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Abstract 

Trained immunity is a phenomenon in which brief exposure to an infectious agent or a vaccine can induce long-
lasting changes in the host’s immune system, enhancing protection against subsequent infections. The concept 
of trained immunity has a significant impact on the field of immunology and has the potential to revolutionize 
how we approach vaccination and infectious disease control. Investigations into trained immunity are rapidly advanc-
ing and have led to the development of new vaccines and immunotherapeutic strategies that harness the power 
of this phenomenon. While more investigations are needed to fully understand the mechanisms of trained immunity 
and its potential limitations, the prospects for its future application in clinical practice are promising. Here, we describe 
trained immunity as a biological process and explore the innate cues, epigenetic changes, and metabolic reprogram-
ming activities that affect how trained immunity is induced.
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Introduction
Trained immunity is the immunological process through 
which innate immune cells develop a form of memory, 
increasing their responsiveness to subsequent trig-
gers. Unlike the acquired immune system, which is 

traditionally associated with immunological memory, 
trained immunity represents an adaptive characteristic of 
the innate immune system. This phenomenon, observed 
in cells such as natural killer (NK) cells and monocytes, 
highlights their capacity for increased responsiveness and 
elasticity (Quintin et  al. 2014; Netea and van der Meer 
2017; Netea et al. 2020). While innate immune responses 
typically eliminate invasive pathogens effectively, the 
functional adaptations observed in trained immunity can 
sometimes lead to aberrant inflammatory activity, con-
tributing to conditions such as autoimmunity (Ochando 
et  al. 2023). Despite these drawbacks, trained immu-
nity is emerging as a revolutionary immunotherapeutic 
approach with significant potential for combating sec-
ondary infections and other immune-related challenges.

Furthermore, adaptive immune responses, which 
may be concurrently produced, are driven by dendritic 
cells (DCs) as well as distinct T and B cells. These lym-
phocyte-dependent adaptive immune responses pro-
duce long-lasting immunological memory despite their 
slower rate of development (Bonilla and Oettgen 2010). 
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The specific quality of the adaptive immune response is 
widely accepted to be immunological memory. However, 
studies suggesting that tissue-resident stem cells and 
even innate immune cells can display adaptive properties 
have refuted this paradigm (Bowdish et  al. 2007, Christ 
et al.,2018a, b Naik et al. 2017, Netea et al., 2011b).

In the last ten years, investigations have revealed that 
trained immunity is highly favorable for host defence, 
but concerns about possible negative effects in immune-
mediated and chronic inflammatory disorders have also 
been raised. Here, we describe “trained immunity” as a 
biological process and explore the innate signals, epige-
netic changes, and metabolic reprogramming activities 
that influence how trained immunity is induced. Because 
hematopoietic stem and progenitor cells are trained, the 
trained phenotype might last several months or even a 
year. An interesting framework for creating novel vacci-
nation strategies and pharmaceutical targets for treating 
inflammatory disorders is trained immunity (Tercan et al. 
2021).

Although the notion of trained immunity is intricate, 
we aim to review its fundamental aspects comprehen-
sively. The main objective of this study is to offer funda-
mental insights into the potential application of trained 
immunity in various diseases and conditions. It also pro-
vides knowledge on the mechanisms of crosstalk between 
trained immunity and other innate and adaptive immune 
responses.

Possibility of trained immunity for treatment
Trained immunity is crucial across many illnesses, such 
as cancer and inflammation. It is controlled by epige-
netic and metabolic reprogramming of hematopoietic 
stem and progenitor cells, resulting in hyperactive mye-
loid cells. The treatment of diseases in which dysregu-
lated immune responses play a significant role involves 
immunotherapy. However, most immunotherapy meth-
ods currently being developed use the adaptive immune 
response. In the last ten years, the innate immune sys-
tem’s myeloid (monocytes, macrophages, and dendritic 
cells) and lymphoid (natural killer cells and innate lym-
phoid cells) cell populations have undergone long-term 
functional programming modifications through meta-
bolic and epigenetic programming (Mulder et  al. 2019; 
Peignier and Parker 2020; Yi et  al. 2023; Perzolli et  al. 
2024).

