2 eLife

*For correspondence:
jun.yan@Iouisville.edu

Competing interest: The authors
declare that no competing
interests exist.

Funding: See page 14

Received: 06 November 2024
Accepted: 05 June 2025
Published: 18 June 2025

Reviewing Editor: Jorge
Dominguez-Andrés, Radboud
University Nijmegen Medical
Centre, Netherlands

© Copyright Li et al. This article
is distributed under the terms
of the Creative Commons
Attribution License, which
permits unrestricted use and
redistribution provided that the
original author and source are
credited.

REVIEW ARTICLE

3 ®©

Trained immunity: A new player in
cancer immunotherapy

Shu Li"?, Yi Zou', Austin McMasters?, Fuxiang Chen®*, Jun Yan'3*

'Division of Immunotherapy, The Hiram C. Polk, Jr., MD Department of Surgery,
Immuno-Oncology Program, Brown Cancer Center, University of Louisville School

of Medicine, Louisville, United States; Department of Clinical Laboratory, Shanghai
Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai,
China; *Department of Microbiology and Immunology, University of Louisville School
of Medicine, Louisville, United States; “College of Health Science and Technology,
Shanghai Jiao Tong University School of Medicine, Shanghai, China

Abstract In the past, immune memory was considered an exclusive feature of the adaptive
immune system. However, accumulating evidence suggests that the innate immune system, the
most primitive and fundamental component of immunity, can mount more robust responses to non-
specific stimuli following prior exposure to different types of initial stimuli, a phenomenon known

as trained immunity. Trained immunity has been extensively studied in diverse disease contexts,
including infectious diseases, autoimmune disorders, and chronic inflammatory conditions. Notably,
significant advancements have been made in recent years in understanding the roles and thera-
peutic potential of trained immunity in oncology. This review aims to explore the multifaceted roles
of trained immunity across different cancer types, providing a comprehensive summary of the perti-
nent stimuli and associated molecular mechanisms. Additionally, we evaluate the clinical applications
of various trained immunity stimuli in cancer therapy and offer perspectives on future directions for
integrating trained immunity into cancer treatment strategies.

Introduction

Since Edward Jenner laid the foundation for immune memory through the successful application of
the cowpox vaccine in the late 18th century, immune memory was long thought to be the exclusive
domain of adaptive immunity. For hundreds of years, this understanding remained unchallenged.
However, growing evidence has revealed that innate immunity — the most evolutionarily conserved
and fundamental defending system — also possesses a unique form of immune memory. To describe
this concept, the term trained immunity was formally introduced in 2011 (Netea et al., 2011), marking
a significant shift in our understanding of the immune system (Figure 1).

Similar to adaptive immunity, trained immunity refers to the altered responses of innate immune
cells to stimuli based on prior exposures. However, these secondary responses may vary: they can be
either enhanced or weakened, leading to some confusion about the concept of ‘training’. To address
this, in 2016, the term trained immunity was refined to specifically describe the scenarios where innate
cells exhibit enhanced immunity following initial exposure. In contrast, cases where innate immune
responses are weakened were categorized as tolerized innate immunity (Netea et al., 2016).

Although both forms of immunity share the concept of immune memory, innate immunity exhibits
this memory in a way that is significantly distinct from adaptive immunity. The most striking feature
of trained immunity is the broad and rapid responses of trained innate immune cells. Unlike adaptive
immune cells, which rely on specific antigen recognition receptors such as T cell receptor and B cell
receptor, innate immune cells respond independently of the strict 'key & lock” antigen recognition
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pattern. Instead, they employed pattern recognition receptors to detect pathogen-associated molec-
ular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) (Medzhitov and Janeway,
2002). This ‘non-specific’ training enables innate immune cells to provide broad and robust protection
against a wide range of stimuli. Additionally, due to this mode of stimulus recognition, the complex
immunological processes typical of adaptive immunity — such as antigen uptake, processing, and
presentation by antigen-presenting cells (APCs) — are not required. As a result, trained innate immune
cells can mount secondary enhanced responses much more rapidly than immunized adaptive immune
cells (lwasaki and Medzhitov, 2015).

Cancer remains one of the most life-threatening diseases today. According to the International
Agency for Research on Cancer (IARC) 2024 report, nearly 20 million people were diagnosed with
cancer globally in 2022 (Bray et al., 2024). Despite widespread use of surgical resection, chemo-
therapy, radiotherapy, or combined treatments, approximately 9.7 million people worldwide died
from cancer that same year (Bray et al., 2024). For many patients, especially those with unresect-
able tumors, the long-term efficacy of traditional chemo- and/or radiotherapy remains unsatisfac-
tory. In recent years, immunotherapy, particularly immune checkpoint inhibitors (ICls), has significantly
improved survival rates in various malignant tumors, especially non-small cell lung cancer (NSCLC) and
melanoma (Sharma et al., 2023). This progress highlights an encouraging direction for cancer treat-
ment strategies. However, certain cancers, such as pancreatic ductal adenocarcinoma, respond poorly
to immunotherapy. Even for NSCLC and melanoma, the overall objective response rates (ORR) to ICls
remain below 40% (Leinwand and Miller, 2020). Therefore, there is an urgent need to develop novel
immunotherapies or enhance the effectiveness of existing immune-oncology treatments.

Given the broad, profound, and rapid effects of trained immunity, its non-specific protection makes
it a promising strategy to enhance existing immunotherapies or other antitumor treatments. Several
research groups have begun exploring the potential of trained immunity in cancer therapy, with
increasingly encouraging results emerging (Figure 1). In this review, we summarize recent advances
in the field of trained immunity and cancer treatment and offer our perspectives on future directions
for this line of investigation.

Mechanisms of trained immunity in cancer

The mechanisms of trained immunity in cancer involve broad shifts in progenitor cell and innate
immune cell epigenetics, transcriptional activity, and metabolism (Figure 2). When exposed to training
agents such as B-glucan, Bacillus Calmette-Guerin (BCG) vaccination, or trained immunity-modulating
nanotherapeutics, hematopoietic stem and progenitor cells (HSPCs), as well as various innate immune
cell types, including neutrophils, macrophages, and NK cells, undergo extensive epigenetic, meta-
bolic, and transcriptional reprogramming (Arts et al., 2016b; Arts et al., 2016a; Bekkering et al.,
2018; Christ et al., 2018; Kaufmann et al., 2018; Dominguez-Andrés et al., 2019b; Cheng et al.,
2014, Saeed et al., 2014, Ding et al., 2023; Geller et al., 2022), leading to both central and periph-
eral trained immunity. These changes collectively promote the increased transcription of glycolytic
genes, enhanced glucose uptake, rapid ATP and lactate production, elevated cytokine production,
and heightened immune cell effector functions — processes essential for the induction and mainte-
nance of trained immunity and its therapeutic effects in cancer. In the following section, we discuss
the cellular and molecular mechanisms utilized by different training agents and trained innate immune
cells to control primary tumor progression and metastasis.

Central trained immunity in cancer

Central trained immunity pertains to the enduring reprogramming of HSPCs within the bone marrow.
This reprogramming significantly influences the differentiation of myeloid cells, predisposing them
toward a pro-inflammatory phenotype that can profoundly impact the tumor microenvironment (TME)
and cancer progression. Emerging evidence suggests that alterations in the bone marrow niche, along
with epigenetic, metabolic, and inflammatory conditions, play crucial roles in shaping the immune
landscape in cancer.

One of the most well-studied trained immunity inducers, B-glucan, has been shown to reprogram
HSPCs in the bone marrow, leading to the generation of trained neutrophils and macrophages that
effectively control primary tumor growth and lung cancer metastasis (Ding et al., 2023; Kalafati
et al., 2020). Similarly, BCG vaccine, long used in the treatment of bladder cancer, is believed to exert
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Figure 1. Chronology of significant milestones in research on trained immunity and cancer treatment. This timeline highlights major developments in
trained immunity from 1961 to 2024. The concept originated with the discovery of Systemic Acquired Resistance (SAR) in plants (118) and was formally
introduced as ‘trained immunity’ in 2011 (Netea et al., 2011). In 2014, omics studies identified key epigenetic modifications associated with trained
immunity (Saeed et al., 2014). By 2018, research demonstrated that trained immunity could mobilize hematopoietic progenitors to establish long-

Figure 1 continued on next page
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Figure 1 continued

term innate immune memory (Mitroulis et al., 2018). In 2020, trained neutrophils were shown to exhibit antitumor effects (Kalafati et al., 2020), and
trained immunity was proposed as a strategy for cancer treatment (Kalafati et al., 2020; Priem et al., 2020). Subsequently, trained macrophages were
found to control pancreatic cancer, melanoma, and lung metastases (Geller et al., 2022; Wang et al., 2023; Ding et al., 2023). Most recently, in 2024,
clinical trials have explored the use of B-glucan and Bacillus Calmette-Guerin (BCG) vaccines to induce trained immunity (ClinicalTrials.gov). This figure
illustrates the evolution of trained immunity research and its potential applications in cancer therapy. This figure was created using FigDraw.

its antitumor effects in part through the induction of trained immunity (van Puffelen et al., 2020).
Notably, intravenous BCG injection reprograms HSPCs and enhances myelopoiesis (Kaufmann et al.,
2018). Interestingly, intravenous BCG treatment has resulted in increased CD8+ T cells and reduced
myeloid-derived suppressor cells (MDSCs), while intravesical BCG, although FDA-approved for high-
risk non-muscle-invasive bladder cancer, has been shown to promote tumor-support TME (Atallah
et al., 2024). In contrast, a recent study reported that intra-bladder BCG administration reprograms
HSPCs in both mice and humans, leading to increased myelopoiesis and enhanced APC function in
myeloid cells, thereby inducing antitumor immunity (Daman et al., 2024). These seemingly contradic-
tory findings underscore the need for further investigation to reconcile route-dependent differences
in BCG-mediated immune reprogramming.

Additional studies by Priem et al. demonstrated that the nanobiologic therapeutic agent MTP-HDL
reprograms bone marrow progenitor cells, inducing trained immunity that suppresses tumor growth,
modulates the TME, and potentiates ICl therapy in murine models of melanoma (Priem et al., 2020).
Conversely, obesity-induced metabolic and epigenetic changes in bone marrow progenitors have been
shown to skew hematopoiesis toward a myeloid-biased profile, thereby promoting chronic inflamma-
tion and potentially facilitating tumor (Xu et al., 2022). Understanding these mechanisms may inform
strategies to direct immune training toward enhancing antitumor responses while minimizing tumor-
promoting inflammation. Given the strong link between metabolism and cancer, studying how bone
marrow metabolic reprogramming influences immune cell development and differentiation may hold
a key for overcoming cancer-related immune dysfunction. Notably, Dominguez-Andrés et al. explored
the role of the itaconate metabolic pathway in regulating tolerance and trained immunity, suggesting
that targeting metabolic pathways in HSPCs could modulate trained immunity and impact cancer
immune responses (Dominguez-Andrés et al., 2019b; Dominguez-Andrés et al., 2019a).

Together, these studies highlight the therapeutic potential of long-term innate immune cell repro-
gramming in cancer therapy. A deeper understanding of the duration, specificity, and modulating
factors, including diet, microbiome, and systemic metabolites, affecting bone marrow training may
pave the way for innovative strategies in cancer treatment.

Peripheral trained immunity in cancer
Peripheral trained immunity primarily involves innate immune cells such as monocytes, macro-
phages, NK cells, and y& T cells within the circulation or tissues, without involving changes in bone
marrow progenitors. The trained innate immune cells mount heightened responses upon re-exposure
to pathogens or tumor cells. We previously demonstrated that yeast-derived particulate B-glucan
induces peripheral trained immunity in the pancreas, thereby limiting the progression and metastasis
of pancreatic cancer (Geller et al., 2022, Woeste et al., 2023). In this study, these particulate B-glu-
cans were shown to traffic predominately to the pancreas, where they induced trained immunity in
infiltrating macrophages, monocytes, and neutrophils. Respiratory viral infection, such as influenza
A, also induces peripheral trained immunity in tissue-resident alveolar macrophages (AMs), thereby
controlling tumor progression in the lungs (Wang et al., 2023). Notably, these trained AMs do not
originate from circulating monocytes, suggesting a form of tissue-specific peripheral trained immu-
nity. Interestingly, a recent study showed that adjuvants such as the immunostimulatory antimicrobial
peptide DP7 can stimulate trained immunity, specifically in peripheral splenic myeloid cells, thereby
eliciting potent antitumor immunity in mouse tumor models (Zhang et al., 2025). This line of research
offers new insights into adjuvant mechanisms of action and the development of more effective cancer
vaccines.

The modulation of peripheral trained immunity occurs through diverse epigenetic and metabolic
alterations. Subhasinghe et al. demonstrated in chickens that administration of CpG-ODN leads to
metabolic shifts toward mitochondrial respiration in peripheral immune cells, thereby enhancing their
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Figure 2. Epigenetic and metabolic reprogramming associated with trained immunity in cancer treatment. (a) Intracellular pathway changes associated
with trained immunity. Compared to resting cells (gray), immune cells exposed to an initial stimulus exhibit augmented epigenetic modifications,
elevated expression levels of mTOR and HIF10, and increased mitochondrial fission (yellow). In addition, surface markers such as CD80, CD86, and
MHC Il are upregulated, indicating a pre-activated state. Notably, at this stage, the cells’ ability to secrete cytokines and phagocytose bacteria remains
unaltered. Upon exposure to a secondary stimulus, these cells (red) transition into a fully activated state, characterized by increased production of
reactive oxygen species (ROS) and cytokines, thereby enhancing their tumoricidal efficacy. (b) The differential effects of tumor-associated factors on
hematopoiesis. In the absence of trained immunity-inducing stimuli, tumor-derived factors promote the differentiation of immunosuppressive myeloid
cells including neutrophils and macrophages from bone marrow progenitors. These cells infiltrate the tumor microenvironment, leading to immune cell
suppression, exhaustion, or dormancy. In contrast, exposure to trained immunity-inducing agents induces myelopoiesis, facilitating the mobilization

of a greater number of trained monocytes and/or neutrophils into the peripheral circulation. Consequently, more activated immune cells accumulate
within and around the tumor, collectively suppressing tumor progression and metastasis. Abbreviations: CMP, common myeloid progenitors; GMP,
granulocyte-macrophage progenitors; HIF1a, hypoxia-inducible factor 1 alpha; HSC, hematopoietic stem cells; mTOR, mammalian target of rapamycin;
MPP, multipotent progenitors. This figure was created using FigDraw.

immunoprotective capacity against infections (Subhasinghe et al., 2024). Although this study did not
focus on cancer, it offers valuable insights into harnessing peripheral trained immunity to strengthen
immune responses. In support of this approach, the use of macrophage membrane-camouflaged
BCG vaccine, which specifically targets tumor-associated macrophages for the induction of trained
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immunity, has been shown to effectively stimulate antitumor responses and control lung cancer devel-
opment (Zhang et al., 2024).

