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ABSTRACT
This study employs knowledge mapping and bibliometric techniques to analyze the research landscape 
of trained immunity over the past 20 years and to identify current research hotspots and future devel-
opment directions. The literature related to trained immunity was searched from the Web of Science Core 
Collection database, spanning 2004 to 2023. VOSViewer, CiteSpace and Bibliometrix were used for the 
knowledge mapping analysis. The foremost research institutions are Radboud University Nijmegen, 
University of Bonn, and Harvard University. Professor Netea MG of Radboud University Nijmegen has 
published the greatest number of articles. The current research focus encompasses immune memory, 
nonspecific effects, epigenetics, metabolic reprogramming, BCG vaccine, and the development of trained 
immunity-based vaccines. It is likely that research on trained immunity-based vaccines will become 
a major focus in the development of new vaccines in the future. It would be advantageous to observe 
a greater number of prospective clinical studies with robust evidence.
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Introduction

The human immune defense system responds to exogenous 
pathogens, such as bacteria, viruses, fungi, and parasites, and 
endogenous stimuli, including cytokines, the release of intra-
cellular components, and stress responses. This response is 
mediated through two primary mechanisms: innate and adap-
tive immune responses.1 Innate immunity, which acts rapidly 
upon antigen exposure, is distinguished by its swift, nonspe-
cific nature and a historical absence of associated immune 
memory.2 In contrast, adaptive immunity represents 
a particular immune response that emerges 4 to 5 days follow-
ing antigen exposure. It is characterized by a memory compo-
nent that enables it to recognize and respond with greater 
efficacy to antigens that have been encountered previously.3 

The phenomenon of immune memory represents a significant 
distinguishing characteristic between the two principal forms 
of immunity: innate and adaptive.4,5 It was previously assumed 
that immune memory was exclusive to adaptive immunity and 
applicable only to vertebrate immune modifications.6 

Nevertheless, recent research has revealed that a subset of 
innate immune cells, including monocytes, macrophages, and 
natural killer cells, also exhibit what is now defined as innate 
immune memory.7,8 This memory enables the cells to 

demonstrate augmented responsiveness in subsequent 
immune challenges. The phenomenon, which has been desig-
nated “trained immunity,” was initially proposed by Professor 
Netea MG in 2011.9 Trained immunity represents an innate 
immune memory that enables heightened inflammatory and 
antibacterial responses, thus improving nonspecific defenses 
against subsequent infections and enhancing host survival.10 It 
is important to note that while trained immunity is typically 
associated with a beneficial enhancement of the innate 
immune response, it can also have adverse effects. In certain 
instances, the memory responses of innate immunity may 
diminish or become suppressed, which can result in the devel-
opment of immune tolerance.11 This study thus examines both 
the enhancing (training) and suppressing (tolerance) facets of 
innate immune memory, offering a comprehensive account of 
the dual roles these mechanisms play in host defense and 
disease. The mechanism of action of trained immunity is 
dependent on the interaction between innate immunity, epi-
genetic reprogramming and metabolic remodeling, which 
serve to either enhance or suppress the effects of trained 
immunity.12 The training activators of trained immunity 
encompass a range of compounds, including β-glucan, LPS, 
MMR or BCG, chitin, metabolites, and receptor agonists.13–20 
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The process of trained immunity is initiated by the activation 
of pathogen recognition receptors (PRRs) by inducers, includ-
ing Toll-like receptors (TLRs), C-type lectin receptors (CLRs), 
NOD-like receptors (NLRs), and RIG-like helicases.21,22 These 
receptors are capable of specifically activating innate immune 
cells by recognizing conserved pathogen-associated molecular 
patterns (PAMPs) in a specific manner.23 Nevertheless, the 
exact mechanisms by which these activators influence the 
epigenetic landscape and metabolic processes within innate 
immune cells remain poorly understood. Further research is 
required to elucidate the specific pathways and molecular 
interactions involved.

Metabolic reprogramming and epigenetic modifications 
represent pivotal steps in the regulation of trained immunity, 
whereby various signaling pathways and transcription factors 
exert control.24 Metabolic reprogramming shifts immune cells 
from a resting to an activated state, enhancing their response 
to secondary stimuli. The main metabolic changes involved 
include adjustments in energy metabolism, glucose metabo-
lism, and lipid metabolism.25 These changes affect not only 
cellular energy production and utilization but also signaling 
pathways and overall function, ultimately influencing immune 
cell activity and potency.26 Epigenetic modifications influence 
the development of immune responses by regulating the 
expression of crucial immune genes through alterations in 
DNA methylation, histone modifications, and chromatin 
remodeling.27 These modifications do not alter the DNA 
sequence but facilitate the expression of genes involved in 
inflammatory processes and immune cell development.28,29 

Metabolic reprogramming provides the energy and substrates 
for epigenetic modifications, which interact in trained immu-
nity to jointly regulate immune responses.A comprehensive 
understanding of the mechanisms underlying trained immu-
nity is crucial for elucidating the regulation of the immune 
system and for developing novel immunotherapeutic strate-
gies. However, the precise roles and interactions of distinct 
immune cell subsets in trained immunity remain largely unre-
solved, particularly with regard to how these cells integrate 
signals from innate and adaptive immune responses to main-
tain a sustained state of readiness.

