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Abstract: Macrophages are present in almost all body tissues. They detect and quickly respond to
“environmental signals” in the tissue. Macrophages have been associated with numerous beneficial
roles, such as host defense, wound healing, and tissue regeneration; however, they have also been
linked to the development of diverse illnesses, particularly cancers and autoimmune disorders.
Complex signaling, epigenetic, and metabolic pathways drive macrophage training and tolerance.
The induced intracellular program differs depending on the type of initial stimuli and the tissue
microenvironment. Due to the essential roles of macrophages in homeostatic and their association
with the pathogenesis of inflammatory diseases, recent studies have investigated the molecular
mechanisms of macrophage training and tolerance. This review discusses the role of factors involved
in macrophage training and tolerance, along with the current studies in human diseases.

Keywords: macrophages; innate immune memory; trained immunity; tolerance; epigenetics; inflam-
matory diseases; sepsis

1. Introduction

Macrophages are the body’s first line of defense against pathogens and play a crucial
role in innate immunity and have varying maturity and growth potentials and exten-
sively exist as cells with specialized features in various tissues [1–3]. Under homeostatic
conditions, macrophages adopt phenotypes associated with tissue repair and wound
healing. During the acute microbial infection, more myeloid cells are required to replen-
ish consumed innate immune cells. Emergency myelopoiesis increases in the number of
myeloid progenitors upon danger signals and inflammatory cytokines. When macrophages
encounter pathogens, they express reactive nitrogen and oxygen species and proinflam-
matory cytokines to aid their antimicrobial and immune-activation functions necessary
to kill pathogens. In response to various environmental stimuli and molecular mediators,
monocytes differentiate into two representative phenotypes: proinflammatory M1-like
macrophages and anti-inflammatory M2-like macrophages (Figure 1).

Since macrophages encounter diverse and dynamic signals temporally and spatially,
they show several phenotypes and exhibit functional plasticity. Phenotypic and functional
diversity and plasticity are hallmarks of macrophages [4–8]. Recent research suggests
that functional reprogramming of macrophages plays a key role in the pathogenesis of
chronic inflammatory diseases [9–11]. Functional reprogramming of macrophages is asso-
ciated with two different adaptive programs against secondary allogeneic or heterologous
stimuli [12]. In two types of functional reprogramming, secondary responses to subsequent
stimuli in innate immune cells can change their ability to respond stronger or lesser than
the primary response [13].

Based on these criteria, the dual features of innate immune memory can be defined
as training or tolerance [14] (Figure 2). In trained immunity, epigenetic and metabolic
reprogramming occur during the activation of immune cells by stimulation [12,14]. As
these modifications are maintained, responsiveness to secondary stimulation is enhanced
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and higher than the primary response [12,14]. Trained macrophages show persistent
changes in gene expression and cellular physiology without constant genetic changes like
mutation [15]. Environmental stimuli such as LPS, β-glucan, and Bacillus Calmette–Guérin
(BCG) can induce trained immunity [13,16]. Trained innate immune cells affect crucial
cellular processes like homeostasis and inflammatory responses [17,18].
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Figure 1. Macrophage polarization. During activation upon stimuli, such as type 1 cytokine, intra-
cellular pathogens, and lipoproteins, the macrophages polarized to the M1-like phenotype show 
inflammatory and microbicidal. Upon stimuli, such as apoptotic cells and type 2 cytokines, the mac-
rophages polarized to the M2-like phenotype function as anti-inflammatory, wound healing, and 
apoptotic cell clearance. IL-12, Interleukin-12; TNF, tumor necrosis factor; IL-6, Interleukin-6; IL-1β, 
Interleukin-1β; TGF-β, tumor growth factor-β; IL-10, Interleukin-10; CCL1, C-C motif chemokine 
ligand 1; CXCL13, C-X-C motif chemokine ligand 13. Created with BioRender.com 
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Figure 2. Macrophage training and tolerance. Training of macrophages (black line) is a higher and 
quicker secondary response upon subsequent stimulation. However, macrophage tolerance (red 
line) is the attenuated gene expression in response to secondary stimulation. Created with BioRen-
der.com 
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nying innate immune memory [19]. Some studies have demonstrated that epigenetic mod-
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egies to improve or reduce tolerance present new therapeutic possibilities for patients 
with cancer, inflammatory diseases, and metabolic complications [22]. 
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Figure 2. Macrophage training and tolerance. Training of macrophages (black line) is a higher and
quicker secondary response upon subsequent stimulation. However, macrophage tolerance (red line)
is the attenuated gene expression in response to secondary stimulation. Created with BioRender.com.
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Tolerance acts opposite to trained immunity. The immune responses of innate im-
mune cells are attenuated after restimulation in the tolerogenic environment [19]. For
this reason, the tolerant immune cells show sustaining immunological unresponsiveness
to antigens [13,20]. Immune tolerance is also associated with epigenetic changes accom-
panying innate immune memory [19]. Some studies have demonstrated that epigenetic
modifications in the modulation of tolerance and autoimmune disorders [21]. Therefore,
strategies to improve or reduce tolerance present new therapeutic possibilities for patients
with cancer, inflammatory diseases, and metabolic complications [22].

