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A B S T R A C T

Interleukin-1 (IL-1) exerts a pivotal role in the regulation of innate immune responses and inflammatory pro
cesses. Beyond its local effects at the site of inflammation, IL-1 acts as a systemic regulator of hematopoiesis by 
reprogramming hematopoietic stem and progenitor cells (HSPCs), thereby shaping the functional properties of 
the myeloid progeny. Through induction of emergency myelopoiesis and inflammatory memory, IL-1 can imprint 
durable epigenetic, metabolic and transcriptomic changes within the hematopoietic compartment, altering im
mune output well beyond the initial inflammatory trigger. This systemic effect of IL-1 signaling is particularly 
relevant in the context of cancer, since tumors are now viewed as inflammatory entities providing persistent 
inflammatory factors that can influence hematopoiesis and imprint an immunosuppressive phenotype in myeloid 
cells. In parallel, aging and clonal hematopoiesis (CH) are characterized by chronic low-grade inflammation in 
which IL-1 signaling may amplify mutant progenitor expansion, linking inflammaging to increased susceptibility 
to both hematological malignancies and solid cancers. Here, we discuss the role of IL-1 signaling in emergency 
myelopoiesis and both central and peripheral inflammatory memory, and how these processes shape cancer 
progression. We also highlight the therapeutic potential of targeting IL-1-mediated hematopoietic 
reprogramming.

1. Introduction

Inflammation is a fundamental immune response that enables host 
defense and tissue repair, but when sustained, it can profoundly reshape 
immune homeostasis [1]. Beyond its local effects at sites of infection or 
injury, inflammation also acts systemically on the hematopoietic system, 
thereby regulating the production, composition, and functional state of 
immune cells [2]. In this context, the bone marrow (BM) emerges as an 
active immune organ that dynamically adapts the hematopoietic output 
in response to inflammatory cues [3,4].

Myelopoiesis represents a central arm of this systemic adaptation. 
Under steady-state conditions, myeloid cell production is tightly regu
lated to maintain immune surveillance and tissue homeostasis [5]. In 
response to inflammatory stress, the hematopoietic system rapidly ad
justs to the demands of the host through the process of emergency 
myelopoiesis, which is characterized by increased proliferation and 
differentiation of myeloid progenitors to meet heightened demand for 
innate immune cells [5–7]. While this process is essential for host 

protection, persistent or dysregulated inflammatory signaling can lead 
to sustained alterations in myeloid output, with consequences that 
extend beyond the resolution of the initial insult [8–11].

Recent advances have shed light to the concept of trained immunity, 
also referred to as inflammatory memory, by demonstrating that in
flammatory signals can induce durable functional reprogramming of 
progenitors and of their progeny [9–15]. Rather than representing a 
transient activation state, trained immunity describes a form of innate 
immune memory in which prior inflammatory exposure imprints 
epigenetic, transcriptomic and metabolic changes in innate immune 
cells [15]. Importantly, accumulating evidence indicates that this 
rewiring can occur at the level of hematopoietic stem and progenitor 
cells (HSPCs), a process termed as central trained immunity, thereby 
influencing myelopoiesis and shaping the functional properties of 
myeloid progeny over extended periods [11,13,14,16–21]. These find
ings position the hematopoietic compartment as a reservoir of inflam
matory memory.

Mechanistically, trained immunity is associated with long-lasting 
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changes in chromatin accessibility in regions associated with inflam
matory and myeloid-associated genes, thereby modulating the binding 
of key transcription factors (TFs) and subsequently the transcriptional 
responsiveness of HSPCs and mature myeloid cells upon secondary 
stimulation [15,22]. Among the most extensively described epigenetic 
changes associated with trained immunity are histone marks, including 
the histone 3 lysine 27 acetylation (H3K27ac), the histone 3 lysine 4 
monomethylation (H3K4me1), and the histone 3 lysine 4 trimethylation 
(H3K4me3), which are associated with active enhancers and promoters 
of inflammatory genes [15,22]. Importantly, these epigenetic adapta
tions are tightly linked to cellular metabolism. Inflammatory stimulation 
induces metabolic rewiring, including enhanced glycolysis, cholesterol 
biosynthesis, amino acid and fatty acid metabolism and oxidative 
phosphorylation, which alters the availability of key metabolites that 
modulate chromatin structure and influence TF activity [23]. Metabo
lites such as fumarate, mevalonate, alpha-ketoglutarate and itaconate 
have been implicated in the induction of trained immunity in mature 
myeloid cells through regulating the function of DNA and histone 
modifying enzymes [24–27]. Consistently, induction of trained immu
nity is associated with increased aerobic glycolysis and glutaminolysis, 
which subsequently promote histone modifications and sustained in
flammatory gene expression, highlighting the close interplay between 
metabolic and epigenetic regulation [24,28,29]. In addition to meta
bolic rewiring, epigenetic reprogramming during trained immunity in
duction is associated with persistent transcriptional changes in HSPCs 
and mature myeloid cells as revealed by transcriptomic and single-cell 
epigenomic analysis [13,14,16,18,19,30,31]. Central trained immu
nity, which involves reprogramming of HSPCs, is associated with tran
scriptional changes in genes linked to inflammatory signaling pathways, 
including type I and type II interferon (IFN) signaling, metabolic path
ways such as glycolysis, and genes linked to myeloid lineage differen
tiation [13,14,18,19,30,32]. Notably, these epigenetic and 
transcriptomic changes upon induction of trained immunity establish a 
poised state in HSPCs, enabling their myeloid progeny to exhibit 
enhanced effector responses [14].

The interleukin− 1 (IL− 1) family comprises 11 cytokines that play 
central roles in the regulation of innate immunity and inflammatory 
processes [33]. Among them, IL− 1 alpha (IL− 1α) and IL− 1 beta (IL− 1β) 
are central mediators of inflammatory responses and orchestrate both 
local and systemic immune responses [34]. Although IL− 1α and IL− 1β 
exert similar pro-inflammatory effects, they differ significantly in their 
localization, expression, processing mechanisms, and biological func
tions [35]. IL− 1α is expressed in a constitutive manner by a broad range 
of cell types, including epithelial, endothelial cells and hematopoietic 
stem cells (HSCs). Both the precursor, pro-IL− 1α, and mature form of 
IL− 1α are biologically active. Pro-IL− 1α contains a nuclear localization 
sequence and can translocate to the nucleus, where it regulates the 
expression of inflammatory cytokines and chemokines [35]. Moreover, 
membrane-associated or released IL− 1α can act locally by binding to 
IL− 1 receptor (IL− 1R) on neighboring cells and triggering inflammatory 
responses. Since IL− 1α can be expressed by a wide range of cells, its 
release is regarded as an alarmin, as it promotes the recruitment of 
immune cells to sites of inflammation and orchestrates inflammatory 
responses. In particular, IL− 1α is rapidly released from injured or acti
vated cells and functions as an early danger signal that activates sur
rounding immune and stromal cells [35,36]. Unlike IL− 1α, IL− 1β 
becomes biologically active only after cleavage and exerts its function 
only as a secreted protein. IL− 1β is predominantly produced by acti
vated myeloid cells. Upon inflammatory stimulation, immune cells ex
press the precursor of IL− 1β, pro-IL− 1β, which is subsequently cleaved 
in a NLR family pyrin domain containing 3 (NLRP3)-caspase 1 depen
dent manner. Secreted IL− 1β binds to its receptor, IL− 1R, on the surface 
of target cells, leading to the activation of nuclear factor κB (NF-κB) 
pathway and downstream inflammatory programs [37].

Beyond their well-established effects on innate immune cells at the 
sites of inflammation, IL− 1 family ligands can directly act on HSPCs. 

These cells express IL− 1R type I (IL− 1RI), and type ІІ (IL− 1RII), IL− 18 
receptor (IL− 18R) and ST2, enabling them to sense IL− 1α, IL− 1β, IL− 18 
and IL− 33, respectively [38–42]. In response to ligand binding to IL− 1 
receptor, conformational changes in the IL− 1R extracellular domain 
enable the recruitment of IL− 1R accessory protein (IL− 1RAP) [43]. 
Sequentially, IL− 1R and IL− 1RAP recruit via their shared cytosolic re
gions, named Toll- and IL− 1R-like (TIR) domains, two signaling pro
teins, the myeloid differentiation primary response gene 88 (MYD88) 
and interleukin− 1 receptor–activated protein kinase (IRAK) 4 [44,45]. 
This signaling cascade activates downstream NF-κB signaling, p38 
mitogen-activated protein kinase (p38MAPK), c-Jun N-terminal kinases 
(JNK) and extracellular signal-regulated kinases (ERK) ultimately 
leading to the transcription of IL− 1-responsive genes [44,45].