Effector trained innate immune cells in cancer
Neutrophils

Trained neutrophils induced by B-glucan exhibit enhanced degranulation and increased production
of reactive oxygen species, enabling direct tumor cell killing (Kalafati et al., 2020). In addition, type |
IFN signaling has been shown to mediate the antitumor activity of trained neutrophils. These neutro-
phils also release pro-inflammatory cytokines and chemokines that recruit and activate additional
waves of immune cells, including monocytes, macrophages, and adaptive immune cells. This pro-
inflammatory signaling in the TME promotes robust antitumor responses and is associated with a
metabolic shift toward glycolysis, known as the Warburg effect (Cheng et al., 2014). Two critical path-
ways driving this metabolic shift are the mechanistic target of rapamycin and hypoxia-inducible factor
1-alpha (Cheng et al., 2014), both of which play significant roles in promoting glycolysis. However,
neutrophil infiltration and function can also be hijacked by tumors, leading to immunosuppressive
signaling that converts neutrophils into polymorphonuclear myeloid-derived suppressor cells (PMN-
MDSCs), which dampen antitumor immunity. Previous studies have shown that orally administered
yeast-derived particulate B-glucan treatment reduces tumor burden and decreases the accumulation
of PMN-MDSC, while simultaneously inducing oxidative burst and apoptosis in these cells (Albeituni
et al., 2016). Nonetheless, whether these effects are directly attributable to trained immunity remains
to be fully elucidated.

Monocytes/macrophages

Trained monocytes and macrophages also undergo significant histone modifications, including meth-
ylation and acetylation, during the induction of trained immunity. Similar to neutrophils, these cells
exhibit a Warburg effect upon exposure to training agents, resulting in increased production of pro-
inflammatory cytokines such as TNFq, IL-1B, IL-6, and IL-12 in response to PAMPs and DAMPs. This
promotes immune cell recruitment, inflammation, and tumor cytotoxicity. In macrophages, mitochon-
drial fission driven by activation of dynamin-related protein 1 (Drp-1) and the sphingosine-1-phosphate
(S1P) pathway enhances phagocytic and cytotoxic capabilities (Ding et al., 2023). This training induces
a highly polarized M1-like phenotype, characterized by increased antigen presentation, upregulation
of co-stimulatory molecule expression (CD80 and CD86), and robust cytokine production (Ding et al.,
2023; Geller et al., 2022). Trained monocytes and macrophages are particularly beneficial in over-
coming the immunosuppressive TME, as seen in pancreatic cancer, where a dense stromal environ-
ment impedes immune infiltration (Geller et al., 2022; Woeste et al., 2023). These trained cells can
effectively penetrate the stroma, directly kill tumor cells, and elicit a more effective immune response,
especially when combined with irreversible electroporation (IRE) treatment and ICl anti-PD-1 therapy
(Geller et al., 2022; Woeste et al., 2023). In contrast to bone marrow-derived monocytes/macro-
phages, tissue-resident macrophages such as AMs can also acquire trained immunity following influ-
enza A infection as noted above. These trained AMs exhibit potent antitumor functions in the lungs
through enhanced phagocytic activity and tumoricidal capacity (Wang et al., 2023). Their antitumor
effects depend on NK cells and IFN-y but are notably independent of T cell help, which contrasts
with adenoviral infection-induced trained AMs (Yao et al., 2018), suggesting that different training
inducers may imprint distinct functional properties even on the same type of trained cells.

NK cells

NK cells play a crucial role in the innate immune response to cancer by targeting tumor cells that have
downregulated MHC class | expression. NK cells trained with cytokines such as IL-12, IL-15, and IL-18
or through BCG vaccination demonstrate enhanced production of pro-inflammatory cytokines, partic-
ularly IFN-y, making them ideal partners for CD8+ T cells in generating a robust antitumor response
(Kleinnijenhuis et al., 2014; Tarannum and Romee, 2021). In the context of cancer, NK cells can also
support the induction of trained immunity in other myeloid cells. As noted above, influenza A-induced
trained immunity in AMs was dependent on IFN-y and NK cell activity (Wang et al., 2023), indicating
a broader network of immunological cooperation among different innate immune cell types.
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In addition to neutrophils, monocytes/macrophages, and NK cells, innate y& T cells and innate
lymphoid cells have also been shown to acquire trained immunity properties following vaccinations
(Samuel et al., 2024; Taira et al., 2024, Réring et al., 2024), although their specific antitumor func-
tions remain to be fully investigated.

Links between trained immunity and adaptive T cells

Although trained innate immune cells exhibit potent tumor-killing capabilities, they also engage
the adaptive T cell response to further enhance antitumor immunity. Dendritic cells (DCs), known
for bridging innate and adaptive immunity, demonstrate enhanced antigen-presenting capabilities
when stimulated with B-glucan. These DCs exhibit increased expression of primary (MHC/peptide),
secondary, and tertiary signaling molecules, making them more effective at stimulating T cells within
the immunosuppressive TME (Li et al., 2010). The nontoxic cholera B subunit (CTB) directly stimulates
trained immunity in DCs and their antigen-presenting capability, thereby inducing potent antitumor
CD8 T cell responses (Tepale-Segura et al., 2024). A combination of trained immunity inducers,
such as muramyl dipeptide-containing nanoparticles and B-glucan, has shown promising results in
cancer vaccine studies. In these experiments, trained groups exhibited significant reductions in tumor
burden, and in some cases, complete tumor ablation. These effects were mediated by enhanced
DC function, which improved the activation and infiltration of tumor-specific CD8+ T cells (Li et al.,
2023a). Similarly, macrophages/monocytes trained by adenovirus or BCG vaccine also exhibited
increased expression of MHC Il and the costimulatory molecules CD80 and CD86 (Yao et al., 2018; Li
et al., 2023b), thereby promoting T cell responses. Interestingly, macrophages trained by sepsis or the
soluble algae-derived B-glucan laminarine secreted large amounts of chemokines, including CXCL16,
which chemoattract tissue-resident CXCR6+ T cells, thereby promoting antitumor immunity (Broquet

Table 1. Preclinical investigations of diverse trained immunity inducers across various tumor types.

Innate immune cell

Cancer type type Primary stimuli Secondary stimuli Administration route Ref.
Alveolar Wang et al.,
Lung cancer macrophages Influenza A virus Tumor-derived factors Intranasally (i.n.) 2023
Lung cancer and Interstitial Yeast-derived particulate
melanoma macrophages B-glucan Tumor-derived factors e.g. MIF Intraperitoneally (i.p.) Ding et al., 2023
Lung cancer and B-glucan from Trametes Kalafati et al.,
melanoma Neutrophils versicolor Unknown i.p. 2020
Geller et al.,
Yeast-derived particulate Lipopolysaccharide (LPS) and 2022; Woeste
Pancreatic cancer Macrophages B-glucan tumor-derived factors e.g. MIF i.p. or orally etal., 2023
Melanoma and bladder B-Glucan from S. Vuscan et al.,
cancer Monocytes cerevisiae Tumor-derived factors i.p. 2024
Tepale-Segura
Melanoma Dendritic cells (DCs) Cholera toxin B Cholera toxin B Intradermally (i.d.) et al., 2024
Priem et al.,
Melanoma Bone marrow MTP10-HDL LPS and tumor-derived factors Intravenously (i.v.) 2020

Hepatocellular

Bacillus Calmette- Vaziri et al.,

carcinoma Unknown Guérin (BCG) LPS Subcutaneously (s.c) 2024
Buffen et al.,

Bladder cancer Monocytes BCG LPS V. 2014
Splenic CD11b+ Zhang et al.,

Multiple tumors cells KK2DP7 LPS V. 2025

Macrophage

membrane-camouflaged Zhang et al.,

Lung cancer Macrophages BCG LPS iLv. 2024

MIF: macrophage migration inhibitory factor; MTP10-HDL: a new nanobiologic candidate; KK2DP7: a dendrimer-structured peptide derived from the
immunomodulatory antimicrobial peptide DP7 (VQWRIRVAVIRK).
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et al., 2024). Based on these findings, combining trained immunity with IC| therapy has been shown
to induce potent antitumor immunity and reduce tumor burden, particularly in ICl-resistant tumors
(Geller et al., 2022, Priem et al., 2020; Ylésméki et al., 2021). Additionally, cytokines such as TNF-q,
IL-1B, and IL-6 secreted by trained innate cells may polarize different subsets of T cells. However, their
relevance to TME reprogramming remains to be fully elucidated.

Inducers to stimulate trained immunity in cancer
Many inducers have been identified that stimulate trained immunity in the context of cancer, with
relevant preclinical studies summarized in Table 1.

Beyond these well-established inducers, recent research in other diseases has identified novel
triggers of trained immunity, although their effects in cancer need further investigation. Microbial-
derived inducers, such as Hepatitis B virus (Hong et al., 2015), and the pathogen Plasmodium falci-
parum (Schrum et al., 2018) have been shown to effectively induce trained immunity. Hepatitis B
virus exposure reprograms macrophages, enhancing their responsiveness to future infections, while
P. falciparum, the causative agent of malaria, alters innate immune function, leading to an enhanced
inflammatory state. In addition to microbial agents, several non-microbial inducers have emerged as
potent triggers of trained immunity. Lipoproteins (van der Valk et al., 2016; Bekkering et al., 2014),
such as low-density lipoprotein, influence innate immune cells and contribute to chronic inflammation.
Uric acid (Crisan et al., 2017, Crisan et al., 2016), a byproduct of purine metabolism, has been impli-
cated in inducing inflammatory responses. Hormones like aldosterone (van der Heijden et al., 2020b)
and catecholamines (van der Heijden et al., 2020a) modulate immune function, linking neuroendo-
crine regulation to trained immunity. S100-alarmins (Ulas et al., 2017) and heme (Dutra and Bozza,
2014; Jentho et al., 2021), both released during cellular damage or stress, act as danger signals that
prime innate immune cells for more robust responses to subsequent stimuli. Additionally, activators
of the liver X receptor pathway (Sohrabi et al., 2020) and interferons (Kamada et al., 2018) promote
enhanced antiviral defenses through trained immunity. Cytokines such as GM-CSF and IL-3 (Borriello
et al., 2016), essential for hematopoiesis, also enhance immune cell responsiveness. Poly (I:C) (Yap
et al., 2022), a synthetic analog of viral double-stranded RNA, and leptin (Flores Gomez et al., 2024),
a hormone involved in metabolism and inflammation, contribute to trained immunity by modulating
innate immune cell function. Notably, a Western diet, characterized by high intake of fats and sugars,
promotes trained immunity through chronic low-grade inflammation, altering the baseline state of
innate immune cells and potentially predisposing individuals to metabolic and inflammatory diseases
(Christ et al., 2018; Christ and Latz, 2019).

A particularly significant advancement comes from high-throughput screening conducted by Knight
et al., which identified 32 novel small molecule inducers of trained immunity, more than doubling the
previously known number. Of these, seven were further validated for their ability to augment cytokine
responses in both in vitro and in vivo, making substantial progress in expanding the repertoire of
trained immunity inducers and highlighting their therapeutic potential (Knight et al., 2024). However,
the effectiveness of these novel inducers for cancer treatment needs to be further determined.

Trained immunity in preclinical tumor models

Tumor-suppressive roles of trained immunity in cancer

This section reviews the tumor-suppressive effects of trained immunity across multiple cancer types.
Evidence from skin, lung, gastrointestinal, and other cancers demonstrates how metabolic and
epigenetic reprogramming of innate immune cells can enhance antitumor responses, reshape the
TME, and improve therapeutic outcomes. These insights underscore the potential of trained immunity
as a promising strategy in cancer immunotherapy.

Skin cancer

Trained immunity plays a critical role in boosting antitumor responses in melanoma. Previous studies
have demonstrated that the B-glucan compound ABB i16 induces trained immunity in monocytes and
suppresses melanoma in mouse models (Vuscan et al., 2024). The CTB subunit enhances DC training
via metabolic reprogramming, while MTP10-HDL improves ICl efficacy by reprogramming myeloid cells
(Priem et al., 2020; Vuscan et al., 2024) to control melanoma progression. Electrochemotherapy and
BCG therapy also activate trained immunity, reshaping the TME to support anti-melanoma immune
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responses (Cardillo et al., 2021, Milicevic et al., 2023). Additionally, cytokines such as GM-CSF and
IL-3 may modulate trained immunity in the treatment of metastatic melanoma, although their precise
roles remain to be fully elucidated (Borriello et al., 2016).

Lung cancer

Trained immunity enhances antitumor activity in lung cancer by reprogramming macrophage func-
tion and boosting local immune defenses. For example, yeast-derived B-glucan particles (WGP)
induce sustained immune responses in lung interstitial macrophages, enhancing their phagocytic and
cytotoxic activities, which in turn help reduce primary lung cancer and tumor lung metastasis (Ding
et al., 2023). Virus-induced trained immunity, such as following influenza A infection, reprograms
AMs to induce long-lasting pulmonary antitumor immunity (Wang et al., 2023). Furthermore, BCG
vaccination has been shown to generate lung-resident memory macrophages with trained immunity
properties, suggesting the potential of vaccine-induced innate memory for lung cancer prevention
(Jeyanathan et al., 2022). Given the complex and heterogeneous nature of lung cancer and its
interactions with the immune system, personalized and targeted therapeutic strategies are essential.
Leveraging trained immunity through vaccines such as MV130 and BCG, or modulating macrophage
activity via metabolic and epigenetic interventions, presents a promising avenue for enhancing anti-
tumor immunity in lung cancer.