Conversely, trained immunity can have unfavorable 
effects in chronic inflammatory circumstances, promote 
hyperinflammation, and accelerate the development of 
cardiovascular disease, autoinflammatory syndromes, 
and neuroinflammation (Bekkering et  al. 2021). One 
study demonstrated that the metabolic sphingolipid‒
mitochondrial fission pathway could inhibit tumor 

metastasis by eliciting trained immunity in prometastatic 
macrophages (Ding et  al. 2023). Another study showed 
that β-glucan, an inducer of trained immunity, traffics 
to the pancreas and generates a CCR2-dependent influx 
of monocytes and macrophages, which stimulates anti-
tumor activity to slow the growth of pancreatic cancer 
(Geller et  al. 2022). Phagocytic myeloid cells naturally 
interact with nanomaterials, making them perfect tools 
for controlling trained immunity. Nanomedicines are 
used in various clinical scenarios to regulate hyperin-
flammation and maladaptive trained immune responses 
to improve infection resistance, inducing trained immu-
nity for cancer treatment (van Leent et al. 2022). Owing 
to the critical roles of stress and an activated immune 
system in neuropathology, innate immunological train-
ing has substantial consequences for our comprehension 
and treatment of neuropsychiatric diseases (Salam et al. 
2018). Exposure to environmental microbes significantly 
affects lung immune memory and highlights tissue-spe-
cific features of trained immunity (Zahalka et al. 2022).

The fact that vaccination with the attenuated strain 
of Mycobacterium bovis, known as Bacillus Calmette-
Guerin (BCG), which is used to elicit protective immu-
nity against tuberculosis (TB), caused a major decline in 
mortality that could not be elucidated by TB protection 
alone was one of the principal observations that led to 
the unearthing of trained immunity. Instead, its defence 
function appears to cover additional illnesses, such as 
sepsis and respiratory infections (Li et al. 2024; Kilic et al. 
2024). Therefore, strengthening nonspecific immunity to 
reinfection by bacteria, fungi, or viruses using particular 
pathogen-derived components is the foundation of train-
ing innate immunity (Netea et al. 2016). Researchers were 
able to modify the innate immune response, lower local 
bacterial burdens, and induce either LCN2 or CHI3L1 
at 24 h after infection when breast injection of  lipopol-
ysaccharide (LPS)  or lipoteichoic acid (LTA)  was com-
bined with local Staphylococcus aureus infection (Breyne 
et  al. 2017). By increasing TNF and IL-6 production in 
response to commensal bacterial and fungal organisms 
as well as TLR ligands, S. cerevisiae cells promote trained 
immunity in monocytes in a strain-dependent manner 
(Rizzetto et al. 2016). Schleicher et al. reported that TNF 
inhibited the alternate activation of dendritic cells (DCs) 
and macrophages by IL-4. TNF reduces histone acetyla-
tion, which decreases IL-4-induced arginase 1 (Arg1) 
production without altering STAT6 phosphorylation or 
nuclear translocation (Schleicher et al. 2016).

One of the most intriguing and potentially useful con-
cepts in modern immunology regarding commercial and 
therapeutic applications is the idea of trained immunity. 
Innate immune cells have been shown to form memories 
influenced by microbial ligands. Histone modification 
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when pathogen- or danger-associated molecular patterns 
(PAMPs/DAMPs) are recognized by pattern recognition 
receptors (PRRs) is a crucial aspect of epigenetic imprint-
ing in this context. Such "trained immunity" impacts 
targets unrelated to the pathogen that are the intended 
target and targets that may be visible to the pathogen in 
the future. Further studies on trained innate immunity 
and how this understanding might be used in immuno-
therapeutic strategies are warranted in the context of 
cancer. A study revealed potential innate immunity-based 
approaches that could aid in developing host-directed 
immunotherapies focused on cancer and the potential to 
include treatments for infectious disorders (Lérias et  al. 
2020). Trained immunity may be one of the key mecha-
nisms mediating the effects of BCG immunotherapy 
and may serve as a foundation for future advancements 
toward a tailored strategy for BCG therapy for nonmus-
cle-invasive bladder cancer (van Puffelen et al. 2020). The 
BCG vaccine also responds to other malignancies, such 
as lymphoma and melanoma (Gupta et al. 2024). Trained 
immunity could moderate the effects of the GA2LEN/
EAACI pocket guide for allergen-specific immunother-
apy for allergic rhinitis and asthma (van Puffelen et  al. 
2020; Walker et al. 2011). They postulated that new and 
improved methods of immunotherapy for cancer might 
use TI initiation, either alone or in combination with 
other immunotherapies (Netea et al. 2017).

