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A B S T R A C T

Trained immunity is the ability of the innate immune system to mount a heightened response to an environ
mental stimulus after a previous encounter with a noxious trigger. This effect is mediated by metabolic rewiring 
and epigenetic reprogramming in innate immune cells. In the context of neuroinflammation, trained immunity 
may represent a major contributor to the pathogenesis of neurological diseases, exerting both detrimental and 
potentially beneficial effects. While the general mechanisms and systemic implications of trained immunity are 
widely discussed, evidence in central nervous system (CNS) diseases remains fragmented and largely confined to 
individual pathological conditions. As a result, a comprehensive framework integrating these findings and 
identifying shared mechanisms across neurological disorders is still lacking. In this review, we explore the 
concept of trained immunity with a focus on neuroinflammatory and neurodegenerative diseases, synthetizing 
evidence from multiple CNS pathologies, including multiple sclerosis, Alzheimer’s disease, Parkinson’s disease, 
and cerebrovascular disorders. We first critically examine preclinical and experimental studies addressing innate 
immune memory in the CNS and subsequently integrate these findings with emerging clinical evidence, aiming 
to identify convergent mechanisms and disease-relevant immune memory signatures. Finally, we discuss po
tential therapeutic targets identified in preclinical settings and outline key unresolved issues, including the 
nature of triggering stimuli, thresholds, and temporal dynamics shaping innate immune memory in the CNS. By 
highlighting current limitations and defining critical questions for future research, this review presents a unifying 
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perspective on trained immunity in neurological diseases and underscores the translational potential to modulate 
neuroinflammation and to influence disease progression.

Introduction

Neuroinflammation can be conceptualized as the Central Nervous 
System’s (CNS) attempt to respond to an injury that disrupts its ho
meostasis and contributors to this phenomenon are both innate and 
adaptive CNS immunity (Huang et al., 2025). The primary line of 
defence in the CNS (i.e. innate immunity) is largely orchestrated by the 
activation of resident cells, namely microglial cells and astrocytes. This 
process can either protect the CNS or, if dysregulated, exacerbate further 
damage. As evidence of this dual role, neuroinflammation is recognized 
to be detrimental in Multiple Sclerosis (MS) (Heß et al., 2020; Titus et al., 
2020) Alzheimer’s Disease (AD) (Ising et al., 2019; Pomilio et al., 2020; 
Wang et al., 2021, 2022; Xu et al., 2021) and Parkinson’s Disease (PD) 
(Sarkar et al., 2020), whereas it could be considered beneficial at the 
beginning of these neurodegenerative disorders, when, for example, 
microglia help to clear misfolded proteins (Zhang et al., 2005; Keren- 
Shaul et al., 2017; Venezia et al., 2017; Heckmann et al., 2019; Choi 
et al., 2020; McAlpine et al., 2021). Overall, neuroinflammation is 
widely recognised as a defining feature across a broad spectrum of 
neurological diseases (Wilson et al., 2023a), driving their progression 
and often preceding pathological hallmarks such as protein deposits in 
the context of neurodegeneration (Galiano-Landeira et al., 2020; Chen 
et al., 2023; Wilson et al., 2023b).

Both preclinical and clinical studies have shown that a systemic in
flammatory event can influence the development of CNS pathologies 
(Zhang et al., 2023). Indeed, systemic inflammation, induced by exog
enous events like infections (Kamer et al., 2009; Wang et al., 2014, 2020; 
Ishida et al., 2017; Matheoud et al., 2019), or arising from conditions 
known for their associations with chronic inflammation like diabetes 
(Crane et al., 2013; Bahniwal, Little and Klegeris, 2017), obesity 
(Litwiniuk et al., 2021), and atherosclerosis (Walker et al., 2019; Jin, Liu 
and Wei, 2025), may precede the onset and potentially drive the growth 
of neurodegeneration. Evidence has challenged the traditional view of 
the CNS as an immune-privileged region providing a pathobiological 
framework to explain the connection between systemic inflammation 
and neurological diseases. Firstly, inflammatory mediators such as cy
tokines can disrupt the blood–brain barrier (BBB), enter the brain and 
activate microglial cells and astrocytes sparking a cascade of improper 
responses that converge towards a sustained and altered neuro
inflammation (Banks, Kastin and Broadwell, 1995; Chen et al., 2019; 
Hauptmann et al., 2020). Likewise, peripheral immune cells can infil
trate the CNS, activate resident brain cells and determine analogous 
results (Fiala et al., 2002; Ferretti et al., 2016; Cai et al., 2021). Sec
ondly, the CNS is now understood to engage in constant dialogue with 
the peripheral immune system through a series of interactive barriers – 
for instance the BBB, the blood-cerebrospinal fluid (CSF) barrier 
(comprising by the choroid plexus and the arachnoid meningeal layer) 
and the meningeal lymphatic vessels. This neuroimmune crosstalk oc
curs not only in pathological states, where these apparent boundaries 
are compromised, but also under physiological conditions, thus facili
tating the relationship between central and peripheral immunity (Kipnis 
et al., 2025; Smyth and Kipnis, 2025).