Gastrointestinal cancer

In gastric cancer, Helicobacter (H.) pylori infection induces a unique form of trained immunity that
heightens monocyte responsiveness via NF-kB signaling, contributing to chronic inflammation and
tumorigenesis (Frauenlob et al., 2023). This immune imprinting contrasts with the tolerance induced
by other microbes and reflects H. pylori's dual ability to stimulate and evade immune responses (Dore
and Pes, 2024). In liver cancer, trained immunity shows therapeutic potential through various mech-
anisms. B-Glucan enhances immune protection in hepatocytes via mitophagy induction and inhibition
of pyroptosis (Wang et al., 2024). BCG therapy promotes apoptosis, reduces fibrosis, and recruits
immune cells in hepatocellular carcinoma (HCC) models (Vaziri et al., 2024). SQLE-derived metabo-
lites activate LXR, enhancing macrophage-driven antitumor immunity (Liu et al., 2024). Additionally,
pre-operative exercise and prior infections reprogram Kupffer cells toward anti-inflammatory pheno-
types, improving liver resilience and potentially preventing tumor progression (Musrati et al., 2024;
Zhang et al., 2021). In pancreatic cancer, B-glucan enhances peripheral trained immunity, particularly
when combined with IRE, resulting in decreased tumor burden and improved survival (Geller et al.,
2022; Woeste et al., 2023). These findings highlight trained immunity as a valuable tool for reconfig-
uring the TME across gastrointestinal malignancies.

Other cancers

In metastatic breast cancer models, trained immunity induced by particulate B-glucan has been shown
to significantly prolong survival and reduce lung metastases (Ding et al., 2023). In parallel, B-glucan-
induced trained immunity reprograms bone marrow-derived macrophages into an antitumor state.
However, in the bone metastatic niche, elevated BMP signaling suppresses this reprogramming effect
(Ihle et al., 2024). Notably, inhibition of BMP signaling prior to tumor establishment enhances the
trained immunity response, restrains bone metastasis progression, and improves survival in mouse
models (Ihle et al., 2024). In bladder cancer, modified BCG strains like BCG-disA-OE amplify myeloid
cell reprogramming and improve therapeutic efficacy (Singh et al., 2022; Um et al., 2023). Auto-
phagy is essential for BCG-induced epigenetic reprogramming in monocytes, with its inhibition
impairing trained immunity (Buffen et al., 2014). Notably, the efficacy of BCG in treating bladder
cancer is influenced by both the route of administration and different BCG strains (Xu et al., 2024).
Intravenous BCG leads to greater CTL infiltration and fewer MDSCs compared to intravesical instilla-
tion (Atallah et al., 2024). Additionally, B-glucan shows complementary antitumor effects in bladder
cancer (Vuscan et al., 2024). In brain cancers, BCG vaccination has been proposed as a preventive
approach, though data are limited and emphasize the need for robust registry-based research in high-
incidence regions (Singh et al., 2023).
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Tumor-promoting effects of trained immunity in cancer progression

Despite its protective roles, trained immunity may paradoxically contribute to tumor development
in certain contexts. Emerging evidence suggests that trained immunity can facilitate tumor progres-
sion by sustaining chronic inflammation and promoting metabolic dysregulation. In liver cancer,
early hyperlipidemia and DNA hypomethylation drive metabolic reprogramming and enhance pro-
inflammatory pathways, predisposing the liver to fibrosis and HCC (Drummer et al., 2021; Xu et al.,
2023). Disruption of RIPK1 and related immune-metabolic pathways further links trained immunity
to obesity-associated liver inflammation and potential tumorigenesis (Sohrabi and Reinecke, 2021).
Oxidative stress, inflammasome activation, and interleukin-1 family cytokines also contribute to a
tumor-promoting microenvironment in liver disease (Barbier et al., 2019; Dallio et al., 2021). In
lung cancer, macrophage-mediated inflammation - triggered by surfactant phosphatidylcholines or
viral infections — may create an immunosuppressive niche that promotes tumor growth and immune
evasion (da Costa Loureiro et al., 2020; Snell et al., 2017). Elevated levels of cytokines such as
IL-6, commonly seen in trained innate immune cells, further support cancer cell survival and invasion
(Briukhovetska et al., 2021, Raskova et al., 2022). These findings underscore the dual-edged nature
of trained immunity, wherein persistent activation may inadvertently enhance tumorigenic potential.

Induction of trained immunity for cancer treatment in human patients

BCG and cancer treatment

Although the term ‘trained immunity’ has only been formally recognized in recent years, its immune-
enhancing effects have long been used, intentionally or unintentionally, in cancer treatment. The
profound role of trained immunity in cancer was first noted through observations of the relationship
between pathogen infections and tumors. In 1893, Dr. William Coley reported the antitumor effects
of bacterial infections, making the beginning of cancer treatments that harness non-specific immune
responses triggered by certain pathogens or their components (Hoption Cann et al., 2003). In 1928,
Pearl et al. conducted a case-by-case autopsy study of two matched cohorts comprising 1632 patients
and found that individuals with active tuberculosis lesions had significantly lower incidence of cancer
(6.6% vs. 16.3%) (Pearl, 1928). Later, Old et al. demonstrated the protective effect of BCG inoculation
against tumors in mouse models (Old et al., 1959). Today, it is well established that the administration
of BCG induces prominent trained immunity in both mice and humans (van Puffelen et al., 2020).
BCG immunotherapy remains the most classic and successful clinical application of trained immu-
nity, particularly in the treatment of bladder cancer (van Puffelen et al., 2020, Chen et al., 2023).
Originally developed in 1921 as a tuberculosis vaccine from an attenuated strain of Mycobacterium
bovis (World Health Organization, 2018), BCG was later demonstrated to exert antitumor effects
in humans. In 1976, Dr. Morales et al. reported that nine patients with superficial bladder tumors
who received 5 mg of BCG intradermally and 120 mg BCG via intracavitary instillation exhibited a
marked reduction in tumor recurrence rate (Morales et al., 2002). This study helped establish BCG
as an adjuvant therapy for non-muscle-invasive bladder cancer (Pettenati and Ingersoll, 2018). The
non-specific protection conferred by the BCG vaccine has also shown promise in treating other solid
tumors, including colorectal cancer (Nishida et al., 2019, Uyldegroot et al., 2005; Gray et al., 1989),
melanoma (Nishida et al., 2019, Kremenovic et al., 2020), non-small-cell lung cancer (Nishida et al.,
2019, Yamamura et al., 1979), hepatobiliary cancers (Nishida et al., 2019), and childhood leukemia
(Morra et al., 2017). These broad protective effects are believed to be mediated by trained immu-
nity (van Puffelen et al., 2020; Pettenati and Ingersoll, 2018), suggesting that existing vaccines
with well-established safety profiles may serve as valuable platforms for developing novel antitumor
immune inducers.

B-Glucan and cancer treatment

As mentioned earlier, B-glucan has shown profound antitumor effects in preclinical studies. Clinical
trials using various forms of B-glucan have also been conducted in patients with different malig-
nancies. In a Phase Il study of patients with advanced NSCLC, the combination of B-glucan with
EGFR-targeting agents and chemotherapy significantly improved ORR. Furthermore, patients with
higher levels of anti-B-glucan antibody (ABA) exhibited better overall survival than those with lower
ABA levels (Thomas et al., 2017). Similarly, a randomized, controlled trial showed that combining
B-glucan with VEGF-targeting agents and chemotherapy modestly increased the ORR in patients with
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advanced NSCLC (Engel-Riedel et al., 2018). Albeituni et al., 2016 explored the immunological
effects of oral WGP in NSCLC patients and found a significant reduction in MDSCs in peripheral
blood following WGP administration. Oral WGP treatment also led to downregulation of the tran-
scription factor c-Maf in circulating monocytes from NSCLC patients (Liu et al., 2020). In 50 patients
with esophageal carcinoma, the addition of lentinan to chemotherapy enhanced clinical efficacy by
elevating pro-inflammatory cytokine levels and lowering anti-inflammatory interleukin levels (Wang
et al., 2012). Similar results were observed in breast cancer patients treated with p-glucan (Ostadra-
himi et al., 2024; Ostadrahimi et al., 2014). Moreover, the combination of B-glucan with alemtu-
zumab and rituximab treatment led to a high complete response rate in patients with high-risk chronic
lymphocytic leukemia (Zent et al., 2015). 3-Glucan has also shown antitumor effects when applied
locally. Laccetta et al., 2015 reported that intravaginal B-glucan spray significantly improved disease
clearance rates in patients with atypical squamous cells of undetermined significance and low-grade
squamous intraepithelial lesions. Clinical trials evaluating B-glucan treatment in human cancer patients
are summarized in Table 2.

Beyond its antitumor effects, B-glucan also promotes myelopoiesis and hematopoiesis in cancer
patients. In advanced breast cancer, a 15-day B-glucan treatment significantly increased peripheral
monocyte counts, accompanied by elevated expression of CD95 and CD45RA on CD14-positive
monocytes (Demir et al., 2007). In a cohort of patients with 11 different types of malignancies, white
blood cell counts increased to varying degrees following B-glucan administration during chemo-
therapy (Weitberg, 2008). This effect resembles the central trained immunity induced by B-glucan
in mice, where enhanced myelopoiesis is a hallmark (Mitroulis et al., 2018). Interestingly, B-glucan
has also been shown to enhance the nutritional status and quality of life in cancer patients. Milla et
al. reported that oral nutritional supplements enriched with B-glucan improved energy intake, partic-
ularly in patients with severe malnutrition or advanced tumor stages (Milla et al., 2024). Similarly,
patients with gastric or pancreatic cancers experienced significant improvements in quality of life
during chemotherapy with the addition of lentinan (Shimizu et al., 2009, Kataoka et al., 2009).

However, despite the promising antitumor effects observed in preclinical studies, the impact of
B-glucan on patient survival in most clinical trials has been limited. This discrepancy highlights the
importance of optimizing B-glucan formulations, administration routes, and treatment timing to
enhance its clinical efficacy. Further research is needed to develop novel drug delivery systems and
refine therapeutic strategies to replicate the pronounced antitumor effects seen in animal models in
human patients.

Prospectives

Despite significant progress in the field of trained immunity and cancer (Figure 3), many challenges
remain in fully harnessing this new approach for cancer immunotherapy. A critical area for future inves-
tigation involves leveraging the mechanisms of trained immunity to develop innovative cancer ther-
apies and vaccines that integrate both classical adaptive immune memory and trained immunity. As
myeloid cells are the predominant immune cells infiltrating tumors and shaping an immunosuppres-
sive microenvironment in many solid tumors, inducing trained immunity may convert a ‘cold’ into a
‘hot’ tumor, thereby augmenting the efficacy of adaptive T cell-based immunotherapies such as ICl. In
addition, adjuvants with trained immunity-inducing properties can be combined with cancer vaccines
to induce long-lasting antitumor immune responses. Given the crucial role of epigenetic alterations in
trained immunity (Saeed et al., 2014; van der Heijden et al., 2018), preventing epigenetic deacti-
vation through the use of agents like DNA methyltransferase and histone deacetylase inhibitors may
prolong its effect and promote durable antitumor responses. However, strategies to mitigate off-
target effects and potential detrimental consequences must be explored. This is especially important
as sustained inflammation can also promote tumor progression. Therefore, both the intensity and
duration of trained immunity must be carefully considered when applied to cancer immunotherapy.
It is also notable that different routes of administration lead to varying potencies of trained immu-
nity. For example, intravenous BCG injection elicits stronger trained immunity than other delivery
routes. This consideration is particularly relevant for B-glucan-induced trained immunity. Currently,
i.p. injection of B-glucan is considered the gold standard in preclinical studies, as it induces robust
trained immunity in mice. In contrast, oral delivery appears to induce a weaker response and typically
requires daily administration. The potency of trained immunity is also influenced by the formulation

Li et al. eLife 2025;14:e104920. DOI: https://doi.org/10.7554/eLife.104920 11 of 20


https://doi.org/10.7554/eLife.104920

e Life Review article

Table 2. Summary of B-glucan treatment effects in various tumor types.

B-Glucan form/

Immunology and Inflammation

Trial administration Main effects of
type Tumor type route Treatment arm Control arm B-glucan Ref.
High-risk relapsed Enhanced
RCT metastatic A gel formulation  Ganglioside vaccine+p- seroconversion of anti- Cheung et al.,
Phase Il neuroblastoma /P.O. glucan Ganglioside vaccine ganglioside IgG1 2023
Decreased IL-4;
increased IL-12;
enhanced energy Ostadrahimi
RCT Breast cancer Soluble/P.O. Chemo.+B-glucan Chemo.+placebo intake etal., 2014
Chemo.+Lactobacillus
rhamnosus strain Heriz |+f3- Ostadrahimi
RCT Breast cancer Soluble/P.O. glucan Chemo.+placebo Decreased IL-4 et al., 2024
Advanced breast Increased peripheral ~ Demir et al.,
SACT  cancer Soluble/P.O. B-Glucan - monocyte count 2007
Albeituni
SACT NSCLC Particulate/P.O. B-Glucan - Decreased MDSC et al., 2016
RCT Chemo.+Cetuximab+§- Thomas et al.,
Phase Il Advanced NSCLC  Soluble/LV. glucan Chemo.+Cetuximab Increased ORR 2017
Chemo.+bevacizumab+f- Relatively increased
RCT Advanced NSCLC Soluble/I.V. glucan Chemo.+bevacizumab ORR Liu et al., 2020
Increased
chemotherapeutic
efficacy and pro-
inflammatory ILs,
Esophageal decreased anti- Wang et al.,
CCT carcinoma Soluble/I.V. Chemo.+lentinan Chemo. inflammatory ILs 2012
Increased quality-of-life Kataoka et al.,
SACT  Gastric cancer Soluble/I.V. Chemo.+lentinan - scores 2009
Superfine Increased quality-of-life Kataoka et al.,
SACT Pancreatic cancer  dispersed/P.O. Superfine dispersed lentinan - scores 2009
Stage IV KRAS-
SACT  mutant colorectal Compelling clinical Segal et al.,
Phase Il cancer Soluble/LV. Cetuximab+B-glucan Cetuximab activity 2016
Increased disease Laccetta et al.,
RCT ASCUS/LSIL Soluble/TOP. B-Glucan No treatment clearance rates 2015
SACT High-risk chronic
Phase  lymphocytic Alemtuzumab+rituximab+f- A high complete Zent et al.,
/1 leukemia Soluble/L.V. glucan - response rate 2015
Hypercaloric diet enriched in Increased energy Milla et al.,
RCT Mixed NS/P.O. B-glucan Hypercaloric diet intake 2024
SACT
Phase Relatively increased Weitberg,
1/l Mixed advanced  Soluble/P.O. Chemo.+B-glucan - blood cell counts 2008

RCT: randomized clinical trial; CCT: controlled clinical trial; SACT: single arm clinical trial; NSCLC: non-small cell lung cancer; ASCUS: atypical squamous
cells of undetermined significance; LSIL: low-grade squamous intraepithelial lesions; NS: not specified; P.O.: Per os; I.V.: intravenous; TOP.: topical;
Chemo.: chemotherapy; IL: interleukin; MDSC: myeloid-derived suppressor cells; ORR: objective response rates.

of B-glucan (soluble vs. particulate forms) and the source of B-glucans (yeast-derived vs. bacterial or
mushroom-derived).

