulatory treatment. Moreover, RESCUE, a phase 2 trial, 
showed marked reductions in hsCRP in response to the anti-
IL-6 ligand antibody, ziltivekimab, among patients with high 
cardiovascular risk [133]. Based on these data, an ongoing phase 
3 trial, ZEUS (recruitment completed), investigates the effect of 
ziltivekimab in patients with chronic kidney disease, increased 
hsCRP, and established cardiovascular disease (https://​clini​
caltr​ials.​gov/​study/​​NCT05​021835). In addition, another ongoing 
phase 3 trial, ARTEMIS (recruitment ongoing), investigates the 
effects of ziltivekimab in patients with AMI (https://​www.​clini​
caltr​ials.​gov/​study/​​NCT06​118281).

Interestingly, a randomized, controlled pilot trial of hydroxy-
chloroquine (OXI pilot trial) in patients after MI significantly 
reduced IL-6 levels [134]. Hydroxychloroquine use in rheumatol-
ogy patients has been associated with reductions in cardiovascu-
lar event rates [141–143], but adverse effects have been reported 

https://clinicaltrials.gov/study/NCT05021835
https://clinicaltrials.gov/study/NCT05021835
https://www.clinicaltrials.gov/study/NCT06118281
https://www.clinicaltrials.gov/study/NCT06118281
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in patients with pre-existing heart failure [144]. Moreover, the 
CIRT (Cardiovascular Inflammation Reduction Trial) trial, 
low-dose methotrexate (a non-specific anti-inflammatory agent) 
failed to reduce recurrent vascular events in patients with cor-
onary disease [135]. In that trial, no reduction of IL-1β, IL-6, or 
CRP was observed, suggesting that future trials should more 
specifically target pathways that are more tightly linked to ath-
erosclerosis [135].

Colchicine binds to and inhibits tubulin polymerization and 
microtubule formation, resulting in multiple anti-inflammatory 
effects, including inhibition of NLRP3 inflammasome activity. 
In patients with recent MI (COLCOT) [136] or chronic coro-
nary disease (LoDoCo2) [137], who were not selected according 
to evidence of inflammation, colchicine treatment led to a sig-
nificantly lower rate of major adverse cardiovascular events. 
However, the OASIS-9/CLEAR SYNERGY clinical trial in pa-
tients following percutaneous coronary intervention (PCI) for 
ST-segment elevation or large non–ST-segment elevation MI 
showed no difference for colchicine vs. placebo [138]. Clinical 
uptake has not been universal and the experience with colchi-
cine also argues for deeper mechanistic insight and more precise 
selection to match patient/target with drug action.

A recent approach has explored the potential to modulate patho-
genic processes of inflammation by harnessing the activity of 
immunomodulatory Treg population [145]. A small (n = 60) 
double-blind, randomized, placebo-controlled, phase II clinical 
trial, IVORY, assessed the effects of low-dose IL-2 (Aldesleukin) 
on vascular inflammation in patients with ACS with hsCRP 
levels ≧ 2 mg/L [139]. Low-dose IL-2 significantly increased 
circulating Tregs compared to placebo, without causing T effec-
tor activation [140]. Vascular inflammation appeared reduced 
on [145] FDG-positron emission tomography (PET). Larger 
trials are needed to confirm its impact on cardiovascular out-
comes (IVORY-FINALE; https://​clini​caltr​ials.​gov/​study/​​NCT06​
427694).

6   |   Conclusions and Future Perspectives

Systemic inflammation is increasingly recognized as central to 
the pathogenesis of ASCVD and its complications. Treatments 
of inflammation have reported benefit in the context of es-
tablished ASCVD (e.g., IL-1β) and further clinical trials are 
ongoing. However, enthusiasm for broadly using imprecisely 
targeted “anti-inflammatory” drugs is limited by concerns 
about infection risk and the high cost of expensive biologics in 
populations not identified as likely to respond, highlighting the 
need for more targeted immunomodulation as part of the next-
generation therapies.

Thus, elucidating the underlying sources of systemic inflam-
mation—here proposed to include trained immunity—will 
yield new opportunities for targeted treatment and prevention. 
Notably, ASCVD risk factors rarely occur in isolation, raising 
the possibility that trained immunity induced by multiple fac-
tors could be cumulative and build progressively over time. On 
the other hand, processes of trained immunity might be dispro-
portionate in patients with ASCVD and a paucity of conven-
tional risk factors.

Support for these concepts comes from studies of epigenetic 
clocks, which show that DNA methylation changes accumulate 
throughout life in response to diverse aging-related insults and 
serve as robust markers of biological age [146]. By analogy, cu-
mulative epigenetic reprogramming driven by cardiovascular 
risk factors may underlie and amplify persistent alterations in 
innate immune function, thereby sustaining chronic inflamma-
tion and accelerating ASCVD progression.

In this review, we highlighted the mechanisms that could asso-
ciate trained immunity to the development and progression of 
ASCVD. Deeper insights into metabolic and epigenetic mecha-
nisms driving the long-lasting effects of trained immunity could 
enable the development of innovative targeted therapies for 
ASCVD. Although CRP remains a widely used clinical correlate 
of systemic inflammation, it is a broad and non-specific marker 
and cannot alone characterize trained immunity. Future work 
should aim to delineate shared mechanisms and potential cu-
mulative effects of trained immunity, through leveraging large 
‘-omics’ datasets, shared repositories, and advanced analytical 
tools, to inform more precise strategies for targeting processes of 
inflammation in ASCVD prevention and treatment.
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