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Abstract

Until recently, immunological memory was considered an exclusive characteristic of adaptive 

immunity. However, recent advances suggest that the innate arm of the immune system can also 

mount a type of non-specific memory responses. Innate immune cells can elicit a robust response 

to subsequent inflammatory challenges after initial activation by certain stimuli, such as fungal-

derived agents or vaccines. This type of memory, termed trained innate immunity (also named 

innate immune memory), is associated with epigenetic and metabolic alterations. Hematopoietic 

progenitor cells, which are the cells responsible for the generation of mature myeloid cells at 

steady-state and during inflammation, have a critical contribution to the induction of innate 

immune memory. Inflammation-triggered alterations in cellular metabolism, the epigenome and 

transcriptome of hematopoietic progenitor cells in the bone marrow promote long-lasting 

functional changes, resulting in increased myelopoiesis and consequent generation of ‘trained’ 

innate immune cells. In the present brief review, we focus on the involvement of hematopoietic 

progenitors in the process of trained innate immunity and its possible role in cardiometabolic 

disease.
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The major function of the immune system is host defense against pathogens. One of the 

important features of immunity is its ability to remember previous encounters with 

pathogens, thereby acquiring a long-term protective immunological memory1. 

Immunological memory has provided the basis for the development of vaccines, which are 

the most efficient way to prevent several infectious diseases, thereby leading to the increase 

in life expectancy during the previous century2,3. Even though immunological memory was 

until recently considered a typical feature of adaptive immunity, recent advances support that 

certain microbial stimuli can reprogram cell populations of the innate immune system, 

resulting in the acquisition of memory-like properties; this process is designated innate 

immune memory or trained immunity4. In addition to differentiated innate immune 

populations, progenitor cells of the hematopoietic system can also build innate immune 

memory, which – importantly – can be passed on to their myeloid progeny5. Here, we 

discuss emerging advances in the field of trained immunity, focusing particularly on the role 

of hematopoietic progenitors.

Immunological memory in innate immunity

The concept that immunological memory is an exclusive feature of adaptive immunity has 

been challenged by several reports suggesting that several stimuli, including pathogens and 

vaccines, cause long-term effects on cell populations of the innate immune system, altering 

their function and response to secondary challenges with the same or even heterologous 

stimuli4. According to clinical reports, routine vaccination in Guinea-Bissau with the 

Bacillus Calmette-Guérin (BCG), a prototypic stimulus that induces trained immunity, 

resulted in decreased all-cause infant mortality6. A randomized trial of BCG vaccination in 

low-birth-weight neonates in Guinea-Bissau further supported a beneficial effect in neonatal 

survival resulting from a reduction in sepsis7. These studies suggest that BCG confers 

protection to heterologous infections.

Several experimental studies further evaluated different cell types and mechanisms that 

promote this type of heterologous protection against secondary infections induced by BCG, 

as well as β-glucan, the other prototypic stimulus known to induce trained immunity4. 

Monocytes from BCG-vaccinated volunteers accumulate epigenetic changes and show 

Mitroulis et al. Page 2

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increased expression of inflammatory cytokines upon secondary encounter of heat-killed 

Staphylococcus aureus or Candida albicans8. Additionally, BCG administration protected 

against infection with C. albicans independently of T or B cells8. The induction of trained 

immunity by BCG is linked to metabolic changes in cells of the mononuclear lineage, 

including a shift towards glycolysis; these metabolic alterations underlie the induction of 

epigenetic modifications9,10. In a human challenge study, BCG vaccination could attenuate 

viremia upon administration of yellow fever virus vaccine11. In this case, IL-1β was 

identified as the mediator of trained immunity in monocytes, which enabled an improved 

response of the immune system against the virus11.

β-glucan, a component of the wall of fungi, such as C. albicans, has similar properties as 

BCG with regards to induction of trained immunity. Non-lethal C. albicans infection in 

Rag1−/− animals, which lack functional adaptive immune system, protected them from a 

secondary lethal infection12. β-glucan was additionally shown to train monocytes towards 

enhanced production of proinflammatory cytokines12. Another study further demonstrated 

that β-glucan protects against secondary infection with S. aureus in a manner dependent on 

trained monocytes; in this setting, the training effect of β-glucan was dependent on the 

induction of aerobic glycolysis and HIF-1α activation in monocytes13. Besides glycolysis, 

fumarate, a metabolite from the Krebs cycle, as well as mevalonate, a metabolite from the 

cholesterol biosynthesis pathway, can both induce trained immunity-related epigenetic 

modifications in monocytes14,15.