The application of trained immunity has been demon-
strated to have applications in infection prevention, immune 
disease treatment, and vaccine development, thereby enhan-
cing immune defense. The potential therapeutic effects of 
trained immunity have been investigated in the context of 
cancer, neurological disorders, viral infections, and autoim-
mune diseases, with particular promise observed in the field of 
bladder cancer immunotherapy.17,30,31 The concept of trained 
immunity represents a novel approach in the field of vaccinol-
ogy. vaccines based on trained immunity (TIbV) are designed 
to elicit broad and sustained nonspecific enhancement effects, 
thereby enhancing the body’s defense mechanisms.32,33 

However, trained immunity also carries the potential for 
adverse effects, as it may promote chronic inflammation and 
autoimmune diseases.9 In particular, the sustained hyperreac-
tivity of innate immune cells has the potential to result in 
adverse outcomes, including the development of atherosclero-
sis and Alzheimer’s disease.34,35 The phenomenon of trained 
immunity is subject to influence from a number of 

environmental and life experiences, with different geographi-
cal regions and lifestyles observed to affect its state and the 
regulation of the immune system.36–38 While its benefits are 
widely acknowledged, the mechanisms by which it may exacer-
bate certain inflammatory or autoimmune diseases remain 
unclear, which in turn limits its therapeutic applications.39,40 

Globally, research on trained immunity is of great importance 
due to its significant potential in enhancing immune function, 
increasing resistance to infections, and advancing the develop-
ment of vaccines and therapies. International collaborative 
research and the sharing of findings contribute to a deeper 
understanding of the universality and diversity of trained 
immunity.A multidimensional bibliometric analysis of pub-
lished works on a research topic based on a scientific knowl-
edge map can facilitate the recognition, understanding, and 
interpretation of complex relationships, such as networks, 
structures, intersections, evolutions, and derivations among 
knowledge units or knowledge groups of the topic through 
visualization. This approach permits the investigation of pivo-
tal themes, research focal points, or frontiers that are exten-
sively documented in the literature. It also offers insights into 
the contributions of the literature, authors, institutions, and 
other relevant entities, as well as the relationships within the 
knowledge collaboration network.41–43 The study of the 
mechanisms of trained immunity has emerged as a new 
research focus over the past two decades.44–46 Nevertheless, 
there is currently no systematic review of the literature on 
trained immunity. Accordingly, the objective of this study is 
to conduct a bibliometric analysis of the literature on trained 
immunity research published between 2004 and 2023, based 
on the knowledge map. This will facilitate an intuitive under-
standing of the progress of research related to trained immu-
nity and enable the assessment of future research trends.

In the context of the current era of big data, bibliometric 
tool software can assist researchers in the rapid and compre-
hensive analysis and processing of vast quantities of literature 
information. It facilitates the visualization of internal refer-
ences, collaborations, co-occurrences, and other relationships 
within the literature, thereby enhancing the efficiency of scien-
tific research. Currently, there is a plethora of general-purpose 
bibliometric software tools, including CitNetExplorer, SATI, 
Vosviewer, Bibexcel, Sci2, Hiscite, Citespace, Ucinet, 
NetDraw, and Bibliometrix. Each of these tools possesses dis-
tinctive features and applications.47–49 Bibliometrix has good 
scalability and a rich computational visualization package, 
including the provision of relevant index evaluations such as 
the H-index for research topics. However, the usefulness of 
this approach depends on the availability of the necessary 
metadata.50 A unique feature of VOSviewer is its ability to 
effectively prevent overlapping visual labels using intelligent 
labeling algorithms. In addition, the software includes 
a lexicon building module that allows extraneous data to be 
removed at any stage of the analysis, making it easier to study 
the impact of specific topics. It should be noted that the 
functionality of the software is limited by the fact that the 
statistics are not applicable to datasets with fewer than 100 
entries.51 CiteSpace is an appropriate tool for conducting 
dynamic, complex, and phased analysis, offering distinctive 
visualization capabilities that facilitate the examination of 
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interconnections between journals, the evolution of scientific 
research frontiers, and the identification of citation bursts. It 
should be noted that the content analysis method is not with-
out limitations. These include the restriction of the number of 
papers that can be analyzed and the potential subjectivity of 
the author’s opinions.52 Furthermore, these three tools are 
incapable of accounting for the multiplicity of affiliations of 
authors, which may result in the introduction of certain biases 
when analyzing countries and institutions. A visual biblio-
metric analysis of the literature on immuno-training research 
in the Web of Science core collection over the last 20 years was 
conducted using the unique capabilities of CiteSpace, 
VOSviewer, and Bibliometrix (the R language biblioshiny 
package). The analysis encompasses multiple dimensions, 
including publication date, geographic region, institution, 
journal of publication, as well as keywords and citation fre-
quency of articles.