The immune system exhibits remarkable plasticity, once thought to 
be limited to adaptive immunity through T and B cell memory. Accu
mulating evidence, however, shows that innate immune cells, including 
monocytes, macrophages, and microglia, can also retain memory of 
prior stimuli and mount enhanced responses upon re-exposure. This 
phenomenon, defined as trained immunity, encompasses a process by 
which innate immune cells, following ligand binding to their pattern- 
recognition receptors (PRRs), undergo long-term epigenetic reprog
ramming guided by metabolic mechanisms that persist after the initial 

stimulus fades (Netea, Quintin and van der Meer, 2011; Netea, et al., 
2020).

In humans, evidence for this mechanism emerged from studies 
showing that the live attenuated Bacillus Calmette-Guérin (BCG) vac
cine confers protection against subsequent infections by other pathogens 
(Higgins et al., 2016; Prentice et al., 2021). Building on these observa
tions, it became evident that, unlike the precise activation and targeting 
of adaptive immunity, trained immunity is distinguished by its ability to 
be triggered by a wide range of stimuli, establishing a broad and robust 
immune defence that “primes” the system for a swifter, more effective 
response to future challenges (Vuscan et al., 2024). Experimental 
models show that microbial components (e.g., β-glucan, muramyl 
dipeptide, flagellin) and endogenous mediators such as interleukin (IL)- 
1, oxidized lipoproteins, and catecholamines can induce trained im
munity through metabolic and epigenetic reprogramming, enhancing 
resistance to infections (Di Luzio and Williams, 1978; Krahenbuhl et al., 
1981; Muñoz et al., 2010; Marakalala et al., 2013). Beyond infection, 
trained immunity contributes to diverse pathologies, including cardio
vascular, autoimmune, allergic, oncologic, and metabolic diseases 
(Vuscan et al., 2024). For instance, monocytes from atherosclerosis 
patients exhibit a pro-inflammatory profile that promotes plaque for
mation (Bekkering et al., 2013).

Based on these data, trained immunity can be regarded as a double- 
edged sword, in the sense that, depending on the triggering stimulus, it 
can be beneficial or detrimental to human health. With this view, 
ageing, one of the primary risk factors for most neurological disorders, 
could serve as another example to demonstrate the detrimental impact 
of trained immunity. Indeed, this process manifests as a convergence of 
mechanisms that lead to chronic low-grade inflammation, termed 
inflammaging (Franceschi et al., 2000), and may be sustained by the 
occurrence of a maladaptive remodelling of innate immune cells. With 
ageing, monocytes and macrophages start secreting specific inflamma
tory molecules known to be involved in trained immunity-related 
mechanisms, thus contributing to escalated systemic inflammation 
(Qian et al., 2012; Metcalf et al., 2015; Franceschi et al., 2017). 
Consequently, trained immunity likely plays a fundamental role in the 
pathogenesis of neurological diseases, provided the involvement of both 
systemic and CNS inflammatory mechanisms (Zhang et al., 2023; Shi 
and Yong, 2025).

This review offers a comprehensive synthesis of the current evidence 
on the involvement of trained immunity in neurological disorders 
characterized by neuroinflammation, including MS, cerebrovascular 
diseases, AD and PD. Specifically, we examine the underlying cellular 
and molecular mechanisms, the immune cell populations implicated, 
and evidence derived from both experimental and clinical studies, 
thereby outlining the current state of knowledge in this emerging field. 
Furthermore, we address existing limitations and knowledge gaps, while 
considering the potential of trained immunity to yield novel biomarkers 
and therapeutic strategies capable of modifying the course of neuro
logical diseases. For the purpose of this review, and while we 
acknowledge that mechanistic distinctions exist between priming, 
tolerance, differentiation and trained immunity as adaptive programs of 
innate immune cells (Divangahi et al., 2021), we will employ the terms 
cellular priming and training interchangeably. In this context, priming 
refers to the effect of an initial stimulus that alters the functional state of 
a cell such that it does not return to baseline before a second challenge, 
often leading to additive or enhanced responses (i.e., the ability of one 
stimulus to induce a change in immune cells so they respond differently 
upon a second stimulus).
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Cellular mechanisms of trained immunity

Trained immunity refers to the property of innate immune cells to 
produce an enhanced inflammatory response after returning to resting 
state following initial exposure to a pathogenic stimulus, thus indicating 
that, contrary to what previously assumed to be a lymphocyte prerog
ative, innate immune cells can recall, recognize, and demonstrate 
enhanced responses to further exposure to similar stimuli. After the 
established role of live vaccines such as BCG in inducing a heightened 
nonspecific response by innate immune cells against subsequent in
fections (Blanden, Lefford and Mackaness, 1969), studies have investi
gated the mechanisms behind this enhanced secondary response. 
Indeed, mice immunized with BCG vaccine or exposed to mild dose of 
C. albicans were protected from a secondary infection by C. albicans or 
Mycobacterium tuberculosis, respectively (Netea et al., 2020). Key 
mechanisms include altered cellular metabolism and epigenetic 
reprogramming through chromatin remodelling, DNA methylation, 
transcription of long non-coding RNAs (lncRNAs). Although the full 
molecular basis remains unclear, current evidence suggests that these 
regulatory mechanisms converge to enhance the transcriptional 
response of specific inflammatory genes (Mantovani and Netea, 2020).