Innate immune system activity against infection
In several significant ways, trained immunity differs from 
classical immunological memory in adaptive immunity 
(Table 1). It is carried out by a series of cellular popula-
tions that vary from one another in terms of their origins 
and effector capabilities. These cells mostly consist of 
macrophages, monocytes, natural killer cells, dendritic 
cells, and myeloid cells (Netea et  al. 2020). Even innate 
lymphoid cells (ILCs) perform differently from tradi-
tional immunological memory. The fundamental mecha-
nisms underlying the nonspecific high responsiveness of 
innate immune cells depend on transcriptional, epige-
netic, and metabolic programs after a momentary stimu-
lus (Domínguez-Andrés et  al. 2023). Although trained 
immunity is less long-lasting and more specialized than 
classical memory is, it nevertheless likely provides an 
advantage for many viruses because it is driven mostly 
by epigenetic alterations (Netea et  al. 2016). Trained 
immunity is more general than adaptive immunity and 
is achieved by the epigenetic reprogramming of nonim-
munocompetent cells, mainly natural killer (NK) cells, 
monocytes, or macrophages. As a consequence, it may 
cross-protect against diverse pathogens (Vetvicka et  al. 
2021).

We are constantly exposed to microorganisms that can 
exist on our skin or mucous membranes or be swallowed. 
The pathogenicity and competence of host defence mech-
anisms determine whether these organisms invade and 
cause disease. The immune system comprises cytokines, 
lymphoid tissue, cells, and humoral factors. The crucial 
role of the immune system in host defence is best dem-
onstrated when it malfunctions; underactivity leads to 
severe infections and tumors of immunodeficiency, and 
overactivity leads to allergies and autoimmune diseases.

The host’s defence against infection relies entirely on 
innate immunity. Almost all cells can contribute to innate 
immunity by synthesizing specific innate cytokines, espe-
cially type 1 IFNs, and by reacting to these cytokines 
by inducing new and enhanced intracellular molecular 
defence mechanisms against infections. However, the 
key immune cell types responsible for innate immune 
responses are NK cells, macrophages, and dendritic 
cells. The quick array of protection provided by innate 
immunity is established within hours, whereas antigen-
specific adaptive immune responses develop within the 
first few weeks following infection. Adaptive immunity 
now offers a wider and more refined self- and non-self-
antigen recognition repertoire. Antigen-presenting cells, 
T lymphocytes, and B lymphocytes interact in a highly 
regulated manner during adaptive immunity, allowing for 
the expansion of immunologic memory, the activation of 
pathogen-specific effector pathways, and the control of 
host immunological homeostasis. The lymphatic system 
comprises some lymphoid organs where lymphocytes 
grow and become activated. Genes that code for the dis-
tinct antigen receptors of T and B cells are created dur-
ing development by rearranging and assembling gene 
segments. The process of receptor reconfiguration cre-
ates an incredibly varied repertoire of receptor specifici-
ties that can identify elements of any potential pathogen. 
The development of immunologic memory is another 
key characteristic of adaptive immunity in addition to 
specificity. Long-lived memory B and T lymphocytes 
are created during the initial interaction with an antigen. 
Memory cells are promptly activated in repeated encoun-
ters with the same disease to produce a quicker and more 
effective protective response (Bonilla and Oettgen 2010). 
Adaptive immune responses are shaped and initiated by 
innate immune responses controlled by T and B cells 
(Iwasaki and Medzhitov 2015; Janeway 1989).