Methods

Data retrieval

The Web of Science Core Collection (WOS) was employed 
as the data source for the literature pertaining to immuniza-
tion training. The search was conducted on 
31 December 2023 using the basic search mode with the 
search field set to the “topic” (TS) field and the search 
topic defined as “immunisation training.” The search strat-
egy, constructed as Topic=((train* near/1 immun*) or 
(innate near/0 immun* near/0 memor*)), was set to a time 
frame from 1 January 2004 to 31 December 2023. The initial 
search yielded a total of 1895 literature records. In the 
secondary screening of the results, the document types 
were filtered to articles and reviews, and the language was 
restricted to English. This resulted in a total of 1,587 litera-
ture records. The literature data was exported in three 

formats: The data were exported in three formats: plain 
text, BibTeX, and Excel. The exported data comprised full- 
text and referenced citations, which were prepared for sub-
sequent processing and visualization analysis. Please direct 
your attention to Figure 1, which illustrates the precise data 
retrieval process.

Data processing and visualization

In this study, we employed the Bibliometrix software package, 
version 4.3.0 in R, to conduct visual analyses of publication 
output, citation trends, global collaboration networks, as well 
as the H-index and G-index of prolific authors in the field 
under investigation. Additionally, version 1.6.20 of VOSviewer 
was employed to visualize analyses including country/region 
collaborations, journal citations, author collaborations, and 
distributions of keyword influence. Furthermore, version 6.2. 
R4 Advanced of CiteSpace was employed to conduct visual 
analyses on institutional distributions and collaborations, co- 
citation networks, citation bursts in references and keywords, 
keyword timeline graphs, and overlay of dual-map journals. 
Furthermore, Microsoft Office Excel 2021 (Microsoft, 
Redmond, WA, USA) was employed as an additional tool for 
the repair of data nodes. The combination of these tools 
enabled a more effective implementation of bibliometric ana-
lysis and the visualization of knowledge graphs.

Results

The growth and productivity trends

Figure 2 illustrates the annual growth rate of the number of 
papers on trained immunity/innate immune memory from 
2004 to 2023. The growth is divided into two phases. The 
first phase (2004–2017) is characterized by a relatively slow 

Figure 1. Flowchart of the data retrieval and export.
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rate of publications, while the second phase (2016–2023) is 
characterized by rapid progress in publications.

Contribution of Countries/Regions and institutions

From 2004 to 2023, 108 countries or regions published studies 
related to trained immunity or innate immune memory. The 
United States had the greatest number of publications (348 
articles), followed by the Netherlands (191 articles) and China 
(144 articles) (Figure S1a). Figure S1b demonstrates that 
Radboud University Nijmegen consistently exhibits the great-
est degree of collaboration and research output, with the 
University of Bonn and Harvard University following 
in second and third place, respectively.

Influential journals

Table 1 presents a list of the 10 most prolific journals in this 
field, based on the number of published articles. The majority 
of papers in this field were published by Frontiers in 
Immunology (204 documents, 39 h-index), followed by the 
International Journal of Molecular Sciences (37 documents, 
11 h-index) and Vaccine (30 documents, 11 h-index). With an 

impact factor of 8.8, Cell Reports was the most influential of 
the top 10 most prolific journals.

Analysis of authors and references

A total of 8,724 researchers have been involved in immunol-
ogy-related research, as indicated by VOSviewer. The ten 
most active authors are presented in Table 2. Netea MG has 
published the greatest number of articles (157), followed by 
Joosten LAB (81) and Van CREVEL R (46). Figure 3 presents 
the top 25 references with the most substantial citation 
bursts. The references include articles published by Netea 
et al.9and Aaby et al.53indicate that the research focus from 
2012 to 2016 was centered on innate immune memory and 
the nonspecific protective effects of BCG vaccination. The 
articles by Saeed et al.54and Cheng et al.20emphasise the 
sustained interest in the mechanisms of epigenetic and meta-
bolic reprogramming in trained immunity, which is likely to 
remain a pivotal research area in this field. The articles by 
Giamarellos-Bourboulis et al.55and Noval et al.56indicate that 
current research may focus on the relationship between BCG 
vaccination and infection risk, particularly in the context 
of the ongoing pandemic of the novel coronavirus 
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Figure 2. Trends of trained immunity/innate immune memory publications over the past 20 years. The orange curve in the figure represents the trend of annual 
scientific production.