Within this cytokine family, IL− 33 signaling through ST2 has been 
shown to contribute to steady-state hematopoiesis [46]. Beyond this, 
IL− 1 signaling exerts a prominent role during inflammatory stress by 
acutely promoting emergency myelopoiesis and, under sustained expo
sure, imprints long-term inflammatory memory in progenitors, thereby 
linking systemic inflammation to reprogramming of myelopoiesis and 
long-lasting alterations in the functional properties of myeloid pro
genitors [7,31,47–51]. Thus, IL− 1 emerges not only as a 
pro-inflammatory cytokine but as a systemic mediator of hematopoietic 
reprogramming.

Cancer represents a pathological context in which tumor-associated 
inflammation, IL− 1-mediated immune responses, emergency myelo
poiesis and innate immune memory acquire particular relevance by 
shaping local and systemic immune responses, thereby affecting cancer 
outcome [52–56]. Tumors function as chronic inflammatory entities 
that generate persistent cytokine signals, including IL− 1, primarily 
IL− 1α and IL− 1β, capable of reshaping immune responses within the 
tumor microenvironment (TME) [57–59] and systemically influencing 
hematopoiesis in the BM [47]. Consistent with this, elevated IL− 1α and 
IL− 1β cytokine levels have been reported in many solid tumors, such as 
melanoma [60], colon [61], lung [62] and breast cancer [59] as well as 
hematological malignancies [63]. In this context, IL− 1 signaling can 
exert both pro-tumorigenic and anti-tumorigenic effects during tumor 
initiation and progression, as well as angiogenesis and metastasis [64, 
65]. Beyond cancer-associated inflammation, chronic inflammatory 
states such as aging and clonal hematopoiesis (CH) are also character
ized by persistent IL− 1 signaling, which may contribute to increased 
susceptibility to malignant transformation [45,66,67]. Whereas IL− 1β 
has been extensively implicated in the induction of emergency myelo
poiesis and inflammatory memory, with either protective or maladap
tive outcomes, both IL− 1α and IL− 1β participate in cancer-driven 
systemic immune reprogramming, exerting context-dependent effects 
that can either promote or suppress cancer progression [13,16,19,31,47, 
48,68].

In this review, we discuss the role of IL− 1 signaling in emergency 
myelopoiesis and inflammatory memory, explore its implications in 
disease outcome and particularly cancer development, and highlight 
therapeutic strategies aimed at selectively modulating IL− 1-imprinted 
hematopoiesis.

2. IL¡1-mediated emergency myelopoiesis and trained 
immunity

2.1. Emergency myelopoiesis as an inflammatory adaptation

Under homeostatic conditions, HSPCs reside within specialized BM 
niches in a predominantly quiescent state, entering the cell cycle in a 
tightly regulated periodic manner to sustain blood cell production [69, 
70]. Despite this semi-quiescent state, HSPCs retain the capacity to 
directly sense inflammatory signals and translate them into adaptive 
changes in their hematopoietic output [4,71].

HSPCs express pattern recognition receptors (PRRs), as well as re
ceptors for inflammatory cytokines and growth factors, such as IL− 1, 
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IFN-γ, IL− 6, tumor necrosis factor alpha (TNF-α), IL− 3, IL− 11, gran
ulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage 
colony-stimulating factor (GM-CSF), and macrophage colony- 
stimulating factor (M-CSF), enabling them to directly sense systemic 
inflammatory signals, rapidly respond and differentiate [4,51,72]. In 
response to infection, tissue damage, or other types of inflammatory 
stress, such as chronic inflammation, aging and cancer, the BM rapidly 
shifts from steady-state hematopoiesis to an inflammation-adapted 
program of emergency myelopoiesis [55,68,73]. During inflammatory 
signaling within the BM niche, HSCs initiate emergency myelopoiesis by 
altering the dynamics and lineage bias of multipotent progenitors 
(MPPs). In this process, lymphoid-biased MPP4 cells undergo molecular 
reprogramming toward a myeloid-biased MPP3 fate, thereby providing 
a source for rapid expansion of granulocyte/macrophage progenitors 
(GMPs) to support hematopoietic regeneration [51]. In addition, stress 
conditions further drive the development of a myeloid-primed MPP3 
subset that functions as a GMP reservoir through a combination of 
lineage priming and distinct cytokine secretion that exerts both para
crine and autocrine effects within the BM niche [74]. During acute in
fections, cytokines such as G-CSF and IL− 3 act on HSPCs, including 
common myeloid progenitors (CMPs) and GMPs and orchestrate the 
accelerated generation of neutrophils required for host defense, a pro
cess termed emergency granulopoiesis [75–77]. This dynamic adapta
tion underscores that emergency myelopoiesis is not merely increased 
output, but a coordinated reprogramming of progenitor hierarchy. Be
side the BM, hematopoiesis takes place also in other organs, such as 
spleen, liver, or lymph nodes, a process termed extramedullary hema
topoiesis [78]. While physiologically active during fetal development, 
extramedullary myelopoiesis can also be activated under inflammatory 
conditions during which BM-derived HSPCs migrate to peripheral or
gans and contribute to local myeloid cell generation to provide to their 
enhanced demand in the periphery [48,78,79].

However, when inflammatory signaling is sustained or recurrent, 
emergency myelopoiesis can become maladaptive. Chronic activation of 
HSPCs can result in prolonged myeloid skewing, impaired self-renewal 
capacity and exhaustion [51,80–82].

2.2. IL− 1 as a central regulator of emergency myelopoiesis

Among inflammatory mediators, IL− 1 has emerged as a key cytokine 
linking systemic inflammation to emergency myelopoiesis [31,51,83, 
84]. Experimental studies demonstrate that IL− 1 promotes HSPC pro
liferation and accelerates differentiation toward the myeloid lineage 
[13,38,42,51,82,85,86].

Locally produced in the BM niche, IL− 1β binds to IL− 1R expressed 
on HSPCs and initiates emergency myelopoiesis, through expansion of 
myeloid-biased MPP3 cells at the expense of lymphoid-biased MPP4 
cells [13]. Specifically, IL− 1R signaling in HSCs activates downstream 
transcriptional programs, including induction of the myeloid regulator 
PU.1, thereby promoting a myeloid lineage bias [50,51,86]. In addition 
to PU.1, IL− 1R signaling in HSCs activates key master regulators of 
myeloid differentiation, namely CCAAT/Enhancer binding protein 
alpha (C/EBPα) and beta (C/EBPβ), which have been implicated in 
IL− 1β-induced myeloid differentiation under chronic inflammatory 
conditions and lipopolysaccharide (LPS)-driven epigenetic reprogram
ming of HSCs, respectively [49,87]. Consistent with this, IL− 1β treat
ment of CD34+ human HSPCs drives the generation of 
granulocyte-macrophage (GM) colonies upon colony-forming assays 
[31]. In vivo, IL− 1RI signaling is further required for emergency gran
ulopoiesis and reactive neutrophilia during acute inflammation, further 
highlighting the role of IL− 1 family in emergency myelopoiesis [42,85]. 
Notably, chronic exposure of long-term HSCs (LT-HSCs) to IL− 1 drives 
the repression of genes involved in cell cycle progression and protein 
synthesis genes which was associated with increased PU.1 levels [50]. 
As a regulatory mechanism, IL− 1 signaling can also trigger negative 
feedback pathways, including proteasomal degradation of the adaptor 

protein MYD88, thereby limiting excessive HSC proliferation and pre
venting stem cell exhaustion [88]. Importantly, the impact of IL− 1 is 
highly context dependent. While acute IL− 1 exposure supports the 
replenishment of HSPCs upon myeloablation and transplantation [51], 
chronic IL− 1 signaling in the BM niche drives aberrant HSPCs division 
and differentiation, impairing their self-renewal capacity and driving 
their exhaustion [46,49–51,82].

These observations position IL− 1 not simply as an inflammatory 
cytokine, but as a temporal regulator that determines whether emer
gency myelopoiesis remains an adaptive response or becomes 
pathological.

2.3. Inflammatory memory and central trained immunity

The concept of trained immunity, also referred to as inflammatory 
memory, has fundamentally reshaped our understanding of how innate 
immune responses adapt over time [8–10,15,89]. Rather than a tran
sient activation state, trained immunity describes durable epigenetic, 
metabolic, and transcriptional rewiring that enhances responses upon 
subsequent challenges [11,13,14,16,17,90–93].