Rapid activation of inflammatory macrophages is an essential component of host
defense. Two main types of innate immune sensors, such as Toll-like receptors (TLRs)
and NOD-like receptors (NLRs), provide an immediate response to tissue damage or
pathogenic invasion. Upon activation of TLRs or NLRs, macrophages activate the adaptive
immune system or tissue repair processes. [23]. Additionally, TLRs or NLRs are present
in the damaged tissues of most inflammatory disorders. All TLRs activate NF-κB and
AP-1, and some TLRs, such as TLR3 and TLR4, are associated with IRF3 activation. These
signaling pathways contribute to the pathogenesis of chronic inflammatory diseases. NLR
signaling forms a molecular structural complex called the inflammasome and coordinates
with TLR to induce IL-1 and IL-18, which are crucial mediators in most inflammatory
disorders. Inflammatory cytokines, such as TNF and IL-1, also mediate acute activation of
macrophages [24]. Although the sources of acute stimulation of macrophages are similar
to those of trained immunity, prolonged exposure to signals is more associated with the
reprogramming of macrophages [12].

Training and tolerance are defined mainly focused on changes in pro-inflammatory
genes. Persistent activation of macrophages by low-dose LPS increases histone acetylation
and chromatin accessibility, which leads to a training or priming state in response to
secondary stimulation. Conversely, prolonged or repeated exposure to high-dose LPS
induces a tolerant state, which shows reduced chromatin accessibility and inhibition of
transcription factor binding at promoters and enhancers of inflammatory genes, such as
TNF and IL-6 [25]. However, the same stimulus can induce two faces of macrophages
(both training and tolerance) at the transcriptomic and epigenomic levels. The definition of
training or tolerance in macrophages depends on the cluster of genes of interest.

Enhanced inflammatory responses in trained macrophages can lead to pathological
tissue damage. For example, trained immunity is an important event explaining the link
between infection and cardiovascular disease [13]. Monocytes and macrophages have been
identified as essential immune cells for trained immunity to induce vascular inflammation
in chronic inflammatory diseases such as atherosclerosis [26]. On the other hand, endotoxin
tolerance is closely related to immunoparalysis in sepsis patients. Macrophages have
tolerant properties that alter their response to chronic exposure to endotoxins. Tolerant
macrophages induce resistance to various proinflammatory cytokines, such as TNF and
IL-6, resulting in transcriptional changes, which have many effects on disease [27,28].

In this review, we describe characteristics of macrophages that changed in training
and tolerance and provided a better understanding of how the innate immune memory in
macrophages functions in chronic inflammatory diseases.

2. Training of Macrophages

The innate immune cells of the myeloid lineage are already primed for certain stimuli
to respond more strongly with specificity after contacting future stimuli. This feature is
known as “trained immunity” which is different from memory in adaptive immunity [29].
Innate immune cells, including monocytes/macrophages and natural killer cells, can
recall the incidence of foreign antigen encounters, thus developing an innate immune
memory [29].

Trained macrophages can respond more strongly, both quantitatively and qualitatively,
than untrained macrophages. Interestingly, metabolic pathways and epigenetic programs
can be modulated by specific metabolites, resulting in chromatin remodeling and histone
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modifications, forming a different trained immunity program [30] (Table 1). Metabolic,
epigenetic, and functional reprogramming governs trained immunity in innate immune
cells, such as myeloid cells and NK cells [15]. This phenomenon is systematically induced
at the bone marrow progenitor level [29,31].

Table 1. Various components of training programs of macrophages.

Training Programs Induction of Processes Epigenetic Modification Importance/Significance

β-Glucan-induced training

The metabolic process,
including glycolysis,
glutaminolysis, and

cholesterol
synthesis pathways.

Histone modifications, such as
H3K4 trimethylation and

H3K27 acetylation

Regulate inflammation and
help the immune system fight

diseases such as cancer.