As new trained immunity inducers continue to emerge, clear selection criteria must be established.
It is important to determine whether an agent induces both central and peripheral trained immunity or
exerts localized effects, such as those achieved through intratumoral injection. Furthermore, the devel-
opment of personalized cancer vaccines tailored to deliver trained immunity agents to specific target
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Figure 3. Induction of trained immunity in different tumors. The tumor-promoting or tumor-suppressing roles of various trained immunity inducers,
such as BCG and B-glucan, across different cancer types are illustrated. An upward red arrow indicates an enhanced effect or tumor-promoting activity,
while a downward blue arrow denotes inhibition of tumor progression. Abbreviations: BCNS, brain and central nervous system tumors; CDN, cyclic
di-nucleotide; CTB, cholera toxin B; IRE, irreversible electroporation; MIF, macrophage migration inhibitory factor; MTP10-HDL, a new nanobiologic
candidate; PC, phosphatidylcholine; T, trained immunity. This figure was created using FigDraw.

cells is warranted, given that various innate cells can exhibit trained immunity features. Ideally, these
strategies should activate all trained innate immune cells with antitumor potential while minimizing
adverse effects. Ultimately, a deeper understanding of the mechanisms of action for various trained
immunity inducers and their downstream effects on antitumor immunity is essential for advancing this
therapeutic approach.

The identification of biomarkers indicative of effective trained immunity induction and their integra-
tion into future clinical investigations will be critical for selecting patients most likely to benefit from
this therapy. Moorlag et al. recently conducted a study involving 323 healthy participants, collecting
blood samples on day 0, as well as on days 14 and 90 post BCG vaccination, followed by compre-
hensive multi-omics analyses. The results indicate that chromatin profiling and functional assays can
effectively identify individuals in a dormant innate immune state, enabling targeted immune-boosting
interventions (Moorlag et al., 2024). Ongoing research is essential to uncover additional biomarkers
that support personalized treatment strategies, including the identification of individuals most respon-
sive to specific trained immunity stimulants, optimal dosing strategies, and biomarkers that signal
waning immunity, indicating the need for re-administration. Similarly, determining the optimal timing
and sequencing of trained immunity induction in combination with existing immunotherapy, such
as ICl therapy, is imperative. As the induction of trained immunity requires training and elicitation,
its application in preventing cancer recurrence and metastasis appears to be particularly promising.
However, further clinical investigations are necessary to fully explore the potential of trained immunity
in cancer immunotherapy.

Acknowledgements

This work was partly supported by the NIH RO1CA278941 and the American Cancer Society Mission
Boost Award (JY). The authors would like to thank FigDraw (https://www.figdraw.com/) for providing
an easy-to-use platform for figure creation. The funders had no role in study design, data collection,
and interpretation, or the decision to submit the work for publication. This paper was supported by

Li et al. eLife 2025;14:e104920. DOI: https://doi.org/10.7554/eLife.104920

13 of 20


https://doi.org/10.7554/eLife.104920
https://www.figdraw.com/

e Life Review article

Immunology and Inflammation

the following grants: NIH RO1CA278941 American Cancer Society Mission Boost Award MBGI-22-
158-01-MBG (JY).

Additional information

Funding
Funder Grant reference number Author
National Cancer Institute ~ RO1CA278941 Jun Yan

American Cancer Society  10.53354/pc.gr.158325 Jun Yan

The funders had no role in study design, data collection, and interpretation, or the
decision to submit the work for publication.

Author contributions

Shu Li, Conceptualization, Writing — original draft, Writing — review and editing; Yi Zou, Austin McMas-
ters, Conceptualization, Writing — original draft; Fuxiang Chen, Conceptualization, Writing — review
and editing; Jun Yan, Conceptualization, Funding acquisition, Writing — original draft, Writing — review
and editing

Author ORCIDs
Yi Zou ® https://orcid.org/0000-0003-3844-9535
Jun Yan ® https://orcid.org/0000-0003-2922-422X

References

Albeituni SH, Ding C, Liu M, Hu X, Luo F, Kloecker G, Bousamra M, Zhang H, Yan J. 2016. Yeast-derived
particulate B-glucan treatment subverts the suppression of Myeloid-Derived Suppressor Cells (MDSC) by
inducing polymorphonuclear MDSC apoptosis and monocytic MDSC differentiation to APC in cancer. Journal
of Immunology 196:2167-2180. DOI: https://doi.org/10.4049/jimmunol.1501853, PMID: 26810222

Arts RJW, Carvalho A, La Rocca C, Palma C, Rodrigues F, Silvestre R, Kleinnijenhuis J, Lachmandas E,
Gongalves LG, Belinha A, Cunha C, Oosting M, Joosten LAB, Matarese G, van Crevel R, Netea MG. 2016a.
Immunometabolic pathways in BCG-induced trained immunity. Cell Reports 17:2562-2571. DOI: https://doi.
org/10.1016/j.celrep.2016.11.011, PMID: 27926861

Arts RJW, Novakovic B, Ter Horst R, Carvalho A, Bekkering S, Lachmandas E, Rodrigues F, Silvestre R,

Cheng S-C, Wang S-Y, Habibi E, Gongalves LG, Mesquita |, Cunha C, van Laarhoven A, van de Veerdonk FL,
Williams DL, van der Meer JWM, Logie C, O'Neill LA, et al. 2016b. Glutaminolysis and fumarate accumulation
integrate immunometabolic and epigenetic programs in trained Immunity. Cell Metabolism 24:807-819. DOI:
https://doi.org/10.1016/j.cmet.2016.10.008, PMID: 27866838

Atallah A, Grossman A, Nauman RW, Paré J-F, Khan A, Siemens DR, Cotechini T, Graham CH. 2024. Systemic
versus localized Bacillus Calmette Guérin immunotherapy of bladder cancer promotes an anti-tumoral
microenvironment: Novel role of trained immunity. International Journal of Cancer 155:352-364. DOI: https://
doi.org/10.1002/ijc.34897, PMID: 38483404

Barbier L, Ferhat M, Salamé E, Robin A, Herbelin A, Gombert JM, Silvain C, Barbarin A. 2019. Interleukin-1
family cytokines: keystones in liver inflammatory diseases. Frontiers in Immunology 10:2014. DOI: https://doi.
org/10.3389/fimmu.2019.02014, PMID: 31507607

Bekkering S, Quintin J, Joosten LAB, van der Meer JWM, Netea MG, Riksen NP. 2014. Oxidized low-density
lipoprotein induces long-term proinflammatory cytokine production and foam cell formation via epigenetic
reprogramming of monocytes. Arteriosclerosis, Thrombosis, and Vascular Biology 34:1731-1738. DOI: https://
doi.org/10.1161/ATVBAHA.114.303887, PMID: 24903093

Bekkering S, Arts RJW, Novakovic B, Kourtzelis |, van der Heijden C, Li Y, Popa CD, Ter Horst R, van Tuijl J,
Netea-Maier RT, van de Veerdonk FL, Chavakis T, Joosten LAB, van der Meer JWM, Stunnenberg H, Riksen NP,
Netea MG. 2018. Metabolic induction of trained immunity through the mevalonate pathway. Cell 172:135-146.
DOI: https://doi.org/10.1016/j.cell.2017.11.025, PMID: 29328908

Borriello F, lannone R, Di Somma S, Loffredo S, Scamardella E, Galdiero MR, Varricchi G, Granata F, Portella G,
Marone G. 2016. GM-CSF and IL-3 modulate human monocyte TNF-a production and renewal in In Vitro
Models of Trained Immunity. Frontiers in Immunology 7:680. DOI: https://doi.org/10.3389/fimmu.2016.00680,
PMID: 28138327

Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram |, Jemal A. 2024. Global cancer statistics
2022: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA
74:229-263. DOI: https://doi.org/10.3322/caac.21834, PMID: 38572751

Li et al. eLife 2025;14:e104920. DOI: https://doi.org/10.7554/eLife.104920 14 of 20


https://doi.org/10.7554/eLife.104920
https://doi.org/10.53354/pc.gr.158325
https://orcid.org/0000-0003-3844-9535
https://orcid.org/0000-0003-2922-422X
https://doi.org/10.4049/jimmunol.1501853
http://www.ncbi.nlm.nih.gov/pubmed/26810222
https://doi.org/10.1016/j.celrep.2016.11.011
https://doi.org/10.1016/j.celrep.2016.11.011
http://www.ncbi.nlm.nih.gov/pubmed/27926861
https://doi.org/10.1016/j.cmet.2016.10.008
http://www.ncbi.nlm.nih.gov/pubmed/27866838
https://doi.org/10.1002/ijc.34897
https://doi.org/10.1002/ijc.34897
http://www.ncbi.nlm.nih.gov/pubmed/38483404
https://doi.org/10.3389/fimmu.2019.02014
https://doi.org/10.3389/fimmu.2019.02014
http://www.ncbi.nlm.nih.gov/pubmed/31507607
https://doi.org/10.1161/ATVBAHA.114.303887
https://doi.org/10.1161/ATVBAHA.114.303887
http://www.ncbi.nlm.nih.gov/pubmed/24903093
https://doi.org/10.1016/j.cell.2017.11.025
http://www.ncbi.nlm.nih.gov/pubmed/29328908
https://doi.org/10.3389/fimmu.2016.00680
http://www.ncbi.nlm.nih.gov/pubmed/28138327
https://doi.org/10.3322/caac.21834
http://www.ncbi.nlm.nih.gov/pubmed/38572751

e Life Review article

Immunology and Inflammation

Briukhovetska D, Dérr J, Endres S, Libby P, Dinarello CA, Kobold S. 2021. Interleukins in cancer: from biology to
therapy. Nature Reviews. Cancer 21:481-499. DOI: https://doi.org/10.1038/s41568-021-00363-z, PMID:
34083781

Broquet A, Gourain V, Goronflot T, Le Mabecque V, Sinha D, Ashayeripanah M, Jacqueline C, Martin P,

Davieau M, Boutin L, Poulain C, Martin FP, Fourgeux C, Petrier M, Cannevet M, Leclercq T, Guillonneau M,
Chaumette T, Laurent T, Harly C, et al. 2024. Sepsis-trained macrophages promote antitumoral tissue-resident
T cells. Nature Immunology 25:802-819. DOI: https://doi.org/10.1038/s41590-024-01819-8, PMID: 38684922

Buffen K, Oosting M, Quintin J, Ng A, Kleinnijenhuis J, Kumar V, van de Vosse E, Wijmenga C, van Crevel R,
Oosterwijk E, Grotenhuis AJ, Vermeulen SH, Kiemeney LA, van de Veerdonk FL, Chamilos G, Xavier RJ,
van der Meer JWM, Netea MG, Joosten LAB. 2014. Autophagy controls BCG-induced trained immunity and
the response to intravesical BCG therapy for bladder cancer. PLOS Pathogens 10:e1004485. DOI: https://doi.
org/10.1371/journal.ppat.1004485, PMID: 25356988

Cardillo F, Bonfim M, da Silva Vasconcelos Sousa P, Mengel J, Ribeiro Castello-Branco LR, Pinho RT. 2021.
Bacillus Calmette-guérin immunotherapy for cancer. Vaccines 9:439. DOI: https://doi.org/10.3390/
vaccines9050439, PMID: 34062708

Chen J, Gao L, Wu X, Fan Y, Liu M, Peng L, Song J, Li B, Liu A, Bao F. 2023. BCG-induced trained immunity:
history, mechanisms and potential applications. Journal of Translational Medicine 21:106. DOI: https://doi.org/
10.1186/512967-023-03944-8, PMID: 36765373

Cheng S-C, Quintin J, Cramer RA, Shepardson KM, Saeed S, Kumar V, Giamarellos-Bourboulis EJ, Martens JHA,
Rao NA, Aghajanirefah A, Manjeri GR, Li Y, Ifrim DC, Arts RJW, van der Veer BMJW, Deen PMT, Logie C,
O'Neill LA, Willems P, van de Veerdonk FL, et al. 2014. mTOR- and HIF-1o-mediated aerobic glycolysis as
metabolic basis for trained immunity. Science 345:1250684. DOI: https://doi.org/10.1126/science. 1250684

Cheung 1Y, Mauguen A, Modak S, Ragupathi G, Basu EM, Roberts SS, Kushner BH, Cheung NK. 2023. Effect of
Oral B-glucan on antibody response to ganglioside vaccine in patients with high-risk neuroblastoma: a phase 2
randomized clinical trial. JAMA Oncology 9:242-250. DOI: https://doi.org/10.1001/jamaoncol.2022.5999,
PMID: 36547975

Christ A, Gunther P, Lauterbach MAR, Duewell P, Biswas D, Pelka K, Scholz CJ, Oosting M, Haendler K, BaBler K,
Klee K, Schulte-Schrepping J, Ulas T, Moorlag SJC, Kumar V, Park MH, Joosten LAB, Groh LA, Riksen NP,
Espevik T, et al. 2018. Western diet triggers NLRP3-dependent innate immune reprogramming. Cell 172:162—
175. DOI: https://doi.org/10.1016/j.cell.2017.12.013, PMID: 29328911