Table 1. Top 10 active journals for research related to trained immunity/innate immune memory from 2004 to 2023.

Rank Journal Documents Citations JIF Quartile H-index

1 Frontiers In Immunology 204 4696 5.7 Q1 39
2 International Journal of Molecular Sciences 37 429 4.9 Q1 11
3 Vaccine 30 453 4.5 Q2 12
4 Vaccines 22 130 5.2 Q1 7
5 Cell Reports 17 1008 7.5 Q1 12
6 Journal Of Immunology 17 361 3.6 Q2 11
7 Developmental And Comparative Immunology 17 352 2.7 Q3 10
8 Plos One 16 237 2.9 Q1 10
9 Seminars In Immunology 15 896 7.4 Q1 13
10 Human Vaccines & Immunotherapeutics 15 183 4.1 Q2 8
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(2019-nCoV), which could become a significant area of 
investigation in the field of trained immunity.

Analysis of keyword co-occurrence and impact view

In order to elucidate the evolving dynamics and interconnec-
tions within the field of trained immunity, this study analyzed 
the co-occurrence and citation bursts of keywords derived 
from a comprehensive dataset. This study conducted an in- 
depth analysis of 6,727 keywords within the field of trained 
immunity. Table 3 presents the co-occurrence frequency and 
corresponding total link strength of the 20 most frequently 
occurring keywords in the field of trained immunity research. 
In this research domain, keywords such as trained immunity, 
innate immunity, and nonspecific protection are of central 
importance. Furthermore, other keywords such as epigenetics 
and NK cells also exert a significant influence on trained 
immunity. It is notable that there is a strong co-occurrence 

Table 2. The top 10 active authors for research related to trained immunity/innate immune memory from 2004 to 2023.

Rank Author Articles ACPP H index Gindex Country Institution

1 NETEA MG 157 117 58 135 Netherlands Radboud Univ
2 JOOSTEN LAB 81 122 39 81 Netherlands Radboud Univ
3 VAN CREVEL R 46 114 31 46 Netherlands Radboud Univ
4 RIKSEN NP 34 106 22 34 Netherlands Radboud Univ
5 MOORLAG SJCFM 33 85 19 33 Netherlands Radboud Univ
6 ARTS RJW 27 189 20 27 Netherlands Radboud Univ
7 DOMINGUEZ-ANDRES J 27 73 16 27 Netherlands Radboud Univ
8 WANG H 26 30 14 26 USA Temple Univ
9 LI Y 26 112 13 26 Netherlands Radboud Univ
10 BEKKERING S 25 102 17 25 Netherlands Radboud Univ

Table 3. Top 20 keywords in terms of frequency of occurrence and the corre-
sponding total link strength.

Rank Keyword Occurrences Total link strength

1 trained immunity 678 2982
2 innate immunity 264 1270
3 infection 245 1232
4 inflammation 201 899
5 protection 167 895
6 activation 147 674
7 nonspecific protection 146 841
8 macrophages 146 738
9 memory 145 743
10 expression 144 522
11 innate immune memory 143 634
12 bcg vaccination 133 756
13 cells 125 569
14 covid-19 121 565
15 dendritic cells 117 492
16 monocytes 113 602
17 bcg 112 690
18 vaccination 104 532
19 responses 100 463
20 reinfection 94 558