BCG-induced training
Increased glycolysis,

glutaminolysis, and the
pentose phosphate pathway

Modifies the histone marks
H3K4 trimethylation, H3K27

acetylation, and
H3K9 trimethylation

Protects against tuberculosis
Reduce the risk of

SARS-CoV-2 reinfection

OxLDL-induced training

Enhanced foam cell
generation capability,

synthesis of matrix
metalloproteinases, and

overexpression of
pro-atherogenic chemokines

and cytokines because of
TLR restimulation

H3K4 trimethylation on genes
encoding pro-atherogenic
transporters, chemokines,

and cytokines.

Triggers inflammatory
pathways that are required for

atherogenesis
Induce uncontrolled

hyper-inflammation when
exposed to SARS-CoV-2

LPS-induced training

Alter the cholesterol
metabolism in these

monocytes, and glycolysis
and oxidative

phosphorylation are similar to
BCG-primed monocytes.

Fail to accumulate active
histone marks at the promoter
and enhancers of genes in the

lipid metabolism and
phagocytic pathways.

Lower dose can cause trained
immunity, while a higher dose

can lead to tolerance

Aldosterone-induced training Induces persistent
proinflammatory cytokines

Histone mark H3K4
trimethylation in genes

related to fatty acid
metabolism and

proinflammatory cytokines.

Excessive aldosterone has
pro-atherogenic effects while

blocking the aldosterone
pathway reduces the negative

effects on
cardiovascular health.

BCG, Bacillus Calmette–Guérin; OxLDL, Oxidized low-density lipoprotein; LPS, Lipopolysaccharide; TLR, Toll-like receptor; SARS-CoV-2,
Severe acute respiratory syndrome coronavirus 2.

2.1. Epigenetic Programming of Trained Macrophages

The alteration of epigenetic plasticity is considered a fundamental factor responsible
for macrophage identity and heterogeneity. Dynamic and reversible changes of epigenetic
markers at the promoters and enhancers of signal-sensitive genes are critical for the quick
reprogramming of macrophage polarization and tailoring the response to a potentially
hostile environment [32,33]. Long-term and more persistent epigenetic markers help
determine macrophage cell identity [34] leading to the formation of “epigenetic memory”,
which affects macrophage responses to the subsequent microbe encounters [35].

DNA-methyltransferase 3 beta contributes to M2 differentiation and phenotypic regu-
lation. In mouse bone marrow-derived macrophages (BMDMs), knockdown of DNMT3B
resulted in M2 polarization and prevention of M1 marker genes such as CCL2 and TNF [36].
DNMT1 positively regulates the M1 phenotype by inhibiting SOCS1 in RAW264.7 cells,
which is stimulated by LPS, thus inducing Il6 and Tnf expression [37]. Protein arginine
methyltransferase 1 (PRMT1) is considered a positive regulator of the M2 phenotype,
through the induction of PPAR-γ in IL-4-stimulated mouse peritoneal macrophages [38].
Another histone methyltransferase, SMYD3, is speculated to positively regulate M2 po-
larization [39]. The H3K27 demethylase JMJD3 (KDM6B) is recognized as an essential
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regulator of M2 polarization through induction of Irf4, CD206, Arg1, and other M2 markers
in IL-4-stimulated [40] and IL-4 + IL-13-stimulated mouse BMDMs [33]. Histone acetylation
markers contribute to macrophage phenotypic regulation. H3 acetylation is important
for inducing TNF, IL6, and IFNα expression in THP-1 cells, suggesting the significance of
H3 acetylation in M1 phenotype [41]. More specifically, H3K9 and H3K14 acetylation of
promoters of Tnf, Nos2, II6, and MHC-II in LPS-stimulated mouse microglia are essential for
the expression of these genes [42]. Only a subset of genes induces HDAC3 expression for
IL-4/STAT6-mediated suppression. The crucial role of IFN in the suppression of M2-related
genes is another example of the interaction between epigenetic and transcriptional con-
trol [43,44]. IFN-γ-induced macrophage activation is strengthened by a chromatin-based
suppression of specific anti-inflammatory pathways in macrophages to attain and maintain
an inflammatory state. The functional enhancers associated with M2-like genes, which
are enriched for binding transcription factor MAF, are suppressed by IFN-γ via enhancer
deactivation [44].