Initially described in mature myeloid cells (peripheral trained im
munity), inflammatory memory is now recognized to originate at the 
level of HSPCs (central trained immunity), where inflammatory expo
sure imprints long-term changes that persist through differentiation 
from the progenitor to the progeny [11,13,14,17,30]. This central 
reprogramming explains how innate immune memory can persist 
long-term and outlast the short lifespan of terminally differentiated 
myeloid cells such as neutrophils [94].

Diverse environmental and inflammatory stimuli, such as Bacillus 
Calmette-Guerin (BCG) vaccine [17–19], fungus-derived β-glucan [13, 
14], viral infections [95], physiological stress [96,97], sleep deprivation 
[98], acute stimulation with LPS [87], and western diet (WD) or 
oxidized forms of low-density lipoprotein (oxLDL) [99,100], are proven 
to induce trained immunity in myeloid cells, by provoking epigenetic, 
transcriptomic and metabolic reprogramming of HSPCs and myeloid 
progenitor cells. While trained immunity on the one hand enhances host 
defense against infections [16,101–103], and improves immune 
responsiveness in conditions such as sepsis-associated immunoparalysis 
[104] and cancer [14,18,19,104–106], on the other hand, chronic 
inflammation drives maladaptive training of myelopoiesis leading to the 
generation of hyperinflammatory myeloid cells that exacerbate chronic 
inflammatory diseases, such as periodontitis, arthritis and cardiovas
cular diseases [11,107–111]. This maladaptive immune memory rep
resents also a key mechanism underlining the link between 
inflammatory comorbidities [11,109,112].

Taken together, trained immunity represents a double-edged sword, 
as its consequences depend on the disease context and the inflammatory 
mediators that shape hematopoiesis and subsequently myeloid 
responses.

2.4. IL− 1 as an inducer of trained immunity

Among inflammatory mediators, IL− 1 has emerged as a pivotal 
cytokine linking systemic inflammation to emergency myelopoiesis and 
hematopoietic reprogramming. Evidence suggests that IL− 1 family cy
tokines contribute to both peripheral and central trained immunity [13, 
16,31,113–115]. Experimental studies demonstrate that IL− 1β induces 
immunological memory, particularly in HSCs, giving rise to a pool of 
epigenetically reprogrammed mature cells [13,16,31].

During β-glucan-induced trained immunity, elevated IL− 1β levels 
within the BM niche promote HSPCs proliferation, myeloid skewing and 
metabolic rewiring [13,16]. Importantly, since HSPCs do not directly 
sense β-glucan due to lack of expression of the β-glucan receptor 
Dectin− 1 [116,117], IL− 1β acts as mediator of the established β-glu
can-mediated central trained immunity effects. In support of this, loss of 
IL− 1 signaling blocks the β-glucan training effects by inhibiting the 
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proliferation of HSPCs and myeloid progenitors and by altering their cell 
metabolism [13,16].

Similarly, BCG vaccination enhances pro-inflammatory cytokine 
secretion, including IL− 1β and TNF-α even 3 months after vaccination 
through epigenetic reprogramming in circulating immune cells from 
vaccinated volunteers, which may represent the mechanism underlying 
the long-term regulation of cytokine production [118,119]. In addition, 
HSPC exposure to IL− 1β results in altered responsiveness of differenti
ated mature monocytes upon LPS and Pam3Cys rechallenge, charac
terized by increased production of cytokines, such as TNF-α and IL− 1β, 
respectively [31]. Stimulation of HSPCs with high dose of IL− 1β aug
ments the phagocytosis capacity of HSPCs-derived macrophages, 
potentially through transcriptional reprogramming of their monocyte 
and macrophage progeny, a defining feature of trained immunity [31].

Beyond IL− 1β, other IL− 1 family members have been implicated in 
the induction of innate immune memory. In particular, IL− 18 promotes 
memory-like reprogramming of natural killer (NK) cells with high 
proliferating capacity and potent anti-tumor effector functions 
[113–115]. Other IL− 1 superfamily members, such as IL− 33 and IL− 36, 
are recognized as activators of innate immune responses and regulators 
of inflammatory signaling cascades [33]. Although their capacity to 
induce trained immunity has not yet been formally demonstrated, their 
roles suggest potential involvement in inflammatory memory programs 
that warrants further investigation.

In contrast, the anti-inflammatory IL− 1R antagonist (IL− 1Ra) 
(anakinra) functions as a physiological regulator that restrains excessive 
IL− 1 signaling [13]. Notably, IL− 1Ra is secreted upon restimulation of 
β-glucan-trained monocytes [120], suggesting the existence of intrinsic 
feedback mechanisms that temper excessive inflammatory responses 
following induction of trained immunity.

Importantly, IL− 1-mediated training is context dependent (Fig. 1). 
While transient IL− 1 signaling may enhance protective immunity, 
chronic exposure can drive maladaptive myelopoiesis, HSPC exhaustion 
and exacerbation of inflammatory pathologies [11,16,99,103,121–129].

2.4.1. IL− 1-dependent trained immunity in host protection against 
infections

Early evidence supporting the role of IL− 1 in the establishment of 
non-specific immune memory emerged from studies demonstrating that 
exogenous IL− 1 administration confers protection against subsequent 
infections. In a seminal study, granulocytopenic mice pretreated with a 
single dose of IL− 1β one day prior to lethal Pseudomonas aeruginosa 
infection exhibited significantly improved survival [123]. Subsequent 
studies have shown the protective effects of IL− 1 pre-treatment against 
various pathogens, such as Candida albicans and Plasmodium berghei 
[124,125]. In parallel, IL− 18 has been reported to mediate 
flagellin-induced cross-protection against heterologous infections [126]. 
Taken together, these findings support the notion that IL− 1 can promote 
innate immune memory and confer broad non-specific host protection 
against multiple pathogens (Fig. 1).

Clinical data reinforce this concept, as BCG vaccination has been 
reported to provide non-specific protection against multiple subsequent 
infections [130]. In a randomized placebo-controlled clinical trial, in
dividuals that had previously received BCG vaccine displayed enhanced 
protection against viral infection caused by yellow fever vaccine. 
Interestingly, this protection was positively correlated with increased 
IL− 1β levels after BCG vaccination [103]. In a human study, in which 
participants were vaccinated intradermally with BCG, analysis of BM 
aspirates revealed significant modifications in gene expression of human 
HSPCs and hematopoiesis bias toward the myeloid lineage, that was 
detected 3 months after the BCG vaccination [30,119]. Production of 
pro-inflammatory cytokines, including IL− 1β and TNF-α, was found to 
be enhanced when peripheral blood mononuclear cells (PBMCs) from 
BCG-vaccinated volunteers were exposed to mycobacterial and 
non-mycobacterial stimuli [118,119]. Notably, the increased IL− 1β 
production persisted for 3 months after vaccination, consistent with the 
BCG-mediated long-term epigenetic reprogramming of myeloid pro
genitors and altered innate immune responses of mature myeloid cells 
[30,118,119]. Taken together, this evidence indicates that IL− 1 may 
contribute to the BCG-mediated protection against infections (Fig. 1).

Similarly, β-glucan-conferred protection against Mycobacterium 

Fig. 1. IL− 1β as a central regulator of emergency myelopoiesis and inflammatory memory. Multiple inflammatory stimuli, including IL− 1 administration, BCG 
vaccine, β-glucan, diet-associated metabolic stress, ischemic injury and periodontitis-induced systemic inflammation increase IL− 1β levels within the BM niche. 
HSPCs sense high IL− 1β levels through IL− 1R signaling and initiate emergency myelopoiesis, accompanied by epigenetic, transcriptomic and metabolic reprog
ramming. This central IL− 1β-mediated imprinting of inflammatory memory leads to the generation of hyperresponsive myeloid cells in the periphery. Depending on 
the inflammatory context, IL− 1β-driven hematopoietic reprogramming can confer enhanced protection against heterologous infections or promote maladaptive 
outcomes, including atherosclerosis, advanced cardiovascular events, inflammatory bone loss and neuroinflammation.
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tuberculosis infection was shown to depend on IL− 1R signaling [16]. 
The suggested mechanism of β-glucan-mediated protection is that 
β-glucan promotes IL− 1β production within the BM, which binds to the 
IL− 1R on HSPCs and induces transcriptional rewiring of the progenitors 
[13]. HSPCs respond to high IL− 1β levels by inducing myelopoiesis and 
shifting the metabolism toward glycolysis and cholesterol synthesis [13, 
16]. Collectively, these findings position IL− 1 signaling as a central 
driver of trained immunity-mediated enhanced protection against in
fections (Fig. 1).