The fundamental relationship between trained immunity 
and innate immunity
Despite years of intensive study, innate immune memory 
processes remain largely unexplored. The ability of innate 
immune system cells to develop immunological memory 
properties, also known as trained immunity, has recently 
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come to light. The basic mode of action of the immune 
system is depicted in Fig.  1. Trained immunity is insti-
gated by epigenetic reprogramming, broadly defined 
as long-term fluctuations in cell physiology and gene 
expression that do not involve perpetual genetic devia-
tions, such as mutations and recombination, that are req-
uisite for adaptive immunity. Trained immunity depends 
on a change in the functional state of innate immune 
cells that lasts weeks to months rather than years after 
the initial trigger has been abolished. Innate immune 
cells may become persistently hyperresponsive after brief 
activation, which is known as trained immunity. Both 
pathogenic stimuli, such as bacteria, and endogenous 
chemicals, such as uric acid, oxidized LDL (low-density 
lipoprotein), and catecholamines, can cause mono-
cytes and macrophages to form memories (Tercan et al. 
2021). By facilitating greater innate immune responses 
and improving defence against variations in microbial 
stimuli, trained immunity improves the body’s reac-
tion to diseases and immunizations. However, trained 
immunity may also play a role in the pathophysiology of 
inflammatory, autoimmune, and neurodegenerative ill-
nesses (Domínguez-Andrés et  al. 2023). Therapeutically 
approaching trained immunity might be a promising 

tool to regulate innate immunity and, subsequently, the 
adaptive immune responses that are activated and regu-
lated by innate immune cell surface receptors and solu-
ble mediators. Infection and cancer-fighting immune 
responses can be enhanced by manipulating trained 
immunity, but autoimmune disorders and allograft rejec-
tion can be prevented by reducing immune responses 
triggered by trained immunity. Several factors affect 
trained immunity, including ligand‒receptor interac-
tions, metabolic control, and epigenetic regulation.

Boosting the innate immune system via trained immunity
Although heterologous protection against diseases caused 
by live vaccination can last up to five years, the immuno-
logical phenotype of trained immunity has been revealed 
for at least 3 months and as long as 1 year (Nankabirwa 
et  al. 2015). However, trained immunity is typically less 
durable and reversible than traditional epitope-specific 
adaptive immune memory is (Dominguez‐Andres and 
Netea, 2019). Importantly, recent investigations have 
indicated that transgenerational effects occur via the 
induction of trained immunity (Moore et al. 2019). Since 
trained immunity is less specific than adaptive immu-
nity, it may provide cross-protection against infectious 

Fig. 1  Typical immune defence mechanisms involving different immune responses against infection within a host. PRRs = Pattern recognition 
receptors; IICs = Innate immune cells
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agents. Trained immunity is produced by the epigenetic 
reprogramming of nonimmunocompetent cells, pre-
dominantly monocytes/macrophages and NK cells (Vet-
vicka et al. 2021). In contrast to a specific transcriptional 
or functional program, trained immunity refers to long-
term innate immune cell adaptation. Indeed, different 
stimuli (such as LPS, β-glucans, or  BCG vaccination) can 
generate various trained immunity programs.

Initially, studies with mice demonstrated that verte-
brates exhibit trained immunity. The mice were shielded 
from deadly bacterial infection with Staphylococcus 
aureus by nonspecific compounds such as soluble puri-
fied β-glucans (Marakalala et al. 2013). Studies have indi-
cated that through the noncanonical Raf-1 pathway and 
the glucan receptor Dectin-1, Candida albicans and fun-
gal cell wall β-glucans cause functional reprogramming 
of monocytes, increasing cytokine production in  vivo 
and in  vitro and providing protection against reinfec-
tion (Quintin et  al. 2012; Rosati et  al. 2024). Intrigu-
ingly, a study revealed that repeated passages of Candida 
albicans via the digestive tract of mice, resulting in fun-
gal adaptation toward colonization, increase the poten-
tial for trained immunity and improved defence via a 
lymphocyte-independent approach against nonspecific 
infections (Tso et al. 2018). Interleukin-22 (IL-22) is pro-
duced by dendritic cells after flagellin-induced activation 
of TLR5 in these cells, which initiates a protective gene 
expression pathway in intestinal epithelial cells. Addi-
tionally, IL-18 is produced by flagellin under the control 
of NLRC4, and RV-infected cells are immediately elimi-
nated. The ability of flagellin to prevent or treat RV infec-
tion was perfectly replicated in mice after IL-22 and IL-18 
administration, suggesting that flagellin has potential as a 
broad-spectrum antiviral agent (Zhang et al. 2014).

