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ABSTRACT
Trained immunity is a renewed concept of innate immune memory that facilitates the innate immune 
system to have the capacity to remember and train cells via metabolic and transcriptional events to 
enable them to provide nonspecific defense against the subsequent encounters with a range of patho-
gens and acquire a quicker and more robust immune response, but different from the adaptive immune 
memory. Reversing the epigenetic changes or targeting the immunological pathways may be considered 
potential therapeutic approaches to counteract the hyper-responsive or hypo-responsive state of trained 
immunity. The efficient regulation of immune homeostasis and promotion or inhibition of immune 
responses is required for a balanced response. Trained immunity-based vaccines can serve as potent 
immune stimuli and help in the clearance of pathogens in the body through multiple or heterologous 
effects and confer protection against nonspecific and specific pathogens. This review highlights various 
features of trained immunity and its applications in developing novel therapeutics and vaccines, along 
with certain detrimental effects, challenges as well as future perspectives.
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Introduction

Host immune responses are classified broadly into innate 
immune and adaptive immune responses. Both are involved 
in disease prevention and maintain the homeostasis in the 
immune response. However, there are significant knowledge 
gaps to be filled regarding the underlying mechanisms asso-
ciated with these responses. The innate arm is the first line of 
host defense that provides immediate nonspecific response 
against threats, such as foreign pathogens. Meanwhile, the 
adaptive arm takes time to respond to such threats, but it is 
specific, provides long-term protection, and helps in develop-
ing immunological memory. Innate immunity is regulated by 
physical barriers, chemical barriers, blood proteins, dendritic 
cells, natural killer (NK) cells, phagocytic cells (neutrophils and 
macrophages), and innate lymphoid cells, while the adaptive 
immunity is mediated by T and B lymphocytes.1–3 NK, γδT, 
and natural killer T (NKT) cells bridge the gap between the 
innate and adaptive immune responses despite being from the 
lineage of αβT cells, and they identify antigens less specifically 

than T cells, exhibit rapid action against pathogens, and secrete 
cytokines that regulate the B and T cells.4 Immunological 
memory is a crucial evolutionary adaptation of the immune 
system to recognize and remember pathogens that the body has 
previously encountered and aids in commencing a quicker 
immune response in a more robust manner. Ever since the 
discovery of vaccination against smallpox by Edward Jenner 
(1796), rabies vaccine by Louis Pasteur (1885), and passive 
immunization by Emil von Behring and Shibasaburo Kitasato 
(1890), the capability to induce immune memory to confer 
protection against pathogens was exclusively attributed to anti-
bodies and immune cells (B and T cells). The cells of our innate 
immune system possess the unique capacity to “remember” 
things. Therefore, the previous dogma, “Only adaptive immu-
nity can produce immunological memory,” has now been 
challenged by many recent reports demonstrating that innate 
immunity in plants and invertebrate organisms (those without 
adaptive immune responses) can confer resistance to re- 
infections. Moreover, some vaccine trials in mammalian 
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models have also shown that the mechanism of protection 
from re-infection is independent of the functions of B and 
T lymphocytes.5,6

Recently, the classical dogma of the adaptive and innate 
immune system was challenged by Netea and van der Meer,7 

who reported that the innate immune system could train and 
“remember” earlier encounters with pathogens, as demon-
strated by the rapid and more efficient immunological response 
observed after secondary exposure to the antigens. Many 
innate immune cells, including monocytes, neutrophils, and 
dendritic cells, may be affected by inflammatory factors and 
undergo adaptive reprogramming via genetic changes, leading 
to a renewed response against potential threats.8 However, the 
myeloid progenitor and NK cells, which are essential innate 
immune cells, can also respond to previous antigen encounters 
via metabolic and epigenetic reprogramming. Moreover, cer-
tain infectious agents and vaccines can trigger a wide array of 
immune responses against a range of pathogens via the innate 
immune system.7,9–12 This emerging concept of a immune 

memory is referred to as “trained immunity” or “innate 
immune memory”.12–14 Immunological memory is not limited 
to innate immune cells, but can also be exhibited by nonim-
mune cells.15 As both innate immune and nonimmune cells 
can induce immunological memory, the term “trained immu-
nity” can be used instead of “innate immune memory” to avoid 
confusion and harmonize the concept of immunological 
memory.

The trained immunity plays significant roles in preventing 
infections, activating various nonspecific protective responses 
of vaccination, and tackling many inflammatory diseases or 
hyperinflammatory reactions12,16,17 (Figure 1). Trained immu-
nity is also reported to play significant roles in a variety of 
pathological processes.12 Moreover, the unique mechanisms 
that drive trained immunity are considered to be promising 
novel therapeutic targets for modulating the functions of 
immune cells, specifically the cells of the innate immune 
system.12,18 However, the stimulation and inhibition of trained 
immune responses need to be studied further. Several potential 

Figure 1. The link between trained immunity with a variety of health and disease conditions. Stimulating or inhibiting the trained immunity with potential stimulators or 
inhibitors, respectively, has therapeutic potential. The increased heterogeneous immune response can be elicited via exploiting the stimulation of trained immunity. 
This heterogeneous response against various infections can be used to improve vaccines in the future. Some chronic autoimmune disorders, cardiovascular disease, 
food allergies, transplantation rejection are characterized via an inappropriately trained immune phenotype. Inhibiting trained immunity via potential inhibitors like 
rapamycin, metformin, ascorbate, butyrate, and 2-deoxy-d-glucose will be more useful in such cases. Figure was designed by Biorender.Com program (https:// 
biorender.Com/) Accessed on 13 May 2021.
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stimulants and inhibitors have been exploited to develop novel 
therapeutic drugs against various ailments or diseases such as 
autoinflammatory diseases/allergic reactions, cardiovascular 
disease, neuroinflammatory disorders and cancers (Figure 1). 
In this review, we discuss the basics and applied aspects of 
trained immunity as a renewed concept of innate immune 
memory and provide therapeutic insights into the development 
of novel vaccines, while also outlining the limitations and 
challenges in its application as well as the future perspectives. 
We have specifically discussed the metabolic and epigenetic 
reprogramming pathways and the potential mechanisms by 
which they interact with each other. In addition, we have also 
highlighted the therapeutic potential of trained immunity, 
especially in relation to the emerging coronavirus disease 
2019 (COVID-19).

Trained immunity

The concept of trained immunity was established in 2011 by 
Netea and coworkers, which states that the immune memory is 
formed by the long-lasting functional reprogramming of innate 
immune cells. This is induced by the primary exposure to the 
exogenous or endogenous antigens. Innate immune cells are 
trained to remember the threat and respond quickly to the 
secondary nonspecific stimulus. The main difference between 
innate immunological memory and classical adaptive memory is 
the involvement of the cells and the specificity of the response 
against the antigen. Trained immunity involves innate immune 
cells, such as the NK, myeloid, and innate lymphoid 
cells.7,10,11,13–15,19 Trained memory lasts from a week to several 
months/years, which may not be possible only with innate 
immune cells as they exhibit a short life span in blood. 
A recent study suggests that nonimmune cells have a long life 
span, such as stem cells (mesenchymal stromal cells, hemato-
poietic stem cells, epithelial stem cells, and intestinal stromal 
cells), microglial cells, and fibroblasts, are associated with long- 
lasting memory. An essential role of nonimmune cells is releas-
ing anti-microbial factors in response to pathogens. In addition, 
they execute certain putative functions, such as the production 
and maintenance of tissue homeostasis and long-term inflam-
mation, indicating the programming of nonimmune cells to 
produce long-lasting immune memory in the body.18 The long- 
term adaptation of innate immune or nonimmune cells to the 
stimulus is responsible for conferring protection against 
a secondary encounter, facilitated by metabolic and epigenetic 
reprogramming. Furthermore, recent research has also shown 
that trained immunity is dependent on two central mechanisms: 
epigenetic and metabolic reprogramming of cells.20,21

It is important to understand the mechanisms that drive, 
sustain, and modulate innate immune memory as they can be 
used as therapeutic targets in the future. Epigenetic and meta-
bolic reprogramming are the two main mechanisms that gov-
ern immune memory. Even though these mechanisms are 
mediated by different sets of epigenetic and metabolic 
enzymes, there are strong bilateral correlations between meta-
bolic alterations and epigenetic changes.21 Therefore, in the 
following sections, we have discussed the different fundamen-
tal metabolic and epigenetic modifications observed in trained 
cells as well the two mechanisms by which they communicate.