Christ A, Latz E. 2019. The Western lifestyle has lasting effects on metaflammation. Nature Reviews. Immunology
19:267-268. DOI: https://doi.org/10.1038/s41577-019-0156-1, PMID: 30911129

Crisan TO, Cleophas MCP, Oosting M, Lemmers H, Toenhake-Dijkstra H, Netea MG, Jansen TL, Joosten LAB.
2016. Soluble uric acid primes TLR-induced proinflammatory cytokine production by human primary cells via
inhibition of IL-1Ra. Annals of the Rheumatic Diseases 75:755-762. DOI: https://doi.org/10.1136/annrheumdis-
2014-206564, PMID: 25649144

Crisan TO, Cleophas MCP, Novakovic B, Erler K, van de Veerdonk FL, Stunnenberg HG, Netea MG, Dinarello CA,
Joosten LAB. 2017. Uric acid priming in human monocytes is driven by the AKT-PRAS40 autophagy pathway.
PNAS 114:5485-5490. DOI: https://doi.org/10.1073/pnas.1620910114, PMID: 28484006

da Costa Loureiro L, da Costa Loureiro L, Gabriel-Junior EA, Zambuzi FA, Fontanari C, Sales-Campos H,

Frantz FG, Faccioli LH, Sorgi CA. 2020. Pulmonary surfactant phosphatidylcholines induce immunological
adaptation of alveolar macrophages. Molecular Immunology 122:163-172. DOI: https://doi.org/10.1016/j.
molimm.2020.04.010, PMID: 32361419

Dallio M, Sangineto M, Romeo M, Villani R, Romano AD, Loguercio C, Serviddio G, Federico A. 2021. Immunity
as cornerstone of non-alcoholic fatty liver disease: the contribution of oxidative stress in the disease
progression. International Journal of Molecular Sciences 22:436. DOI: https://doi.org/10.3390/ijms22010436,
PMID: 33406763

Daman AW, Antonelli AC, Redelman-Sidi G, Paddock L, Cheong JG, Jurado LF, Benjamin A, Jiang S,

Ahimovic D, Khayat S, Bale MJ, Loutochin O, McPherson VA, Pe’er D, Divangahi M, Pietzak E, Josefowicz SZ,
Glickman M. 2024. Microbial cancer immunotherapy reprograms hematopoietic stem cells to enhance
anti-tumor immunity. bioRxiv. DOI: https://doi.org/10.1101/2024.03.21.586166, PMID: 38562703

Demir G, Klein HO, Mandel-Molinas N, Tuzuner N. 2007. Beta glucan induces proliferation and activation of
monocytes in peripheral blood of patients with advanced breast cancer. International Imnmunopharmacology
7:113-116. DOI: https://doi.org/10.1016/j.intimp.2006.08.011, PMID: 17161824

Ding C, Shrestha R, Zhu X, Geller AE, Wu S, Woeste MR, Li W, Wang H, Yuan F, Xu R, Chariker JH, Hu X, Li H,
Tieri D, Zhang HG, Rouchka EC, Mitchell R, Siskind LJ, Zhang X, Xu XG, et al. 2023. Inducing trained immunity
in pro-metastatic macrophages to control tumor metastasis. Nature Immunology 24:239-254. DOI: https://doi.
org/10.1038/s41590-022-01388-8, PMID: 36604547

Dominguez-Andrés J, Joosten LA, Netea MG. 2019%a. Induction of innate immune memory: the role of cellular
metabolism. Current Opinion in Immunology 56:10-16. DOI: https://doi.org/10.1016/].c0i.2018.09.001, PMID:
30240964

Dominguez-Andrés J, Novakovic B, Li Y, Scicluna BP, Gresnigt MS, Arts RJW, Oosting M, Moorlag SJC, Groh LA,
Zwaag J, Koch RM, Ter Horst R, Joosten LAB, Wijmenga C, Michelucci A, van der Poll T, Kox M, Pickkers P,
Kumar V, Stunnenberg H, et al. 2019b. The itaconate pathway is a central regulatory node linking innate
immune tolerance and trained immunity. Cell Metabolism 29:211-220. DOI: https://doi.org/10.1016/j.cmet.
2018.09.003, PMID: 30293776

Li et al. eLife 2025;14:e104920. DOI: https://doi.org/10.7554/eLife.104920 15 of 20


https://doi.org/10.7554/eLife.104920
https://doi.org/10.1038/s41568-021-00363-z
http://www.ncbi.nlm.nih.gov/pubmed/34083781
https://doi.org/10.1038/s41590-024-01819-8
http://www.ncbi.nlm.nih.gov/pubmed/38684922
https://doi.org/10.1371/journal.ppat.1004485
https://doi.org/10.1371/journal.ppat.1004485
http://www.ncbi.nlm.nih.gov/pubmed/25356988
https://doi.org/10.3390/vaccines9050439
https://doi.org/10.3390/vaccines9050439
http://www.ncbi.nlm.nih.gov/pubmed/34062708
https://doi.org/10.1186/s12967-023-03944-8
https://doi.org/10.1186/s12967-023-03944-8
http://www.ncbi.nlm.nih.gov/pubmed/36765373
https://doi.org/10.1126/science.1250684
https://doi.org/10.1001/jamaoncol.2022.5999
http://www.ncbi.nlm.nih.gov/pubmed/36547975
https://doi.org/10.1016/j.cell.2017.12.013
http://www.ncbi.nlm.nih.gov/pubmed/29328911
https://doi.org/10.1038/s41577-019-0156-1
http://www.ncbi.nlm.nih.gov/pubmed/30911129
https://doi.org/10.1136/annrheumdis-2014-206564
https://doi.org/10.1136/annrheumdis-2014-206564
http://www.ncbi.nlm.nih.gov/pubmed/25649144
https://doi.org/10.1073/pnas.1620910114
http://www.ncbi.nlm.nih.gov/pubmed/28484006
https://doi.org/10.1016/j.molimm.2020.04.010
https://doi.org/10.1016/j.molimm.2020.04.010
http://www.ncbi.nlm.nih.gov/pubmed/32361419
https://doi.org/10.3390/ijms22010436
http://www.ncbi.nlm.nih.gov/pubmed/33406763
https://doi.org/10.1101/2024.03.21.586166
38562703
https://doi.org/10.1016/j.intimp.2006.08.011
http://www.ncbi.nlm.nih.gov/pubmed/17161824
https://doi.org/10.1038/s41590-022-01388-8
https://doi.org/10.1038/s41590-022-01388-8
http://www.ncbi.nlm.nih.gov/pubmed/36604547
https://doi.org/10.1016/j.coi.2018.09.001
http://www.ncbi.nlm.nih.gov/pubmed/30240964
https://doi.org/10.1016/j.cmet.2018.09.003
https://doi.org/10.1016/j.cmet.2018.09.003
http://www.ncbi.nlm.nih.gov/pubmed/30293776

e Life Review article

Immunology and Inflammation

Dore MP, Pes GM. 2024. Trained immunity and trained tolerance: the case of Helicobacter pylori infection.
International Journal of Molecular Sciences 25:5856. DOI: https://doi.org/10.3390/ijms25115856, PMID:
38892046

Drummer CIV, Saaoud F, Sun Y, Atar D, Xu K, Lu Y, Shao Y, Johnson C, Liu L, Shen H, Jhala NC, Jiang X, Wang H,
Yang X. 2021. Hyperlipidemia may synergize with hypomethylation in establishing trained immunity and
promoting inflammation in NASH and NAFLD. Journal of Inmunology Research 2021:3928323. DOI: https://
doi.org/10.1155/2021/3928323, PMID: 34859106

Dutra FF, Bozza MT. 2014. Heme on innate immunity and inflammation. Frontiers in Pharmacology 5:115. DOI:
https://doi.org/10.3389/fphar.2014.00115, PMID: 24904418

Engel-Riedel W, Lowe J, Mattson P, Richard Trout J, Huhn RD, Gargano M, Patchen ML, Walsh R, Trinh MM,
Dupuis M, Schneller F. 2018. A randomized, controlled trial evaluating the efficacy and safety of BTH1677 in
combination with bevacizumab, carboplatin, and paclitaxel in first-line treatment of advanced non-small cell
lung cancer. Journal for Immunotherapy of Cancer 6:16. DOI: https://doi.org/10.1186/s40425-018-0324-z,
PMID: 29486797

Flores Gomez D, Bekkering S, Ter Horst R, Cossins B, van den Munckhof ICL, Rutten JHW, Joosten LAB,

Netea MG, Riksen NP. 2024. The effect of leptin on trained innate immunity and on systemic inflammation in
subjects with obesity. Journal of Leukocyte Biology 115:374-384. DOI: https://doi.org/10.1093/jleuko/qiad118,
PMID: 37776323

Frauenlob T, Neuper T, Regl C, Schaepertoens V, Unger MS, Oswald AL, Dang HH, Huber CG, Aberger F,
Wessler S, Horejs-Hoeck J. 2023. Helicobacter pylori induces a novel form of innate immune memory via
accumulation of NF- x B proteins. Frontiers in Inmunology 14:1290833. DOI: https://doi.org/10.3389/fimmu.
2023.1290833, PMID: 38053995

Geller AE, Shrestha R, Woeste MR, Guo H, Hu X, Ding C, Andreeva K, Chariker JH, Zhou M, Tieri D, Watson CT,
Mitchell RA, Zhang H-G, Li Y, Martin li RCG, Rouchka EC, Yan J. 2022. The induction of peripheral trained
immunity in the pancreas incites anti-tumor activity to control pancreatic cancer progression. Nature
Communications 13:759. DOI: https://doi.org/10.1038/s41467-022-28407-4, PMID: 35140221

Gray BN, Walker C, Andrewartha L, Freeman S, Bennett RC. 1989. Controlled clinical trial of adjuvant
immunotherapy with BCG and neuraminidase-treated autologous tumour cells in large bowel cancer. Journal of
Surgical Oncology 40:34-37. DOI: https://doi.org/10.1002/js0.2930400109, PMID: 2642566

Hong M, Sandalova E, Low D, Gehring AJ, Fieni S, Amadei B, Urbani S, Chong YS, Guccione E, Bertoletti A.
2015. Trained immunity in newborn infants of HBV-infected mothers. Nature Communications 6:6588. DOI:
https://doi.org/10.1038/ncomms7588, PMID: 25807344

Hoption Cann SA, van Netten JP, van Netten C. 2003. Dr William Coley and tumour regression: a place in history
or in the future. Postgraduate Medical Journal 79:672-680 PMID: 14707241.

lhle CL, Straign DM, Canari JA, Torkko KC, Zolman KL, Smith EE, Owens P. 2024. Unique macrophage
phenotypes activated by BMP signaling in breast cancer bone metastases. JCI Insight 9:168517. DOI: https://
doi.org/10.1172/jci.insight.168517, PMID: 38193534

Iwasaki A, Medzhitov R. 2015. Control of adaptive immunity by the innate immune system. Nature Immunology
16:343-353. DOI: https://doi.org/10.1038/ni.3123, PMID: 25789684

Jentho E, Ruiz-Moreno C, Novakovic B, Kourtzelis I, Megchelenbrink WL, Martins R, Chavakis T, Soares MP,
Kalafati L, Guerra J, Roestel F, Bohm P, Godmann M, Grinenko T, Eugster A, Beretta M, Joosten LAB,

Netea MG, Bauer M, Stunnenberg HG, et al. 2021. Trained innate immunity, long-lasting epigenetic
modulation, and skewed myelopoiesis by heme. PNAS 118:€2102698118. DOI: https://doi.org/10.1073/pnas.
2102698118, PMID: 34663697

Jeyanathan M, Vaseghi-Shanjani M, Afkhami S, Grondin JA, Kang A, D’Agostino MR, Yao Y, Jain S, Zganiacz A,
Kroezen Z, Shanmuganathan M, Singh R, Dvorkin-Gheva A, Britz-McKibbin P, Khan WI, Xing Z. 2022. Parenteral
BCG vaccine induces lung-resident memory macrophages and trained immunity via the gut-lung axis. Nature
Immunology 23:1687-1702. DOI: https://doi.org/10.1038/s41590-022-01354-4, PMID: 36456739

Kalafati L, Kourtzelis |, Schulte-Schrepping J, Li X, Hatzioannou A, Grinenko T, Hagag E, Sinha A, Has C, Dietz S,
de Jesus Domingues AM, Nati M, Sormendi S, Neuwirth A, Chatzigeorgiou A, Ziogas A, Lesche M, Dahl A,
Henry I, Subramanian P, et al. 2020. Innate immune training of granulopoiesis promotes anti-tumor activity. Cell
183:771-785.. DOI: https://doi.org/10.1016/j.cell.2020.09.058

Kamada R, Yang W, Zhang Y, Patel MC, Yang Y, Ouda R, Dey A, Wakabayashi Y, Sakaguchi K, Fujita T, Tamura T,
Zhu J, Ozato K. 2018. Interferon stimulation creates chromatin marks and establishes transcriptional memory.
PNAS 115:E9162-E9171. DOI: https://doi.org/10.1073/pnas. 1720930115, PMID: 30201712

Kataoka H, Shimura T, Mizoshita T, Kubota E, Mori Y, Mizushima T, Wada T, Ogasawara N, Tanida S, Sasaki M,
Togawa S, Sano H, Hirata Y, Ikai M, Mochizuki H, Seno K, Itoh S, Kawai T, Joh T. 2009. Lentinan with S-1 and
paclitaxel for gastric cancer chemotherapy improve patient quality of life. Hepato-Gastroenterology 56:547—
550 PMID: 19579640.