The aforementioned studies provide solid evidence that trained immunity-associated stimuli 

have a protective role against secondary infection by inducing appropriate functional 

alterations in mature cells of the myeloid lineage.

Hematopoietic progenitor cells and emergency myelopoiesis

Hematopoietic stem cells (HSC) reside in the bone marrow in a quiescent state and are long-

lived, being capable to maintain or replenish hematopoiesis throughout life16. HSC are able 

to respond not only to classical hematopoietic stress, such as hemorrhage or iatrogenic 

myeloablation (for instance, upon chemotherapy administration), but also to inflammatory 

types of stress5. Several pathogen-derived products (such as ligands of Toll-like 

receptors17–19), inflammatory cytokines (such interleukin [IL]-1β, interferons or TNF20–23) 

or other mediators, and myeloid-specific growth factors (such as, macrophage-colony 

stimulating factor or granulocyte macrophage-colony stimulating factor24,25), can induce the 

proliferation of HSC and can trigger their differentiation predominantly towards the myeloid 

lineage. Such inflammatory mediators instruct HSC towards myelopoiesis via altering their 

transcriptional program. This process, termed emergency myelopoiesis, aims at providing 

adequate numbers of innate immune cells to ensure proper host defense5,26. For instance, 

IL-1 directly triggers proliferation and myeloid lineage commitment of HSC, although 

chronic exposure to IL-1 results in a loss of their fitness21. The Type I interferon family 

member interferon-α also stimulates HSC proliferation, accompanied by an impairment of 

HSC function27. However, the impairment of the self-renewal potential of HSC is self-

limited and the quiescence of HSCs is restored upon efficient termination of the 

inflammatory process21,28.
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Hematopoietic stem cells and trained immunity

HSC re-enter a dormant state when inflammation resolves; this protects them from DNA 

damage and exhaustion28. However, recent advances suggest that certain stimuli, especially 

trained immunity agonists, can induce long-term changes in HSCs, and thereby enhanced 

responses upon secondary challenges; these HSC alterations also contribute to the 

development of bone marrow-based trained immunity that can be passed on to the myeloid 

progeny5. β-glucan administration to mice induces an inflammatory state that drives 

myelopoiesis in the bone marrow25. Early after β-glucan administration, HSCs proliferate 

and acquire a bias towards myelopoiesis; this phenotype persists for at least 28 days, as 

shown by transplantation experiments of HSCs from trained mice to non-trained recipient 

mice25. The effects of β-glucan on hematopoietic progenitors depend, at least in part, on 

inflammatory signaling mediated by IL-1 and granulocyte macrophage-colony stimulating 

factor, and are associated with metabolic changes in progenitor cells25 (Figure 1A). 

Additionally, β-glucan-induced myelopoiesis mediates a protective effect on HSCs, by 

decreasing the DNA damage and promoting an improved response of the hematopoietic 

system to chemotherapy-induced leukopenia, as well as to LPS administration25. These 

findings suggest that except from the acute effect of inflammation on proliferation and 

myeloid-lineage commitment of HSCs, long-term rewiring of myelopoiesis may also control 

the response of the innate immune system to secondary stimuli.