2.4.2. IL− 1-dependent diet-induced trained immunity
Studies have revealed that diet can induce maladaptive inflamma

tory memory by exposing mature and progenitor cells to inflammatory 
nutrients, such as saturated fatty acids, palmitic acid and stearic acid, 
which eventually leads to increased mortality upon infection or 
increased susceptibility to inflammatory comorbidities [99,128,131, 
132].

In obesity, NLRP3 inflammasome activation promotes IL− 1β pro
duction in visceral adipose tissue, which targets IL− 1R on CMPs and 
GMPs in the BM, resulting in monocytosis and neutrophilia [127]. 
Eventually, these IL− 1β-dependent changes contribute to adipose tissue 
inflammation and insulin resistance, both observed in obese patients 
[127]. Diet-induced obesity drives epigenetic and transcriptomic 
reprogramming of adipose tissue macrophages (ATMs) toward a more 
pro-inflammatory and pro-angiogenic phenotype, thereby promoting 
retinal inflammation. These obesity-induced changes in ATMs persist 
even after switching to normal diet, highlighting the capacity of 
diet-induced obesity to imprint innate immune memory in resident 
myeloid cells. This pro-inflammatory phenotype is also observed in BM 
monocytes from obese mice, which retain the capacity to repopulate 
ATMs in recipient mice following BM transplantation. Importantly, 
chow-fed recipient mice receiving BM cells from obese donors also 
exhibit increased retinal inflammation, suggesting that obesity induces 
reprogramming at the BM level, which subsequently alters ATM func
tion and promotes neuroinflammation (Fig. 1) [128].

WD enriched in saturated fatty acids and sucrose has been implicated 
in inducing inflammatory memory and correlated with increased 
severity and susceptibility upon LPS-driven sepsis [131]. Feeding with 
WD in LDL receptor-deficient (Ldlr− /− ) mice induces systemic inflam
mation that resolves upon dietary switch to normal diet [99]. However, 
WD-induced transcriptomic and epigenetic reprogramming of GMPs and 
emergency myelopoiesis persist even after diet removal [99]. The 
inflammasome and IL− 1 signaling pathway were found to be highly 
implicated in GMP reprogramming after feeding with WD [99], identi
fying IL− 1 as a mechanistic link between metabolic stress and 
long-lasting inflammatory memory (Fig. 1).

Similarly, intermittent consumption of high fat diet (HFD) has been 
implicated in atherosclerosis development independently of the adap
tive immune system or gut microbiota, through the reprogramming of 
GMP in the BM. In Ldlr− /− mice, switching from HFD to chow diet, 
followed by re-exposure to HFD, leads to elevated levels of immature 
neutrophils exhibiting a highly pro-inflammatory phenotype, along with 
increased neutrophil extracellular traps (NET) formation in the aorta. 
These changes are mediated by IL− 1β-driven reprogramming of GMPs 
in the BM and are associated with more severe atherosclerotic lesions, 
indicating that HFD-induced neutrophilia accelerates atherosclerosis 
development [129]. Notably, discontinuing of HFD induces epigenetic 
reprogramming of GMPs, characterized by reduced Runt-related tran
scription factor 1 (Runx1) expression, thereby promoting inflammatory 
signaling in the progenitors within the BM. Upon re-challenge with HFD, 
elevated levels of IL− 1β within the BM niche trigger emergency mye
lopoiesis and GMPs reprogramming, including decreased expression of 
Runx1, ultimately promoting the expansion of IL− 1β-producing neu
trophils that drive atherosclerosis development [129]. Collectively, 
these findings highlight IL− 1 as a potential therapeutic target to coun
teract diet-associated comorbidities, including cardiovascular diseases 

and atherosclerosis (Fig. 1).

2.4.3. Role of IL− 1 in ischemia-induced innate immune training
Acute sterile inflammation can also induce IL− 1-dependent inflam

matory training (Fig. 1). Following ischemic stroke, rapid elevation of 
IL− 1β alters BM cellularity and induces epigenetic reprogramming of 
HSPCs, leading to sustained inflammatory changes in peripheral 
monocytes and macrophages [121]. These reprogrammed cells subse
quently infiltrate the heart, where they differentiate into cardiac mac
rophages characterized by a pronounced extracellular matrix 
remodeling signature and increased expression of Matrix metal
loproteinase− 19 (Mmp19), thereby promoting cardiac fibrosis and 
contributing to post-stroke cardiac dysfunction [121]. Importantly, 
neutralization of IL− 1β or blocking of caspase− 1 activation, thereby 
preventing IL− 1β release, are sufficient to prevent post-stroke myelo
poiesis and epigenetic reprogramming of HSPCs and of their progeny, 
and protect against cardiac complications, demonstrating a causal role 
for IL− 1 signaling in ischemia-induced trained immunity [121].

Consistent with these findings, hind limb ischemia in Apolipoprotein 
E-deficient (ApoE− /− ) mice fed with WD increased HSPC abundance in 
vascular BM niches, and induced their epigenetic reprogramming asso
ciated with emergency myelopoiesis and aggravation of atherosclerosis 
[122]. Notably, HSPCs upregulated IL− 1R following hind limb 
ischemia, and genetic or pharmacological inhibition of IL− 1R reversed 
the maladaptive effects of ischemia-induced trained immunity and 
attenuated atherosclerosis progression [122]. These findings underscore 
IL− 1-signaling as a central axis linking sterile injury to long-term he
matopoietic reprogramming and cardiovascular diseases (Fig. 1).

2.4.4. Role of IL− 1 signaling in periodontitis-induced inflammatory 
memory

Chronic inflammatory diseases can similarly induce IL− 1-dependent 
maladaptive training [109,112]. Periodontitis, an inflammatory disease 
of the soft and bone tissues, induces chronic low-grade systemic 
inflammation, by promoting enhanced production of IL− 1β by activated 
neutrophils within the BM [11]. In turn, IL− 1β binds to the IL− 1R on 
HSPCs and induces epigenetic reprogramming of the progenitors and of 
their progeny, resulting in persistent myeloid skewing and exacerbation 
of inflammatory arthritis (Fig. 1). Consistently, IL− 1 signaling pathway 
is important for periodontitis-induced maladaptive training of HSPCs 
and for the periodontitis-arthritis axis, since blocking of IL− 1 signaling 
ablates this maladaptive training and decreases inflammatory bone loss 
[11]. These findings suggest that chronic IL− 1 exposure within the he
matopoietic niche enforces long-lasting imprinting that amplifies in
flammatory comorbidities (Fig. 1).

3. IL¡1-driven hematopoietic rewiring from premalignant 
states to cancer development and progression

3.1. IL− 1-mediated age-associated systemic inflammation as a driver of 
premalignant hematopoiesis

Aging is marked by chronic, low-grade inflammation (“inflammag
ing”) within the BM, fueled by accumulated cellular damage, enhanced 
senescence-associated secretory phenotype (SASP), and dysregulated 
immune responses, thereby contributing to increased cancer suscepti
bility [66,80,133]. Hematopoietic aging is characterized by impaired 
self-renewal of HSCs, and a progressive skewing of hematopoiesis to
ward the myeloid lineages [134]. Chronic inflammatory conditions can 
reinforce these aging-related changes, indicating that inflammaging is 
not merely a result of aging but an important driver of hematopoietic 
rewiring [66].

Among the inflammatory mediators implicated in inflammaging, 
IL− 1 has emerged as a central regulator of age-associated hematopoietic 
rewiring (Fig. 2). Elevated IL− 1β production has been reported in the 
BM of aged mice, originating from different BM cell types, namely 
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macrophages, monocytes, neutrophils, dendritic cells (DCs), platelets as 
well as stromal niche cells, including mesenchymal stromal cells (MSCs) 
[135–140]. Chronic IL− 1β production by MSCs induces hematopoietic 
remodeling and drives emergency myelopoiesis, which ultimately pre
vents hematopoietic regeneration in old mice [135,138]. Moreover, 
during aging MSCs produce IL− 33, which signals via ST2 receptor 
expressed on BM-resident type 2 innate lymphoid cells (ILC2s), which in 
turn produce IL− 6 and GM-CSF and initiate emergency myelopoiesis 
while impairing HSPC self-renewal capacity [46]. Plasma cells were 
reported to regulate the production of inflammatory factors, including 
IL− 1 and TNF-α, by BM stromal cells, thereby enhancing myelopoiesis 
during aging, whereas inhibition of these cytokines rebalances hema
topoiesis [136]. In addition, high levels of microbiome-derived com
pounds in blood of aged mice result in increased IL− 1α and IL− 1β 
production by BM myeloid cells, mostly monocytes and neutrophils 
[138]. In parallel, aged HSPCs upregulate IL− 1R and exhibit an 
IL− 1-dependent inflammatory transcriptional signature. Functionally, 
IL− 1 sensing skews aged HSPCs toward myeloid lineage differentiation, 
whereas treatment with IL− 1Ra restores hematopoiesis [138]. Together, 

these findings identify IL− 1 as a major driver of 
inflammaging-associated myelopoiesis.