Figure 3. The top 25 references with the strongest citation bursts in he co-citation network. The blue line serves as the timeline, with the red segments indicating the 
beginning year, ending year, and duration of the burst.
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relationship among keywords such as trained immunity, 
innate immunity, epigenetics, and macrophages, which serves 
to underscore the close interconnection of these concepts in 
the context of trained immunity research. Moreover, the emer-
gence of new keywords, such as “Covid-19” and “Sars-cov-2,” 
indicates the most recent research areas of interest within this 
field. As illustrated in Figure 4a, the keyword co-occurrence 
visualization network identifies the research hotspots within 
the field of trained immunity, with the involved keywords 
serving as key indicators. The keywords primarily encompass 
various aspects of trained immunity, ranging from the funda-
mental mechanisms of immune responses to immunological 
issues associated with specific diseases, and extending to the 
interplay between the immune system and other physiological 
processes. It is noteworthy that this includes key terms related 
to immune regulation, such as “inflammation,” “macro-
phages,” “expression,” and “innate immune memory,” which 
are associated with factors such as metabolism, exercise, and 
the activation of cell types. This cluster primarily illustrates the 
manner in which the immune system interacts with other 
physiological and environmental factors to modulate immune 
responses and inflammatory processes. Furthermore, immune 
responses associated with vaccines, immune memory, and 
specific diseases such as tuberculosis and coronavirus disease 
2019 (Covid-19) represent pivotal aspects. The following key-
words are particularly relevant: “trained immunity,” “BCG” 
(Bacillus Calmette-Guerin vaccine), “vaccination” and 
“Covid-19.” The research within this cluster is focused on the 
following areas: vaccination, training of immune memory, and 
immune responses to different diseases. Furthermore, research 
into innate defense mechanisms and immune cell types repre-
sents a significant area of investigation. The keywords asso-
ciated with this cluster include “innate immunity,” 
“nonspecific protection,” “dendritic cells,” “T-cells,” and “NK 
cells.” This cluster is closely associated with the defense 
mechanisms related to innate immunity. In addition, there 
are keywords that pertain to the immune system’s responses, 
memory, and protective mechanisms against infections. The 
following keywords are also included: infection, protection, 
memory, responses, reinfection and induction. This cluster is 
concerned with the processes by which the immune system 
recognizes and responds to pathogens, as well as the formation 
of protective memory against future infections. A citation 
burst can be defined as a significant change in the frequency 
of citations of specific keywords or literature within a relatively 
short period of time. The occurrence of a burst keyword 
indicates a notable change in the frequency of usage during 
a specific time frame, thereby revealing the developmental 
trajectory of the research field. They are of great importance 
in the delineation of the growth patterns of frontier theories 
and thematic content in research. Citations bursts are indica-
tive of substantial shifts in the frequency of a specific keyword 
being cited within a relatively brief period. They offer insight 
into the research priorities, frontiers, and future trends within 
a given field over defined time periods, thereby elucidating the 
evolution trajectory of that field. They are of great importance 
in illustrating the growth patterns of frontier theories and 
thematic content in research. The top 25 keywords with the 
strongest citation bursts in Figure 4b illustrate some of the 

research hotspots and frontiers in the field of trained immu-
nity. Of these, the term “dendritic cells” demonstrated the 
greatest relative citation burst intensity between 2017 and 
2018. Dendritic cells play a pivotal role in various aspects of 
trained immunity research, including antigen presentation, 
establishment of immune memory, induction of trained 
immunity, and immunomodulation. It seems reasonable to 
posit that dendritic cells will remain a research focus in the 
future. Furthermore, from a temporal perspective, the predo-
minant citation burst keywords before 2019 were primarily 
focused on ‘adaptive immunity’ and “natural killer cells,” 
whereas those appearing after 2019 were predominantly con-
cerned with “BCG vaccine,” “vaccine,” and “tolerance.” This 
indicates that recent research hotspots and frontiers in the field 
of trained immunity have centered on topics such as immune 
cell types, immune responses, vaccines, and diseases (such as 
SARS). It seems likely that future research will increasingly 
involve aspects such as immune cell functions, gene expres-
sion, antigen presentation, and TIbV.

Discussion

Overall distribution

Over the two-decade period from 2004 to 2023, we conducted 
an in-depth bibliometric analysis of 1,587 articles related to 
trained immunity/innate immune memory. The articles in 
question involved a total of 8,724 authors, representing 2,286 
different institutions across 103 countries worldwide, and were 
published in 607 academic journals. The exponential growth in 
the number of publications is an indisputable indication of 
a burgeoning interest in the field of trained immunity. The 
concept of trained immunity was first proposed in 2011, and 
since that time, the volume of research in this area has experi-
enced a marked increase. By 2023, the number of published 
articles had increased twentyfold in comparison to the number 
published in 2013. This trend reflects the growing body of 
knowledge and research into trained immunity among the 
scientific community. It is noteworthy that the annual average 
citation count per article reached its peak between 2010 and 
2014. This suggests that the research outcomes generated dur-
ing this period have become pivotal foundations for trained 
immunity research. The significance and value of these studies 
have been widely acknowledged and referenced over the past 
decade.

The journal “Frontiers in Immunology” has demonstrated 
both an exceptional publication volume and a significantly 
elevated citation frequency, placing it at the pinnacle of its 
field and surpassing other journals. It is noteworthy that, 
despite the relatively lower publication volume of “Cell 
Reports,” it achieves the highest average citation frequency 
and impact factor.

Professor Netea MG is the most prolific author in the field 
of trained immunity, as evidenced by his first-place ranking in 
publication volume, total citation frequency, and co-citation 
frequency. Professor Netea MG occupies significant roles at 
Radboud University Nijmegen in the Netherlands and the 
University of Bonn in Germany. In 2011, Professor Netea 
MG and colleagues published an article in the journal Cell 
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Figure 4. The network visualization of keywords. a. Visualization network of keyword influence coverage. The minimum occurrence threshold for keywords is set to 50, 
resulting in a total of 41 matched keywords. Keywords nodes are clustered into four colors: red, green, blue, and yellow, representing four main research aspects of 
trained immunity. The size of the node circle indicates the co-occurrence frequency of the keyword, while the width of the lines between nodes represents the degree 
of linkage between keywords. b. The top 25 keywords with the strongest citation bursts. A blue line serves as the timeline, with red segments indicating the 
starting year, ending year, and duration of the burst.
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Host Microbe, entitled ‘Trained immunity: a memory for 
innate host defense,’ in which they introduced the concept of 
trained immunity for the first time. This concept describes 
a form of nonspecific immune memory that confers cross- 
protection against a range of pathogens. This groundbreaking 
discovery offers researchers a novel perspective through which 
to comprehend the functioning of the immune system. 
Furthermore, in 2016, Professor Netea MG and colleagues 
published an article entitled “Trained immunity: A program 
of innate immune memory in health and disease, published in 
the journal Science, explores the mechanisms, regulatory fac-
tors, and importance of trained immunity in regulating 
immune system function under both healthy and diseased 
conditions. These two articles are the second and third most 
frequently cited in the field, respectively, and have laid essen-
tial foundations for subsequent research on trained immunity.