Metabolic reprogramming

Cellular metabolism is a key mediator of epigenetic reprogram-
ming of trained immune cells and their progenitors.8,22 The 
ability of metabolites to modulate the function of chromatin- 
modifying enzymes has long been known;23 therefore, the 
metabolic reconfiguration of innate immune cells or their 
progenitors can control their plasticity and epigenetic repro-
gramming in the form of trained immunity.12,22 Moreover, the 
extensive changes in cellular metabolism may be associated 
with the activation and differentiation of the innate immune 
cells. Cellular metabolism consists of intertwined catabolic and 
anabolic pathways involved in the regulation of energy as well 
as biosynthetic intermediates, which are mainly found in the 
mitochondria. Besides, it can also maintain a balance among 
the production of reactive oxygen species (ROS), immune 
mediators, and the antioxidant activities that alter the epige-
netic framework and signal transduction mechanisms.24,25 

ATP molecules provide energy to the cells in both their active 
and quiescent states to sustain their viability and functions. 
Glucose is very important for cell metabolism and it is asso-
ciated with two prominent metabolic pathways, such as glyco-
lysis that occurs in the cytoplasmic matrix and oxidative 
phosphorylation (OXPHOS) that occurs in the mitochondria. 
The intermediates generated during these processes are essen-
tial for epigenetic reprogramming. Pyruvate is formed by the 
glycolytic pathway upon glucose consumption by the cells via 
the glucose transporter, Glut-1, present on the plasma mem-
brane, releasing two ATPs for every glucose molecule. Pyruvate 
will then either be metabolized to lactate or enter into the 
tricarboxylic acid (TCA) cycle, leading to the activation of 
OXPHOS in the mitochondria. This OXPHOS pathway gen-
erates 30–36 ATP molecules by consuming one glucose mole-
cule, which is much higher than glycolysis, producing two 
ATPs. In this way, the OXPHOS pathway is more advanta-
geous for the production of ATPs over glycolysis.25

In contrast to normal differentiated cells, which rely pri-
marily on mitochondrial oxidative phosphorylation to generate 
the energy needed for cellular processes, most cancer cells 
instead rely on aerobic glycolysis, a phenomenon termed “the 
Warburg effect.” The glycolytic pathway produces energy faster 
and is active during early infection.26 Since neutrophils are the 
first responders to infection, they utilize the glycolytic pathway 
both in the quiescent and activated states.26 In addition, the 
metabolic pathway also plays a role in distinguishing the 
macrophage phenotypes. The classical activated (M1) macro-
phages, which are of the pro-inflammatory phenotype, are 
involved in the activation of the pentose phosphate pathway 
(PPP) that supports inflammatory responses by providing glu-
cose 6-phosphate for nucleotide biosynthesis along with nico-
tinamide adenine dinucleotide phosphate (NADPH) to 
produce ROS and induce glycolysis presenting low mitochon-
drial density. Both activated macrophages and neutrophils 
exhibit increased glycolysis with low oxygen consumption.27 

The shift in metabolism from OXPHOS to Warburg effect in 
the highly proliferative or tumor cells increases ATP produc-
tion and PPP despite the presence of oxygen. In this Warburg 
effect, pyruvate generated by glycolysis is converted directly 
into a lactate molecule instead of entering the TCA cycle.26 
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Glycolytic metabolism plays a vital role in producing trained 
immunity in response to beta-glucan and BCG 
stimulation.25,28,29 The gene expression levels of the glycolytic 
enzymes are upregulated after exposure to a stimulus.29 After 
24 hours and 6 days of exposure, trained macrophages devel-
oped more lactate concentrations due to increased glucose 
consumption, as shown by a higher NAD+ to NADH ratio.25 

Furthermore, NMR (nuclear magnetic resonance) experiments 
were used to examine the glucose flux, with radiolabeled 
13C-glucose showing an improvement in 13C integration into 
lactate after 24 h of lipopolysaccharide (LPS) re-stimulation. In 
NMR experiments, carbon 12 was replaced by carbon 13 in 
glucose molecule for signal detection. Therefore, detection of 
13C in glucose and lactate indicates utilization of these mole-
cules. In addition, integration of the 13C-labels was enhanced 
in ribosyl-1, suggesting that the pentose phosphate pathway 
was also triggered.25

It is to be considered that the BCG and beta-glucan stimula-
tion upregulates glycolysis which in turn activates the serine/ 
threonine kinase (Akt)–mammalian target of rapamycin 
(mTOR)–hypoxia-inducible-factor 1 alpha (HIF1α) pathway 
for the cytokine production and cytokines producing capability 
of trained immune cells abolishes when this pathway or glyco-
lysis with 2-deoxyglucose is pharmacologically inhibited.25,29 

Eventually, the rationale for the role of glycolysis in trained 
immunity comes from the findings that single nucleotide poly-
morphisms (SNPs) in essential glycolytic enzymes are related 
to the activation of cytokines in ex vivo trained immune cells in 
healthy subjects. Furthermore, the activation efficacy of trained 
immune cells with BCG vaccination was associated with SNPs 
in two regulatory enzymes of glycolysis, such as hexokinase-2 
(HK-2) and phosphofructokinase (PFKP) enzymes.25 

Furthermore, mononuclear cells isolated from peripheral 
blood with trained immune response showed higher expres-
sion of HK2 and PFKP.25

TCA cycle and OXPHOS are the most critical and extremely 
effective mechanisms for ATP production in the resting or 
anti-inflammatory immune cells, including M2-macrophages 
and Treg cells.29 In addition, alternative (M2) macrophages 
also rely on the OXPHOS pathway and play pivotal roles in 
wound healing.30 TCA cycle intermediates play an important 
role in epigenetic transcription and take part in the long-term 
reprogramming of innate immune memory-like succinate and 
fumarate. These intermediates generated from the TCA cycle 
and glycolysis act as enzyme cofactors involved in epigenetic 
changes.31 It is found that fumarate and succinate are raised in 
trained macrophages and beta-glucan in trained monocytes, 
and this stabilizes the effect of HIF-1α by elevating the 
glycolysis.32 When stimulated with β-glucan, monocytes shift 
the metabolism from OXPHOS toward aerobic glycolytic path-
way via the activation of the Akt-mTOR-HIF-1α pathway. This 
metabolic transition accelerates the activation of immune cells, 
enhancing the abilities of innate immune cells to function as 
trained cells within the system. Consistently, inhibition of the 
Akt–mTOR–HIF1α pathway abolishes the induction of such 
training of the innate immune cells.29 Gene networks in yeast, 
bacteria, and other microorganisms can have different pheno-
types. In many situations, these microbes adopt a certain phe-
notype in response to an environmental stimulus, and this 

phenotype can persist even after the stimulus is removed.33 

Sporulating cells carry a cellular protein that is required for 
germination. The transfer of cellular components from pro-
genitor cells to spore is termed as “phenotypic memory”. This 
phenotypic memory is due to the stable inheritance of Lac 
proteins from the original cell to progenitor cells in the absence 
of the inducer molecule. When cells are grown in a continually 
changing environment, they retain a memory of earlier lactose 
exposure and do not require additional lag periods for subse-
quent lactose stimulation.34 Dr. Bischofs demonstrated that the 
metabolic enzyme alanine dehydrogenase contributes to this 
effect; bacteria produce this enzyme when L-alanine amino 
acid is accessible and stop producing it when it is no longer 
available. This enzyme is stored in spores, which are passed 
down from generation to generation and remain dormant until 
nutrients enter the cell. As a result, the spores develop a stable 
phenotypic memory of their growth and gene expression of the 
progenitor cells.35

In addition, crosstalk between glycolysis and glutaminolysis 
in trained immunity was discovered in subsequent studies 
using combined metabolomic and genomic analysis of beta- 
glucan-trained innate immune cells. Trained immune cells 
accumulate fumarate, a TCA cycle intermediate that affects 
epigenetic reprogramming by inhibiting the demethylases 
function of the KDM5 (lysine demethylase 5) histone.32 

Furthermore, a range of TCA metabolites have various impacts 
on the functioning of innate immune cells. For example, alpha- 
ketoglutarate enhanced the epigenetic reprogramming regu-
lated by the H3K27 demethylase, JMJD3 (Jumonji domain- 
containing protein D3), promoting the anti-inflammatory acti-
vation of macrophages. In addition, alpha-ketoglutarate pro-
motes endotoxin tolerance after conventional LPS- or 
Interferon gamma (INF-γ)-mediated activation of innate 
immune cells.36

An illustration of the metabolic and reprogramming path-
ways with regard to trained immunity is presented in Figure 2.