Kaufmann E, Sanz J, Dunn JL, Khan N, Mendonca LE, Pacis A, Tzelepis F, Pernet E, Dumaine A, Grenier J-C,
Mailhot-Léonard F, Ahmed E, Belle J, Besla R, Mazer B, King IL, Nijnik A, Robbins CS, Barreiro LB, Divangahi M.
2018. BCG educates hematopoietic stem cells to generate protective innate immunity against tuberculosis.
Cell 172:176-190. DOI: https://doi.org/10.1016/j.cell.2017.12.031, PMID: 29328912

Kleinnijenhuis J, Quintin J, Preijers F, Joosten LAB, Jacobs C, Xavier RJ, van der Meer JWM, van Crevel R,
Netea MG. 2014. BCG-induced trained immunity in NK cells: Role for non-specific protection to infection.
Clinical Immunology 155:213-219. DOI: https://doi.org/10.1016/j.clim.2014.10.005, PMID: 25451159

Li et al. eLife 2025;14:e104920. DOI: https://doi.org/10.7554/eLife.104920 16 of 20


https://doi.org/10.7554/eLife.104920
https://doi.org/10.3390/ijms25115856
http://www.ncbi.nlm.nih.gov/pubmed/38892046
https://doi.org/10.1155/2021/3928323
https://doi.org/10.1155/2021/3928323
http://www.ncbi.nlm.nih.gov/pubmed/34859106
https://doi.org/10.3389/fphar.2014.00115
http://www.ncbi.nlm.nih.gov/pubmed/24904418
https://doi.org/10.1186/s40425-018-0324-z
http://www.ncbi.nlm.nih.gov/pubmed/29486797
https://doi.org/10.1093/jleuko/qiad118
http://www.ncbi.nlm.nih.gov/pubmed/37776323
https://doi.org/10.3389/fimmu.2023.1290833
https://doi.org/10.3389/fimmu.2023.1290833
http://www.ncbi.nlm.nih.gov/pubmed/38053995
https://doi.org/10.1038/s41467-022-28407-4
http://www.ncbi.nlm.nih.gov/pubmed/35140221
https://doi.org/10.1002/jso.2930400109
http://www.ncbi.nlm.nih.gov/pubmed/2642566
https://doi.org/10.1038/ncomms7588
http://www.ncbi.nlm.nih.gov/pubmed/25807344
http://www.ncbi.nlm.nih.gov/pubmed/14707241
https://doi.org/10.1172/jci.insight.168517
https://doi.org/10.1172/jci.insight.168517
http://www.ncbi.nlm.nih.gov/pubmed/38193534
https://doi.org/10.1038/ni.3123
http://www.ncbi.nlm.nih.gov/pubmed/25789684
https://doi.org/10.1073/pnas.2102698118
https://doi.org/10.1073/pnas.2102698118
http://www.ncbi.nlm.nih.gov/pubmed/34663697
https://doi.org/10.1038/s41590-022-01354-4
http://www.ncbi.nlm.nih.gov/pubmed/36456739
https://doi.org/10.1016/j.cell.2020.09.058
https://doi.org/10.1073/pnas.1720930115
http://www.ncbi.nlm.nih.gov/pubmed/30201712
http://www.ncbi.nlm.nih.gov/pubmed/19579640
https://doi.org/10.1016/j.cell.2017.12.031
http://www.ncbi.nlm.nih.gov/pubmed/29328912
https://doi.org/10.1016/j.clim.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25451159

e Life Review article

Immunology and Inflammation

Knight HR, Ketter E, Ung T, Weiss A, Ajit J, Chen Q, Shen J, Ip KM, Chiang CY, Barreiro L, Esser-Kahn A. 2024.
High-throughput screen identifies non inflammatory small molecule inducers of trained immunity. PNAS
121:€2400413121. DOI: https://doi.org/10.1073/pnas.2400413121, PMID: 38976741

Kremenovic M, Schenk M, Lee DJ. 2020. Clinical and molecular insights into BCG immunotherapy for
melanoma. Journal of Internal Medicine 288:625-640. DOI: https://doi.org/10.1111/joim.13037, PMID:
32128919

Laccetta G, Carrone A, Burratti M, Mancino P. 2015. Effect of the treatment with B-glucan in women with cervical
cytologic report of atypical squamous cells of undetermined significance (ASCUS) and low-grade squamous
intraepithelial lesions (L-SIL). Minerva Ginecologica 67:113-120 PMID: 25668505.

Leinwand J, Miller G. 2020. Regulation and modulation of antitumor immunity in pancreatic cancer. Nature
Immunology 21:1152-1159. DOI: https://doi.org/10.1038/s41590-020-0761-y, PMID: 32807942

Li B, Cai Y, Qi C, Hansen R, Ding C, Mitchell TC, Yan J. 2010. Orally administered particulate beta-glucan
modulates tumor-capturing dendritic cells and improves antitumor T-cell responses in cancer. Clinical Cancer
Research 16:5153-5164. DOI: https://doi.org/10.1158/1078-0432.CCR-10-0820, PMID: 20855461

Li D, Li W, Zheng P, Yang Y, Liu Q, Hu Y, He J, Long Q, Ma Y. 2023a. A “trained immunity” inducer-adjuvanted
nanovaccine reverses the growth of established tumors in mice. Journal of Nanobiotechnology 21:74. DOI:
https://doi.org/10.1186/s12951-023-01832-3, PMID: 36864424

Li W, Moorlag S, Koeken V, Réring RJ, de Bree LCJ, Mourits VP, Gupta MK, Zhang B, Fu J, Zhang Z, Grondman |,
van Meijgaarden KE, Zhou L, Alaswad A, Joosten LAB, van Crevel R, Xu CJ, Netea MG, Li Y. 2023b. A
single-cell view on host immune transcriptional response to in vivo BCG-induced trained immunity. Cell Reports
42:112487. DOI: https://doi.org/10.1016/].celrep.2023.112487, PMID: 37155329

Liu M, Tong Z, Ding C, Luo F, Wu S, Wu C, Albeituni S, He L, Hu X, Tieri D, Rouchka EC, Hamada M, Takahashi S,
Gibb AA, Kloecker G, Zhang HG, Bousamra M, Hill BG, Zhang X, Yan J. 2020. Transcription factor c-Maf is a
checkpoint that programs macrophages in lung cancer. The Journal of Clinical Investigation 130:2081-2096.
DOI: https://doi.org/10.1172/JCI1131335, PMID: 31945018

Liu Y, Wang Z, Jin H, Cui L, Huo B, Xie C, Li J, Ding H, Zhang H, Xiong W, Li M, Zhang H, Guo H, Li C, Wang T,
Wang X, He W, Wang Z, Bei JX, Huang P, et al. 2024. Squalene-epoxidase-catalyzed 24(S),25-epoxycholesterol
synthesis promotes trained-immunity-mediated antitumor activity. Cell Reports 43:114094. DOI: https://doi.
org/10.1016/j.celrep.2024.114094

Medzhitov R, Janeway CA. 2002. Decoding the patterns of self and nonself by the innate immune system.
Science 296:298-300. DOI: https://doi.org/10.1126/science. 1068883, PMID: 11951031

Milicevic S, Cemazar M, Ivancic AK, Gasljevic G, Bosnjak M, Sersa G, Peric B. 2023. Electrochemotherapy of
melanoma cutaneous metastases in organ transplant recipients: a systematic review of preclinical and clinical
studies. International Journal of Molecular Sciences 24:8335. DOI: https://doi.org/10.3390/ijms24098335,
PMID: 37176042

Milla SP, Luna PPG, Casariego AV, Gonzalez FV, Folgueras TM, Jauregui Ol, Rey SG, Fernandez AC, Plaza BL,
Quintana TC, de Luis Roman DA. 2024. Adherence and impact of an oral nutritional supplement enriched in
leucine, EVOO, EPA and DHA, and beta-glucans on the coverage of energy and protein requirements in
patients with cancer and malnutrition: Alisenoc study. Nutrition 120:112355. DOI: https://doi.org/10.1016/].
nut.2024.112355, PMID: 38341907

Mitroulis I, Ruppova K, Wang B, Chen LS, Grzybek M, Grinenko T, Eugster A, Troullinaki M, Palladini A,
Kourtzelis |, Chatzigeorgiou A, Schlitzer A, Beyer M, Joosten LAB, Isermann B, Lesche M, Petzold A, Simons K,
Henry |, Dahl A, et al. 2018. Modulation of myelopoiesis progenitors is an integral component of trained
immunity. Cell 172:147-161. DOI: https://doi.org/10.1016/j.cell.2017.11.034, PMID: 29328910

Moorlag SJC, Folkman L, Ter Horst R, Krausgruber T, Barreca D, Schuster LC, Fife V, Matzaraki V, Li W, Reichl S,
Mourits VP, Koeken VACM, de Bree LCJ, Dijkstra H, Lemmers H, van Cranenbroek B, van Rijssen E,

Koenen HJPM, Joosten |, Xu C-J, et al. 2024. Multi-omics analysis of innate and adaptive responses to BCG
vaccination reveals epigenetic cell states that predict trained immunity. Immunity 57:171-187. DOI: https://doi.
org/10.1016/j.immuni.2023.12.005, PMID: 38198850

Morales A, Eidinger D, Bruce AW. 2002. Intracavitary Bacillus Calmette-Guerin in the treatment of superficial
bladder tumors. 1976. The Journal of Urology 167:891-893. DOI: https://doi.org/10.1016/s0022-5347(02)
80294-4, PMID: 11905917

Morra ME, Kien ND, Elmaraezy A, Abdelaziz OAM, Elsayed AL, Halhouli O, Montasr AM, Vu TLH, Ho C, Foly AS,
Phi AP, Abdullah WM, Mikhail M, Milne E, Hirayama K, Huy NT. 2017. Early vaccination protects against
childhood leukemia: A systematic review and meta-analysis. Scientific Reports 7:15986. DOI: https://doi.org/
10.1038/s41598-017-16067-0, PMID: 29167460

Musrati MA, Stijlemans B, Azouz A, Kancheva D, Mesbahi S, Hadadi E, Lebegge E, Ali L, De Vlaminck K,
Scheyltjens |, Vandamme N, Zivalj M, Assaf N, Elkrim Y, Ahmidi |, Huart C, Lamkanfi M, Guilliams M,

De Baetselier P, Goriely S, et al. 2024. Infection history imprints prolonged changes to the epigenome,
transcriptome and function of Kupffer cells. Journal of Hepatology 81:1023-1039. DOI: https://doi.org/10.
1016/j.jhep.2024.07.007, PMID: 39002639

Netea MG, Quintin J, van der Meer JWM. 2011. Trained immunity: a memory for innate host defense. Cell Host
& Microbe 9:355-361. DOI: https://doi.org/10.1016/j.chom.2011.04.006, PMID: 21575907

Netea MG, Joosten LAB, Latz E, Mills KHG, Natoli G, Stunnenberg HG, O'Neill LAJ, Xavier RJ. 2016. Trained
immunity: A program of innate immune memory in health and disease. Science 352:aaf1098. DOI: https://doi.
org/10.1126/science.aaf1098, PMID: 27102489

Li et al. eLife 2025;14:e104920. DOI: https://doi.org/10.7554/eLife.104920 17 of 20


https://doi.org/10.7554/eLife.104920
https://doi.org/10.1073/pnas.2400413121
http://www.ncbi.nlm.nih.gov/pubmed/38976741
https://doi.org/10.1111/joim.13037
http://www.ncbi.nlm.nih.gov/pubmed/32128919
http://www.ncbi.nlm.nih.gov/pubmed/25668505
https://doi.org/10.1038/s41590-020-0761-y
http://www.ncbi.nlm.nih.gov/pubmed/32807942
https://doi.org/10.1158/1078-0432.CCR-10-0820
http://www.ncbi.nlm.nih.gov/pubmed/20855461
https://doi.org/10.1186/s12951-023-01832-3
http://www.ncbi.nlm.nih.gov/pubmed/36864424
https://doi.org/10.1016/j.celrep.2023.112487
http://www.ncbi.nlm.nih.gov/pubmed/37155329
https://doi.org/10.1172/JCI131335
http://www.ncbi.nlm.nih.gov/pubmed/31945018
https://doi.org/10.1016/j.celrep.2024.114094
https://doi.org/10.1016/j.celrep.2024.114094
https://doi.org/10.1126/science.1068883
http://www.ncbi.nlm.nih.gov/pubmed/11951031
https://doi.org/10.3390/ijms24098335
http://www.ncbi.nlm.nih.gov/pubmed/37176042
https://doi.org/10.1016/j.nut.2024.112355
https://doi.org/10.1016/j.nut.2024.112355
http://www.ncbi.nlm.nih.gov/pubmed/38341907
https://doi.org/10.1016/j.cell.2017.11.034
http://www.ncbi.nlm.nih.gov/pubmed/29328910
https://doi.org/10.1016/j.immuni.2023.12.005
https://doi.org/10.1016/j.immuni.2023.12.005
http://www.ncbi.nlm.nih.gov/pubmed/38198850
https://doi.org/10.1016/s0022-5347(02)80294-4
https://doi.org/10.1016/s0022-5347(02)80294-4
http://www.ncbi.nlm.nih.gov/pubmed/11905917
https://doi.org/10.1038/s41598-017-16067-0
https://doi.org/10.1038/s41598-017-16067-0
http://www.ncbi.nlm.nih.gov/pubmed/29167460
https://doi.org/10.1016/j.jhep.2024.07.007
https://doi.org/10.1016/j.jhep.2024.07.007
http://www.ncbi.nlm.nih.gov/pubmed/39002639
https://doi.org/10.1016/j.chom.2011.04.006
http://www.ncbi.nlm.nih.gov/pubmed/21575907
https://doi.org/10.1126/science.aaf1098
https://doi.org/10.1126/science.aaf1098
http://www.ncbi.nlm.nih.gov/pubmed/27102489

e Life Review article

Immunology and Inflammation

Nishida S, Tsuboi A, Tanemura A, Ito T, Nakajima H, Shirakata T, Morimoto S, Fujiki F, Hosen N, Oji Y,
Kumanogoh A, Kawase |, Oka Y, Azuma |, Morita S, Sugiyama H. 2019. Immune adjuvant therapy using Bacillus
Calmette-Guérin cell wall skeleton (BCG-CWS) in advanced malignancies: A phase 1 study of safety and
immunogenicity assessments. Medicine 98:€16771. DOI: https://doi.org/10.1097/MD.0000000000016771,
PMID: 31415377