According to recent investigations, some vaccines, such 
as the BCG vaccine, may alter the innate immune sys-
tem and induce nonspecific memory changes as well as 
increase the activity of the monocyte-macrophage line-
age, which may increase protection against certain infec-
tions, such as malaria (Walk et  al. 2019). Additionally, 
it has been suggested that BCG vaccination induces an 
anticancer kind of trained immunity, primarily in mono-
cyte-macrophage lineage cells, which may effectively 
treat several cancers, including bladder cancer (Redel-
man-Sidi et al. 2014). A study revealed a protective effect 
of BCG vaccination on the risk of lymphoma, with small-
pox and BCG immunizations having a protective effect 
on the future risk of lymphoma and leukemia (Villumsen 
et  al. 2009). Silica-titania hollow nanoparticles (HNPs) 
have been studied for their effects on cellular internaliza-
tion, toxicity, and the innate immune response in mouse 
alveolar macrophages (J774A.1) and human breast 
cancer (SK-BR-3) cells. The toxicity of HNP-treated 

macrophages was consistent with their cellular internali-
zation efficiency (Oh et al. 2010). According to previous 
studies, chemical exposure impacts human immune cells 
(T cells, B cells, NK cells, dendritic cells, and monocytes) 
associated with IFN type I/II signaling pathways and 
the antigen presentation process (Arowolo et  al. 2021). 
Furthermore, graphene nanomaterials can be incorpo-
rated into a collagen matrix to promote innate immune 
training. Nanomaterials can program cells for enhanced 
inflammatory responses (Yadav and Bachhuka 2023).

Relation and mechanism of action of various components 
in trained immunity
Trained immunity, which is less long-lasting and more 
specialized than classical memory but probably still pro-
vides an advantage during many infections, is driven 
mostly by epigenetic modifications (Netea et  al. 2020) 
(Fig.  2). In the brain, cannabinoids have anti-inflamma-
tory and neuroprotective effects. This study investigated 
how endogenous and synthetic cannabinoids affect TNF 
release in cultured microglia. LPS significantly increased 
TNFα mRNA expression and release in primary cultures 
of rat cortical microglia (Facchinetti et al. 2003; Liu et al. 
2023). Owing to exposure to the gram-negative bacte-
rial endotoxin  LPS, microglia produce large amounts of 
proinflammatory cytokines, including TNF (Molina-Hol-
gado et al. 1997).

β-glucans are good examples of substances that induce 
trained immunity through changes in the metabolism of 
innate immune system cells and epigenetic reprogram-
ming. The gut microbial composition, receptor recogni-
tion, and downstream signaling are potential processes 
regulating how β-glucans stimulate the immune system 
(Petit and Wiegertjes 2016). According to previous find-
ings, the addition of β-glucans to Rabisin® vaccination 
enhances the immunological response of B lymphocytes, 
which is crucial for rabies protection. The cytokine secre-
tion profile of PBMCs activated ex  vivo indicates that 
β-glucans frequently stimulate the T-cell response (Paris 
et al. 2020). Additionally, the potential preventive effects 
of oral β-glucan on the immunological dysregulation 
and cytokine storm observed in patients with COVID-
19 could be a successful method for enhancing immune 
responses (Geller and Yan 2020). Hematopoietic cells and 
multifunctional progenitors are reprogrammed by BCG 
or glucan through epigenetic reprogramming, metabo-
lomic rewiring, changes in gene expression profiles, 
and adjustments to the internal and external signaling 
environments. Myeloid cells, such as monocytes, mac-
rophages, and natural killer (NK) cells, inherit this train-
ing, enabling them to react more forcefully to microbial 
or nonmicrobial stimuli (Kar and Joosten 2020).
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Epigenetic reprogramming of monocytes by trained 
immunity increases cytokine output in response to 
unrelated infections. A study revealed that a monocyte-
dependent approach is safe for preventing Candida 
albicans reinfection in mice lacking functional B and T 
lymphocytes. This training is necessary for the nonca-
nonical Raf-1 pathway, the β-glucan receptor Dectin-1, 
and the effects on the epigenetic mechanisms of H3K4 
histone trimethylation (Quintin et al. 2012).