Epigenetic reprogramming

Inflammatory stimulus can cause metabolic changes, which are 
speculated to be involved in epigenetic reprogramming, result-
ing in trained immunity. Chromatin conformation regulates 
the expression of genes by increasing or decreasing the DNA 
accessibility to transcription factors. The chromosome chro-
matin is compartmentalized into units called nucleosomes, in 
which DNA is wrapped around histone proteins. In dimers, the 
histones are octameric structures formed by four core histone 
proteins, including H3, H4, H2A, and H2B. The post transla-
tional modifications like acetylation, methylation or deacetyla-
tion, and demethylation are usually observed at C-terminal of 
the histones. Genes are poorly accessible when nucleosomes 
are tightly packed, which affects the transcription process. 
However, genes and other transcriptional machinery can be 
readily accessed when nucleosomes are unfolded, enabling 
transcriptional activation and gene expression. The most com-
mon histone modifications like acetylation and methylation 
either promote or prevent the expression of underlying genes 
by modifying various histone-modifying enzymes, and these 
modifications are reversible.37 The ability to trigger a more 

e2040238-4 S. BINDU ET AL.



potent transcriptional response to the antigen is a qualitative 
and quantitative characteristic feature of the trained innate 
immune cells. But, in the quiescent cell, the pro- 
inflammatory genes are in repressed status, and the transcrip-
tional machinery cannot be accessible to the regulatory sites, 
which favors the expression of inflammatory factors.38 The 
metabolic products derived from the TCA cycle, glycolysis, 
and OXPHOS, act as enzyme cofactors and are involved in 
the acetylation and methylation of histones, viz., flavin adenine 
dinucleotide (FAD) and α-ketoglutarate for histone and DNA 
demethylases and acetyl-CoA for histone acetyltransferases. 
Stimulation of immune cells with pathogens leads to the altera-
tion of histones in monocytes and macrophages, which can 
create an epigenetic scar at activated genes responsible for 
long-term memory and the immediate response of the cells to 
the threat (Figure 3). Overall, this suggests that histone mod-
ifications with metabolic changes are the two critical compo-
nents of trained immunity.39 

Enrichment of acetylation at lysine 27 (H3K27ac) and 
methylation at lysine 4 (H3K4me1) position of histone 3 are 
the epigenetic marks at the distal enhancer region, and, tri- 
methylation at lysine 4 (H3K4me3) of histone 3 is an epigenetic 
mark at the promoter region of stimulated genes, and these are 
considered as very important characteristics of the trained 
immunity. The chromatin mark (H3K4me3) is partially 
removed, following the primary stimulation, with the develop-
ment of a latent (de novo) enhancer, leading to the rapid 
transcription of genes and producing a more effective and 
quicker immune response during re-infection. Therefore, 
opened chromatin marks of mono-methylation (H3K4me1) 
are easily accessible to transcription factors.31 Epigenetic mod-
ifications in different phases/stages of the cell, such as un- 
stimulated, activated, resting, and restimulated stages, are 
described in Table 1. To improve the relationship between 
metabolic and epigenetic reprogramming, the inhibition of 

histone marks, H3K4me3 and also H3K9me3 (tri-methylation 
at lysine 9 of histone 3), by blocking glycolytic enzymes may be 
considered.18 Trained immunity features are H3K4me3 enrich-
ment in the promoter regions and enhanced gene transcription 
coding for pro-inflammatory cytokines. It has also been estab-
lished as a characteristic feature of the BCG vaccine in provid-
ing heterologous immunity to an unrelated pathogen.5,40 BCG 
vaccination also suggests a clear decrease in the extent of DNA 
methylation within immune pathways at gene promoters com-
pared to the individuals categorized as non-responders.41

The enzymes play pivotal roles in epigenetic rewiring in 
cells undergoing training in the presence of a stimulus. In 
a recent study, two distinct enzymes, including KDM5 and 
Set7, have been identified, which control the epigenetic remo-
deling in immune cells. First, KDM5 belongs to the histone 
demethylases family, is responsible for H3K4 demethylation 
and plays an essential role in trained immunity. Beta-glucan 
training of monocytes results in the decreased biological activ-
ity of KDM5 demethylases after six days of training, which is 
controlled by intracellular changes in fumarate.25 Set7 is 
a lysine methyltransferase that is responsible for changes in 
H3K4me1. Set7 has been reported as a crucial enzyme required 
for beta-glucan-induced trained immunity under in vitro as 
well as in vivo conditions.42 To determine the difference 
between training and priming, in vitro and in vivo models 
were used. Human peripheral monocytes were used as 
in vitro model to show that exposing cells to stimuli (training) 
for a short period of time (24 hours) induces an immunological 
response, which then returns to a steady state when there is no 
stimulus. If epigenetic changes occur during the primary train-
ing period, then the response to subsequent stimuli will be 
enhanced. In contrast to training, priming to a stimulus is 
not retained for a long time, and does not respond quickly to 
the secondary stimulus; in fact, cells may not even return to 
their steady state before the secondary stimulation. Even 

Figure 2. Overview of a metabolic pathway in trained immunity. Glucose is a key substrate for cell metabolism and is responsible for two distinct metabolic pathways. 
Training of immune cells by the stimulus induces complex metabolic pathways, and accumulation of TCA cycle intermediates (fumarate, succinate, and α-ketoglutarate) 
acts as a cofactor in histone modification and induction of trained immunity. Metabolic products in glycolysis or OXPHOS pathway linking to immune metabolic 
activation and production result into a faster and more robust trained immune response.
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though the epigenetic events, kinetics and dynamics differ 
between models, administration of training agents in BM- 
progenitor cells (in vivo model) causes hematopoietic stem 
cells (HSCs) proliferation initially and then returns to steady 
state before secondary stimulation.43,44

Role of nonimmune cells in innate immune memory

Although innate immune memory was first explained in mye-
loid cells, it may not be possible to transfer memory pheno-
types to their descendants and deliver long-term protection 
due to the limited life span of the cells,12,45 Mature myeloid 
cells, such as dendritic cells and monocytes, have an average 
half-life time of 5–7 days.45 This indicates explicitly that long 
life span cells could be responsible for trained immunity, such 

as epithelial stem cells, HSCs , intestinal stromal cells (ISCs), 
mesenchymal stromal cells, microglial cells, and fibroblasts.15 

As a result, the output of the immune response in the target 
tissue depends not only on the immune cells but also on the 
diverse immune and nonimmune cell networks and signals.46 

Nonimmune cells typically have a distinctive function in gen-
erating and sustaining tissue homeostasis. These also play 
a significant role in the defense against pathogens by releasing 
long-term inflammatory anti-microbial factors, indicating that 
nonimmune cells may be programmed to have durable 
immune memory.15 Microglial cells go through training and 
provide an inflammatory response against bacterial 
antigens.47–49 It has been postulated that microglial cells 
develop innate immune memory constituted of various inflam-
matory pathways orchestrated by epigenetic rewiring.47,50 In 

Figure 3. Trained immunity of immune cells with respect to epigenetic modification. Stimulation of naive immune cells causes metabolic reprogramming and histone 
modification. It would leave an epigenetic mark on activated genes. These genes are repressed later in the resting period, and the transcriptional machinery is 
inaccessible. Since the chromatin mark is partially removed following primary stimulation. During re-infection, trained immune cells may undergo rapid gene 
transcription as well as increased trimethylation and acetylation at promoter sites, establishing a link between immunometabolic activation and long-term epigenetic 
modification. Figure was designed by Biorender.Com program (https://biorender.Com/) Accessed on 13 May 2021.
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a sample of naive mice versus mice primed with attenuated 
Salmonella typhimurium containing its lipopolysaccharide 
(LPS), the latter group showed enhanced microglial immunor-
eactivity in response to a second LPS stimulation four weeks 
later. There was no elevated immunoreactivity in the microglial 
cells of naive mice.51 However, the epigenetic pathways that 
can be related to the long-term activation of microglial cells in 
response to infection have not yet been elucidated.15