Old LJ, Clarke DA, Benacerraf B. 1959. Effect of Bacillus Calmette-Guerin infection on transplanted tumours in
the mouse. Nature 184:291-292. DOI: https://doi.org/10.1038/184291a0, PMID: 14428599

Ostadrahimi A, Ziaei JE, Esfahani A, Jafarabadi MA, Movassaghpourakbari A, Farrin N. 2014. Effect of beta
glucan on white blood cell counts and serum levels of IL-4 and IL-12 in women with breast cancer undergoing
chemotherapy: a randomized double-blind placebo-controlled clinical trial. Asian Pacific Journal of Cancer
Prevention 15:5733-5739. DOI: https://doi.org/10.7314/apjcp.2014.15.14.5733, PMID: 25081694

Ostadrahimi A, Ahmadikhatir S, Amirazad H, EivaziZiaei J, AsghariJafarabadi M, Barzeghari A, Esfahani A,
Farrin N. 2024. Effect of combination of Beta Glucan and Lactobacillus rhamnosus Herizl on white blood cell
counts and serum levels of IL-4 and IL-12 in women with breast cancer undergoing chemotherapy: A
randomized double-blind placebo-controlled clinical trial. Clinical Nutrition ESPEN 61:281-287. DOI: https://
doi.org/10.1016/j.clnesp.2024.03.035, PMID: 38777445

Pearl R. 1928. On the pathological relations between cancer and tuberculosis. Experimental Biology and
Medicine 26:73-75. DOI: https://doi.org/10.3181/00379727-26-4143

Pettenati C, Ingersoll MA. 2018. Mechanisms of BCG immunotherapy and its outlook for bladder cancer. Nature
Reviews. Urology 15:615-625. DOI: https://doi.org/10.1038/s41585-018-0055-4, PMID: 29991725

Priem B, van Leent MMT, Teunissen AJP, Sofias AM, Mourits VP, Willemsen L, Klein ED, Oosterwijk RS,
Meerwaldt AE, Munitz J, Prévot G, Vera Verschuur A, Nauta SA, van Leeuwen EM, Fisher EL, de Jong KAM,
Zhao Y, Toner YC, Soultanidis G, Calcagno C, et al. 2020. Trained immunity-promoting nanobiologic therapy
suppresses tumor growth and potentiates checkpoint inhibition. Cell 183:786-801. DOI: https://doi.org/10.
1016/j.cell.2020.09.059, PMID: 33125893

Raskova M, Lacina L, Kejik Z, Venhauerova A, Skalickova M, Koléf M, Jakubek M, Rosel D, Smetana K, Brabek J.
2022. The role of IL-6 in cancer cell invasiveness and metastasis-overview and therapeutic opportunities. Cells
11:3698. DOI: https://doi.org/10.3390/cells11223698, PMID: 36429126

Réring RJ, Debisarun PA, Botey-Bataller J, Suen TK, Bulut O, Kilic G, Koeken VA, Sarlea A, Bahrar H, Dijkstra H,
Lemmers H, Gossling KL, Riichel N, Ostermann PN, Miller L, Schaal H, Adams O, Borkhardt A, Ariyurek Y,
de Meijer EJ, et al. 2024. MMR vaccination induces trained immunity via functional and metabolic
reprogramming of y& T cells. The Journal of Clinical Investigation 134:e170848. DOI: https://doi.org/10.1172/
JCI170848, PMID: 38290093

Saeed S, Quintin J, Kerstens HHD, Rao NA, Aghajanirefah A, Matarese F, Cheng SC, Ratter J, Berentsen K,
van der Ent MA, Sharifi N, Janssen-Megens EM, Ter Huurne M, Mandoli A, van Schaik T, Ng A, Burden F,
Downes K, Frontini M, Kumar V, et al. 2014. Epigenetic programming of monocyte-to-macrophage
differentiation and trained innate immunity. Science 345:1251086. DOI: https://doi.org/10.1126/science.
1251086, PMID: 25258085

Samuel BER, Diaz FE, Maina TW, Corbett RJ, Tuggle CK, McGill JL. 2024. Evidence of innate training in bovine
y& T cells following subcutaneous BCG administration. Frontiers in Immunology 15:1423843. DOI: https://doi.
org/10.3389/fimmu.2024.1423843, PMID: 39100669

Schrum JE, Crabtree JN, Dobbs KR, Kiritsy MC, Reed GW, Gazzinelli RT, Netea MG, Kazura JW, Dent AE,
Fitzgerald KA, Golenbock DT. 2018. Cutting edge: Plasmodium falciparum induces trained innate immunity.
Journal of Immunology 200:1243-1248. DOI: https://doi.org/10.4049/jimmunol.1701010, PMID: 29330325

Segal NH, Gada P, Senzer N, Gargano MA, Patchen ML, Saltz LB. 2016. A phase Il efficacy and safety, open-
label, multicenter study of imprime PGG injection in combination with cetuximab in patients with stage IV
KRAS-mutant colorectal cancer. Clinical Colorectal Cancer 15:222-227. DOI: https://doi.org/10.1016/j.clcc.
2016.02.013, PMID: 26975418

Sharma P, Goswami S, Raychaudhuri D, Siddiqui BA, Singh P, Nagarajan A, Liu J, Subudhi SK, Poon C, Gant KL,
Herbrich SM, Anandhan S, Islam S, Amit M, Anandappa G, Allison JP. 2023. Immune checkpoint therapy-
current perspectives and future directions. Cell 186:1652-1669. DOI: https://doi.org/10.1016/j.cell.2023.03.
006, PMID: 37059068

Shimizu K, Watanabe S, Watanabe S, Matsuda K, Suga T, Nakazawa S, Shiratori K. 2009. Efficacy of oral
administered superfine dispersed lentinan for advanced pancreatic cancer. Hepato-Gastroenterology 56:240-
244 PMID: 19453066.

Singh AK, Praharaj M, Lombardo KA, Yoshida T, Matoso A, Baras AS, Zhao L, Srikrishna G, Huang J, Prasad P,
Powell JD, Kates M, McConkey D, Pardoll DM, Bishai WR, Bivalacqua TJ. 2022. Re-engineered BCG
overexpressing cyclic di-AMP augments trained immunity and exhibits improved efficacy against bladder
cancer. Nature Communications 13:878. DOI: https://doi.org/10.1038/s41467-022-28509-z, PMID: 35169141

Singh S, Diwakar A, Singh RK. 2023. BCG vaccination policy, natural boosting and pediatric brain and CNS tumor
incidences. Frontiers in Immunology 14:1174006. DOI: https://doi.org/10.3389/fimmu.2023.1174006, PMID:
37383238

Snell LM, McGaha TL, Brooks DG. 2017. Type | interferon in chronic virus infection and cancer. Trends in
Immunology 38:542-557. DOI: https://doi.org/10.1016/}.it.2017.05.005, PMID: 28579323

Sohrabi Y, Sonntag GVH, Braun LC, Lagache SMM, Liebmann M, Klotz L, Godfrey R, Kahles F, Waltenberger J,
Findeisen HM. 2020. LXR activation induces a proinflammatory trained innate immunity-phenotype in human

Li et al. eLife 2025;14:e104920. DOI: https://doi.org/10.7554/eLife.104920 18 of 20


https://doi.org/10.7554/eLife.104920
https://doi.org/10.1097/MD.0000000000016771
http://www.ncbi.nlm.nih.gov/pubmed/31415377
https://doi.org/10.1038/184291a0
http://www.ncbi.nlm.nih.gov/pubmed/14428599
https://doi.org/10.7314/apjcp.2014.15.14.5733
http://www.ncbi.nlm.nih.gov/pubmed/25081694
https://doi.org/10.1016/j.clnesp.2024.03.035
https://doi.org/10.1016/j.clnesp.2024.03.035
http://www.ncbi.nlm.nih.gov/pubmed/38777445
https://doi.org/10.3181/00379727-26-4143
https://doi.org/10.1038/s41585-018-0055-4
http://www.ncbi.nlm.nih.gov/pubmed/29991725
https://doi.org/10.1016/j.cell.2020.09.059
https://doi.org/10.1016/j.cell.2020.09.059
http://www.ncbi.nlm.nih.gov/pubmed/33125893
https://doi.org/10.3390/cells11223698
http://www.ncbi.nlm.nih.gov/pubmed/36429126
https://doi.org/10.1172/JCI170848
https://doi.org/10.1172/JCI170848
http://www.ncbi.nlm.nih.gov/pubmed/38290093
https://doi.org/10.1126/science.1251086
https://doi.org/10.1126/science.1251086
http://www.ncbi.nlm.nih.gov/pubmed/25258085
https://doi.org/10.3389/fimmu.2024.1423843
https://doi.org/10.3389/fimmu.2024.1423843
http://www.ncbi.nlm.nih.gov/pubmed/39100669
https://doi.org/10.4049/jimmunol.1701010
http://www.ncbi.nlm.nih.gov/pubmed/29330325
https://doi.org/10.1016/j.clcc.2016.02.013
https://doi.org/10.1016/j.clcc.2016.02.013
http://www.ncbi.nlm.nih.gov/pubmed/26975418
https://doi.org/10.1016/j.cell.2023.03.006
https://doi.org/10.1016/j.cell.2023.03.006
http://www.ncbi.nlm.nih.gov/pubmed/37059068
http://www.ncbi.nlm.nih.gov/pubmed/19453066
https://doi.org/10.1038/s41467-022-28509-z
http://www.ncbi.nlm.nih.gov/pubmed/35169141
https://doi.org/10.3389/fimmu.2023.1174006
http://www.ncbi.nlm.nih.gov/pubmed/37383238
https://doi.org/10.1016/j.it.2017.05.005
http://www.ncbi.nlm.nih.gov/pubmed/28579323

e Life Review article

Immunology and Inflammation

monocytes. Frontiers in Immunology 11:353. DOI: https://doi.org/10.3389/fimmu.2020.00353, PMID:
32210962

Sohrabi Y, Reinecke H. 2021. RIPK1 targeting protects against obesity and atherosclerosis. Trends in
Endocrinology & Metabolism 32:420-422. DOI: https://doi.org/10.1016/j.tem.2021.03.009

Subhasinghe I, Ahmed KA, Ayalew LE, Gautam H, Popowich S, Matsuyama-Kato A, Chow-Lockerbie B, Tikoo SK,
Griebel P, Gomis S. 2024. Induction of trained immunity in broiler chickens following delivery of
oligodeoxynucleotide containing CpG motifs to protect against Escherichia coli septicemia. Scientific Reports
14:18882. DOI: https://doi.org/10.1038/s41598-024-69781-x, PMID: 39143261

Taira CL, Dos Santos Dias L, Lichtenberger S, Whitehead AJ, Kischkel B, Netea MG, Klein BS, Wuthrich M. 2024.
Vaccination with O-linked mannans protects against systemic candidiasis through innate lymphocyte
populations. Journal of Immunology 213:843-852. DOI: https://doi.org/10.4049/jimmunol.2400065, PMID:
39109925

Tarannum M, Romee R. 2021. Cytokine-induced memory-like natural killer cells for cancer immunotherapy. Stem
Cell Research & Therapy 12:592. DOI: https://doi.org/10.1186/s13287-021-02655-5, PMID: 34863287

Tepale-Segura A, Gajén JA, Mufoz-Cruz S, Castro-Escamilla O, Bonifaz LC. 2024. The cholera toxin B subunit
induces trained immunity in dendritic cells and promotes CD8 T cell antitumor immunity. Frontiers in
Immunology 15:1362289. DOI: https://doi.org/10.3389/fimmu.2024.1362289, PMID: 38812523

Thomas M, Sadjadian P, Kollmeier J, Lowe J, Mattson P, Trout JR, Gargano M, Patchen ML, Walsh R, Beliveau M,
Marier JF, Bose N, Gorden K, Schneller F. 2017. A randomized, open-label, multicenter, phase Il study
evaluating the efficacy and safety of BTH1677 (1,3-1,6 beta glucan; Imprime PGG) in combination with
cetuximab and chemotherapy in patients with advanced non-small cell lung cancer. Investigational New Drugs
35:345-358. DOI: https://doi.org/10.1007/s10637-017-0450-3, PMID: 28303530

Ulas T, Pirr S, Fehlhaber B, Bickes MS, Loof TG, Vogl T, Mellinger L, Heinemann AS, Burgmann J, Schéning J,
Schreek S, Pfeifer S, Reuner F, Véllger L, Stanulla M, von Kéckritz-Blickwede M, Glander S, Barczyk-Kahlert K,
von Kaisenberg CS, Friesenhagen J, et al. 2017. S100-alarmin-induced innate immune programming protects
newborn infants from sepsis. Nature Immunology 18:622-632. DOI: https://doi.org/10.1038/ni.3745, PMID:
28459433

Um PK, Praharaj M, Lombardo KA, Yoshida T, Matoso A, Baras AS, Zhao L, Srikrishna G, Huang J, Prasad P,
Kates M, McConkey D, Pardoll DM, Bishai WR, Bivalacqua TJ. 2023. Improved bladder cancer antitumor
efficacy with a recombinant BCG that releases a STING agonist. bioRxiv. DOI: https://doi.org/10.1101/2023.12.
15.571740, PMID: 38168333