The trained immune system of NK cells has shown 
tremendous potential for cancer therapy because it 
enhances effector resistance to restimulation by can-
cer cells or cytokines. After preactivation, EZH2 is vital 
for the long-lasting expression of trained immunity 
in human NK cells (Zhang et  al. 2021). BCG vaccina-
tion of the healthy body increased proinflammatory 
cytokine levels following ex vivo stimulation of NK cells 
with mycobacteria and other irrelevant pathogens up 
to 3 months after vaccination. NK cells have been dem-
onstrated to have memory-like characteristics during 
viral diseases, but it is unknown whether these factors 
play a role in the trained immunity carried out by BCG 
vaccination (Kleinnijenhuis et  al. 2014). The differen-
tiation, functional specialization, and control of NK cell 

responses are all caused by epigenetic modifications 
(Cichocki et al. 2013).

One of the key aspects of the formation of innate 
memory is the epigenetic modification of histones and 
DNA methylation. Changes in histone methylation are 
among these epigenetic modifications, and they may 
either promote or repress gene transcription. Epige-
netic modifications during the initial transcriptional 
response to immune activation and their dynamics as 
cells return to homeostasis play a key role in the mem-
ory of the initial stimulus. While some changes are rap-
idly reversible, others appear to be long-lasting, with 
important functional consequences for the stimulus-
experienced cell (Sun and Barreiro 2020). Training with 
β-glucan produces a unique epigenetic signature that 
reveals a complicated network of enhancers and pro-
moters (Saeed et  al. 2014). Ten-eleven translocation 
(Tet2) increases DNA demethylation and cytokine gene 
expression activation in T cells, and epigenetic regula-
tion of lineage-specific genes is critical for the differen-
tiation and function of T cells (Ichiyama et al. 2015).

Fig. 2  Mechanism of trained immunity and its interaction with the host immune system. This figure illustrates the process of trained immunity 
and its interaction with the host immune system. Pathogens (viruses, bacteria) and vaccines activate innate immune cells (macrophages, dendritic 
cells, NK cells) via DAMPs/PAMPs and PRRs, leading to histone modification and epigenetic reprogramming, increasing cytokine production 
(IL-1β, IL-6, TNF) and creating a hyperresponsive trained immune state. Trained immunity results in enhanced protection and cross-protection 
against infections through innate immune memory cells. The adaptive immune response (T cells, B cells) provides specific, long-lasting immunity. 
This interplay between innate and adaptive immunity highlights the potential of trained immunity in disease control and vaccination strategies
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Conclusion
Trained immunity refers to nonspecific immunity after 
exposure to an infectious agent or vaccination, provid-
ing increased protection against subsequent infections. 
The future of trained immunity may include potential 
applications in the development of more effective vac-
cines and immunotherapies and further exploration 
of the mechanisms underlying this phenomenon to 
understand its role in overall immune health better. 
Additionally, investigations into trained immunity may 
lead to a better understanding of vaccine-induced pro-
tection and the design of novel immunization strate-
gies. Various immune-related diseases, including those 
associated with excessive trained immunity, such as 
inflammation, autoimmune conditions, allergies, and 
cardiovascular disease, can be treated with targeted 
approaches to regulate trained immunity.
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