Metabolic alterations

Innate immunity recognizes noxious stimuli through Pathogen- 
Associated Molecular Patterns (PAMPs) and Damage-Associated Mo
lecular Patterns (DAMPs) ligands binding to PRRs, activating a pro- 
inflammatory response. This mechanism induces the activation and 
modulation of metabolic pathways, increasing aerobic glycolysis, fatty 
acid metabolism, tricarboxylic acid (TCA) cycle, and amino acid meta
bolism in immune cells (Keating and El-Osta, 2015a; Viola et al., 2019a). 
Persistently increased glycolysis promotes two essential pathways 
implicated in the determination of trained immunity, namely Hypoxia- 
Inducible Factor 1-alpha (HIF-1α) via succinate, and mammalian target 
of rapamycin (mTOR) mainly through mevalonate (an intermediate in 
cholesterol biosynthesis) fuelling inflammatory response with produc
tion of IL-1β (Cheng et al., 2014; Bekkering et al., 2018). Additionally, 
dectin-1 activation by ligands, such as β-glucans and fungi poly
saccharides, stimulates calcium entry in the cell and involvement of 
nuclear factor of activated T cells (NFAT) pathway with resultant acti
vation of inflammatory gene transcription (Quintin et al., 2012a; Mata- 
Martínez, Bergón-Gutiérrez and del Fresno, 2022a). Moreover, the shift 
from oxidative phosphorylation to aerobic glycolysis, driven by the Akt/ 
mTOR/HIF-1α pathway, is essential for β-glucan-induced training 
(Cheng et al., 2014). Trained monocytes exhibit increased glucose up
take and glycolytic activity, facilitating production of proinflammatory 
cytokines and improving effector functions such as phagocytosis (Cheng 
et al., 2014). This metabolic switch is not exclusive to β-glucan, a similar 
glycolytic upregulation has been observed following BCG and oxidized 
low-density lipoprotein (oxLDL) stimulation (Keating et al., 2020). A 
hallmark of this glycolytic shift is the increased conversion of glucose to 
lactate, a feature consistently seen in trained cells (Bekkering et al., 
2021). Pyruvate generated from glycolysis also feeds into the TCA cycle 
via conversion to acetyl-CoA, leading to elevated mitochondrial activity 
and ATP production. Glutamine metabolism is also enhanced to support 
the TCA cycle, with glutamate entering the cycle either via α-ketoglu
tarate or, alternatively, through succinate semialdehyde leading to 
succinate production (Arts et al., 2016). Cholesterol metabolism has also 
emerged as a critical pathway in trained immunity. Inhibition of 
cholesterol synthesis using statins prevents the induction of trained 
immunity by β-glucan, BCG, and oxLDL, underscoring its essential role 
(Porta et al., 2009). Further, findings also attribute a significant role in 
trained immunity to the complement system. C1q, a key subunit of the 
classical complement pathway, has been shown to induce immune 
tolerance, similarly to lipopolysaccharide (LPS)-induced tolerance 
(Porta et al., 2009). Indeed, C1q-treated monocytes showed reduced 

glycolysis and inhibition of the mTOR and MYC signalling (crucial to the 
trained immunity phenotype (Jonkman et al., 2025), making C1q a 
suitable target for a disease-modifying therapy.

Epigenetic reprogramming

These metabolic pathways directly influence the other milestone of 
trained immunity: epigenetics. The most common epigenetic sequelae of 
trained immunity on histones are the acetylation of the histone 3 lysine 
27 (H3K27ac) at distal enhancers and the trimethylation of the histone 3 
lysine 4 (H3K4me3) at the promoters (Netea, Domínguez-Andrés, Bar
reiro et al., 2020).