Hotspot and future perspectives

Current research focuses on the identification of different 
activators of trained immunity and their interactions with 
corresponding receptors. Activated signaling pathways and 
the release of induced cytokines are being investigated, 
together with mechanisms of metabolic reprogramming, 
including enhanced glycolysis and oxidative phosphorylation. 
In addition, epigenetic modifications such as histone methyla-
tion and acetylation are being studied. These studies hold great 
promise for disease intervention and treatment, particularly in 
antiviral, antitumor and immunomodulatory contexts, and are 
likely to shape future directions in the study of adaptive 
immunity.

The emergence of high-frequency keywords such as BCG, 
vaccines, immune cells and tolerance suggests that future 
research in trained immunity may focus on the interaction 

mechanisms between different immune cell types, immune 
responses, pathogens, TIbV and diseases such as chronic 
inflammation and the ongoing SARS-CoV-2 pandemic. 
Further investigations may address aspects of immune cell 
function, gene expression, antigen presentation and TIbV 
development. In addition, studies examining the relationship 
between BCG vaccination and susceptibility to infection, par-
ticularly in the context of the pandemic, are expected to 
become a prominent area of investigation in the field of trained 
immunity.

Mechanisms of action of training immunity

The process of trained immunity is initiated by the activation 
of pathogen recognition receptors (PRRs) by various inducers, 
which detect conserved pathogen-associated molecular pat-
terns. This detection results in the selective reprogramming 
of metabolism and epigenetic modifications in innate immune 
cells, which in turn give rise to enduring alterations in their 
metabolic status and gene expression. The following section 
provides an overview of the known activators and their roles in 
inducing specific molecular mechanisms of metabolic and 
epigenetic reprogramming within immune cells. While the 
pathways and effects of these activators remain a topic of active 
investigation, forthcoming studies are likely to identify addi-
tional inducers of trained immunity and elucidate their 
mechanisms of action. Figure 5 summarizes the mechanism 
of action of training immunity.

β-glucan functions as a potent immunological activator, 
stimulating macrophages and natural killer cells, which subse-
quently enhance glycolysis and accumulate metabolic inter-
mediates, including fumarate and succinate, in the 
tricarboxylic acid cycle. These metabolic alterations form the 
foundation of trained immunity. Moreover, β-glucan exerts an 

Figure 5. Summary of mechanisms of trained immunity.
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influence on the integration of immune and metabolic path-
ways through its impact on epigenetic reprogramming. 
A crucial mechanism in this process is the inhibition of 
KDM5 histone demethylase, which plays a pivotal role in 
enhancing epigenetic reconfiguration in monocytes, thereby 
enhancing the efficacy of trained immunity29 Further study 
indicates that β-glucan-induced trained immunity in the con-
text of tumor resistance is associated with alterations in the 
transcriptome and the epigenetics of granulopoiesis. This 
reprogramming may result in the generation of granulocytes 
with anti-tumor activities.16 Moreover, β-glucan has been 
shown to induce inflammatory responses, thereby enhancing 
the rapid reactivity of the innate immune system to pathogenic 
threats.57

Lipopolysaccharide (LPS) is a major component of the 
outer membrane of Gram-negative bacteria and acts as 
a potent immunostimulant, capable of activating a range of 
immune cells, including B cells, monocytes, macrophages, and 
mast cells. LPS plays a complex role in trained immunity, 
whereby its effects are contingent upon the level of exposure. 
Prolonged exposure to LPS or high doses of LPS may induce 
a form of innate immune memory, designated as LPS 
tolerance.58,59 This phenomenon results in a reduction in the 
immune system’s response to unrelated pathogens, represent-
ing a detrimental consequence of chronic stimulation of bone 
marrow-derived cells by LPS. This contributes to immune 
training. Nevertheless, the trained immunity induced by extre-
mely low doses of LPS can elicit physiological immune 
responses rather than pathological inflammation, thus pre-
venting tissue damage and autoimmune diseases resulting 
from excessive immune responses. For example, LPS has 
been demonstrated to induce a transformation of microglial 
cells into a neuroprotective phenotype, thereby preventing 
neuronal dysfunction.60 Some research data indicate that lipo-
polysaccharide (LPS) induces hematopoietic stem cells (HSCs) 
to produce sustained long-term changes via Toll-like receptors 
(TLRs) or indirectly through receptors that sense elevated 
levels of cytokines during infection. This activation results in 
the enhancement of long-term protective responses against 
secondary bacterial infections, such as those caused by 
Pseudomonas aeruginosa.15