Another study also demonstrated that BCG administration to mice had a similar effect on 

hematopoietic progenitors, driving their myeloid bias, induced by interferon-γ associated 

with alterations in their transcriptional program29 (Figure 1A). The reprogrammed HSCs can 

generate macrophages, which confer protection against mycobacterial infection in mice, as 

shown by parabiosis transplantation experiments29. A recent study further confirmed the role 

of IL-1 signaling in the stimulation of myelopoiesis upon β-glucan administration, by 

engaging mice deficient in the IL-1 receptor (IL-1R−/−)30. This study also demonstrated that 

β-glucan-induced training decreases mortality in mice after mycobacterial infection by 

reducing the mycobacterial burden in the lung30. This protective effect of β-glucan was lost 

in IL-1R−/− mice confirming the significance of IL-1 signaling in the training process30 

(Figure 1A). The epigenetic basis of trained immunity in hematopoietic progenitors was 

further demonstrated in a study by Keating et al., showing that histone-lysine N-

methyltransferase SET7 plays an important role on the effect of β-glucan-induced 

reprogramming in the bone marrow31. Deficiency in SET7 methyltransferase in mice (Setd
−/−), which mediates histone H3 methylation at lysine 4 (H3K4me), resulted in a less 

pronounced increase in the transcriptional levels of Csf2 and Il-1b in the bone marrow of β-

glucan injected mice upon secondary LPS administration31.

Furthermore, LPS was recently shown to drive long-term epigenetic modulation of HSC that 

enables them to elicit an improved response to secondary infection with P. aeruginosa32. 

This study showed that LPS administration drives epigenetic changes in HSCs that are 

associated with granulopoiesis32. Serial transplantation experiments, initiated four weeks 

after donor mice were treated with LPS, showed that the epigenetic memory developed in 

the transplanted HSCs persisted long-term, being able to potentiate emergency myelopoiesis 

in recipient mice32. Specifically, a more robust response of myelopoiesis to P. aeruginosa 
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infection was observed in recipient mice that received hematopoietic progenitors from LPS-

trained mice32. The enhanced myelopoiesis was associated with enhanced pathogen 

clearance and increased survival32. Besides LPS, polyI:C had a similar effect on epigenetic 

memory in HSCs, and the transcription factor C/EBPβ played an important role in the 

induction of the epigenetic memory32. Taken together, several in vivo studies in mice show 

that trained immunity can rewire HSCs towards increased myelopoiesis, thereby conferring 

a protective effect against different types of major hematopoietic stress, such as 

chemotherapy-induced myeloablation or infection.

In addition to mouse studies, recent findings further point to the role of trained-immunity 

agonists in the induction of memory in human hematopoietic progenitors. Vaccination with 

BCG in adult volunteers revealed that the effect of trained immunity in peripheral blood 

mononuclear cells, as revealed by enhanced cytokine production upon secondary challenge, 

lasts for at least three months, whereas the cellular composition in peripheral blood or bone 

marrow is not affected33. Transcriptomic analysis of bone marrow Lin−CD34+ 

hematopoietic progenitor cells 90 days after BCG vaccination revealed that granulopoiesis-

associated pathways were highly enriched, and Hepatic Nuclear Factor 1A (HNF1A) and 

HNF1B were the transcription factors mediating these alterations33. The notion that 

granulopoiesis may be modulated by trained immunity was experimentally demonstrated by 

a recent report that β-glucan-induced reprogramming of granulopoiesis in the bone marrow 

resulted in production of neutrophils with potent anti-tumor activity34. Moreover, the anti-

cancer activity of trained immunity was shown in a further recent study that used a 

nanobiologic agent, which inhibited tumor growth by inducing trained immunity in the bone 

marrow35.

Trained immunity in hematopoietic progenitors in the context of 

cardiovascular disease

Several lines of evidence indicate a critical involvement of myelopoiesis in cardiometabolic 

disease5 (Figure 1B). Chronic inflammation in cardiometabolic disease drives the activation 

of hematopoietic progenitors in the bone marrow resulting in the generation of mature 

myeloid cells, which may bear increased inflammatory potential, thereby culminating in a 

positive feedback loop5. Obesity is linked to activation of myelopoiesis in the bone marrow, 

as demonstrated by the enhanced numbers of myeloid progenitor cells and the resulting 

neutrophilia and monocytosis in obesity models36. The myeloid bias of bone marrow 

progenitors of obese mice was verified by transplantation experiments. The release of IL-1β 
by adipose tissue macrophages was held accountable for the enhanced myelopoiesis in the 

bone marrow36. Interestingly, weight loss in mice and humans reverses neutrophilia and 

monocytosis36. Additionally, exercise reduces myelopoiesis in obese mice and, 

consequently, the output of inflammatory cells, through a mechanism that depends on the 