Fibroblasts and epithelial cells establish a functional and 
physical barrier against foreign particles. In innate immunity, 
they represent the front line of the defense system.52 In the 
mice model, a study using imiquimod (IMQ) to induce skin 
inflammation reported that the skin exposed to inflammatory 
agents responded quicker to an unknown secondary threat, 
with quick wound curative ability in primed mice than the 
naive mice.53 Intestinal stromal cells (ISCs) are nonprofes-
sional immune cells that display immune characteristics and 
contribute significantly to trained immunity or several other 
related processes. ISCs such as mesenchymal stem cells 
(MSCs), fibroblasts, epithelial cells, and endothelial cells 
express TLRs 1–9 and release certain pro-inflammatory cyto-
kines in exposure to pathogens.54,55 It has been documented 
that the ISCs also release sustained pro-inflammatory cyto-
kines during the second contact to attract other immune cells 
at the infection site.56 ISCs exhibit recollection features dur-
ing human allergic inflammatory disorder, indicating differ-
ences in accessibility of chromatin as the stimulus is 
removed.57 Moreover, MSCs primed with LPS or tumor 
necrosis factor (TNF) was also reported to develop a robust 
immune reaction by releasing a range of pro-inflammatory 
cytokines, including IL-8, MCP-1, and IL-6, at the time of 
restimulation. Primed MSCs exert a more significant thera-
peutic effect than unprimed MSCs in a diabetic rat model.19 

Trained immunity may occur in bone marrow progenitor 
cells, tissue macrophages, and blood monocytes (peripheral 
trained immunity). Hematopoietic stem cells (HSCs) divide 

asymmetrically, eventually forming the lymphoid and mye-
loid cells entire repertoire, which are long-lasting cells with 
self-renewal processes.

Monocytes acquired from trained HSCs move to peripheral 
organs, leading to macrophages originating from monocytes 
with improved effector functions against different forms of the 
pathogen.12 BCG vaccine primed HSCs reach the bone marrow 
and generate a strong immune memory against the pathogenic 
bacterial strains.20 Beta-glucan can induce increased glycolysis 
in trained HSCs.58 Latent gamma herpesvirus and adenovirus 
infections are given to the lungs to test trained immunity levels 
in individual tissues. Studies have shown reduced house dust- 
induced asthma in the lungs of mice previously infected with 
gamma-herpesvirus that might be ascribed to the development 
of long-term monocyte-derived regulatory alveolar macro-
phages, which played a role in protecting the emergence of 
a lung allergic reaction.59,60 It has been demonstrated a trained 
phenotype in hematopoietic stem cells of mice, which are 
indicated by the high production capacity of cytokine and 
myeloid skewing following the administration of β-glucan.58 

BCG‘s occurrence in the bone marrow milieu results in trained 
phenotype in multipotent progenitors, bone marrow-derived 
macrophages, and hematopoietic stem cells, thus imparting 
augmented protection against infection by Mycobacterium 
tuberculosis.20 This result has recently been corroborated in 
the BCG vaccinated human volunteers, in whom the trained 
immunity was detected in the bone marrow after 3 months of 
BCG immunization, inducing peripheral trained immunity.61

Trained immunity vs tolerance

Innate immunity exhibits two contrasting adaptive effects. 
Functional reprogramming of innate immune cells caused by 
their early activation can either result in a more intense 
(trained immunity) or less potent (trained tolerance) response 
to the subsequent encounter of the pathogen. Trained immu-
nity requires the metabolic and epigenetic remodeling of 
immune cells to enable a balanced response against subsequent 
infections. However, misleading trained immune strategies 
may trigger the development of diseases, leading to either 
a chronic hyper-inflammatory disorder or permanent immu-
nological tolerance by suppressing the role of the immune 
system to sustain homeostasis and avoid tissue/organ 
injuries.12 Priming with Candida albicans or beta-glucan 
induces monocytes and increases the production of cytokines 
upon re-stimulation.62 Monocytes are functionally pro-
grammed based on the type and concentration of the ligand. 
Engagement of NOD-like receptor (NLR) induces trained 
immunity. Long-term immune function can be achieved with 
high doses of muramyl dipeptide (MDP) or Tri-DAP ligands, 
but it may vanish at lower concentrations of the ligand. 
Tolerance is mainly caused by the presence of high inflamma-
tory levels of pattern recognition receptor (PRR) ligands in toll- 
like receptors (TLRs), except for CpG, for which every dosage 
appears to be inherently tolerant.63 Moreover, the pre- 
stimulation of LPS is considered to induce tolerance.64 

Interestingly, this kind of tolerance-induced effect was not 
only diminished but reversed at low concentrations of TLR 
ligands, and the monocytes were trained to be maintained in an 

Table 1. Epigenetic changes in trained immunity 12,62.

Cell types Transcriptional events

Un-stimulated 
Cell

● Highly condensed chromatin
● Limited expression of genes
● Silent markers for acetylation and methylation
● High DNA methylation
● Absence of cytokine production

Activated Cell ● Open chromatin
● Active transcription
● Histone acetylation (H3K27ac) and methylation 

(H3K4me3) at the promoter and enhancer level
● Low DNA methylation
● Increased cytokine production

Trained Cell 
(Resting Stage)

● Slightly open chromatin
● Limited gene expression/absence of transcription
● No acetylation markers
● Inflammatory genes are tagged with histone methylation 

(H3K4me1) at the promoter
● Mild DNA methylation

Trained Cell  
(Restimulation)

● Open chromatin
● Enhanced gene expression
● Acetylation (H3K27ac)
● Mono methylation (H3K4me1) and trimethylation 

(H3K4me3)
● Low DNA methylation
● Enhanced cytokine production
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enhanced pro-inflammatory state. Anti-inflammatory path-
ways are activated in combination with pro-inflammatory 
responses to stop excessive inflammation and tissue destruc-
tion while also reducing the time of action of such inflamma-
tory responses.63

Detrimental effects of trained immunity

Trained immunity is thought to be an effective immune 
defense against infections. Furthermore, trained immunity 
dictates the vaccine‘s heterologous effects, resulting in 
improved defense against secondary infections, but can play 
a dysfunctional role in chronic inflammatory diseases due to 
long-term activation.39,65 Trained immunity has maladaptive 
consequences in chronic inflammatory conditions, contribut-
ing to hyperinflammation and the development of various 
other complications, such as cardiovascular diseases, autoin-
flammatory diseases, and neuroinflammation.66

Sterile inflammation forms the base from which systemic 
inflammatory disorders develop in response to behavioral 
variations in Western societies. Western lifestyle exerts long- 
lasting effects on meta-inflammation, chronic metabolic 
inflammations caused by excessive western diet consumption 
accompanied by sedentary behavior, and are memorized by 
innate immune cells via epigenetic reestablishment and 
remodeling.67 Monocytes and macrophages, which are part 
of the innate immune system, have crucial roles in the poor 
prognosis of many diseases, including cardiometabolic ill-
nesses, neuroinflammation, diabetes, and obesity. Numerous 
findings suggest the deleterious consequences of trained 
immunity in cardiac disorders.68–70 The epidemiological 
association and high risks of diseases or increased infection 
rates can be explained by uncovering the roles of trained 
immunity in cardiometabolic disorders. In addition, various 
external and internal stimuli, such as oxidized low-density 
lipoprotein (oxLDL), catecholamines, and aldosterone, can 
promote trained innate immunity in monocytes or other 
cells, including nonimmune cells, which may aggravate the 
infectious risks of many life-threatening diseases.71–74 

