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Abstract
The innate immune system acts rapidly in an identical and nonspecific way every time the body is exposed to pathogens. As such,
it cannot build and maintain immunological memory to help prevent reinfection. Researchers contend that trained immunity is
influenced by intracellular metabolic pathways and epigenetic remodeling. The purpose of this review was to explore the topic of
trained innate immunity based on the results of relevant previous studies. This systematic review entailed identifying articles
related to trained innate immunity. The sources were obtained from PubMed using different search terms that included “trained
innate immunity,” “trained immunity,” “trained,” “innate,” “immunity,” and “immune system.” Boolean operators were used to
combine terms and phrases. A review of previous study results revealed that little is currently known about the molecular and
cellular processes that mediate or induce a trained immune response in animals. However, it is believed that alterations in the
phenotypes of cell populations and the numbers of specific cells may play a critical role in mediating the trained immune
response. Increasing evidence shows that the protective processes and actions that occur during a secondary infection are not
entirely linked to the adaptive immune system. Instead, these events also involve heightened activation of innate immune cells.
While trained innate immune cells may have a shorter memory, they assist in the fight against pathogens and provide cross-
protection. Identification of the mechanisms and molecules that underlie trained innate immunity has highlighted important
features of the human immune response. Such advances continue to open doors for future research on how the body responds to
disease-causing pathogens.
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Introduction

The immune response is a complex process that involves a
wide range of humoral and cellular components capable of
detecting nonself-structures and providing protection against
pathogens [1]. This system is critical to the growth and sur-
vival of multicellular organisms. Traditionally, the immune
response has been categorized into innate and adaptative com-
ponents [2, 3]. In adaptive immunity, B and T cells act as
effectors to protect the body against foreign invasion by path-
ogens. Importantly, the adaptive immune system develops a
few weeks after birth and involves targeting specific patho-
gens and generating immunological memory [4, 5]. In

contrast, the innate immune system acts rapidly in an identical
and nonspecific way every time the body is exposed to a
pathogen. Furthermore, it lacks the ability to build and main-
tain immunological memory to help prevent reinfection [6–8].

In recent years, the idea that the innate immune response
lacks immunological memory and acts in a nonspecific way
has been challenged. Researchers have noted that the presence
of pattern recognition receptors (PRRs) gives specificity to
innate immunity [8–10]. In addition, there is evidence that
the innate immune system may adapt its response after the
first encounter with a pathogen. Moreover, several studies
have revealed that the innate immune response is enhanced
after reinfection in some organisms [11, 12]. These phenom-
ena have been confirmed in both humans and other vertebrates
and have led to the idea of trained immunity. Researchers
contend that trained immunity is influenced by intracellular
metabolic pathways and epigenetic remodeling [13–15]. In
addition, trained immunity has been linked to the emergence
of proinflammatory phenotypes and has been shown to in-
crease the likelihood of cytokine responses. The outcomes of
these studies have spurred interest in the concept of trained
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immunity. Thus, the purpose of this review was to explore the
topic of trained innate immunity based on the results of rele-
vant previous studies.

Methodology

This study entailed identifying articles on trained innate im-
munity in PubMed using different search terms that included
“trained innate immunity,” “trained immunity,” “trained,” “in-
nate,” “immunity,” and “immune system.” Boolean operators
were used to combine terms and phrases. The search was
limited to scholarly journal articles published between 2010
and 2020. Other records were obtained by examining the bib-
liographies of the identified reports. The abstracts of the se-
lected sources were carefully evaluated to determine their rel-
evance to the present study. The records that met the inclusion
criteria were subjected to full-text review, which entailed
checking the credibility of the authors and reviewing the ob-
jectives, methodologies, results, discussion, conclusions, and
limitations of each study. After a careful review of every arti-
cle, 67 eligible studies were identified, as indicated in the
PRISMA diagram below (Fig. 1).

Results

The topic of trained innate immunity has been explored in
both human and animal studies over the last decade [16, 17].
The studies used in this review revealed that trained immunity

is considered to encompass defense mechanisms and immune
responses that lead to an increased nonspecific response to
heterologous and homologous pathogens as well as protection
from these pathogens [18, 19]. As a result, innate immunity
has specific roles in protecting the body from the adverse
effects of pathogens. First, it stimulates the production of dif-
ferent chemical factors, such as cytokines, and recruits im-
mune cells to infection sites [20]. Second, trained innate im-
munity facilitates the activation of complement cascades that
help identify the pathogen. Furthermore, it assists in the re-
moval of foreign substances from the blood, tissues, and or-
gans [21]. In some cases, innate immunity functions as a
chemical and physical barrier to various infectious agents
through a wide range of mechanisms, such as clotting.