2.2. β-Glucan-Induced Training Program

Fungi have β-glucan as a major component in their cell wall, which is commonly used
to study trained immunity. The transmembrane C-type lectin receptor, dectin-1, recognizes
β-glucan, and thus, the intracellular complex training events are initiated. Many studies
have been conducted to evaluate the biological processes induced by β-glucan in mono-
cytes. Immune cell receptors detect antigens or foreign entities, triggering specific-trained
immunity by inducing signaling pathways that mediate long-term metabolic and epige-
netic adaptation, resulting in a stronger innate immune response after restimulation [45].
Researchers have used a combined transcriptome and metabolomic evaluation approach
to discover the three nonredundant metabolic processes (glycolysis, glutaminolysis, and
cholesterol synthesis) required for β-glucan-induced monocyte training as evidenced by the
inhibition of trained immunity induction whenever one of the pathways is inhibited [46].
The β-glucan-induced training process is directed by crosstalk between any of these pri-
mary metabolic pathways. Active glycolysis can then employ the tricarboxylic acid (TCA)
cycle to boost mevalonate synthesis, resulting in a positive feedback loop that increases the
effect of inducing trained immunity [47]. A whole-genome investigation of H3K4me3 in
the context of β-glucan-mediated training in monocytes revealed that many genes involved
in the development of atherosclerosis are epigenetically primed for the activation state [45].
As a result, the well-understood process of β-glucan-mediated trained immunity acts as a
framework for improving our understanding of the mechanism by which trained immunity
contributes to inflammation.

2.3. BCG-Induced Training Program

BCG vaccination has also been developed as a paradigm for trained immunity-related
investigations because it provides favorable nonspecific benefits. For monocytes, the cy-
toplasmic pattern recognition receptor, NOD2, plays a significant role [48]. The training
program generated via BCG was comparable to that induced by β-glucan. BCG-trained
macrophages show a metabolic change similar to β-glucan-trained macrophages, including
increased glycolysis, glutaminolysis, and the pentose phosphate pathway [49]. Although
BCG-induced training boosts glycolysis and oxidative phosphorylation, it does not always
create the traditional Warburg effect seen in β-glucan-trained macrophages [49]. In vivo
and in vitro models of trained immunity have been suggested that β-glucan and BCG-
induced training require mTOR signaling-mediated cholesterol, glutamine metabolism,
and cholesterol synthesis. [47,49]. In terms of epigenetic rewiring, BCG modifies the histone
marks H3K4me3, H3K27ac, and H3K9me3 [48,50], which also occur in β-glucan-induced
trained immunity. Such epigenetic modifications seem crucial for trained immunity elicited
by BCG and are thus involved in controlling inflammatory signaling pathways [48,50].
This epigenetic and metabolic rewiring in BCG-trained macrophages is highly dependent
on each other, just like in β-glucan-trained macrophages, where changing one mechanism
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affects another [49]. Furthermore, it was discovered that the IL-1 pathway is important for
BCG-induced trained immunity in human monocytes [50]. Surprisingly, in mice, IFN sig-
naling, rather than IL-1 signaling, is required for BCG-mediated trained macrophages [31].

2.4. OxLDL-Induced Training Program

In BCG- and β-glucan-induced trained immunity, several molecular characteristics
of oxLDL-trained monocytes and macrophages are found to be significant. First, oxLDL-
trained macrophages switch from glycolysis to oxidative phosphorylation, which depends
on the mTOR signaling [51,52]. The pharmacological blockade of mTOR activity affects the
phenotype of oxLDL-trained macrophages [52]. Fluvastatin inhibits cholesterol production,
which blocks oxLDL-mediated trained immunity, demonstrating the overall relevance
of the cholesterol metabolic pathway [47]. Finally, oxLDL-primed monocytes experience
epigenetic reprogramming, particularly via increased H3K4me3 on genes encoding pro-
atherogenic transporters, chemokines, and cytokines [9]. OxLDL-induced trained immunity
is abolished when a nonspecific histone methyltransferase inhibitor is used [9]. Further-
more, genetic analyses revealed that the IL-1 pathway, which plays a key role in BCG and
β-glucan-induced training immunity, also rules oxLDL-induced monocyte training. The
oxLDL-induced training varied from the β-glucan-induced training program. The mTOR-
HIF1 axis is a common mechanism for trained immunity triggered by oxLDL or β-glucan.
Recently, it was discovered that mTOR signaling in oxLDL-primed monocytes stimulates
the generation of reactive oxygen species (ROS), which is necessary for oxLDL-induced
trained immunity [52]. In contrast, monocytes trained with β-glucan produce less ROS
when mTOR signaling is activated [51]. This intracellular training mechanism regulated
via oxLDL, as opposed to a well-known BCG and β-glucan-induced training program,
is still unclear. More research that employs epigenomic, metabolic, and transcriptomic
techniques, is required to understand this mechanism better.