Furthermore, atherosclerosis is characterized by endothelial 
dysfunction and systemic vascular inflammatory responses 
caused by the exaggerated innate immune system. Long- 
term activation of the innate immune system in trained 
immunity may link non-resolving inflammation and athero-
sclerosis, implying that trained immunity may contribute to 
atherosclerosis.21,68,70,75–78 Innate immune cells, including 
macrophages and monocytes, play a pivotal role in immune 
homeostasis by eradicating pathogens and repairing the tissue 
damage. Because of innate immune memory these cells are 
also involved in aggravation of chronic disease 
conditions.11,13,79 Four weeks of exposure to LDL- 
containing Western-type diet induced the extreme repro-
gramming of transcriptional events in the bone marrow mye-
loid progenitor cells and circulating monocytes in 
atherosclerosis-prone Ldlr-/-mice.21,67 Pathogen associated 
molecular patterns (PAMPS) and damage associated molecu-
lar patterns (DAMPS) released during tissue injuries and after 
tissue or organ transplantation allow macrophages to be epi-
genetically reprogrammed, contributing to the development 

of trained immunity. The donor allografts upregulate vimen-
tin and high mobility group box 1 (HMGB1) in the mouse 
heart transplantation model that induces local grafting- 
infiltration of monocyte-derived cells.80 Both PAMPs and 
DAMPs are recognized by PRRs expressed by macrophages, 
which trigger the immune response resulting in the increased 
production of inflammatory cytokines.81 Murine studies 
revealed that organ transplantation induces macrophage 
training, indicating a previously unrecognized mechanism 
contributing to allograft rejection.82 Sepsis is the uncontrolled 
production of inflammatory cytokines after infection, which 
can lead to septic shock. The infection causes a pro- 
inflammatory response for eliminating the causative agents 
in physiological conditions, followed by an anti-inflammatory 
response to circumvent hyper-inflammation and subsequent 
tissue impairment. Pro-inflammatory and anti-inflammatory 
responses have largely been compensated. Nevertheless, the 
homeostasis is disturbed, and the anti-inflammatory response 
becomes irregular due to the overwhelming pro- 
inflammatory response. Thus, there is increased stimulation 
of anti-inflammatory reactions leading to immunoparalysis 
after 24–48 h of hyper-inflammation.83

A major group of age-associated neurodegenerative disorders 
is linked with chronic inflammation. Peripheral use of inflam-
matory stimuli in the mouse model of Alzheimer‘s disease con-
tributes to long-lasting microglia training. These brain-resident 
macrophages aggravate β-amyloidosis in the brain. Systemic 
inflammation allows the microglia to be reprogrammed, leading 
to potentially hyper-responsive ‘trained‘ brain immune system 
states.84 Microglia has been recognized as crucial players in 
developing any disease conditions in the central nervous system. 
They are resident macrophages that play an essential role in 
normal and pathological brain activity. Neuroinflammation 
may be induced by the microglial immune memory.47 

Microglia can be programmed to induce biochemical and geno-
mic alterations. Modifications in H3K4me1 and H3K27ac that 
persist up to 6 months may elicit immune training in neural 
macrophages.49 In another study, similar observations were 
found in microglia, demonstrating that histone acetyltrans-
ferases HDAC1/2 are required for this process.85 Microglial 
immunological response may be generated from both microbio-
logical and endogenous triggers, including stress, and is assumed 
to be transgenerational.51,86–88 In addition, monocytes displayed 
an inflammatory nature, and patient outcomes were linked to 
enhanced cytokine release volume in an aged group of old people 
with the cerebral small-vessel disease.89 Robust and successful 
immune system activation is required for the elimination of 
cancer cells from the body. Inflammatory responses that are 
excessive or protracted can also encourage the progression of 
tumors as chronic inflammation. Activation of metabolic pro-
cesses and trained immunity in tumor cells share some typical 
attributes, such as dependency on glycolysis and upregulation of 
the signaling of transcription factors, such as HIF1 alpha.12 

DAMPS released from dying cells in the donor organ binds to 
trained immunity associated PRR and induces metabolic 
changes in innate immune cells during organ transplantation. 
Trained macrophages produce more proinflammatory cytokines 
and stimulate the adaptive immune system, which results in 
allograft rejection.80
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Therapeutic targeting of trained immunity

The regulation of trained immunity can be utilized as a novel 
therapeutic strategy to treat excessive and defective immune 
activities. Microbial ligands induce trained immunity via var-
ious signaling pathways, facilitated by epigenetic, metabolic, 
and transcriptional events. Βeta glucans are fungal cell wall 
polysaccharides consisting of β1,3 or β1,3/β1,6 glycosidic 
bonds. Macrophages recognize these PAMPs via dectin-1 
dependent pathway (C-type transmembrane lectin receptor). 
Relevant epigenetic marks, specifically histone marks, such as 
H3K27Ac, H3K4me1, and H3K4me3, are activated by the 
activation of macrophages via dectin 1, resulting in trained 
immunity that triggers non-targeted immune responses 
toward exogenous pathogens. Endogenous proteins, vimentin 
and HMGB1, are evident in sterile inflammation. Dectin- 
1-expressing macrophages bind to vimentin, which is upregu-
lated in the donor organ following organ transplantation, 
resulting in macrophage activation and acute rejection. 
A study to validate the activity of endogenous proteins revealed 
that dectin-1 or TLR4 deficiency significantly reduced pro- 
inflammatory cytokines and lactate production by graft infil-
trating macrophages.80,82 During chronic rejection, graft infil-
trating macrophages express M1 and M2 phenotype markers. 
Manipulation of M1/M2 polarization can be used as 
a therapeutic approach to combat allograft rejection.90 Lack 
of Tumor necrosis factor receptor-associated factor (TRAF6) 
in macrophages prevents the accumulation of M1 phenotype 
and deletion of mTOR mitigates the accumulation of M2 that 
results in long-term allograft survival without chronic 
rejection.91,92 Dectin pathway is inhibited by rapamycin, met-
formin, and mTOR, ascorbate targeting AKT/protein kinase B, 
and HIF1α, respectively.29

Therapeutic approaches against fungal infections such as 
candidiasis render protection through monocyte-dependent 
innate immune memory to mice against lethal candidiasis.93 

Peptidoglycan (PepG) is an important PAMP that is associated 
with LPS and triggers inflammatory cytokine production. The 
smallest PepG derived molecular structure MDP (muramyl 
dipeptide) engages with NOD2 (Nucleotide oligomerization 
domain). BCG provides nonspecific defense against secondary 
infections via Nod-like receptor 2 (NOD2)-dependent epige-
netic rewiring of innate immune cells.5 Trained immune cells 
were observed to increase histone H3 trimethylation at lysine 
(H3K4me3) at the promoters of crucial inflammatory cyto-
kines such as IL-6 and TNF-alpha, which was correlated with 
the increased production of these proinflammatory cytokines. 
NOD2 is an intracellular PRR that acts as a general sensor for 
the muramyl dipeptide unit of bacteria cell walls and viral 
RNA.94 NOD2 activation signal passes through the nuclear 
factor (NF)-κB and further activates epigenetic remodeling, 
inducing trained immune in macrophages. However, butyrate 
can be used to block this activation of macrophages and pre-
vent the histone acetylation.29,95

Oxidized LDL is also one of the reasons for trained immu-
nity activation. When immune cells, such as monocytes, are 
primed with OxLDL, they shift to glycolysis for ATP synthesis 
and produce higher levels of pro-inflammatory cytokines upon 
restimulation.65 The OxLDL is a DAMP molecule that binds 

with CD36 expressed in myeloid cells.71 OxLDL can also help 
to cholesterol crystals formation and activation of inflamma-
some (NLRP3) when internalized and released into the cyto-
plasm, results in the release of IL-1β and other pro- 
inflammatory cytokines end up with long-lasting inflammatory 
reaction.96 The stimulation of monocytes by OxLDL has 
adverse effects in organ transplantation, as it is linked to 
a higher risk of graft rejection in recipients.97 As a result, 
trained macrophages may promote chronic rejection by caus-
ing atherosclerosis and allograft fibrosis.82 However, methyl-β- 
cyclodextrin (MβCD), cytochalasin D (CYTOD), and Z-VAD- 
FMK inhibit the activation of NLRP3 and the formation of 
cholesterol.98 OxLDL-mediated trained immunity phenotype 
is eliminated by 5'-deoxy-5'-methylthioadenosine (histone 
methyl-transferase inhibitor) and reversing histone methyla-
tion is a requisite for causing a change in chromatin structure, 
which indicates increased gene expression. The compound 
2-deoxy-d-glucose (2-DG) plays a noteworthy role in blocking 
glycolysis that induces the trained immunity in monocytes.32 

Therapeutic drugs targeting the signaling pathway of trained 
immunity are presented in Figure 4.