Within the aged and inflamed hematopoietic environment, replica
tive stress and DNA damage result in the accumulation of somatic mu
tations in HSCs that confer a competitive advantage, resulting in clonal 
expansion and altered output of mutant progeny [66]. This phenome
non, termed as clonal hematopoiesis of indeterminate potential (CHIP), 
is detected in more than 10% of individuals above 65 years of age, is 
associated with increased risk of hematological malignancies and has 
also been linked to adverse outcomes in solid tumors [67,141–144]. 
Thus, CHIP can be considered as a premalignant hematopoietic state 
that emerges in the context of inflammaging.

The most frequent CHIP-associated mutations affect epigenetic 
modifiers, such as DNA methyltransferase 3 A (DNMT3A) and ten eleven 
translocation 2 (TET2), although mutations also occur in genes encoding 
inflammatory signaling mediators including Janus kinase 2 (JAK2), 
splicing factors and DNA damage repair genes [145,146]. Notably, 
CHIP-related variants have been identified in tumor-infiltrating leuko
cytes from patients with solid cancers and hematological malignancies, 

Fig. 2. IL− 1-driven inflammaging promotes CH and facilitates progression of hematological and non-hematological malignancies. Aging is characterized by 
replicative stress, accumulation of DNA damage and stem cell dysfunction, favoring the development of CHIP. Age-related chronic low-grade inflammation 
(“inflammaging”) is marked by elevated pro-inflammatory cytokines, including IL− 1α and IL− 1β. IL− 1α and IL− 1β are key mediators in reshaping the hematopoietic 
niche, by providing selective advantage to HSPCs carrying CHIP-associated mutations in genes, such as Tet2, Jak2 and Dnmt3a, thereby driving mutant clonal 
expansion. Expanded mutant myeloid cells further amplify systemic inflammation, reinforcing a feed-forward loop between CHIP and the inflammatory microen
vironment. Sustained IL− 1-driven inflammation facilitates clonal evolution, acquisition of additional mutations, generation of tumor-promoting myeloid cells and 
malignancy development, ultimately contributing to the development of hematological malignancies such as MDS, MPN, AML and non-hematological malignancies 
such as lung adenocarcinoma.
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and their presence has been associated with adverse clinical outcomes 
[145,147–149]. Beyond malignant transformation of hematopoietic 
clones, CHIP may influence tumor initiation and progression through 
sustained systemic inflammation and tumor-promoting myelopoiesis 
[68,145,147–149].

Importantly, CHIP and inflammaging appear to reinforce one 
another (Fig. 2). CHIP can amplify systemic inflammation and thereby 
reinforce inflammaging [68]. In turn, chronic inflammatory signaling 
within the aged BM can promote the preferential expansion of mutant 
HSPC clones, contributing to their dominance over normal HSPCs [67, 
150]. Thus, aging establishes an inflammatory environment in which 
mutant clones are both generated and selected, positioning IL− 1 
signaling during inflammaging as a key driver of premalignant CH 
(Fig. 2).

Mechanistic insight into the link between IL− 1 signaling and CH has 
emerged particularly in TET2-mutant associated CHIP. TET2 is a diox
ygenase that regulates HSCs function by modifying DNA methylation 
status via converting 5-methylcytosine (5mC) into 5-hydroxymethylcy
tosine (5hmC) [151]. Loss-of-function mutations in Tet2 are amongst 
the most prevalent observed in patients with CHIP and are also 
frequently found in hematological malignancies including myelodys
plastic syndrome (MDS), myeloproliferative neoplasms (MPNs) and 
acute myeloid leukemia (AML) [152–156]. Multiple studies demon
strate elevated IL− 1β levels in patients or experimental mouse models 
with Tet2 loss-of-function mutation, suggesting a role of IL− 1 in 
CHIP-associated inflammation [150,157–161]. Mechanistically, IL− 1β 
acts as a selective pressure that accelerates age-related CHIP and 
myeloid skewing of TET2-mutant HSPCs (Fig. 2). By employing trans
genic mouse models with hematopoietic-specific TET2 deletion, re
searchers demonstrated that IL− 1β administration can promote 
self-renewal and lineage differentiation of mutant HSPCs via IL− 1 
signaling [150,162]. Chronic IL− 1β exposure induces transcriptional 
reprogramming of TET2-deficient HSCs, which display enrichment of 
transcriptional signatures related to cancer, myelopoiesis, and dysre
gulated lymphopoiesis and hemopoiesis [162]. Furthermore, epigenetic 
analysis of lineage– Sca− 1+ c-Kit+ (LSKs) hematopoietic progenitors, 
CMPs and GMPs has revealed that IL− 1β-driven inflammation markedly 
increased global methylation and expanded hypermethylated differen
tially methylated regions (DMR), particularly at lineage-associated en
hancers and TF binding sites [162]. Importantly, genetic or 
pharmacological inhibition of IL− 1R attenuated TET2-associated HSPCs 
alterations, reduced premalignant progression, and improved survival of 
the TET2-deficient mice [162,163]. Notably, Canakinumab 
Anti-inflammatory Thrombosis Outcomes Trial (CANTOS) was the first 
large-scale randomized, placebo-controlled clinical study to demon
strate that Canakinumab therapy, which targets IL− 1β, reduces lung 
cancer incidence and mortality in a dose-dependent manner, with 
particularly strong benefit observed in patients with TET2 associated 
CHIP [158,164]. These findings support the notion that individuals 
harboring TET2 variants may experience greater therapeutic benefit 
from IL− 1β neutralization compared to individuals without CHIP [158, 
164]. In addition, loss of TET2 in HSPCs results in the generation of 
neutrophils with altered effector functions, including reduced phago
cytic capacity, altered NET-related functions, and enhanced inflamma
tory responses [160]. These TET2-mutant neutrophils display impaired 
antimicrobial clearance capacity, potentially predisposing individuals to 
infection-related hematological malignancies [165]. In addition, 
TET2-mutant neutrophils produce increased levels of pro-inflammatory 
cytokines, such as IL− 1β and IL− 6, which may contribute to the 
heightened inflammatory state observed in patients with CH [160].

Collectively, these findings position IL− 1-mediated inflammaging as 
a key mechanism linking aging to premalignant hematopoiesis. By 
remodeling the aged BM niche, promoting myeloid-biased hematopoi
esis and favoring the expansion of CHIP-associated mutant clones, 
persistent IL− 1 signaling creates a permissive environment for malig
nant development and increases susceptibility to both hematological 

and solid cancers (Fig. 2).

3.2. IL− 1 as an inflammatory driver of dysregulated myelopoiesis in 
chronic myeloid neoplasms

Sustained IL− 1 signaling within the hematopoietic niche, driven by 
chronic inflammatory signals associated with aging or CHIP, promotes 
the clonal expansion of mutant HSPCs and increases the risk of hema
tological malignancies, primarily myeloid malignancies, including 
MPNs, MDS and AML (Fig. 2) [63,166,167]. In addition, IL− 1 signaling 
has also been implicated in the development of other hematological 
malignancies such as Juvenile myelomonocytic leukemia (JMML) and 
chronic myeloid leukemia (CML), which arise independently of 
inflammaging or CHIP.

3.2.1. Role of IL− 1 signaling in MPNs
Evidence suggests that MPNs can arise in the context of chronic 

inflammation, which drives aberrant clonal expansion of either 
erythroid, megakaryocytic or myeloid lineages [168]. Elevated levels of 
IL− 1β in MPN patients correlate with poor prognosis and decreased 
survival [169,170]. IL− 1β produced by myelomonocytic cells and 
megakaryocytes promotes MPN disease by favoring the clonal expansion 
of Jak2V617F mutant HSCs [171]. In turn, mutant HSCs produce high 
levels of IL− 1β, leading to neuronal damage and apoptosis of nestin+

MSCs, thereby further promoting uncontrolled mutant HSC expansion 
[172]. Importantly, this excessive expansion and differentiation of 
HSPCs can be reversed upon administration of IL− 1Ra, highlighting the 
pathological role of IL− 1β in MPN disease progression [172,173].