Mechanisms responsible for trained innate immunity

Previous cell population studies have included descrip-
tions of immune cells that assist in the development of
innate immunity. Moreover, previous research has identified a
wide range of mechanisms and components, including PRRs
recognizing flagellin, muramyl dipeptide, CpG-containing
oligodeoxynucleotides, and β-glucan, that facilitate the innate
immune response and protect the body from pathogens [22,
23]. A previous animal model study revealed that β-glucan-
coated microbeads could protect mice from the adverse effects
of Escherichia coli [24, 25]. In addition, β-glucan could pro-
tect mice from Vibrio salmonicida infection. The Bacillus
Calmette-Guérin (BCG) vaccine, on the other hand, induced
T cell-independent, nonspecific protection against Candida

Fig. 1 PRISMA diagram
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albicans and Schistosoma mansoni infection [26]. In more
recent studies, the concept of trained innate immunity has
been linked to T and B cell-independent processes.
Researchers contend that the development of trained immuni-
ty involves the functional programming and reprogramming
of monocytes, macrophages, and NK cells and encompasses
the induction of recognition receptor pathways, such as the
intracellular MAP kinase-dependent signaling pathway [27].
These events may cause epigenetic changes that lead to the
development of innate immunity.

Netea et al. noted that even though a wide range of cell
populations have been associated with trained innate immuni-
ty and memory, most researchers have focused on the roles of
monocytes, macrophages, and NK cells [4]. This focused at-
tention does not imply that these three cell types are more
amenable to innate training than other cell types; however, it
does reflect the reported connection between lipopolysaccha-
ride (LPS)-induced tolerance and innate memory [28, 29].
Early studies showed that macrophages have memory-like
features that affect LPS-induced tolerance. For instance, it
has been reported that macrophages can be primed by LPS
to become more or less responsive to future activation signals
[30]. In addition, research has revealed that when macro-
phages and monocytes are exposed to C. albicans or β-glu-
can, they show enhanced stimulatory capability during future
pathogenic attacks [31]. The immune training process is also
accompanied by the modulation of chromatin and enhanced
protection against parasitic and viral pathogens.

In addition to the memory-like features found in macro-
phages, group 2 innate lymphoid cells (ILC2s) have also been
observed to possess memory-like properties attributed to al-
lergen exposure. Martinez-Gonzalez et al. showed that ILC2s
in the lungs become stimulated after the inhalation of allergens
[32]. These cells do not recognize allergens directly but be-
come stimulated by cytokines such as interleukin (IL)-33
stemming from the damaged epithelium. ILC2s respond to
allergens by producing T helper 2 cell cytokines that induce
allergic lung inflammation through a T cell-independent
mechanism. The point worth noting here is that allergen-
experienced ILC2s respond to different allergens more potent-
ly than do naïve ILC2s, thereby exhibiting memory-like attri-
butes that explain why some patients, for instance, asthmatic
individuals, are sensitive to particular allergens [33].

The activation of ILC2s by IL-33 in the neonatal period has
also been observed to train ILC2 seeding in the lung after
birth, which helps a person respond quite effectively to chal-
lenges that happen later in life. Steer et al. used mice to show
that ILC2s can be activated with the help of the epithelium-
derived alarmin IL-33 [34]. Activated ILC2s multiply and
produce IL-13 and IL-5, which respond to allergic reactions.
Notably, however, the activation of ILC2s in the neonatal
lungs occurs spontaneously with a reliance on IL-33, which
continues to increase as the ILC2s expand [35]. As a result, the

activation of ILC2s by endogenous IL-33 has been noted to
significantly impact the functionality of ILC2s among adults.

Another worthwhile observation of the memory features of
NK cells/ILC1s is the apparent antigen specificity, which can
be seen when mice are rechallenged. This is quite a surprising
observation for the innate cells described by Paust et al., as
they posit that the antigen-specific attribute is common in
mice deficient in T cells and B cells [36, 37]. Researchers have
reported that nonnaïve or nonsplenic NK cells can develop a
particular memory for vaccines comprising antigens from var-
ious viruses, such as influenza, HIV-1, or vesicular stomatitis
virus. As a result, the adoptive transfer of a virus-sensitized
form of NK cells into naïve mice has been noted to enhance
the survival of these animas after a lethal challenge with a
sensitizing virus [36]. In other words, the administration of
virus-sensitized NK cells mediates innate protection against
secondary challenge with different viruses, such as vaccinia
virus [38]. This result seems to oppose the existing research in
which immunological memory has often been linked with T
and B lymphocytes.