The primary component of fungal cell walls, chitin, exerts 
a profound influence on the immune system, both through the 
induction of trained immunity and through modulation of the 
host’s response to pathogens. Specifically, chitin activation has 
been demonstrated to result in the enhanced production of 
pro-inflammatory cytokines, including TNF-α and IL-6, by 
trained monocytes during subsequent encounters with 
pathogens.61 It seems probable that this training effect is 
mediated by alterations in specific immune circuits, which 
could have a significant impact on the adaptability of mam-
mals to environments rich in chitin.62

The Bacillus Calmette-Guérin (BCG) vaccine is renowned 
for its ability to modulate the immune system, exerting effects 
that extend beyond the prevention of tuberculosis. It has been 
demonstrated to elicit a broad stimulation of the human 
immune system. This stimulation enhances the functionality 
of innate immune cells, thereby augmenting the body’s capa-
city to combat a variety of new infections.63 The trained 

immunity induced by BCG involves interactions with hema-
topoietic stem cells (HSCs), which result in their reprogram-
ming or training toward a modified immune set point. This 
reprogramming enables them to effectively respond to subse-
quent pathogen challenges and provides long-term protection 
against pathogen invasion. Upon re-stimulation with BCG, 
trained immunity induces the immune system to produce 
elevated levels of pro-inflammatory factors.64 Furthermore, 
BCG interacts with the NOD2 receptor, resulting in epigenetic 
and metabolic reprogramming of innate immune cells. This 
encompasses alterations such as DNA methylation and histone 
modifications, in addition to the upregulation of glycolysis and 
fatty acid oxidation. The interplay between epigenetic repro-
gramming and metabolic alterations plays a pivotal role in 
reinforcing these adaptations, ultimately leading to the estab-
lishment of trained immunity in the host.65,66

The hepatitis B virus (HBV) is a DNA virus that causes 
a viral infection with the potential to induce persistent chronic 
infection, leading to both acute and chronic diseases such as 
hepatic inflammation and cancer. During the course of an 
HBV infection, the virus is capable of exploiting mononuclear 
myeloid-derived suppressor cells in order to suppress the 
development of immature HBV-specific CD8+ T cells within 
the thymus. This process ultimately establishes an immune 
tolerance mechanism against the virus. This suppression indi-
cates that the immune response to HBV is partially compro-
mised, thereby reducing the host’s efficacy in clearing the 
virus.67 The latest research indicates that intrauterine exposure 
to HBV may result in the induction of trained immunity, 
characterized by the activation of innate immune cells and an 
increase in the development of Th1 cells (a subtype of immune 
cells). Such alterations may augment the reactivity of umbilical 
cord blood immune cells to bacterial infections.19,68 However, 
further research is necessary to confirm the presence of HBV- 
induced trained immunity and to understand the broader 
implications of intrauterine HBV exposure on the immune 
system.

A variety of metabolites exert influence over the function-
ality of immune cells via a number of distinct mechanisms. It is 
noteworthy that insulin and metabolites of the tricarboxylic 
acid cycle, such as fumarate and acetyl-CoA, modulate the 
activity of epigenetic regulatory enzymes within cells. These 
include histone demethylases, such as lysine-specific demethy-
lase 5 (KDM5), and histone acetyltransferases.69,70 The regula-
tion of these enzymes’ activities gives rise to specific epigenetic 
changes, including histone methylation and gene acetylation. 
These modifications subsequently affect the functionality and 
immune responses of the cells, thereby demonstrating the 
critical role of metabolites in immune regulation.

Upon activation, various receptors are capable of recogniz-
ing pathogen-associated molecular patterns, which then mod-
ulate the immune system and enhance nonspecific 
antimicrobial responses. It is noteworthy that following stimu-
lation by extracellular pathogens, the ZDHHC5 protein med-
iates the NOD1 and NOD2 receptors and undergoes 
a palmitoylation modification. This modification enables 
NOD1 and NOD2 to localize themselves at the cell membrane 
in a functional manner, thereby promoting bacterial 
phagocytosis.71 Furthermore, PELO functions as an 
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interacting factor for all cytoplasmic NOD-like receptor (NLR) 
proteins, effectively activating the ATPase activity of NLR 
proteins. Furthermore, it regulates the oligomerisation, assem-
bly and activation process of NLR proteins, thereby participat-
ing in the control of multiple immune-inflammatory responses 
mediated by the NLR family of proteins.72 Moreover, CL429, 
a Toll-like receptor 2 nucleotide-binding oligomerization 
domain-containing protein 2 agonist, has been observed to 
imitate the regulatory effect of lactobacilli, thereby providing 
relief from acute Treponema pallidum infections that have 
been induced by innate immunity.73 As research progresses, 
it is anticipated that a greater number of receptor agonists that 
mediate trained immunity will be identified, thereby enhan-
cing our comprehension of receptor-based immune 
modulation.