3.2.2. Role of IL− 1 signaling in MDS
MDS represents another age-associated myeloid malignancy char

acterized by a disrupted pro-inflammatory BM microenvironment, with 
IL− 1 signaling playing a significant role in the disease progression 
[174]. In low-risk MDS patients, BM-resident DCs were identified as the 
main source of IL− 1β following Toll-like receptor− 1 (TLR1) and TLR2 
induction, suggesting that DCs-derived IL− 1β may contribute to altered 
HSPC function and mobilization observed in these patients [139]. BM 
stromal dysfunction is increasingly recognized as a driver of HSPC 
impairment in MDS. In particular, sensing of IL− 1 cytokines by BM 
stromal cells reduces their ability to support HSPCs functions [174,175]. 
Moreover, MDS blasts can secrete inflammatory mediators, such as 
IL− 1α, and suppress factors important for supporting hematopoiesis and 
angiogenesis, resulting in remodeling of the stromal niche that further 
impairs HSPC function and stemness while favoring malignant cell 
survival and disease progression [176]. Notably, inhibition of IL− 1 
signaling can restore the function of BM stromal cells, support normal 
HSPC activity and prevent MDS development [177].

3.2.3. Role of IL− 1 signaling in AML
Inflammation within the BM has also been implicated in the patho

genesis of AML, a hematological malignancy characterized by expansion 
of mutant myeloid-biased progenitors [178]. More broadly, studies in 
leukemic models have shown that persistent inflammatory cytokines 
within the inflamed leukemic BM niche, particularly IL− 1β and G-CSF, 
promote the sustained expansion of multipotent progenitor subsets such 
as MPP2 and MPP3. These progenitors are primed and committed to 
generate GMPs and, in the absence of quiescence-enforcing cytokine 
signals, continue to proliferate without appropriate regulatory restraint 
[73]. Consequently, the chronically activated leukemic niche hijacks 
normal myelopoiesis by exploiting and deregulating hematopoietic 
pathways, resulting in impaired differentiation and excessive myeloid 
output [73]. Moreover, elevated IL− 1β levels, along with an enhanced 
proliferative response of AML cells to IL− 1β, are associated with poor 
patient prognosis [179,180]. Upon broad cytokine screening, 
monocyte-derived IL− 1 was found to trigger a marked expansion of 
myeloid progenitor cells of AML patients via IL− 1R signaling, and 
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downstream phosphorylating p38MAPK [178]. Inhibition of p38MAPK 
reversed this effect, providing a strong rationale for developing 
IL− 1/IL− 1RI/p38MAPK-targeted therapies for AML [178]. Moreover, 
low levels of the IL− 1Ra have correlated with poor prognosis in patients 
with AML [86]. Loss of IL− 1Ra caused IL− 1β-induced pre-leukemic 
myelopoiesis, which was therapeutically targeted upon administration 
of exogenous IL− 1Ra [86]. In addition, IL− 1RAP-IL− 1 axis plays a 
significant role in AML [181]. Increased levels of IL− 1RAP present in 
patients with AML, were positively correlated with a leukemic GMP 
signature. IL− 1β-induced activation of IL− 1RAP on both AML cells and 
stromal cells resulted in induction of an inflammatory secretome, which 
affected normal hematopoiesis while leukemic cell proliferation 
remained unaffected [181]. The pro-tumorigenic effect of IL− 1β was 
eliminated by IL− 1Ra treatment, indicating that inhibition of 
IL− 1-IL− 1RAP signaling pathway could be a potential therapeutic 
strategy to decrease inflammation in the BM niche and thereby support 
normal hematopoietic recovery over AML proliferation after chemo
therapy [181].

3.2.4. Role of IL− 1 signaling in JMML
JMML is a rare, aggressive MDS/MPN that occurs early in childhood 

and is driven by mutations in Rat sarcoma virus (RAS) pathway genes, 
resulting in the hyperresponsiveness of progenitor cells to GM-CSF 
[182]. Activating mutation in tyrosine-protein phosphatase 
non-receptor type 11 (Ptpn11), which encodes the protein tyrosine 
phosphatase SHP2, plays a significant role in initiation and progression 
of JMML [182]. MSCs and progenitor cells of osteoclasts bearing Ptpn11 
mutation recruit monocytes within the BM niche via secretion of the 
chemokine (C-C motif) ligand 3 (CCL3) [183]. BM-infiltrating mono
cytes and JMML malignant cells secrete increased levels of IL− 1β, which 
triggers the HSPCs hyperresponsiveness, stem cell exhaustion and 
myeloid-lineage differentiation that contribute to JMML progression 
[183,184]. Importantly, disruption of IL− 1 signaling ameliorates dis
ease outcome by restoring hematopoiesis and rescuing stem cells from 
exhaustion, offering a therapeutic strategy to combat abnormal hema
topoiesis in JMML [184].

3.2.5. Role of IL− 1 signaling in CML
CML is a myeloproliferative disorder driven by BCR-ABL fusion 

tyrosine kinase, which arises when HSPCs acquire the BCR-ABL chro
mosomal translocation, leading to uncontrolled cell proliferation [185]. 
Even though aging and CHIP do not promote the development of CML, 
high levels of IL− 1α and IL− 1β have been positively correlated with 
disease progression, aberrant ex-vivo expansion of CML leukemia stem 
cells (LSCs) and decreased survival in patients [186,187]. Although 
IL− 1 is dispensable for CML initiation, IL− 1 signaling is vital for the 
survival and expansion of CML LSCs within the BM through phosphor
ylation and activation of NF-κB, JNK, and p38MAPK pathways down
stream of IL− 1R [188]. Even though BCR-ABL tyrosine kinase inhibitors 
(TKIs) show remarkable efficiency in disease remission [189], residual 
LSCs remain refractory to TKI therapy [190]. However, elevated IL− 1R 
expression in LSCs renders them susceptible to combined IL− 1Ra and 
TKI therapy [188]. IL− 1RAP plays a significant role in CML progression, 
since it is ubiquitously expressed in leukemic cells of CML patients; in
hibition of this co-receptor induces cell-mediated cytotoxicity [191, 
192].

Taken together, these studies support the concept that prolonged 
IL− 1 signaling in the BM acts as a maladaptive inflammatory driver, 
driving expansion of HSPCs, disruption of normal hematopoiesis, and 
progression toward hematological malignancies (Fig. 2).

3.3. IL− 1 signaling linking age-associated hematopoietic rewiring to solid 
tumor progression

Beyond its role in driving premalignant hematopoiesis and hemato
logical malignancies, IL− 1-mediated reprogramming of the 

hematopoietic system can also influence the progression of solid tumors. 
Recent work provides a mechanistic connection between age-associated 
inflammatory hematopoiesis, IL− 1-driven myelopoiesis, and solid 
tumor progression [68]. In a mouse model of non-small cell lung cancer 
(NSCLC), inflammaging in HSPCs was linked to enhanced emergency 
myelopoiesis, leading to the accumulation of a myeloid progenitor-like 
population with an IL− 1α signature in lung tumor lesions of these 
mice. The existence of progenitor-like cells in the tumor resulted in the 
generation of tumor-promoting monocyte-derived macrophages, which 
exhibited decreased expression of DNMT3A, which is also one of the 
most frequently mutated genes reported in individuals with CHIP. 
Downregulation of DNMT3A enhanced the production of IL− 1α by the 
monocyte-derived macrophages and contributed to the progression of 
lung adenocarcinoma, pancreatic adenocarcinoma and colorectal car
cinoma [68]. This study proposes a feed-forward circuit whereby IL− 1α 
produced at the tumor site sustains age-induced emergency myelopoi
esis [68]. Notably, early intervention with IL− 1Ra restored myelopoi
esis and prevented aberrant lung tumor growth [68]. Together, these 
data may provide mechanistic insights into the relationship between 
CHIP-associated variant Dnmt3a, IL− 1-driven inflammaging, and solid 
cancer (Fig. 2).

Collectively, these observations position IL− 1 as a critical mediator 
linking inflammaging, CH and premalignant hematopoietic develop
ment. Persistent IL− 1 signaling within the aged BM niche not only 
drives maladaptive myelopoiesis but also creates a selective environ
ment that favors the expansion of CHIP-mutant clones, thereby 
increasing susceptibility to hematological and solid malignancies 
(Fig. 2).