It is well established that epigenetic reprogramming is closely linked 
to metabolic rewiring, as key metabolites derived from processes such as 
oxidative phosphorylation and the TCA cycle can directly modulate the 
activity of chromatin modifying enzymes. For example, elevated acetyl- 
CoA levels promote histone acetylation, a key feature of transcription
ally active chromatin. Moreover, TCA cycle metabolites, such as 
α-ketoglutarate, function as cofactors for DNA and histone demethylases 
(Lu et al., 2012). Conversely, accumulation of succinate or fumarate 
inhibits these enzymes. It was shown how fumarate itself can induce a 
trained immunity phenotype, by promoting histone marks such as 
H3K4me3 and H3K27ac (Arts et al., 2016). These effects mirror, at least 
in part, the epigenetic signatures observed following β-glucan stimula
tion, suggesting fumarate acts downstream of the metabolic rewiring 
initiated by a training stimulus (Xiao et al., 2012). Once the priming 
molecule (BCG or β-glucan) binds to PRRs on the myeloid cell, the in
flammatory genes gain acetylation at distal enhancers of specific 
conserved topologically associated domains (TADs), where several 
classes of innate immune genes are contained and where they interact 
within multigene complexes. Acetylation of TADs promotes chromatin 
opening and, together with the activation and nuclear translocation of 
NFAT, initiates the transcription of immune gene-priming lncRNAs 
(IPLs). These lncRNAs are expressed at physiologically repressed im
mune loci, converting immune cells from a quiescent to a primed state. A 
paradigmatic example of IPL involvement in trained immunity is 
UMLILO, contained within the super-enhancer of the inflammatory 
CXCL chemokine’s locus. Once UMLILO is transcribed, its mRNA binds 
to trimethylation complexes, exploiting 3D looping, bringing them close 
to the nearby innate immune genes, allowing their methylation. Once 
the TADs acquire the H3K4me3 mark, the chromatin becomes more 
accessible to transcription of inflammatory genes, making the response 
to a second stimulus faster and more robust, leaving what was then 
called an “epigenetic scar” determined by changes in the long-term 
responsiveness of the cell (Fanucchi et al., 2019). Taken together, 
these studies demonstrate that metabolic and epigenetic reprogramming 
are core characteristics of trained immunity. Understanding and har
nessing these adaptations may enable the development of strategies to 
emulate the prompt and robust responses of trained cells to harmful 
stimuli into disease-relevant contexts.

Where and how: the hub of trained immunity

Trained immunity can occur in bone marrow progenitor cells (cen
tral trained immunity) as well as in blood monocytes and tissue mac
rophages (peripheral trained immunity) (Netea et al., 2020). The bone 
marrow, as the site of haematopoiesis, is where haematopoietic stem 
cells (HSCs) undergo asymmetric division to generate the full spectrum 
of myeloid and lymphoid cells. Monocytes derived from trained HSCs 
migrate to peripheral organs and differentiate into macrophages with 
enhanced antimicrobial functions. Kaufmann et al. demonstrated that 
HSCs can be reprogrammed to imprint mononuclear phagocytes with a 
trained phenotype. Indeed, BCG vaccination reshapes the bone marrow 
microenvironment through cytokine and PAMPs release, leading to 
transcriptional and epigenetic reprogramming of HSCs and progenitors 
(Kaufmann et al., 2018). These changes are maintained in multipotent 
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progenitors and bone marrow–derived macrophages, resulting in 
heightened reactivity against M. tuberculosis and increased production of 
interferon-γ (IFN-γ), tumour necrosis factor-α (TNF-α), and IL-1β 
(Kaufmann et al., 2018).

In the periphery, circulating and resident monocytes, macrophages, 
and natural killer (NK) cells not only inherit trained signatures from 
their precursors but can also acquire memory locally. Early evidence 
showed that macrophages exposed to LPS developed tolerance, with 
transient silencing of inflammatory genes to prevent excessive 

inflammation, while antimicrobial genes remained active (Foster, Har
greaves and Medzhitov, 2007). Such epigenetically mediated regulation 
enabled a more rapid and robust response to subsequent LPS challenges. 
The duration and character of trained immunity depend on multiple 
factors, particularly stimulus intensity: moderate antigen exposures 
induce trained signatures, whereas high-dose or repeated stimuli favour 
immune tolerance, leading to suppressed responses to secondary insults 
(van der Meer et al., 2015; Seeley and Ghosh, 2017; Netea et al., 2019; 
Ochando et al., 2023).

Table 1 
Metabolic and epigenetic reprogramming underlying trained immunity in neuroinflammatory contexts.

Stimulus Mechanism of 
action

Type of cell Metabolic 
modifications

Epigenetic 
modifications

Phenotype Reference

β-glucans, fungi polysaccharides Dectin-1 → Akt/ 
mTOR/HIF-1α

Macrophages 
Microglia

↑ aerobic glycolysis ↑ H3K4me3 in 
promoters 
↑ acetylation at 
enhancers (e.g. 
H3K27ac) 
↑ transcription of 
immune gene-priming 
lncRNAs (IPLs)

Trained Marakalala et al., 2013;Mata- 
Martínez, et al., 2022;Quintin 
et al., 2012;van der Meer et al., 
2015

BCG vaccine TLRs/NOD2 
signaling

Macrophages ↑ aerobic glycolysis ↑ H3K4me3 in 
promoters 
↑ acetylation at 
enhancers (e.g. 
H3K27ac) 
↑ transcription of 
immune gene-priming 
lncRNAs (IPLs)

Trained Keating and El-Osta, 2015; 
Kaufmann et al., 2018;Van der 
Meer et al., 2015;Murphy, Mills 
and Basdeo, 2021;Tiwari et al., 
2024;