Uyldegroot C, Vermorken J, Hannajr M, Verboom P, Groot M, Bonsel G, Meijer C, Pinedo H. 2005.
Immunotherapy with autologous tumor cell-BCG vaccine in patients with colon cancer: a prospective study of
medical and economic benefits. Vaccine 23:2379-2387. DOI: https://doi.org/10.1016/j.vaccine.2005.01.015

van der Heijden CDCC, Noz MP, Joosten LAB, Netea MG, Riksen NP, Keating ST. 2018. Epigenetics and trained
immunity. Antioxidants & Redox Signaling 29:1023-1040. DOI: https://doi.org/10.1089/ars.2017.7310, PMID:
28978221

van der Heijden C, Groh L, Keating ST, Kaffa C, Noz MP, Kersten S, van Herwaarden AE, Hoischen A,
Joosten LAB, Timmers H, Netea MG, Riksen NP. 2020a. Catecholamines induce trained immunity in monocytes
in vitro and in vivo. Circulation Research 127:269-283. DOI: https://doi.org/10.1161/CIRCRESAHA.119.315800,
PMID: 32241223

van der Heijden CDCC, Keating ST, Groh L, Joosten LAB, Netea MG, Riksen NP. 2020b. Aldosterone induces
trained immunity: the role of fatty acid synthesis. Cardiovascular Research 116:317-328. DOI: https://doi.org/
10.1093/cvr/cvz137, PMID: 31119285

van der Valk FM, Bekkering S, Kroon J, Yeang C, Van den Bossche J, van Buul JD, Ravandi A, Nederveen AJ,
Verberne HJ, Scipione C, Nieuwdorp M, Joosten LAB, Netea MG, Koschinsky ML, Witztum JL, Tsimikas S,
Riksen NP, Stroes ESG. 2016. Oxidized phospholipids on lipoprotein(a) elicit arterial wall inflammation and an
inflammatory monocyte response in humans. Circulation 134:611-624. DOI: https://doi.org/10.1161/
CIRCULATIONAHA.116.020838, PMID: 27496857

van Puffelen JH, Keating ST, Oosterwijk E, van der Heijden AG, Netea MG, Joosten LAB, Vermeulen SH. 2020.
Trained immunity as a molecular mechanism for BCG immunotherapy in bladder cancer. Nature Reviews.
Urology 17:513-525. DOI: https://doi.org/10.1038/s41585-020-0346-4, PMID: 32678343

Vaziri F, Setayesh T, Hu Y, Ravindran R, Wei D, Wan Y-JY. 2024. BCG as an innovative option for HCC treatment:
repurposing and mechanistic insights. Advanced Science 11:€2308242. DOI: https://doi.org/10.1002/advs.
202308242, PMID: 38308164

Vuscan P, Kischkel B, Hatzioannou A, Markaki E, Sarlea A, Tintoré M, Cufié J, Verginis P, de Lecea C, Chavakis T,
Joosten LAB, Netea MG. 2024. Potent induction of trained immunity by Saccharomyces cerevisiae B-glucans.
Frontiers in Immunology 15:1323333. DOI: https://doi.org/10.3389/fimmu.2024.1323333, PMID: 38415247

Wang JL, Bi Z, Zou JW, Gu XM. 2012. Combination therapy with lentinan improves outcomes in patients with
esophageal carcinoma. Molecular Medicine Reports 5:745-748. DOI: https://doi.org/10.3892/mmr.2011.718,
PMID: 22200763

Wang T, Zhang J, Wang Y, Li Y, Wang L, Yu Y, Yao Y. 2023. Influenza-trained mucosal-resident alveolar
macrophages confer long-term antitumor immunity in the lungs. Nature Immunology 24:423-438. DOI: https://
doi.org/10.1038/s41590-023-01428-x

Wang Z, Liu Y, Hu J, You X, Yang J, Zhang Y, Liu Q, Yang D. 2024. Tissue-resident trained immunity in
hepatocytes protects against septic liver injury in zebrafish. Cell Reports 43:114324. DOI: https://doi.org/10.
1016/j.celrep.2024.114324

Li et al. eLife 2025;14:e104920. DOI: https://doi.org/10.7554/eLife.104920 19 of 20


https://doi.org/10.7554/eLife.104920
https://doi.org/10.3389/fimmu.2020.00353
http://www.ncbi.nlm.nih.gov/pubmed/32210962
https://doi.org/10.1016/j.tem.2021.03.009
https://doi.org/10.1038/s41598-024-69781-x
http://www.ncbi.nlm.nih.gov/pubmed/39143261
https://doi.org/10.4049/jimmunol.2400065
http://www.ncbi.nlm.nih.gov/pubmed/39109925
https://doi.org/10.1186/s13287-021-02655-5
http://www.ncbi.nlm.nih.gov/pubmed/34863287
https://doi.org/10.3389/fimmu.2024.1362289
http://www.ncbi.nlm.nih.gov/pubmed/38812523
https://doi.org/10.1007/s10637-017-0450-3
http://www.ncbi.nlm.nih.gov/pubmed/28303530
https://doi.org/10.1038/ni.3745
http://www.ncbi.nlm.nih.gov/pubmed/28459433
https://doi.org/10.1101/2023.12.15.571740
https://doi.org/10.1101/2023.12.15.571740
38168333
https://doi.org/10.1016/j.vaccine.2005.01.015
https://doi.org/10.1089/ars.2017.7310
http://www.ncbi.nlm.nih.gov/pubmed/28978221
https://doi.org/10.1161/CIRCRESAHA.119.315800
http://www.ncbi.nlm.nih.gov/pubmed/32241223
https://doi.org/10.1093/cvr/cvz137
https://doi.org/10.1093/cvr/cvz137
http://www.ncbi.nlm.nih.gov/pubmed/31119285
https://doi.org/10.1161/CIRCULATIONAHA.116.020838
https://doi.org/10.1161/CIRCULATIONAHA.116.020838
http://www.ncbi.nlm.nih.gov/pubmed/27496857
https://doi.org/10.1038/s41585-020-0346-4
http://www.ncbi.nlm.nih.gov/pubmed/32678343
https://doi.org/10.1002/advs.202308242
https://doi.org/10.1002/advs.202308242
http://www.ncbi.nlm.nih.gov/pubmed/38308164
https://doi.org/10.3389/fimmu.2024.1323333
http://www.ncbi.nlm.nih.gov/pubmed/38415247
https://doi.org/10.3892/mmr.2011.718
http://www.ncbi.nlm.nih.gov/pubmed/22200763
https://doi.org/10.1038/s41590-023-01428-x
https://doi.org/10.1038/s41590-023-01428-x
https://doi.org/10.1016/j.celrep.2024.114324
https://doi.org/10.1016/j.celrep.2024.114324

e Life Review article

Immunology and Inflammation

Weitberg AB. 2008. A phase I/Il trial of beta-(1,3)/(1,6) D-glucan in the treatment of patients with advanced
malignancies receiving chemotherapy. Journal of Experimental & Clinical Cancer Research 27:40. DOI: https://
doi.org/10.1186/1756-9966-27-40, PMID: 18803849

Woeste MR, Shrestha R, Geller AE, Li S, Montoya-Durango D, Ding C, Hu X, Li H, Puckett A, Mitchell RA,

Hayat T, Tan M, Li Y, McMasters KM, Martin RCG, Yan J. 2023. Irreversible electroporation augments B-glucan
induced trained innate immunity for the treatment of pancreatic ductal adenocarcinoma. Journal for
Immunotherapy of Cancer 11:e006221. DOI: https://doi.org/10.1136/jitc-2022-006221, PMID: 37072351

World Health Organization. 2018. BCG vaccine: WHO position paper, February 2018 - recommendations.
Vaccine 36:3408-3410. DOI: https://doi.org/10.1016/].vaccine.2018.03.009, PMID: 29609965

Xu 'Y, Murphy AJ, Fleetwood AJ. 2022. Hematopoietic progenitors and the bone marrow niche shape the
inflammatory response and contribute to chronic disease. International Journal of Molecular Sciences 23:2234.
DOI: https://doi.org/10.3390/ijms23042234, PMID: 35216355

Xu K, Saaoud F, Shao Y, Lu Y, Wu S, Zhao H, Chen K, Vazquez-Padron R, Jiang X, Wang H, Yang X. 2023. Early
hyperlipidemia triggers metabolomic reprogramming with increased SAH, increased acetyl-CoA-cholesterol
synthesis, and decreased glycolysis. Redox Biology 64:102771. DOI: https://doi.org/10.1016/j.redox.2023.
102771, PMID: 37364513

Xu JC, Chen 2Y, Huang XJ, Wu J, Huang H, Niu LF, Wang HL, Li JH, Lowrie DB, Hu Z, Lu SH, Fan XY. 2024.
Multi-omics analysis reveals that linoleic acid metabolism is associated with variations of trained immunity
induced by distinct BCG strains. Science Advances 10:eadk8093. DOI: https://doi.org/10.1126/sciadv.adk8093,
PMID: 38578989

Yamamura Y, Sakatani M, Ogura T, Azuma I. 1979. Adjuvant immunotherapy of lung cancer with BCG cell wall
skeleton (BCG-CWS). Cancer 43:1314-1319. DOI: https://doi.org/10.1002/1097-0142(197904)43:4<1314::AID-
CNCR2820430420>3.0.CO;2-6

Yao Y, Jeyanathan M, Haddadi S, Barra NG, Vaseghi-Shanjani M, Damjanovic D, Lai R, Afkhami S, Chen Y,
Dvorkin-Gheva A, Robbins CS, Schertzer JD, Xing Z. 2018. Induction of autonomous memory alveolar
macrophages requires t cell help and is critical to trained immunity. Cell 175:1634-1650. DOI: https://doi.org/
10.1016/j.cell.2018.09.042, PMID: 30433869

Yap JMG, Ueda T, Kanemitsu Y, Takeda N, Fukumitsu K, Fukuda S, Uemura T, Tajiri T, Ohkubo H, Maeno K, Ito Y,
Oguri T, Ugawa S, Niimi A. 2022. Human lung fibroblasts exhibit induced inflammation memory via increased
IL6 gene expression and release. Frontiers in Immunology 13:921728. DOI: https://doi.org/10.3389/fimmu.
2022.921728

Ylosmaki E, Fusciello M, Martins B, Feola S, Hamdan F, Chiaro J, Ylésmaki L, Vaughan MJ, Viitala T, Kulkarni PS,
Cerullo V. 2021. Novel personalized cancer vaccine platform based on Bacillus Calmette-Guérin. Journal for
Immunotherapy of Cancer 9:e002707. DOI: https://doi.org/10.1136/jitc-2021-002707, PMID: 34266884

Zent CS, Call TG, Bowen DA, Conte MJ, LaPlant BR, Witzig TE, Ansell SM, Weiner GJ. 2015. Early treatment of
high risk chronic lymphocytic leukemia with alemtuzumab, rituximab and poly-(1-6)-beta-glucotriosyl-(1-3)-
beta-glucopyranose beta-glucan is well tolerated and achieves high complete remission rates. Leukemia &
Lymphoma 56:2373-2378. DOI: https://doi.org/10.3109/10428194.2015.1016932, PMID: 25676035

Zhang H, Chen T, Ren J, Xia Y, Onuma A, Wang Y, He J, Wu J, Wang H, Hamad A, Shen C, Zhang J, Asara JM,
Behbehani GK, Wen H, Deng M, Tsung A, Huang H. 2021. Pre-operative exercise therapy triggers anti-
inflammatory trained immunity of Kupffer cells through metabolic reprogramming. Nature Metabolism
3:843-858. DOI: https://doi.org/10.1038/s42255-021-00402-x, PMID: 34127858

Zhang L, Xiao Z, Zhang D, Yang L, Yuan Z, Wang G, Rui X, Fu Q, Song Y, Ren K, Qiao H. 2024. Targeted initiation
of trained immunity in tumor-associated macrophages with membrane-camouflaged bacillus calmette-guérin
for lung carcinoma immunotherapy. ACS Nano 18:34219-34234. DOI: https://doi.org/10.1021/acsnano.
4c11658

Zhang R, Tang L, Wang Y, Zhou X, Ding Z, Yang L. 2025. KK2DP7 Stimulates CD11b + Cell Populations in the
Spleen to Elicit Trained Immunity for Anti-Tumor Therapy. Advanced Science. DOI: https://doi.org/10.1002/
advs.202500032

Li et al. eLife 2025;14:e104920. DOI: https://doi.org/10.7554/eLife.104920 20 of 20


https://doi.org/10.7554/eLife.104920
https://doi.org/10.1186/1756-9966-27-40
https://doi.org/10.1186/1756-9966-27-40
http://www.ncbi.nlm.nih.gov/pubmed/18803849
https://doi.org/10.1136/jitc-2022-006221
http://www.ncbi.nlm.nih.gov/pubmed/37072351
https://doi.org/10.1016/j.vaccine.2018.03.009
http://www.ncbi.nlm.nih.gov/pubmed/29609965
https://doi.org/10.3390/ijms23042234
http://www.ncbi.nlm.nih.gov/pubmed/35216355
https://doi.org/10.1016/j.redox.2023.102771
https://doi.org/10.1016/j.redox.2023.102771
http://www.ncbi.nlm.nih.gov/pubmed/37364513
https://doi.org/10.1126/sciadv.adk8093
http://www.ncbi.nlm.nih.gov/pubmed/38578989
https://doi.org/10.1002/1097-0142(197904)43:4<1314::AID-CNCR2820430420>3.0.CO;2-6
https://doi.org/10.1002/1097-0142(197904)43:4<1314::AID-CNCR2820430420>3.0.CO;2-6
https://doi.org/10.1016/j.cell.2018.09.042
https://doi.org/10.1016/j.cell.2018.09.042
http://www.ncbi.nlm.nih.gov/pubmed/30433869
https://doi.org/10.3389/fimmu.2022.921728
https://doi.org/10.3389/fimmu.2022.921728
https://doi.org/10.1136/jitc-2021-002707
http://www.ncbi.nlm.nih.gov/pubmed/34266884
https://doi.org/10.3109/10428194.2015.1016932
http://www.ncbi.nlm.nih.gov/pubmed/25676035
https://doi.org/10.1038/s42255-021-00402-x
http://www.ncbi.nlm.nih.gov/pubmed/34127858
https://doi.org/10.1021/acsnano.4c11658
https://doi.org/10.1021/acsnano.4c11658
https://doi.org/10.1002/advs.202500032
https://doi.org/10.1002/advs.202500032

	Trained immunity: A new player in cancer immunotherapy
	Introduction
	Mechanisms of trained immunity in cancer
	Central trained immunity in cancer
	Peripheral trained immunity in cancer
	Effector trained innate immune cells in cancer
	Neutrophils
	Monocytes/macrophages
	NK cells

	Links between trained immunity and adaptive T cells
	Inducers to stimulate trained immunity in cancer
	Trained immunity in preclinical tumor models
	Tumor-suppressive roles of trained immunity in cancer
	Skin cancer
	Lung cancer
	Gastrointestinal cancer
	Other cancers
	Tumor-promoting effects of trained immunity in cancer progression

	Induction of trained immunity for cancer treatment in human patients
	BCG and cancer treatment
	β-Glucan and cancer treatment
	Prospectives


	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs

	References