Another group of researchers has focused on the manner in
which monocytes contribute to the development of trained
innate immunity [39]. Notably, monocytes have a short life
in the circulation. However, clinical observations and cellular
studies have shown that trained monocytes can persist in
BCG-vaccinated persons for up to 3 months after vaccination
[31, 39]. These results suggest that training entails the
reprogramming of monocytes at the progenitor cell stage.
More recently, researchers reported that innate memory could
be successfully transferred through hematopoietic stem cells
(HSCs) and hematopoietic progenitor cells (HPCs) but not via
the bone marrow [40, 41]. Additionally, NK cell progenitors,
known as killer cell lectin-like receptor G1 (KLRG1)-negative
progenitors, can also become memory NK cells [42].
Hematopoietic stem cell- and progenitor cell-derived macro-
phages develop tolerance to pathogens when they are exposed
to Toll-like receptor 2 (TLR2) ligand. Moreover, studies in
animal models have shown that exposing these cells to ultra-
violet radiation can cause immunosuppression and epigenetic
reprogramming [43, 44]. The findings of these studies support
the possible involvement of monocytes in the development of
trained innate immunity. However, further investigations are
needed to determine whether vaccines such as BCG are capa-
ble of automatically stimulating trained innate immunity and
memory or instead induce similar effects through the
reprogramming of progenitor cells alone [45].

Emerging research evidence indicates that NK cells may
respond more vigorously to subsequent pathogen exposure
than to the initial attack. Furthermore, NK cell memory is
believed to be affected by cytokines, such as IL-12, IL-15,
and IL-18 [43]. In addition, NK cells have been reported to
be capable of undergoing significant expansion after viral in-
fection, such as influenza A infection. Under such
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circumstances, the activation and expansion of NK cells may
lead to the development of immune protection against reinfec-
tion through the production and rapid accumulation of cyto-
kines [44]. In this case, the immune response is independent of
T cells. More recently, experimental studies and animal
models have revealed that NK cells produce protective immu-
nological responses after vaccination against unrelated bacte-
rial and viral pathogens [6, 45]. While explaining the involve-
ment of NK cells in trained innate immunity, researchers have
referenced various mechanisms that include activation of the
costimulatory molecule DNAM-1, mitophagy, and Atg3-
dependent pathways.

Another important area that has attracted the attention of
researchers involves pathways and processes responsible for
the persistence and maintenance of NK cell memory.
Research has shown that NK cell memory and the ability to
exert protective effects against viruses may depend on chemo-
kine receptors such as CXCR6 [46–48]. Recent investigations
indicate that the development of NK cell memory involves
epigenetic changes [31]. Accordingly, a recent study reported
that the DNAmethylation patterns in cytotoxic T cells and NK
cells were similar to each other but different from those in
canonical NK cells. DNA methylation is modulated by the
transcription factor promyelocytic leukemia zinc finger pro-
tein (PLZF) and effects on gene promoters [31]. Taken togeth-
er, the evidence from these studies indicates the complex na-
ture of trained innate immunity and the possible effects of
epigenetic reprogramming and antigen-dependent actions on
the entire process.

Preliminary investigations have also revealed that the char-
acteristics associated with monocytes, macrophages, and NK
cells may also be found in other populations of cells, such as
polymorphonuclear leukocytes. Unlike lymphocytes, cells re-
sponsible for innate immunity, such as polymorphonuclear
leukocytes, do not express the machinery for rearranging an-
tigen receptor genes [20, 21]. Instead, they express receptors
such as PRRs that help recognize and respond to endogenous
signals of danger and pathogenic invasion. While the
immune response may not be specific to antigen recep-
tors, research results have shown that it is accompanied
by the expression of particular families of PRRs, such
as RIG-I-like receptors and C-type lectin receptors [49, 50]. In
addition, the immune response may trigger signaling path-
ways that initiate immune actions designed to deal with a
specific type of pathogen.

Both in vivo and in vitro studies have reported that trained
immunity is often induced by danger-associated molecular
patterns (DAMPs) and pathogen-associated molecular pat-
terns (PAMPs). The results from animal studies showed that
administration of C. albicans, for instance, could protect mice
from Staphylococcus aureus reinfection [51, 52]. In vitro ex-
periments, on the other hand, showed that β-glucan could
induce epigenetic remodeling and alter the functional

reprogramming process via a dectin-1/Raf1-dependent mech-
anism [53]. Human studies have shown that the BCG vaccine
can lead to the upregulation of cytokine production and pro-
tect the body from pathogens. However, this protective effect
depends on a wide range of factors that include histone meth-
ylation, autophagy, and NOD2 signaling [54, 55].More recent
investigations have revealed that oxidized low-density lipo-
protein (oxLDL), an atherogenic lipid, can lead to changes
in monocyte activity and cytokine expression [56]. In this
case, the protective effect may be influenced by TLR4 and
histone methylation.