2.5. LPS-Induced Training Program

Tolerance results from a high level of bacterial endotoxin toxin LPS show a weakened
immune response to a secondary challenge. However, a subclinical low-dose LPS, as in
trained immunity, induces extended innate immunity [53–55]. Negative regulators of
homeostasis, PI3K and IRAK-M were inhibited for immune tolerance, as demonstrated in
previous in vitro studies, along with the induction of IRAK-1 and Toll-interacting protein
(Tollip) molecular networks that lead to mild proinflammatory macrophages by LPS-
induced priming [53,54].

From a clinical perspective, in atherosclerosis, a risk factor for subclinical endotoxemia,
is related to metabolic or chronic disorders [56,57]. The LPS-induced trained immunity
worsens atherosclerosis in non-LPS animals after the adoptive transplantation of LPS-
primed monocytes [55]. Prolonging activation by LPS subclinical dosage causes low-
grade inflammation in atherosclerosis development. Changes in cholesterol metabolism
glycolysis and oxidative phosphorylation in trained monocytes are similar to BCG-primed
monocytes [58]. But β-glucan primed monocytes or monocytes primed by greater doses of
LPS exhibit the Warburg effect. Furthermore, a higher dose of LPS impairs hematopoietic
stem/progenitor cells (HSPC) and myelopoiesis [59]. However, β-glucan-mediated trained
immunity at the bone marrow level operates properly on HSPCs and myelopoiesis [29].

Another example of LPS-induced training programs is found in the microglia. Mi-
croglia are resident immune cells of the central nervous system (CNS) and are also called
resident macrophages of the CNS [60]. The primary role of microglia is to ensure synaptic
homeostasis and communication with the microenvironment of the CNS. When activated
by viruses or bacteria, the somatic cell size of microglia increases, while the shrinkage and
concentration of microglia promote their ability to migrate. They express TLRs, which
possess the phagocytic capacity and produce inflammatory cytokines [61]. Microglial cells
become susceptible to secondary danger signals after priming, thus leading to a more
intense immune response [62,63]. Microglia shows an innate immune memory, which is
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mediated by epigenetic mechanisms [63]. One study compared naïve mice and primed
mice with attenuated Salmonella typhimurium containing LPS; the primed mice showed
greater microglial immune reactivity in response to subsequent stimulation with LPS after
four weeks [64]. However, there was no increase in the immune response of microglia from
naïve mice. Thus, the epigenetic mechanism underlying the trained immunity of microglia
may provide novel insights into the therapeutic strategy of neurodegenerative diseases.

2.6. Aldosterone-Induced Training Program

The aldosterone-induced training program via the mineralocorticoid receptor varies
from trained immunity induced by β-glucan or BCG [45,46,49]. Aldosterone promotes
the accumulation of cholesterol in innate immune cells, leading to the progression of
atherosclerosis [65]. In aldosterone-trained macrophages, an increase of the histone mark
H3K4me3 in genes related to fatty acid metabolism and proinflammatory cytokines [66] is
also seen in β-glucan-, BCG-, and oxLDL-induced trained immunity. Enhanced low-grade
inflammation of arterial wall in patients with primary aldosteronism (PA) can be caused
by aldosterone instead of hypertensive controls [67]. Therefore, in PA patients, arterial
inflammation is present due to the interactions between different immune cells related to
atherogenesis [67].

3. Tolerance in Innate Immunity

The maintenance of tolerance that inhibits the response to self-antigens such as nucleic
acids and cell debris is a key property of M2-like macrophages. Macrophage tolerance can
also suppress the tissue damage caused by excessive inflammation [68]. When macrophages
are exposed to pathogens repeatedly, the tolerant characteristics show decreased secretion
of proinflammatory cytokines and increased expression of anti-inflammatory genes [69].

3.1. Epigenetic Mechanisms of Macrophage Tolerance

Complex patterns of epigenetic modifications confer precise control of promoters
and enhancers, along with several signaling pathways important for endotoxin tolerance.
Various investigations have shown that tolerized macrophages in sepsis models display
dynamic epigenetic changes in response to a secondary LPS exposure [70,71]. As a result,
TLR-induced genes are classified into different functional groups based on their response to
LPS stimulus, each with its own set of epigenetic markers. Upon restimulation, proinflam-
matory genes are transiently repressed (“tolerized” genes); antimicrobial effectors are not
further amplified (“non-tolerized” genes). Tolerized genes have significantly different lev-
els of histone modifications of promoters compared to non-tolerized genes. Tolerized genes
retain their baseline promoter state and do not recover the H3K27ac or H3K4me3 marks
upon re-exposure to LPS, remaining silent and refractory to activation. Non-tolerized
genes, on the other hand, retain the H3K4me3 mark and have their promoters re-acetylated
in tolerant macrophages. This result indicates that tolerant macrophages are unable to ac-
cumulate H3K27ac at tolerized genes, either due to the lack of proinflammatory activators
(e.g., IRF and STATs) or because of the existence of tolerance-inducing transcription factors
(e.g., hypoxia-inducible factor 1 alpha, HIF1A) [71].