Microbial components e.g. LPS, 
Candida Albicans, muramyl 
dipeptide, flagellin

TLR4 activation Macrophages 
Microglia 
Astrocytes

↑ aerobic glycolysis 
↑ production of ATP- 
citrate lyase (ACLY) 
in astrocytes

↑ H3K4me3 in 
promoters 
↑ acetylation at 
enhancers (e.g. 
H3K27ac) 
↑ transcription of 
immune gene- 
priming lncRNAs 
(IPLs) 
↑ p300 activity in 
astrocytes

Trained 
(acute 
exposure)

Krahenbuhl et al., 1981;Muñoz 
et al., 2010;Foster, Hargreaves 
and Medzhitov, 2007;van der 
Meer et al., 2015;Seeley and 
Ghosh, 2017

Damage-Associated Molecular 
Patterns (DAMPs) e.g. 
HMGB1, protein aggregates, 
oxLDL, lipid soluble ligands

Pattern Recognition 
Receptors (PRRs) 
activation

Macrophages 
Microglia 
Astrocytes

↑ aerobic glycolysis 
↑ production of ATP- 
citrate lyase (ACLY) 
in astrocytes

↑ H3K4me3 in 
promoters 
↑ acetylation at 
enhancers (e.g. 
H3K27ac) 
↑ transcription of 
immune gene-priming 
lncRNAs (IPLs) 
↑ p300 activity in 
astrocytes

Trained (Viola et al., 2019b) 
Wang et al., 2024;Keating and 
El-Osta, 2015;Ren et al., 2025

Endogenous mediators e.g. 
Catecholamines, cytokines

PRR-linked 
downstream 
signaling

Macrophages 
Microglia 
Astrocytes

↑ aerobic glycolysis 
↑ production of ATP- 
citrate lyase (ACLY) 
in astrocytes

↑ H3K4me3 in 
promoters 
↑ acetylation at 
enhancers (e.g. 
H3K27ac) 
↑ transcription of 
immune gene-priming 
lncRNAs (IPLs) 
↑ p300 activity in 
astrocytes

Trained-like Reviewed in Lee et al., 2024

C1q TLR4 modulation; 
negative regulators

Macrophages 
Microglia 
Astrocytes

↓ aerobic glycolysis 
→ inhibition of the 
mTOR and MYC 
signalling

↓ p300 activity in 
astrocytes 
↓ H3K27ac at 
promoters of 
inflammatory genes 
(TNF, IL1B)

Tolerogenic Jonkman, Maaike M.E. Jacobs, 
et al., 2025

Repeated administrations of LPS Activation of TLR4 
Upregulation of 
negative regulators

Macrophages 
Microglia 
Astrocytes

↓ aerobic glycolysis 
→ inhibition of the 
mTOR and MYC 
signalling

↓ p300 activity in 
astrocytes 
↓ H3K27ac at 
promoters of 
inflammatory genes 
(TNF, IL1B)

Tolerogenic Wendeln et al., 2018

Microinfarcts NLRP3 
inflammasome

Microglia Interaction with 
MLL1

↑ H3K4me3 in 
promoters of 
inflammatory genes

Trained-like Feng et al., 2024
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Adding to this complexity, trained immunity can yield contrasting 
outcomes depending on the priming stimulus and differentiation state of 
the cell. For example, β-glucan priming of human monocytes enhances 
IFN-α and IL-6 expression, whereas LPS suppresses them. Moreover, 
upon LPS stimulation, monocytes exhibit stronger IL-1β responses than 
differentiated macrophages, highlighting intrinsic differences between 
immune training and tolerance (Saeed et al., 2014). These functional 
changes are underpinned by dynamic chromatin remodelling, particu
larly H3K27 acetylation at promoter and enhancer regions, followed by 
stabilized H3K4me1 marks that help sustain innate immune memory. 
Better definition of the duration and functional outcomes of trained 
immunity will be crucial for its translation onto clinical settings.

The power of surrounding stimuli to imprint a metabolic signature in 
cells patrolling the CNS affects secondary challenges. In these terms, 
whilst there is consensus that trained immunity is rooted in the response 
of innate immune cells (Bromuro et al., 2002; Polonelli et al., 2003), a 
collaborative and intricate relationship exists between innate and 
adaptive immune responses. Extensively explored by Murphy et al., 
2021 (Murphy, Mills and Basdeo, 2021), a plethora of molecular triggers 
from BCG, β glucan, LPS, or PHTE, can induce trained immunity by 
promoting the release of various cytokines by myeloid cells which in 
turn stimulate different subtypes of T helper or regulatory cells. This 
leads to multiple outcomes and is particularly relevant for autoimmunity 
(Quinn et al., 2019). This crosstalk between innate and adaptive im
munity may indeed determine the development and progression of 
disease in the context of neuroinflammation.

Trained immunity in neuroinflammation: macrophages, 
microglia and astrocytes

While the concept of trained immunity can be applied to a variety of 
cell types, macrophages, microglia, and astrocytes are the main cell 
types involved during neuroinflammation (Table 1).