Induction of trained innate immune memory

Trained innate immunity causes a stronger transcriptional re-
sponse than untrained immunity while fighting disease-
causing pathogens or other danger signals [57]. The enhanced
activation is correlated with different molecular events, such
as inflammatory gene expression and persistent miRNA in-
duction [56]. A review of previous study results showed that
little is currently known about the molecular and cellular pro-
cesses that mediate or induce a trained immune response in
animals [58, 59]. However, it is believed that alterations in the
phenotypes of cell populations and the numbers of specific
cells may play a critical role in mediating the trained immune
response. Research has shown that immune cells, such as neu-
trophils, have a high turnover rate, which makes it difficult for
them to maintain trained immune memory [4, 60, 61]. In com-
parison, innate immune cells with low rates of turnover, such
as NK cells, are more likely to develop the characteristics that
help them fight pathogens. In macrophages, the mechanisms
that induce innate training may include changes in pentose
phosphate pathway (PPP) expression and phenotypic process-
es, such as cytokine production and phagocytosis [62]. The
underlying molecular pathways that shift cells towards pheno-
types withmemory-like capabilities have not been conclusive-
ly studied or identified [63]. Recent research, however, indi-
cates that epigenetic changes can cause transcriptional profile
reprogramming and enable innate cells to acquire immune
memory traits [63]. In some cases, chromatin modification
facilitates the storage of critical immune information that fa-
cilitates the fight against pathogens.

In other studies, researchers have noted that vaccines such
as the BCG vaccine may play an important role in inducing
innate immune cell memory [64]. Vaccinated persons showed
an increased number of inflammatory mediators produced by
monocytes compared to their nonvaccinated counterparts. In
addition, innate memory induction involves histamine modi-
fication as a result of gene activation. In macrophages and
monocytes, the BCG vaccine leads to epigenetic
reprogramming through reduced PLZF and SYK tyrosine ki-
nase expression [40, 64]. Importantly, BCG vaccine-related
innate cell memory may involve IFNγ priming within NK
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cells. Such epigenetic processes enable innate cells to acquire
memory and fight subsequent infection.

A final category of studies has shown that miRNAs may
mediate the induction of innate cell memory [65]. This con-
jecture is based on research evidence that miRNAs are long-
living molecules with minimal effects on the proliferation of
myeloid cell subpopulations. For example, miRNAs may per-
sist within the immune system indefinitely after the primary
pathogen or stimulus has been eliminated. Recent research has
revealed that miR-155 is central to the induction of innate cell
memory because it hyperactivates myeloid cells by upregulat-
ing and promoting responses to different inflammatory cues,
such as microbial pathogens [66, 67]. In addition, miR-155
can regulate signaling pathways and ensure that myeloid cells
remain primed even in the absence of the primary pathogen.

Discussion

Evidence from previous studies has demonstrated that trained
immune cells are a key component of the defense system and
immune response [40, 53, 63]. In addition, there is a consen-
sus among researchers that trained immunity differs signifi-
cantly from other immunological responses. The cells in-
volved in trained immunity are not specific, and their induc-
tion and action involve reprogramming and epigenetic chang-
es to subpopulations of immune cells, such as myeloid and
NK cells [40, 55, 57, 58]. Increasing evidence indicates that
the protective processes during a secondary infection may not
be entirely linked to the adaptive immune system; instead,
they may involve the heightened activation of innate immune
cells. Although trained innate immune cells may have a
shorter memory, they assist in the fight against pathogens
and provide cross-protection.

Further investigations are needed in the future to help re-
searchers and practitioners understand the topic of trained in-
nate immunity and its underlying molecular pathways [53].
Among the areas of focus for researchers is the evaluation of
the mechanisms that mediate trained innate immunity at the
cell-type level [63]. Additionally, it is imperative to explore
the possible epigenetic and metabolic alterations and out-
comes that may affect the memory duration of trained innate
immune cells. In such investigations, researchers will need to
evaluate how the duration of innate immune memory deter-
mines the way the body responds to different pathogens. In the
future, researchers may also focus on the identification of new
cell subpopulations that possess features of innate immunity
[65–67]. Such studies may be aided by novel technologies and
techniques, such as epigenomics analysis and genome-wide
sequencing. The outcomes will assist researchers and
healthcare practitioners in understanding the immunological
process and identifying new therapeutic targets to treat dis-
eases and improve the host defense system.

Conclusion

Research has revealed that exposure to disease-causing path-
ogens leads to epigenetic changes that affect the function of
innate immune cell populations. These changes make the cells
more responsive to a secondary infection. Furthermore, these
alterations must increase the production of inflammatory me-
diators while also increasing the capacity of innate immune
cells to eliminate an infection. Elucidation of the mechanisms
and molecules that underlie trained innate immunity has re-
vealed important features of the human immune response, and
advances continue to open doors for future research on how
the body responds to pathogens. In addition, future findings
will provide novel ideas for treating and managing immune
paralysis or other diseases caused by immunodeficiency or
autoinflammation.
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