production of leptin by the adipose tissue37. However, sustained inflammation in the adipose 

tissue, despite body weight normalization, may contribute to perpetuation of metabolic 

dysregulation; whether this obesogenic memory is linked with alterations in the bone 

marrow has not been addressed38.
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Another study demonstrated that feeding a western diet to Ldlr−/− mice, which are prone to 

develop atherosclerosis, results in epigenetic modifications and respective transcriptional 

and functional changes in myeloid progenitor cells in the bone marrow, in a manner 

involving IL-1 signaling39. These changes lasted even after shifting mice to normal diet and 

resulted in enhanced responses to secondary inflammatory stimulation, in a process 

reminiscent of trained immunity39. In particular, upon induction of trained immunity by 

western diet, granulocyte-macrophage progenitors proliferate and differentiate into 

inflammatory monocytes with the ability to release high amounts of pro-inflammatory 

cytokines, including IL-1, IL-6, TNF and interferon-γ, upon secondary stimulation with 

LPS39. Another intriguing link between trained immunity and chronic cardiometabolic 

disease is the involvement of cholesterol metabolism. The mevalonate pathway and 

cholesterol biosynthesis and efflux contribute to induction of trained immunity in 

monocytes15 as well as in hematopoietic progenitors25. Interestingly, blocking of cholesterol 

efflux in hematopoietic progenitors in mouse models is associated with the acquisition of a 

myeloid bias in HSCs promoting myelopoiesis and vascular inflammation40,41. Specifically, 

ApoE deficiency40 or inactivation of the adenosine triphosphate-binding cassette 

transporters ABCA1 and ABCG141, which are major regulators of cholesterol efflux, 

resulted in proliferative expansion of hematopoietic stem and progenitor cells (HSPCs) in 

the bone marrow. A recent study in a zebrafish model further demonstrated that apoA-I 

binding protein 2 regulates emergence of HSPCs in a manner dependent on sterol regulatory 

element-binding protein 2; consistently, suppression of Srebp2 expression abolished the 

proliferation of HSPCs in Ldlr−/− mice fed with western diet42.

During acute cardiovascular events, such as myocardial infarction, there is rapid response of 

myelopoiesis in the bone marrow, including expansion of a specific myeloid-biased CCR2+ 

subpopulation of HSCs, which proliferate and migrate from the bone marrow to 

extramedullary sites43. Interestingly, extramedullary myelopoiesis in the spleen was linked 

to the rapid generation of monocytes during myocardial infarction44. In a different setting, 

recurrent myocardial infarction results in a less pronounced inflammatory response, 

associated with reduced proliferation of hematopoietic progenitor cells in the bone 

marrow45. Along the same line, ischemic stroke induced by transient occlusion of middle 

cerebral artery resulted in the activation of HSPCs in the bone marrow46. This effect was 

attributed to enhanced β3-adrenergic signaling in HSCs, as well as changes in the bone 

marrow niche, as the expression of Cxcl12, Vcam1 or Angpt1 encoding for molecules 

mediating HSC retention, was significantly downregulated 24h after stroke induction46. 

Abdominal aortic aneurysm development due to chronic angiotensin II infusion into Apoe−/
− mice is another model of cardiovascular disease characterized by enhanced 

myelopoiesis47. Using mice deficient for the receptor of IL-27, the authors further showed 

that this cytokine was critical both for the development of the aneurysm and the proliferation 

of HSPCs47. Another study further confirmed that chronic angiotensin II infusion in wild-

type mice results in the expansion of hematopoietic progenitors and their differentiation 

towards pro-inflammatory CCR2+ monocytes48. Although a direct impact of angiotensin II 

on HSPCs was not shown, the expression of angiotensin II receptor type 1a in HSCs 

suggested that angiotensin II might act directly on hematopoietic progenitors48.
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Clinical studies further provide implications for the role of aberrant myelopoiesis in 

cardiovascular disease. Individuals with age-associated clonal hematopoiesis, also known as 

clonal hematopoiesis of indeterminate potential, that carry mutations in genes associated 

with increased risk of myeloid malignancies such as TET2, ASXL1, DNMT3 or SF3B1 
have also increased cardiovascular risk49. Studies in animal models of atherothrombosis and 

heart failure have shown that the increased atherothrombosis in mice partially reconstituted 

with TET2-deficient BM cells (to mimic TET2 mutation-associated clonal hematopoiesis) 

depends on aberrant myelopoiesis and enhanced production by progeny macrophages of 

IL-1β50,51, a cytokine previously associated with atherosclerotic disease in CANTOS trial52.