As GM-CSF and IL-1β are the main regulators of myeloid- 
biased progenitor-induced trained immunity, antibodies 
induced against these molecules are speculated to be beneficial 
in hindering trained immunity. In a recent CANTOS trial, the 
adverse impacts of trained immunity were successfully inhib-
ited by a monoclonal antibody targeting IL-1β in cardiovascu-
lar disease patients.99 RNA interference (RNAi) is an evolving 
alternative modality for therapeutic blocking of particular 
receptors or the expression of trained immunity-related mole-
cules. RNAi has been successfully extended to minimize 
immune cell mobilization after myocardial infarction.100 

Intravenously injecting nanomaterials engaging myeloid cells 
and their progenitor and stem cells in the bone marrow can 
achieve long-term therapeutic advantages. By complexing 
these nanostructured materials with molecular structures that 
suppress metabolic and epigenetic pathways, the activation of 
trained immunity can be avoided.101,102 Epigenetic therapy can 
be used to regulate immune response by modifying gene 
expression in certain inflammatory and autoimmune disease 
conditions. Azacytidine and decitabine are DNA methyltrans-
ferase inhibitors used in cancer treatment to limit the growth 
and division of cells.103 Histone deacetylase inhibitors includ-
ing trichostatin A, givinostat, and valproic acid are used to treat 
arthritis, sepsis, and diabetes by lowering the levels of proin-
flammatory cytokines and reducing systemic 
inflammation.104,105 In one study, individuals were vaccinated 
at 6 pm and at 8–9 am with the BCG vaccine. Staphylococcus 
aureus and Mycobacterium tuberculosis were used to activate 
the peripheral blood mononuclear cells before and two weeks 
and three months post-immunization. It was found that the 
individuals vaccinated in the morning exhibited stronger 
immunity and increased cytokine production in the isolated 
monocytes than those vaccinated in the evening.106 The innate 
immune cells have a shorter life span and undergo apoptosis. 
TNF, phosphatidyl inositol 3-kinase (PI-3K)/Akt, extracellular 
signal-regulated kinase (ERK), anti-apoptotic molecules and 
heat shock proteins play essential roles in defining monocyte 
life span by regulating gene transcription and suppressing the 

HUMAN VACCINES & IMMUNOTHERAPEUTICS e2040238-9



apoptotic pathway.107 Endogenous TNF treatment of mono-
cytes and macrophages induces an immune response and 
favors prolonged survival of monocytes. LPS stimulation of 
monocytes induces ERK activation, which then phosphorylates 
various cytoplasmic and nuclear substrates that regulate cell 
growth, survival, and death.107 PI-3K/Akt survival signaling 
modulates Bcl-2 expression via NF-kB and phosphorylating 
the anti-apoptotic proteins Bad and XIAP. Cytokines such as 
GM-CSF, Interleukin (IL)-15 and IL-18, can stimulate neutro-
phils limiting apoptotic activity that further leads to the 
increased neutrophil effector activities.108 T cell-macrophage 
interaction is required for heterologous protection of vaccines 
against infections, and it is also involved in long-term adapta-
tion and antimicrobial activity in innate immune cells.109,110

Trained immunity-based vaccines (TIbVs)

Trained immunity is known to have some advantages in 
strengthening the host immune responses to infectious patho-
gens and designing effective vaccines. TIbVs may induce spe-
cific and nonspecific immunity by targeting the innate immune 
cells to stimulate trained immunity. Attenuated or inactivated 
pathogens can also be an exemplar of TIbVas long as they 
comprise PAMPs capable of triggering PRRs that can elicit 
a trained immunity. Different PRR ligands, such as Candida 
albicans-derived beta-glucan and BCG-derived muramyl di- 
peptide, are identified as trained immune stimuli.111 It should 
be noted at this point that it opens up the possibilities of 
achieving a trained immunity by varying the set of PRR ligands 
and targeting immune cells. In this context of vaccine design-
ing, trained immune cells are used to activate the adaptive 
immune response as an emerging therapeutic strategy for the 
clearance of bystander pathogens. Dendritic cells (DCs) act as 
links between innate and adaptive systems and enhance the 
adaptive response via the release of IL-1β.112 Polybacterial 
sublingual vaccine MV130 designed to prevent chronic 

infection of the respiratory tract has been reported to increase 
T cells‘ in vivo response to unrelated antigens by priming DCs 
and facilitating the release of IL-1β in vitro.113 BCG vaccine 
also improves the T cell PRR expression in innate immune cells 
as well as the release of cytokines, such as IL-1β.114 Further, 
defense against M. tuberculosis infection by BCG vaccine was 
correlated with the enhanced production of certain pro- 
inflammatory cytokines following heterologous stimulation 
with Streptococcus pneumonia and E. coli,115 an observation 
reminiscent of trained immunity.116, 117 In addition to confer-
ring T cell immunity against bacteria in patients treated with 
MV130, T cell response to heterologous flu antigen has been 
reported to be increased via the activation of the NLR and TLR 
signaling pathways in DCs.112 Likewise, another MV140 sub-
lingual vaccine is intended to circumvent urinary tract infec-
tions, inducing TLR and CLR-mediated Th1 and Th17 
responses.118 MV140 is effective against urobacteria that are 
not part of its composition.119

BCG vaccination can also protect against viral diseases. In 
a placebo-integrated pilot study of BCG vaccination, all volun-
teers were administered a yellow fever vaccine one month after 
BCG. BCG-immunized volunteers showed a substantial 
decrease in viremia comparable to the placebo group, strongly 
associated with elevated production of IL-1β.32 Two experi-
ments undertaken in Africa showed that the adults vaccinated 
for smallpox exhibited slightly reduced mortality rates.120 Thy1 
+ subclass of NK cells displayed certain innate memory fea-
tures after the Vaccinia viral infection.121 In children, trivalent 
live attenuated influenza vaccine has provided indirect protec-
tion against respiratory diseases.122 In a mice model, nonspe-
cific cross-protection has been achieved against RSV 
(Respiratory syncytial virus) by cold adapted, live attenuated 
influenza vaccine (CAIV) as it shares common characteristics, 
including activation of innate immunity through many PRRs, 
such as TLR7, TLR3, and retinoic acid-inducible gene I.123 

Immunostimulant, OM-85, is an oral bacterial lysate mixture 

Figure 4. A schematic representation of trained immunity-signaling pathways and their therapeutic targets. PAMPs targeting a variety of PRRs results in the activation of 
various signaling pathways that facilitate trained immunity.
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reported to significantly improve resistance to respiratory viral 
infection in the murine model and decrease viral quantity in 
the lungs.124 It also reduced the lung epithelial cell infection 
caused by rhinovirus.125 MTBVAC, the live attenuated strain 
of M. tuberculosis, can provide trained immunity by inducing 
glutaminolysis, glycolysis, and accumulating histone methyla-
tion marks in pro-inflammatory gene promoters responsible 
for rendering nonspecific defense against heterologous patho-
gens. MTBVAC was administered to C57BL/6 mice that were 
then infected nine weeks later with intranasal streptococcal 
pneumonia; it was observed that 60% of the vaccinated mice 
survived, while the unvaccinated group of animals died. Blood 
bacteria culturing revealed the absence of live bacteria in the 
surviving animals.126 A considerable reduction in infant mor-
tality was associated with the BCG vaccine. In addition to 
tuberculosis protection, the inherent adjuvant properties of 
BCG will enhance the immune-stimulating properties of 
other neonatal vaccines.127 Oral polio vaccine (OPV) and 
measles vaccine (MV) have provided strong immunity against 
heterologous infections and also reduced the fatality rate.128 In 
addition to the positive heterologous effects of BCG; recombi-
nant MTB-based novel vaccine candidates, like MV, OPV, and 
VPM1002, also have noteworthy effects. Hence, they are 
included in the clinical investigations. A sturdy state of innate 
immune cell activation is caused by enhancing the host defense 
via the induction of trained immunity. In this case, upon 
encountering a new pathogen, these cells can exhibit quicker 
and improved responsiveness to reduce the chances of infec-
tion and prevent transmission.12 The BCG, measles, yellow 
fever and polio vaccines were shown to protect and reduce 
the other infections. Animals were demonstrated to be pro-
tected against Candida albicans, Schistosoma mansoni, and M. 
tuberculosis after receiving the BCG vaccine.129 BCG‘s ability to 
induce trained immunity in monocytes and macrophages 
appears to be critical for its anticancer effects.130 The BPZE1 
live attenuated pertussis vaccine has also been shown to protect 
against various heterologous respiratory infections such as 
Bordetella, influenza, and respiratory syncytial virus (RSV).131 