3.4. IL− 1-mediated trained immunity reshapes tumor-associated myeloid 
cell function

3.4.1. Tumor-driven IL− 1-dependent maladaptive training of myelopoiesis
Beyond aging and CHIP, established tumors themselves function as 

chronic inflammatory organs that systemically reprogram hematopoie
sis. Cancer-associated systemic inflammation profoundly reshapes he
matopoiesis and hijacks myeloid cell function contributing to tumor 
progression and metastasis [52,53]. Rather than reflecting a strong 
anti-tumor immune response, accumulation of tumor-infiltrating 
myeloid cells strongly correlates with poor prognosis in cancer pa
tients and resistance to immune checkpoint blockade therapies [193, 
194]. In this context, neutrophils are reprogrammed toward pro-tumoral 
states in the TME that support tumor progression, consistent with clin
ical observations that increased neutrophil abundance, often reflected to 
an elevated neutrophil-to-lymphocyte ratio, is associated with adverse 
outcomes across multiple malignancies [195–198]. In addition, within 
the TME, inflammatory cues including TNF-α and prostaglandin E2 
(PGE2) can synergistically reprogram tumor-infiltrating monocytes into 
IL− 1β-producing tumor-associated macrophages (TAMs), whose abun
dance correlates with poor prognosis in patients with pancreatic ductal 
adenocarcinoma [58], highlighting how tumor-derived signals actively 
shape myeloid effector programs.

Importantly, tumor-driven myeloid reprogramming is not confined 
to the TME. Cancer-derived inflammatory factors including IL− 1β, G- 
CSF, GM-CSF, IL− 6 and vascular endothelial growth factor A (VEGFA) 
can reach the hematopoietic niche and initiate emergency myelopoiesis, 
altering progenitor differentiation trajectories to favor the production of 
immunosuppressive myeloid cells that subsequently infiltrate the TME 
[47,55,199,200]. Cancer-driven systemic immune alterations favoring 
tumor growth were positively associated with increased tumor 
cell-derived IL− 1α production. Importantly, blockage of IL− 1α pre
vented the cancer-mediated reprogramming of splenic immune 
composition, by reducing splenic neutrophils and mature myeloid cells 
[201]. Moreover, persistent inflammation caused by mammary tumors 
was shown to skew hematopoiesis toward myelopoiesis and induce 
immunosuppressive reprogramming of granulopoiesis (Fig. 3A) [47]. 
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Cancer-derived CCL2 reprograms TAMs to produce high levels of IL− 1β 
which in turn induces an inflammatory cascade resulting in elevated 
levels of G-CSF, an important growth factor for neutrophil development 
[202,203]. HSPCs respond to IL− 1β signaling which leads to their 
epigenetic reprogramming by increasing chromatin accessibility for 
master TF important for granulopoiesis, namely C/EBPα, while closing 
sites for the master regulators of erythroid lineage, GATA-binding factor 
1 (GATA1). Moreover, in response to IL− 1β, HSPCs upregulate genes 
associated with an immunosuppressive phenotype, leading to the gen
eration of immunosuppressive neutrophils during granulopoiesis in the 
BM niche [47]. The immunosuppressive signature of mature neutrophils 
was traced back to the transcriptional reprogramming of LT-HSCs 
(Fig. 3A). Blockade of IL− 1β signaling restored hematopoietic balance, 
reversed the pro-tumoral reprogramming of neutrophils and reduced 
tumor-induced neutrophilia resulting in decreased metastatic spread, 
highlighting the functional importance of this pathway mediating the 
crosstalk between TME and HSPC reprogramming during cancer [47].

Along the same line, tumor-associated inflammation can trigger 
extramedullary hematopoiesis in other lymphoid organs, particularly in 
the spleen, which further sustains the systemic supply of tumor- 
promoting myeloid cells [48,204,205]. Extramedullary hematopoiesis 
is present in many solid tumors, including breast, renal and lung cancer, 
and contributes to tumor progression by reinforcing a chronic, 
tumor-supporting myelopoietic output [205,206]. Interestingly, 
tumor-derived IL− 1 was shown to be implicated in splenic HSPCs 
reprogramming increasing the myelopoietic capacity of the spleen 
during cancer, suggesting IL− 1 as a possible mechanism of 

tumor-associated myelopoiesis [48]. In line with this, tumor-derived 
IL− 1α induces TNF-α expression by HSPCs to reprogram the hemato
poietic niche into favoring increased myelopoiesis [48].

Collectively these observations support the concept that cancer can 
impose a form of maladaptive inflammatory memory on the hemato
poietic system. Persistent tumor-induced IL− 1 signaling reprograms 
HSPCs and their progeny, biasing myelopoiesis toward immunosup
pressive, tumor-promoting phenotypes that reinforce tumor progression 
(Fig. 3A).

3.4.2. Role of IL− 1 signaling in trained immunity-mediated anti-tumor 
response

In contrast to tumor-mediated maladaptive inflammatory 
imprinting, innate immune training can also promote protective anti- 
tumor myeloid responses. Stimuli that induce trained immunity, such 
as β-glucan and BCG can reprogram myeloid cells toward anti-tumoral 
phenotypes, providing a rationale for therapeutic targeting [14,18,19, 
101,105,207–213].

In experimental models, β-glucan induces central reprogramming of 
granulopoiesis, resulting in sustained production of rewired anti-tumor 
neutrophils. These reprogrammed neutrophils infiltrate the TME, where 
they exhibit enhanced effector functions, including increased reactive 
oxygen species (ROS) production, and can serve as a therapy when 
administered systemically into tumor-bearing mice [14]. In addition to 
neutrophils, peripheral trained immunity induced by β-glucan can 
reprogram mature monocytes and macrophages, enabling cytotoxic 
activity leading to tumor reduction [207–209].

Fig. 3. Context-dependent role of IL− 1β in beneficial and maladaptive myeloid reprogramming in cancer. Different stimuli including β-glucan, BCG vaccine and 
TME-derived inflammatory factors can induce long-term functional reprogramming of the innate immune system through epigenetic, transcriptomic, and metabolic 
rewiring of HSPCs in the BM, leading to the generation of reprogrammed myeloid cells that will ultimately infiltrate the tumor and affect tumor progression. A) 
Maladaptive reprogramming. In the context of cancer-associated inflammation, TME-derived IL− 1β drives maladaptive reprogramming of HSPCs, resulting in the 
expansion of immunosuppressive neutrophils that facilitate tumor growth and suppress anti-tumor immunity. B) Beneficial reprogramming. Trained immunity 
induced by stimuli such as β-glucan and BCG vaccine promotes the generation of reprogrammed myeloid cells with enhanced anti-tumor activity. Administration of 
these training agents induce elevated levels of IL− 1β; however, the precise mechanisms linking increased IL− 1 signaling to myeloid anti-tumor reprogramming 
remain incompletely understood (indicated by the dashed arrow and question mark).
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Administration of β-glucan has been shown to activate IL− 1 
signaling which is associated with induction of central trained immunity 
[13]. However, whether IL− 1 is mechanistically required for the 
β-glucan-driven anti-tumor effects of trained immunity remains unclear 
(Fig. 3B). Consistent with a potential contribution of IL− 1 signaling, 
administration of γ-irradiated β-glucan mediates peritoneal macrophage 
reprogramming, leading to increased production of pro-inflammation 
cytokines, such as TNF-α, IL− 6, and IL− 1β through NF-κB and MAPK 
signaling pathways, resulting in significant inhibition of tumor growth 
and lung metastasis in mice bearing B16BL6 tumors [209]. In an 
experimental model of pancreatic cancer, therapeutic administration of 
β-glucan induces the reprogramming of tumor-infiltrating macro
phages/monocytes with a prominent IL− 1β signature [208]. Clinically, 
combined treatment of β-glucan with immune checkpoint inhibitors has 
been shown to improve efficacy of immune checkpoint blockade among 
patients with advanced cancer [210]. Of note, serum levels of IL− 1β 
were found to be elevated in these patients after combination therapy, 
indicating that IL− 1β could facilitate anti-tumor immune responses in 
this setting [210].

On the other hand, a recent study explored whether β-glucan-medi
ated IL− 1β signaling plays a role in the training phenotype of macro
phages and thereby affecting the control of lung tumor metastasis [207]. 
Global genetic deletion of IL− 1R showed that IL− 1 signaling is 
dispensable in this context as the anti-tumor effect of β-glucan-induced 
trained immunity was not abrogated in IL− 1R deficient mice [207]. 
Moreover, the same study assessed whether the NLRP3 inflammasome 
pathway, which mediates the release of IL− 1β [214], plays a role in the 
β-glucan-mediated tumor protection. However, similar results were 
shown in the NLRP3-deficient mouse model, indicating that the 
IL− 1β–IL− 1R pathway does not mediate the tumor protection which is 
acquired upon β-glucan-mediated trained immunity [207].

Consistent with the anti-tumor effect of β-glucan observed in 
experimental mouse models, β-glucans are also being used as immuno
therapy adjuvants to enhance treatment efficacy in patients [212,215, 
216]. A clinically advanced example is Imprime PGG, a soluble 
yeast-derived β-glucan currently being evaluated in multiple clinical 
trials as an adjuvant to cancer immunotherapy [216]. In murine cancer 
models Imprime treatment was associated with enhanced anti-tumor 
responses accompanied by increased inflammatory mediators, 
including IL− 1β [212]. However, IL− 1 cytokine levels were not signif
icantly elevated in treated patients [212].