Different factors can change macrophage tolerance. IFN-γ, which partially restores the
production of proinflammatory cytokines in tolerized monocytes and overcomes endotoxin
tolerance, adds another layer of epigenetic control at the chromatin level [72]. TLR-induced
chromatin remodeling is facilitated by IFN-γ, which recruits ATP-dependent nucleosome
remodeling complexes, such as BRG1. It also restores the recruitment of transcription
factors and RNA polymerase II to the tolerized genes [71,72].

3.2. Endotoxin Tolerance

Endotoxin tolerance (ET) significantly increases the risk of secondary infection and
serves as a crucial regulatory mechanism in controlling inflammatory responses [73,74].
When cells exposed to low endotoxin concentrations enter a transient state where they no
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longer respond to endotoxin is a phenomenon called ET, which is common in both in vitro
and in vivo animal models and humans [68,75–81]. Endotoxin tolerance is a representative
example of the complex adaptation of macrophages [82]. Exposure to suboptimal levels
of endotoxin (e.g., LPS) resulted in an inability to respond to subsequent LPS challenges
in mouse macrophages and human monocytes [76,78,80]. ET in macrophages is defined
as hypo-inflammatory status by restimulation with endotoxin such as LPS [83]. Inflam-
matory cytokines and chemokines are attenuated upon LPS restimulation [76,80,84,85].
The anti-inflammatory cytokines, C-type lectin receptors, negative regulators, and various
antimicrobial genes were upregulated in ET [76,80,84,85].

LPS is a ligand that acts primarily through TLR4 and strongly induces inflamma-
tory responses [1,86]. The TLR4 signaling pathway plays an important role in endotoxin
resistance by identifying bacterial endotoxins. MyD88 and TRIF mediate the signal trans-
duction of endotoxin into the cell, further promoting the transcription of inflammatory
genes [87–91]. Endotoxin tolerance in macrophages is associated with negative regulators
of signal transduction, such as IRAK-M and SOCS1 [92–94]. Through these negative reg-
ulators, macrophages changes to a tolerant phenotype. In addition, the conversion from
MyD88-dependent to TRIF-dependent TLR4 pathway promotes anti-inflammatory and
tolerant macrophages [95].

3.3. TNF Tolerance

TNF is a proinflammatory cytokine and plays a crucial role in regulating inflammatory
responses [96,97]. Prolonged exposure to TNF induces a condition similar to endotoxin
tolerance in macrophages. TNF-induced tolerance reduces inflammatory cytokines in
response to secondary stimulation with LPS [98]. Representative signal transduction that
mediates inflammatory activation by TNF occurs through the transcription factor NF-
κB [99]. TNF-induced cross-tolerance suppresses transcription of NF-κB target genes. Type
I interferon enhances TNF-induced inflammatory responses by chromatin remodeling of
inflammatory genes. Transcription factors IRF, ISGF3, and AP-1 in the open chromatin
regions may play a pivotal role in TNF-tolerant macrophages [100]. TNF tolerance can help
address hyper- or chronic inflammatory diseases such as sepsis, but excessive tolerance can
lead to immune paralysis in sepsis [101,102]. However, the abrogation of TNF tolerance
can lead to chronic inflammatory diseases such as rheumatoid arthritis and lupus [103].
Therefore, TNF tolerance is considered a therapeutic target for severe chronic inflammatory
diseases [104].

4. Innate Immune Memory of Macrophages in Human Diseases

Abnormal changes in innate memory programs cause and exacerbate various hu-
man diseases related to hyper-inflammation or immunosuppression [105] (Table 2). The
enhanced immune responses by training immunity contribute to tissue damage during
infection and pathogenesis of atherosclerosis [106,107]. The most crucial changes that
occur in trained immunity are metabolic and epigenetic reprogramming of macrophages.
Excessive activation in trained macrophages leads to the expression of many inflammatory
cytokines, growth factors, and proteases [108].