Advances in the treatment of diseases for trained 
immunity

Trained immunity has been successfully employed in the con-
text of therapeutic interventions for a range of diseases, includ-
ing inflammatory disorders, neurological disorders, the 
treatment of patients with the novel coronavirus SARS-CoV 
-2, and cancer. In the context of inflammatory diseases, trained 
immunity can prompt macrophages and other immune cells to 
produce anti-inflammatory factors, thereby modulating 
inflammatory responses.74 In the context of neurodegenerative 
diseases, inflammatory stimuli have been demonstrated to 
induce long-term training of microglia, the brain’s resident 
macrophages. This process of reprogramming has the poten-
tial to alter disease progression. In the case of viral infections 
such as SARS-CoV-2, vaccines such as BCG, MMR, and OPV 
have been shown to induce trained immunity. This induction 
enhances the reactivity of B cells and T cells to mRNA and 
adenovirus-based vaccines, thereby providing a broader 
immunological defense against SARS-CoV-2.75 In the context 
of cancer, trained immunity has demonstrated significant 
potential by inducing epigenetic reprogramming of myeloid 
progenitor cells, which in turn can inhibit tumor growth. This 
multifaceted approach highlights the versatility of trained 
immunity in addressing a diverse spectrum of pathological 
conditions.

It is of paramount importance to recognize the dual nature 
of trained immunity in the context of therapeutic interventions 
for diseases. As an aspect of innate immune memory, it has the 
capacity to trigger rapid immune responses, which can result 
in enhanced and protective effects. However, in certain cir-
cumstances, it may also result in the attenuation or suppres-
sion of immune responses, ultimately leading to immune 
tolerance and adverse outcomes. Furthermore, trained immu-
nity has the potential to induce and perpetuate autoimmune 
and autoinflammatory disorders, as well as to facilitate tumor 
growth and metastasis. This complexity highlights the neces-
sity for careful consideration in the utilization of trained 
immunity in medical treatments and interventions.Limitations

It must be acknowledged that this study is not without 
limitations. Firstly, the potential absence of data sources pre-
sents constraints. The data used in this study is drawn exclu-
sively from the WOS database, and only English-language 

publications are included. Secondly, there are limitations due 
to the influence of subjective factors. (1) Inconsistencies in the 
data may occur, for example, an institution may be listed under 
different names at different times. (2) It is possible that recent 
literature, despite its relevance, may have lower citation counts 
and thus may not have been adequately represented in the 
analysis. Finally, the limitations inherent in the analytical 
scope of bibliometric tools may result in biased analytical out-
comes. Professor Netea MG holds dual affiliations as Professor 
of Experimental Medicine in Internal Medicine at Radboud 
University Medical Center, Nijmegen, the Netherlands (since 
2007), and as Professor of Immunometabolism at the 
University of Bonn, Germany (since 2017). This dual affiliation 
situation may result in an overrepresentation of Germany’s 
influence in the field of trained immunity and its close colla-
boration with the Netherlands.Conclusions

This study employs bibliometric analysis to examine the 
trends, salient topics, and emerging frontiers in research on 
trained immunity over the past two decades. A systematic litera-
ture review reveals that this is the inaugural comprehensive 
bibliometric analysis within the domain of trained immunity. 
The considerable increase in the number of publications is indi-
cative of a growing global interest in the study of trained immu-
nity. The analysis has identified several key areas of focus, 
including the interplay between mechanisms in innate immunity, 
epigenetics, and metabolic reprogramming. Radboud University 
Nijmegen in the Netherlands has been identified as the most 
influential institution in this field. Notable journals such as 
Frontiers in Immunology, Cell, and the Journal of Immunology 
have played a pivotal role in disseminating influential research. 
Professor Netea MG is acknowledged as a preeminent figure in 
this field. The current research focus is on various immune cell 
types, immune responses, epigenetic modifications, metabolic 
reprogramming, and the development of TIbV. Potential future 
research directions include the relationship between trained 
immunity and conditions such as chronic inflammation and 
microorganism-associated immunopathologies. This study offers 
valuable insights into the mechanisms of trained immunity, 
current research trends, and potential future directions. The 
aim is to assist researchers in better understanding the overall 
development and focal points within this dynamic field.
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