Intravesical BCG administration as cancer immunotherapy for non- 
muscle-invasive bladder cancer (NMIBC) has long been established 
and remains the only bacterial-based treatment approved for cancer 
[217]. Considering its well-established adjuvant effects in activating the 
innate immune system, it is plausible that its anti-tumor effects involve 
mechanisms of trained immunity, especially in light of the 
well-established capacity of BCG to induce both peripheral and central 
immune training [17,30,91,101,105,119,213,218,219]. Studies show 
that systemic administration of BCG results in increased levels of IL− 1α 
and IL− 18 in urine specimens and correlate with better prognosis 
[220–223]. In addition, recent studies show that therapeutic intravesical 
administration of BCG in tumor-bearing mice resulted in reprogram
ming of HSPCs, increased serum levels of IL− 1β and promoted the 
anti-tumor effects of mature myeloid cells [19,211]. However, whether 
IL− 1 is an indispensable mediator of this effect remains unknown 
(Fig. 3B). In patients with NMIBC, intravesical administration of BCG 
induced functional reprogramming of circulating monocytes, as evi
denced by elevated production of TNF-α and IL− 1β after heterologous ex 
vivo stimulation [101,219]. Along the same line, recent work suggests 
one possible mechanism underlying the BCG-mediated anti-tumor effect 
of trained immunity. BCG induces differential TF activity and gene 
transcription in HSPCs, promotes hematopoiesis bias toward myeloid 
lineage and increases chromatin accessibility in CMPs, ultimately lead
ing mature myeloid cells to secrete elevated levels of IL− 1β which 
confers protection against cancer [119].

Taken together, these findings highlight a critical distinction: 
whereas chronic tumor-derived IL− 1 signaling enforces maladaptive 
inflammatory memory that sustains immunosuppressive myelopoiesis, 
transient or therapeutically induced innate immune training can harness 
related pathways to generate protective anti-tumor myeloid responses 
(Fig. 3). Thus, IL− 1 signaling operates as a context-dependent he
matopoietic checkpoint whose impact on tumor immunity depends on 
timing, duration, and source of inflammatory cues.

4. Potential therapeutic implications and concluding remarks

The evidence discussed throughout this review reframes IL− 1 as 
more than a classical pro-inflammatory cytokine. Rather, IL− 1 emerges 
as a central regulator of hematopoietic adaptation to stress and in
flammatory memory, integrating environmental, infectious, metabolic, 
and tumor-derived cues into durable alterations of myeloid cell function 
[83]. By reshaping epigenetic, metabolic and transcriptomic programs 
in HSPCs, IL− 1 signaling may lead to protective immunity or mal
adaptive myelopoiesis that fuels various diseases including cancer pro
gression [11,13,16,19,30,47,48,68,99,101,121,122,127–129,208–212, 
219].

This duality carries significant therapeutic implications. In aging, CH 
and established malignancies, persistent IL− 1 exposure sustains emer
gency myelopoiesis, promotes the expansion of mutant clones, and re
inforces immunosuppressive myeloid output [47,68,135,150,162]. In 
these contexts, pharmacological inhibition of IL− 1 signaling represents 
a rational strategy to interrupt the self-reinforcing loop between 
inflammation and clonal selection. Importantly, the CANTOS trial pro
vides a key translational link between these mechanistic insights and 
clinical outcomes. Although, originally designed to evaluate the effects 
of IL− 1β blockade on cardiovascular outcomes, CANTOS unexpectedly 
demonstrated that neutralization of IL− 1β with canakinumab reduces 
lung cancer incidence and mortality in a dose-dependent manner, with 
particularly pronounced benefit observed in individuals with CHIP 
[158,164]. As the first large-scale randomized placebo-controlled study 
to demonstrate that targeting IL− 1β-driven inflammation can reduce 
cancer incidence, CANTOS provided a critical clinical proof-of-concept 
for anti-IL− 1 therapeutic strategies. In this context, CANTOS serves as 
an important bridge between mechanistic insights into IL− 1-mediated 
immune reprogramming and its potential therapeutic exploitation in 
cancer. Consistent with this, IL− 1R antagonists and IL− 1 neutralizing 
antibodies restore balance of hematopoiesis and limit tumor-driven 
myeloid reprogramming in preclinical settings [13,47,51,68,150,162]. 
However, whether IL− 1 blockage can reverse the imprinting in HSPCs, 
or whether such interventions are effective during early premalignant 
states or as a preventive strategy, remains unclear.

At the same time, IL− 1 cannot be viewed solely as a pathological 
driver. In controlled settings of innate immune training, such as β-glucan 
or BCG-induced reprogramming, IL− 1 signaling can amplify anti-tumor 
effector functions [19,101,208,209,211,212,219]. The observation that 
IL− 1 may promote tumor control when engaged transiently, yet facili
tate tumor progression when chronically activated, underscores the 
importance of context, timing, and source. A major unresolved question 
is how these divergent outcomes are encoded at the molecular level. It 
remains to be defined which epigenetic, metabolic or transcriptional 
signatures distinguish protective from maladaptive IL− 1-associated 
imprinted states, how stable these programs are within the HSCs, and 
whether they can be selectively reprogrammed without compromising 
host defense.

The prospect of cell-specific modulation of IL− 1 signaling further 
expands therapeutic possibilities. Advances in nucleic acid-based de
livery systems, including apolipoprotein nanoparticles that incorporate 
small interfering RNA (siRNA) into their core for silencing genes in vivo 
has emerged as a therapeutic approach [224]. To directly target HSPCs, 
researchers have developed c-kit (CD117) antibody-targeted lipid 
nanoparticles for delivery of siRNA [225]. C-kit is a cell surface receptor 
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and marker of both human and mouse HSPCs, essential for the HSC 
quiescence and self-renewal capacity [226]. This approach would 
enable targeted delivery of Il1α, Il1β or Il1r siRNA to c-kit+ HSPCs, 
potentially inhibiting the pro-tumoral effects mediated by IL− 1-driven 
inflammatory memory. Moreover, RNA interference (RNAi) represents 
an emerging therapeutic strategy for selectively inhibiting pathways or 
gene expression implicated in trained immunity [227]. However, studies 
exploring the use of RNAi-based therapeutic approaches to suppress 
trained immunity are limited. Although RNAi-mediated silencing of 
IL− 1β has been successfully demonstrated in vitro [228], the lack of 
robust in vivo preclinical evidence currently hampers clinical translation 
of this strategy. In general, such strategies could theoretically suppress 
IL− 1-driven maladaptive training while preserving essential peripheral 
inflammatory responses. Yet, the in vivo consequences of selectively 
dampening IL− 1 signaling within HSPCs remain largely unexplored. 
How such interventions would influence lineage plasticity under in
flammatory challenges, clonal expansion in CHIP, or responsiveness to 
immunotherapy is not yet known.

The field still lacks biomarkers capable of identifying IL− 1-depen
dent hematopoietic imprinting in patients. Whether signatures of IL− 1- 
driven inflammatory memory can predict cancer risk, for instance in 
aged individuals, disease progression and outcome, or therapeutic 
responsiveness represents an important avenue for future investigation. 
Furthermore, although we focus here on the role of IL− 1 in these pro
cesses we should not neglect that it operates in a complex inflammatory 
network that also includes other mediators such as IL− 6, TNF-α, G-CSF 
between others [34]. Dissecting how these pathways cooperate or 
compete in shaping myeloid output and inducing inflammatory memory 
will be essential for designing rational combination therapies.

Collectively, the current data support a unifying model in which 
IL− 1 functions as a hematopoietic checkpoint of inflammatory memory 
[84]. In acute infection or therapeutically induced training, IL− 1 en
ables adaptive reprogramming that enhances host defense and 
anti-tumor immunity [16,19,101,208,212,219]. In contrast, during 
aging, CH, chronic inflammatory conditions, and cancer, sustained IL− 1 
signaling imprints maladaptive programs that facilitate immune sup
pression and tumor progression [47,66,68,135,150,162]. Understand
ing how to selectively modulate this checkpoint, dampening chronic, 
tumor promoting IL− 1 signaling while preserving or harnessing bene
ficial training represents a central challenge in the field.

In light of the aforementioned, targeting IL− 1 is not merely an anti- 
inflammatory intervention. It is an opportunity to re-educate hemato
poiesis itself and to reshape inflammatory memory that underlies cancer 
development and progression.
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