In mouse models, live-attenuated influenza vaccination pro-
vided rapid protection against respiratory syncytial virus.123 

Ty21a, a heat-killed salmonella vaccine, provides protection 
against C. albicans.132 In addition, exposure with the fungal 
ligand β-glucan protected against infection with Staphylococcus 
aureus, while muramyl dipeptide, a peptidoglycan component, 
protected against infections with Streptococcus pneumoniae 
and Toxoplasma gondii.133,134 Other examples include the use 
of CpG oligodeoxynucleotide, which protects against sepsis 
and E. coli meningitis, and flagellin-induced protection against 
S. pneumoniae and rotavirus.135

Hence, integrating innate immune response in the form of 
trained immunity into the biological effects of prospective 
vaccines can enhance the efficacy of the vaccine. 
Consequently, a vaccine that targets both innate (trained 
immunity) and adaptive (classical immune memory) immune 
response will undoubtedly be more successful than the existing 
vaccines against infections, including the SARS-CoV-2 infec-
tion. Further advancements will also increase the vaccine out-
comes of groups at a greater risk of illness due to SARS-CoV-2 
infection, such as the elderly. Adaptive immune responses 

deteriorate with age, and incorporating trained immunity 
into vaccinations for the aged population could help to fix 
this dilemma.136 Hence, the following section describes the 
trained immunity in the context of COVID-19.

Trained immunity and COVID-19
The ongoing COVID-19 pandemic is continuously flaring up, 
with a second wave being observed worldwide.137,138 Recently, 
few potent vaccines have been developed. A vaccination cam-
paign is in progress at the global level128. Several drugs and 
therapeutics are undergoing clinical trials139–141; however, there 
is limited choice of effective drugs and therapies. 
Immunomodulatory and immune-enhancing strategies have 
also been suggested to provide some protection from higher 
severity of the COVID-19 infection in the affected patients as 
well as for prophylactic purposes to prevent the spread of the 
SARS-CoV-2 infection by boosting the immunity of the 
body.142,143 BCG vaccination at birth may provide defense 
against COVID-19, though this assertion may not refer to 
other coronaviruses such as MERS (Middle East respiratory 
syndrome) or SARS-CoV (severe acute respiratory syndrome 
coronavirus), because they are closely related.9,144,145 However, 
trained immunity is not a long-lived immune response and lasts 
for a short time, implying that trained immunity acquired at 
birth cannot be sufficient to shield adults from pathogens later in 
life.146 In addition to BCG, microbial stimulation or other vac-
cines may help in developing a trained immunity to defend 
against the SARS-CoV-2 infection. The nonspecific protection 
of BCG against several infections, especially viral infections, is 
not mediated by adaptive immune response constituent of lym-
phocytes, but via the reprogramming of innate immune cells, 
such as monocytes.9,147–149 BCG vaccination150,151 and beta- 
glucan stimulation of monocytes5,152 have been linked with the 
activation of trained immunity, which can be directly associated 
with the resistance against infectious diseases, including 
COVID-19.10,153,154 During the COVID-19 pandemic, BCG vac-
cination has been linked to a lower rate of COVID-19 illness and 
severe exhaustion.151 In theory, the activation of BCG or beta- 
glucan causes innate immune cells and their precursors to 
reprogram, resulting in heterologous defenses against a range 
of pathogens, including viruses.32

In viral infections, such as SARS-CoV-2, trained immunity 
modulates the innate immune response for more beneficial 
outcomes, especially in all populations at a greater risk of 
infection.17,155 Early retrospective research on the effects of 
BCG vaccination in infancy has generated mixed findings in 
terms of its effectiveness in combating SARS-CoV-2 
infection.156–160 Moreover, recent epidemiological findings 
during initial waves of the COVID-19 pandemic illustrate 
that the occurrence of persons with positive tuberculin sensi-
tivity tests, as a result of exposure to Mycobacterium spp. or as 
a result of BCG vaccination, is inversely related to the incidence 
of SARS-CoV-2 infection.161 While the associations between 
trained immunity and defense against COVID-19 are still not 
conclusive, this led to an increase in randomized controlled 
trials to see if trained immunity has positive consequences on 
the innate immune response to provide a more favourable 
response against the SARS-CoV-2 infections.17,155 More than 

HUMAN VACCINES & IMMUNOTHERAPEUTICS e2040238-11



25 trials have been conducted to assess the protective effects of 
the BCG vaccination against COVID-19, with many still being 
developed.162

The trained immunity following BCG vaccination is asso-
ciated with enhanced production of several pro-inflammatory 
cytokines, including TNF-α, IL-1, and IL-6, providing significant 
protection against different viral infections.5,114 However, it is 
imperative to consider the potential of trained immune cells to 
produce a range of pro-inflammatory cytokines, such as IL-1, IL- 
6, and TNF-α.5 These pro-inflammatory cytokines can exagge-
rate the secretion of inflammatory cytokines in severely affected 
COVID-19 patients. On the other hand, trained immunity has 
been postulated with the reprogramming of innate immune cells 
in such a way that the trained cells of the innate immune system 
can work more robustly during the early phase of the viral 
infection, which in turn prevent the poor prognosis of the 
COVID-19 disease.12,17 The collaboration of the innate immune 
response with the adaptive immune system is critical in the fight 
against various viral infections, including SARS-CoV-2. BCG 
vaccination activates the production of CD4+T cells and IFN-γ. 
Several recent studies have correlated the trained immunity and 
the adaptive immune response provided by BCG vaccine against 
COVID-19. BCG vaccine might generate cross-reactive T cells 
against SARS-CoV-2 and provide cross-protection against the 
SARS-CoV-2 infection.163

Previous research has also revealed the link between NK cell 
activity in the vaccinated population and the specific immunolo-
gical protection against the influenza virus. NK cell stimulation 
remains elevated following one month of immunization, which 
might provide immunity against influenza and other respiratory 
viral infections.164 Observational epidemiological studies have also 
revealed that the Measles, Mumps, and Rubella vaccination pro-
tects against COVID-19.165 Hanker et al. postulated that age 
probably declines immunogenicity against measles vaccination 
which might be a reason for such increasing incidence of 
COVID-19 in adults because most of the vaccinated persons 
seemed to have no protective IgG antibody against measles beyond 
ten years.166 Furthermore, trained immunity may be one of the 
factors that render youngsters less susceptible to SARS-CoV-2 
infection.167

Many adult patients have acquired similar vaccinations, such as 
BCG in children, during their lives, but there are varying infection 
rates and fatalities among the different areas and population 
groups. Therefore, future research should concentrate on the 
absolute degree of defense provided by trained immunity.168 

Large randomized BCG vaccination trials are required to sub-
stantiate the protective effects of BCG vaccination against 
COVID-19.169 It is also necessary to investigate the molecular 
pathways that inhibit the innate immune cells from reprogram-
ming to a suppressive phenotype in extreme COVID-19 cases. In 
contrast, investigations on the protective efficacy of the BCG 
vaccination against COVID-19 have shown contradictory results, 
with no substantial impact of the BCG vaccine against COVID- 
19.158,160 In another study, it has been reported that BCG vaccina-
tion was more effective against COVID-19 in younger populations 
than in the elderly.170 From the above contradictory reports on the 
effects of BCG, further studies may be needed to derive 
a conclusive opinion on the positive impact of BCG vaccination 
against COVID-19.