Macrophages

Within the CNS, peripheral trained immunity significantly contrib
utes to neuroinflammation and neurodegeneration. Inflammatory cues 
can reprogram microglia and astrocytes, imprinting long-lasting 
changes. Among peripheral blood mononuclear cells (PBMCs), mono
cytes and macrophages are the most extensively studied and consistently 
implicated in innate immune memory, with characteristic inflammatory 
signatures and epigenetic modifications in line with the above-discussed 
mechanisms (Shnyra et al., 1998; Palmieri et al., 2020; Haimerl et al., 
2021; Lechner et al., 2022; Hartana et al., 2023; Kandalla et al., 2023). 
Normally patrolling the blood–brain barrier (BBB), monocytes/macro
phages gain full access to the CNS when the barrier is disrupted by 
trauma, disease, or aging (Blau et al., 2012), where they amplify 
inflammation and microglial activation (Girard et al., 2013; Costello 
et al., 2016). In neurological disorders such as MS, AD, PD, and ischemic 
stroke, macrophages, microglia and astrocytes act as central drivers of 
both inflammatory and protective signalling, with indication of priming 
behaviour depending on the environment and secreted factors consis
tent with trained immunity. Distinguishing infiltrating macrophages 
from resident microglia remains challenging, as their reciprocal in
teractions are not fully understood (Amici, Dong and Guerau-de- 
Arellano, 2017; Minogue, 2017), however evidence exists to support 
their differential contribution during CNS injury. In mice, for example, 
peripheral macrophages are found to be primed by ischemia-induced 
microglial peroxisome proliferator-activated receptor-alpha (PPARα), 
a nuclear receptor activated by soluble ligands, with well-known anti- 
inflammatory effects. After ischemic stroke, PPARα becomes down
regulated in microglia, leading to pro-inflammatory activity and 
increased CNS infiltration by monocyte-macrophages. Intriguingly, 
PPARα overexpression in microglia alleviates ischemic brain injury (Ren 
et al., 2025). On the other hand, alternative activation of monocytes/ 

macrophages was reported in mice via IL-33/ST2 signalling by glial cells 
after CNS acute ischemic and traumatic injury, supporting priming of 
these cells towards a beneficial phenotype guarantying a smaller lesion 
volume, both ischemic and traumatic, and a more prominent BBB 
integrity (Gadani et al., 2015; Wang et al., 2024).

Microglia

Contrary to monocytes-macrophages, microglia are long-lived cells, 
with a lifespan of about 4–20 years in humans and up to 15 months in 
mice (Askew et al., 2017; Füger et al., 2017). As pointed by Neher and 
Cunningham (Neher and Cunningham, 2019), microglial immune 
memory may arise long time before the secondary stimulus, for instance 
by maternal immune activation or early exposure to inflammatory 
events (Mattei et al., 2017; Loayza et al., 2023), which would determine 
a primed and rapid phenotypic shift once re-exposed to a distant in
flammatory insult. This would support the ability of microglia to un
dergo immune training and maintain a long-term epigenetic shift even 
after developmental migration during embryogenesis (Ginhoux et al., 
2010).

Wendeln and colleagues (2018) reported not only that peripheral 
LPS stimulation was able to induce microglial activation, but also that 
different patterns of repeated stimulations conferred contrasting effects 
in inducing a trained or tolerant innate immune phenotype, further 
complicating the landscape described in Section 2.3. These effects were 
evident when comparing cytokine levels in blood versus brain tissues 
(Cheng et al., 2014). Indeed, acute LPS stimulation in APP-transgenic 
mice – an experimental model of AD – was associated with induced 
trained immunity by enhancing HIF-1α and consequent glycolysis 
elevation. In contrast, repeated (4x) LPS stimulations determined RAP1- 
mediated microglial tolerance beneficial for amyloid-β (Aβ) phagocy
tosis (Wendeln et al., 2018). Similarly, in animal models of brain 
ischemia, repeated (4x) LPS-preconditioning stimulations (1 month 
before the hypoxic insult) compared with single (1x) LPS stimulation 
and with controls generated lower levels of microglial activation and 
neuronal damage were reported for brain ischemia in LPS- 
preconditioned animals compared with controls highlighting timing- 
and context-dependent immune memory modulation (Wendeln et al., 
2018).

Temporal dynamics of challenge-rechallenge are also relevant. 
Indeed, whilst short temporal lag (e.g. 2 days) between inflammatory 
stimulation by LPS or β-glucan resulted in immune training after sys
temic secondary stimulation by LPS, a 7-day interval between pre
conditioning and stimulation induced immune tolerance with 
suppression of inflammatory activity. Interestingly, the authors reported 
alternative responses between in vitro and in vivo microglia, such that in 
vivo administration elicited microglial activation via increased expres
sion of dectin-1, rather than increasing inflammatory cytokines as 
observed in vitro (Heng et al., 2021). In ischemic stroke mice models, 
pre-treatment with LPS induced higher pro-inflammatory cytokine 
production, increased H3K4me1 epigenetic mark, contributing to wider 
infarct sizes (Feng et al., 2020). Moreover, both LPS and β-glucan pre
conditioning induced immune tolerance in the periphery with lower 
levels of IL-1β, IFN-γ and IL-6 compared with PBS-preconditioned con
trol, pointing to relevant differential contributions of peripheral innate 
immune cells and brain-resident macrophages. Epigenetic reprogram
ming in microglial memory and immune regulation was also observed in 
vitro and in vivo model of PD, as well as in postmortem human PD brain. 
In fact, suppressing histone acetylation at inflammatory genes, through 
inhibition of H3K27ac, lead to a shift toward a less pro-inflammatory 
microglial phenotype, by decreasing iNOS and increasing anti- 
inflammatory and pro-reparative genes (Huang et al., 2023a). Evi
dence for beneficial memory training in macrophages and microglia has 
also been demonstrated in a demyelination mouse model in the context 
of aging. Microglial regenerative function is impaired with epigenetic 
modifications consequent to the cited inflammaging. Indeed, BCG 
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preconditioning followed by lysolecithin-induced demyelination was 
associated with reduced demyelination, lower numbers of Iba1+