The study of monocytes in patients with severe atherosclerosis reported that mono-
cytes exhibit a trained immune phenotype by showing an enhanced cytokine production
accompanied by epigenetic reprogramming and metabolic rewiring [109]. Recent reports
have shown that environmental factors, such as tobacco and microbiome can induce
trained immunity related to the pathogenesis of inflammatory diseases [110–112]. Alveolar
macrophages exposed to long-term tobacco smoke increased IL1A or MCP-1 production,
similar to BCG-induced trained macrophages. Promotion of the antimicrobial inflamma-
tory response by these trained macrophages contributes to the exacerbation of chronic
obstructive pulmonary disease (COPD) [113]. Thus, the therapeutic strategies targeting
metabolic and epigenetic reprogramming in trained monocytes or macrophages can reverse
abnormal macrophages in chronic inflammatory diseases [108].
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Table 2. Disease linked to abnormal macrophage responses.

Diseases Macrophage Responses Mechanisms

Rheumatoid arthritis (RA) Training
Metabolic changes, such as increased ATP, occur in

LPS-stimulated macrophages in patients with RA and
result from trained immunity.

Atherosclerosis Training
Due to TLR restimulation, monocytes exposed to low

concentrations of oxLDL in vitro, are trained to
become pro-atherogenic.

Chronic obstructive pulmonary
disease (COPD) Training Training of alveolar macrophages exposed to secondary

organ stimulation by cigarette smoke.

Neurodegenerative disease Training

Microglia exhibit innate immune memory mediated by
epigenetic mechanisms.

Long-term priming with attenuated Salmonella
typhimurium containing LPS reveals greater microglia

immune reactivity.

COVID-19 Training SARS-CoV-2 infection induces macrophage
reprogramming, including epigenetic modifications

Cancer Tolerance
TAMs behave like LPS-tolerant macrophages and
M2-like phenotype that is highly associated with

tumor immunosuppression.

Sepsis Tolerance
Prolonged stimulation with LPS also induces resistant

macrophages, which contribute to
inducing immunosuppression.

COVID-19, Coronavirus disease 2019; ATP, Adenosine triphosphate; LPS, Lipopolysaccharide; TLR, Toll-like receptor; OxLDL, Oxidized
low-density lipoprotein; SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2; TAM, Tumor-associated macrophage.

Immune tolerance plays an important role in suppressing immune responses to harmless
stimuli such as inhaled allergens and gut microbes [114]. The tolerance of macrophages
shows the opposite pattern of trained immunity [115]. Macrophage tolerance reduces
immune responses by changes in metabolic activity and histone modifications at promoters
and enhancers of inflammatory genes [71]. This persistent inhibition causes aggravation of
the disease state by inducing immunoparalysis in sepsis patients [116,117].

4.1. Trained Macrophages in Diseases

Macrophages are the key players in chronic inflammatory diseases such as inflam-
matory bowel disease, rheumatoid arthritis, atherosclerosis, and cancers [118–122]. In
chronic inflammation, DAMPs can activate macrophages [123–126]. Overexpression of
proinflammatory cytokines, growth factor chemokines, and metalloproteinases represents
the aberrant activation of macrophages [127–129].

In patients with RA, the infiltration of macrophages into the synovial cavity contributes
to inflammation. Synovial macrophages cause joint damage and inflammation in the acute
and chronic phases of RA [128,130]. Metabolic changes, such as increased ATP occur in
LPS-stimulated macrophages from RA patients occur due to trained immunity [108,131]. In
atherosclerosis, trained immunity induces chronic inflammation [132–134]. oxLDL affects
atherosclerosis by triggering inflammatory pathways that are required for atherogene-
sis [135–137]. Monocytes exposed to low concentrations of oxLDL in vitro are trained to
become pro-atherogenic, with increased foam cell generation capability, synthesis of ma-
trix metalloproteinases, and overexpression of pro-atherogenic chemokines and cytokines
because of TLR restimulation [9]. The reduced expression of cholesterol transporters sup-
presses cellular cholesterol efflux from macrophages primed with super-low dose LPS,
increasing the foam cell production in vitro [55]. oxLDL can also generate a trained state
by inducing the enrichment of active histone markers in the promoters of TNF, IL6, and
IL18 genes in monocytes [9]. The examination of circulating monocytes in patients with
atherosclerosis confirmed that monocytes displayed a trained phenotype [109]. The hor-
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mone aldosterone controls blood pressure and electrolyte balance. Excessive aldosterone
has pro-atherogenic effects while blocking the aldosterone pathway reduces the risks to
cardiovascular health [65].

When cultured human monocytes with aldosterone for an extended period, they
produce proinflammatory cytokines that persist after restimulation. Aldosterone causes an
inflammatory state of trained immunity that is associated with primary hyperaldosteronism
and inflammatory atherosclerosis mechanisms.