The mRNA and recombinant adenoviral vaccine (AdV) encod-
ing for the SARS-CoV-2 spike (S) protein have been found to 
induce both innate and adaptive immune response. To ensure 
maximum protection, a booster dose of vaccine was administered 
after 3–4 weeks. Mild symptoms such as transient fever, injection 
site pain etc., associated with vaccination, were aggravated by 
the second dose. This secondary enhancement of inflammatory 
response is due to short-term change in macrophages through the 
concept of trained immunity.60,171

Trained immunity and other diseases

Besides the crucial involvement of trained immunity in cardi-
ovascular and neuroinflammatory illnesses described above, it 
is also reported to exert adverse consequences in numerous 
autoinflammatory disorders or allergies.172 Recurring fever 
episodes and hyper inflammation are reported in patients 
with hyper-IgD syndrome (HIDS), characterized by 
Mevalonate Kinase insufficiency.173 The immune cells, such 
as monocytes, isolated from such individuals have a trained 
phenotype, as demonstrated by the higher production of sev-
eral proinflammatory cytokines along with epigenetic and 
metabolic reprogramming.172 The hyperinflammatory charac-
teristics of other autoinflammatory disorders, including 
Familial Mediterranean Fever (FMF) and Behçet‘s syndrome, 
are also probably caused by a similar trained immune pheno-
type. The participation of trained immune systems in such 
illnesses must be studied in future investigations.66

BCG immunization protects against TB, provides a short- 
term immune response against a range of respiratory tract 
infections, and protects newborns from neonatal sepsis, 
hence reducing death rates among the young population.12 

According to a randomized clinical experiment, BCG vaccina-
tion stimulates the genome-wide epigenetic reprogramming of 
monocytes, leading to protection against yellow fever.

The increase of IL-1β was linked with the generation of 
trained immunity and reduction of viremia, but not with the 
specific IFN-γresponse. Genetic, epigenetic, and immunologi-
cal investigations have all shown the role of IL-1β in the 
generation of trained immunity. Ultimately, BCG causes epi-
genetic reprogramming in human monocytes in vivo, which is 
accompanied by functional programming and resistance 
toward non-related viral diseases, while IL-1β actively partici-
pates as a modulator of trained immune responses.32

According to another phase 1 clinical study, after the challenge 
of malaria infection, BCG vaccinated volunteers experience more 
rapid and severe clinical adverse effects and exhibit early expres-
sion of the NK cell activation markers. Furthermore, parasitemia is 
negatively associated with increased phenotypic NK cell and 
monocyte activation in BCG-vaccinated individuals. According 
to the pooled results,174 the BCG vaccine changes the symptomatic 
and immunological response to malaria, which needs to be eval-
uated in the future with large clinical studies. The anticancer 
activities of the BCG vaccine, such as those observed in bladder 
cancer, are associated with training immunity.175 As a result, 
trained immunity is an adaptive characteristic that improves the 
fitness of living organisms against harmful microorganisms and 
several other infections.
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The possible significance of trained immunity and epigenetic 
alterations in food allergy has been identified in recent research. 
Sensitive children with food allergies exhibited significantly 
enhanced innate immune responses than healthy children.176–178 

Cells of innate immune system, such as monocytes, obtained from 
children with allergies have shown the changes in the innate 
immune functioning, exhibiting the trained immune 
phenotype.179,180 Furthermore, it was proposed that an established 
balanced condition of trained immunity can be exploited to limit 
allergic responses.181 An animal model of allergic illness prior to 
BCG vaccination was found to reduce allergic sensitivity.182 

Another research validated this aspect by observing the protection 
against allergic asthma by herpes viral infection via the innate 
immune system activation.59

Similarly, the likelihood of IgE-mediated food allergy was 
reduced with the cellular pertussis vaccine.183 Several clinical 
trials are being undertaken to test if BCG birth immunization 
inhibits the emergence of food allergy in countries with less 
infectious burden.184 Further studies are required to clarify the 
distinction between the possibility of training immunity to 
avoid severe allergies as well as the harmful consequences 
associated with it. Trained immunity is a possible mechanism 
by which the innate immune cells receive distinct functions 
from a distinct transcriptional program via long-term epige-
netic modifications. In some conditions, few of these altera-
tions might be protective, while others might reflect the poor 
prognosis of various diseases.66

Future perspectives

In future studies, targeting epigenetic events will be 
a beneficial strategy to regulate immune response by mod-
ifying gene expression in certain autoimmune diseases and 
immune suppressive conditions. More investigation is 
needed to understand the interplay between immunological 
signals and trained immune pathways, as live attenuated 
vaccines are potent inducers of innate immunity and pro-
vide protection during the critical period of unexpected 
pandemics. Further elucidation of the trained immune 
pathways will aid in enhancing the strength of trained 
innate cells and improving the immunization approaches. 
Moreover, comprehensive studies are essential to under-
stand the specific roles of trained immunity, including 
strategies to increase the life span of innate immune cells, 
which may aid in the development of novel diagnostic, 
therapeutic, and vaccination techniques.

Conclusion

Infection or vaccination initially triggers the innate immune 
response, which recedes after some time. However, transcrip-
tional events in immune cells induce a stronger activation of 
the innate host defense against subsequent infections. The 
evidence from various studies suggests that trained immune 
memory is an evolving fundamental characteristic of the 
immune system to defend against foreign agents, including 
infectious pathogens. Activation of the innate immune cells 
enhanced the host defense by developing trained immunity. 
The evolutionary dichotomy of innate and adaptive 

immunity is the novel concept of trained immunity. The 
key distinction is that classical immunological memory is 
antigen-specific and regulated by antibodies and antibody- 
producing cells and T-cells, while trained immunity is non-
specific and mediated by major shifts in metabolic and 
transcriptional events in the myeloid and lymphoid cells. 
Besides that, myeloid (monocytes, macrophages and dendri-
tic cells) and lymphoid (NK cells and innate lymphoid cells) 
cells have a limited life span. Recent studies suggest that 
stem cells and other stromal cells may be responsible for 
long-term immune memory. After primary exposure and 
subsequent transcriptional events, the typical process of 
trained immunity leaves certain epigenetic marks on the 
cells, enabling them to respond more rapidly and robustly 
to subsequent inflammatory stimuli. Though, some studies 
have indicated that the adaptive properties of NK cells have 
long-lasting effects, however trained memory is different 
from adaptive feature of memory, hence more studies are 
required to investigate the epigenetic activity of NK cells in 
relation to trained immunity. Trained immunity is like 
a double-edged sword. Immunological memory can help to 
induce a stronger immune response against future threats by 
upregulating the production of pro-inflammatory cytokines; 
however, the persistence of these effects can lead to the 
development of various diseases. In this scenario, immuno-
logical tolerance is crucial in preventing such adverse con-
sequences by facilitating a hypoinflammatory state. 
Furthermore, trained immunity is primarily dependent on 
the capacity of the cells to undergo certain pathways to 
produce innate immune memory. Therapeutic approaches 
can, therefore, target particular sub-populations of cells to 
either trigger or inhibit such potential responses.

Furthermore, explorative studies could investigate the 
impact of trained immunity on the modulation of the 
immune system against various diseases, including cancer, 
atherosclerosis, cardiovascular events, autoimmune diseases, 
organ rejection, sepsis, etc., as well as auto-inflammatory 
diseases using nanobiological antibodies and RNAi technol-
ogy. TIbVs might be used as immunostimulants against 
endogenous pathogens as a novel immunotherapeutic 
approach against noninfectious and infectious immune- 
related infections. Innate immune cells display PRRs speci-
fic to PAMPs and DAMPs that are released by injured cells. 
The interactions of PRRs with PAMPs or DAMPs stimulate 
the intracellular signaling pathways. Precise targeting of 
immune cells or PRR ligands can provide broad protection 
(specific and nonspecific) against bystander pathogens 
along with long-term immunity by inducing an adaptive 
immune response via the release of typical cytokines. 
Developing promising strategies to target specific cells, 
receptors, and even pathways mediated by trained immu-
nity may aid in the design of next-generation therapies and 
vaccines that can induce adaptive and trained immune 
memory. Moreover, trained innate immune cells may be 
used as potential candidates to boost various vaccine can-
didates‘ efficacy and develop novel therapeutic strategies. 
Trained immune cells with improved antigen uptake and 
antigen presentation abilities as well as improved cytokine 
output, may be used to aid in the re-stimulation of the 
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adaptive immune cells, like B and T cells. Hence, a more 
robust adaptive immune response can be generated by 
incorporating the concept of trained immunity in future 
vaccine candidates.
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