microglia cells, and enriched H3K27ac and H3K4me3 marks at regions 
corresponding to genes associated to lipid metabolism (Tiwari et al., 
2024). These data were further confirmed by genetic ablation of 
HDAC1/2 enzymes, known for their role in controlling histone acety
lation, which resolved in lower lesion damage with higher numbers of 
CC1+ oligodendrocytes and lower Iba1+ cells (Tiwari et al., 2024). 
Taking advantage of recent advances in single-cell epigenomic tech
nologies, including scATAC-seq, snRNA-seq, and multiome profiling, 
researchers have begun to reveal the heterogeneity of human microglial 
states and identify poised enhancers and transcription factor networks 
that may underlie microglial immune memory (Huang et al., 2023) 
Indeed, as already mentioned, inflammatory stimuli can remodel chro
matin and histone marks such as H3K27ac, priming transcriptional 
programs for enhanced responsiveness or tolerance in the innate im
mune memory—or trained immunity—of microglia (Martins-Ferreira 
et al., 2021; Zhang et al., 2022; Scholz, Brösamle, Yuan, Beyer, et al., 
2024; Scholz, Brösamle, Yuan, Neher, et al., 2024). While direct evi
dence of trained immunity in living human microglia remains limited 
due to ethical and technical constraints, analyses of post-mortem brain 
tissue, surgical samples, and iPSC-derived microglia using these single- 
cell approaches indicate that microglial epigenetic landscapes can 
retain signatures of prior inflammatory exposures. Complementary 
single-cell epigenomic studies in peripheral human immune cells show 
that systemic stimuli, such as vaccination or infection, can induce du
rable chromatin remodeling, supporting the idea that systemic signals 
may contribute to microglial training in humans (Wimmers et al., 2021; 
You, Chen, Zhang, Zhao, Chen, E.-Q. Qin, et al., 2021; Schlüter et al., 
2025).

These findings underscore the remarkable plasticity of microglia and 
their context-dependent immune memory. However, most evidence 
derives from murine or in vitro models, leaving open questions about the 
relevance and safety of targeting microglial epigenetic programming in 
humans. Translating these insights into therapeutic strategies will 
require careful evaluation of timing, stimulus type, and systemic effects.

Astrocytes

Despite their different lineage compared with immune cells, astro
cytes immune behaviour in CNS immunity has gained over the years 
particular interest in the context of neuroinflammation. Being the most 
abundant glial cells in the brain, astrocytes carry a plethora of roles 
within the mammalian CNS by supporting neuronal and oligodendro
cyte metabolism and function, surveillance of the synaptic and peri
vascular environments, contribution to the homeostasis of CNS and 
involvement in repair responses upon injury (Allen and Lyons, 2018). 
Astrocytes reactivity during CNS disease and neuroinflammation is 
complex and context-dependent and involves interaction with neurons, 
oligodendrocytes, microglia, macrophages, endothelial cells and peri
cytes (Verkhratsky et al., 2023). Upon injury, astrocytes respond to 
released cytokines, chemokines, reactive oxygen species, and neuro
transmitters to orchestrate an appropriate reaction that may protect the 
brain from further damage. Triggered by the exposure to these proin
flammatory factors, astrocytes assume a reactive state during which 
their homeostatic signature is lost with morphological and functional 
alterations (Linnerbauer, Wheeler and Quintana, 2020). Recent studies 
suggest that astrocytes, similarly to immune cells, may also develop a 
memory towards pathogens and inflammatory stimuli, with relevant 
patterns of trained immunity. Lee and coworkers (2024) reported 
trained immunity-like responses by astrocytes to stimulation with IL-1β 
and TNF-α both in vivo and in vitro, with enhanced increase of pro- 
inflammatory genes expression (Il-6, Ccl2, Nos2) upon re-exposure 
compared with single exposure to the stimulus. Epigenetic mecha
nisms behind this phenomenon were ascribed to Acly (an enzyme for the 
synthesis of Acetyl-CoA)-dependent p300 regulation with consequent 