Recently, trained immunity induced through vaccines such as BCG is considered
to reduce the risk of SARS-CoV-2 reinfection by increasing the innate immune response.
However, whether trained monocytes persist after vaccination has not been confirmed, so
additional BCG-related studies on SARS-CoV-2 are needed [14,138]. Alternatively, trained
macrophages in oxLDL-induced chronic inflammatory disease can induce uncontrolled
hyper-inflammation when exposed to SARS-CoV-2 [139]. By the epigenetic modification of
monocytes in convalescent COVID-19 patients, SARS-CoV-2 infection induces macrophage
reprogramming [140]. Furthermore, it has been reported that this trained innate repro-
gramming increases the immunogenicity of the SARS-CoV-2 spike protein and results in a
high response to secondary stimuli [141].

4.2. Tolerant Macrophages in Diseases

Sepsis is a severe inflammatory response caused by acute infection [142]. The most
important factors in sepsis are excessive inflammation and immune paralysis [143,144].
The AMPK-stimulation in the mouse sepsis model reduces hyper-inflammation [145]. Im-
mune paralysis occurs when tolerance induction becomes excessive [19]. In sepsis patients,
immunoparalysis persists even after pathogen clearance and contributes to secondary
infection and mortality [101]. The disruption of the balance between M1-like and M2-like
macrophages promotes the development and exacerbation of sepsis [146]. Continuous
stimulation with LPS induces tolerant macrophages that play a role in inducing immuno-
suppression in sepsis [147]. Many changes, such as desensitization of receptors, secondary
activation of negative signaling modules, and induction of anti-inflammatory microRNAs
occur in the immune paralysis situation. These changes render macrophages into an LPS
tolerance state [148]. During sepsis, monocytes exhibit endotoxin resistance [149]. In the
late stage of sepsis, apoptosis of macrophages occurs severely, leading to an increased
risk of death due to secondary infection [150–152]. Inhibition of the mTOR signaling
pathway has been proposed as one of the therapeutic targets that can reduce immune
paralysis [45,153]. Treatment with β-glucan and low-dose LPS is also the possible treatment
of tolerance in sepsis [30,154,155].

Macrophages are highly abundant in tumors and attract attention as therapeutic
targets in cancer immunotherapy [156]. The tumor microenvironment is strongly associated
with tumor-associated macrophage (TAM) polarization. TAMs affect resistance to various
cancer therapies. Cytokines and chemokines secreted by TAMs suppress the immune
system and promote angiogenesis, invasion, and metastasis. A TAM-targeting treatment
strategy has not yet been investigated in clinical trials. However, combination therapy
targeting TAMs contributes to overcoming the resistance of cancer therapy. Typically,
TAMs behave as M2-like macrophages [157]; however, TAMs can express both M1 and M2
markers simultaneously. Damage-associated molecular patterns (DAMPs) produced from
dead cells in the tumor microenvironment affect the polarization of macrophages [158]. LPS
normally polarizes macrophages to an M1-like phenotype, but repeated LPS stimulation
induces tolerance [159]. LPS-tolerant macrophages have an M2-like phenotype that is
highly associated with immunosuppression in tumors. Reprogramming macrophages can
be a promising approach to address LPS tolerance and immunosuppressive environment
in cancers [160]. Macrophage tolerance has the potential to be restored using training
immunity. Reprogramming of tolerant macrophages might have a therapeutic effect on
human diseases such as sepsis and cancer.
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5. Conclusions and Future Perspectives

Macrophages play both beneficial and detrimental roles in various diseases, including
cancer and autoimmune diseases. As detailed in our review, basic research on macrophage-
targeting therapy may contribute to clinical applications. For example, TNF-α and IL-
6 receptor inhibitors dramatically improve the prognosis of rheumatoid arthritis and
inflammatory bowel disease. Although there are many studies on the role of macrophages
in these various chronic inflammatory diseases, the epigenetic and metabolic mechanisms
of innate immune memory are not fully understood. Advances in treatment strategies
targeting training and tolerance will benefit patients, including those who do not respond
well to current therapy.

Trained immunity mediated by β-glucan can lead to a better understanding of the pro-
cess of inflammation; however, a combination of transcriptomic, metabolomic, and epige-
nomic studies is required to understand this process entirely. Investigating macrophage
tolerance will help understand the mechanisms of the ill effects of trained immunity in
several diseases. Myeloid cell-mediated trained immunity can provide a broad-spectrum
vaccine with adjuvant development. Dissection of the cellular and molecular mechanisms
may facilitate translational research. Further research is needed to focus on a comprehen-
sive understanding of trained immunity and tolerance in macrophages.
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