Conclusion and open issues on trained immunity in cardiometabolic 

disease

Hematopoietic progenitor cells are critical players in the regulation of inflammation not only 

in the context of infections but also in the context of chronic inflammatory disorders, such as 

obesity or atherosclerosis, as well as the sequelae thereof, such as myocardial infarction. In 

turn, inflammation triggered by agonists of trained immunity can cause epigenetic, 

transcriptional and functional alterations in progenitors in the bone marrow, resulting in 

differential responses and of their progeny to secondary inflammatory stimuli. Even though 

trained immunity may promote a better response in the context of infection via sustained 

generation of mature leukocytes from the progenitors in the bone marrow, trained immunity 

may contribute to boosting chronic inflammation in a detrimental fashion, for instance in the 

context of progression of cardiometabolic disease.

In this context, several questions are still to be answered. Although the role of chronic 

inflammation and altered myelopoiesis in the progression of cardiometabolic disease is well 

established, based both on preclinical and clinical studies, the involvement of trained 

immunity in this process is poorly understood. For instance, it is not known whether short-

term inflammatory attacks that resemble the stimuli that drive trained immunity can alter 

cardiometabolic disease progression by acting on hematopoietic progenitors, or even mature 

myeloid cells. Despite the fact that there are indications derived from chronic inflammatory 

conditions, such as rheumatoid arthritis53, that disease exacerbations / flares accelerate 

atherosclerosis, it is unclear whether trained immunity is the underlying mechanism in such 

cases. Additionally, it is not known whether the inflammatory stress that follows acute 

cardiovascular events, such as myocardial infarction, is also a trigger of trained immunity. In 

that regard, a recent study demonstrated that acute infarction in mice reprograms 

myelopoiesis to drive the generation of immunosuppressive monocytes that promote tumor 

progression54. Although the direct involvement of hematopoietic progenitors in the 

generation of the tumor-promoting monocyte phenotype was established by transplantation 

experiments54, the study did not address whether innate immune memory is the underlying 

mechanism.

Interestingly, trained immunity and cardiometabolic disease share common mechanistic 

pathways, including epigenetic changes, such as histone modifications, or macrophage 

activation in response to cytokines, such as IL-1β and interferon-γ55. Hence, these common 
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pathways may represent therapeutic targets in cardiometabolic disorders. Taken together, a 

clear mechanistic understanding of the interplay among trained immunity, hematopoietic 

progenitors and progression of cardiometabolic disease may enable the therapeutic 

harnessing of trained immunity in these chronic diseases.
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Highlights

• A hallmark of trained immunity is enhanced myelopoiesis in the bone marrow 

and generation of myeloid cells with increased pro-inflammatory 

preparedness.

• Cardiometabolic disease is characterized by enhanced myelopoiesis, which 

also results in the generation of myeloid cells with increased inflammatory 

potential.

• Trained immunity may contribute to development or progression of 

cardiometabolic disease.

• Therapeutic targeting of trained immunity–related changes in progenitor cells 

of myeloid lineage may alter cardiometabolic disease progression.
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Figure 1. Trained immunity, hematopoietic progenitors and cardiovascular disease.
A. Trained immunity. BCG, through interferon-γ and β-glucan, through IL-1, induce long-

term modulation of HSC function, promoting myeloid differentiation. The enhanced 

myelopoiesis confers resistance to chemotherapy and better response to secondary 

challenges, including protection against secondary mycobacterial infection. B. 
Cardiovascular disease. Dysregulation of cholesterol trafficking and obesogenic diet drive 

myeloid differentiation of hematopoietic progenitors and accumulation of inflammatory 

monocytes in atherosclerotic plaques, fueling cardiovascular disease progression.
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