acetylation at H3K27ac. Indeed, CRISPR-Cas9 LV Ep300 inactivation at 
a GFAP promoter resulted in amelioration of EAE clinical score, con
firming a trained memory profile of astrocytes in a model of neuro
inflammation (Lee et al., 2024). Astrocytes priming role has also been 
demonstrated in AD. Poly I:C or cytokine cocktail-primed astrocytes 
carrying the ApoE-ε4 risk allele, compared with non-carriers, showed 
reduced response upon Aβ exposure, which resulted in impaired 
microglial phagocytosis (Lee et al., 2025), highlighting the relevance of 
genetics in guiding cellular behaviour. Furthermore, astrocyte dual role 
has been extensively discussed in reference to neurodegenerative dis
eases like AD pointing to both beneficial or detrimental effects of these 
cells on the CNS structure and function strictly dependent on the 
microenvironment (Kim et al., 2024). Thus, astrocytes display memory- 
like, epigenetically driven responses, but their dual and context- 
dependent roles caution against simplistic therapeutic targeting in 
neuroinflammation.

Collectively, these studies underscore the central role of metabolic 
and epigenetic reprogramming in shaping trained immunity across 
microglia, astrocytes, and macrophages, highlighting both their thera
peutic potential and context-dependent effects (Murphy, Mills and 
Basdeo, 2021). However, most evidence comes from animal and in vitro 
models, making it critical to validate these mechanisms in human 
studies to uncover real-life relevance, biomarkers, and translational 
insights.

Trained immunity in neurological diseases

Trained immunity mechanisms are implied in numerous conditions 
in humans, both in physiological and pathological conditions, such as 
infectious, autoimmune and neurological diseases (Fig. 1). Dissecting 
their favourable and detrimental role in these diseases may help eval
uate candidate targets for future tailored therapies. However, the 
paucity of clinical data, the lack of standardized, operational definitions 
of trained immunity and immune tolerance, and the absence of reliable 
blood-based and imaging biomarkers collectively contribute to sub
stantial heterogeneity across research pathways. Whilst an exhaustive 
review of the literature is beyond the scope of this work, an overview of 
the prevalent conditions associated with neuroinflammation aims to 
guide some reflective thoughts on the emerging concepts of trained 
immunity.

Multiple sclerosis

Multiple Sclerosis (MS) is a demyelinating, neurodegenerative, 
autoimmune disease driven by altered adaptive and innate immune 
system cells. Monocytes, macrophages and microglia are found in MS 
lesions and play a pivotal role in disease pathogenesis. Trained immu
nity signatures do exist in people with MS (pwMS) compared with 
healthy controls, showing a higher number of non-classical monocytes 
(Haschka et al., 2020) with higher expression of activation markers 
(Chuluundorj et al., 2017), higher cytokines secretion (Fransson et al., 
2024) and a metabolic shift towards enhanced glycolytic pathways 
(Zahoor et al., 2022) (Fig. 1A).

However, evidence confirming trained immunity remains elusive 
due to inconsistent outcomes in clinical studies. For instance, a phase 
2–3 trial reported the effects of BCG vaccination in a Clinically Isolated 
Syndrome cohort, which slowed the development of new gadolinium- 
enhancing lesions on brain Magnetic Resonance Imaging (MRI) for a 
6-month period and reducing the conversion to Clinically Defined 
Multiple Sclerosis over a 5-year period (Ristori et al., 2013). In contrast, 
in a large Canadian epidemiological study, BCG vaccination failed to 
show benefits as a preventive treatment for the incidence of MS 
(Corsenac et al., 2022).

During the history of the disease, BCG vaccination, a well-described 
trained immunity-inducer, has been tried as a disease modifying treat
ment and as a preventive strategy for MS, based on the protective action 
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of the adjuvants in modulating experimental models of autoimmune 
diseases.

As a preventive strategy for MS, a meta-analysis of six case-control 
studies in 2011 (Farez and Correale, 2011) found no significant associ
ation between prior BCG vaccination and subsequent MS risk (BCG: OR 
0.96, 95% CI 0.69–1.34), although the underlying observational studies 
were characterized by small sample sizes and limited validity (e.g.: a 
self-reported BCG vaccination status). Instead, in 2022, in a large Ca
nadian population-based birth cohort (n = 400,563), BCG vaccination 
was associated with a modestly increased hazard of incident MS when 
considering all cases (adjusted HR 1.16, 95% 1.05–1.28), mainly driven 
by vaccinations administered before 1 year of age (Corsenac et al., 
2022). Some limitations must be considered: the limited definition of 
Relapsing-Remitting MS (RRMS) used, the impossibility to assess pres
ence of RRMS in a large portion of the population (30%), the lower 
sensitivity of MS diagnostic criteria in the periods considered 
(1983–1996 and 1997–2014), thus underestimating the total cases of 
MS. Clearly defining whether BCG vaccination could reduce or increase 
MS risk would benefit from broader methodological standardization.

As a potential therapy, (Ristori et al., 1999) showed in 12 pwMS a 
reduction in the frequency of new lesions on brain Magnetic Resonance 
Imaging (MRI); in 2013 the same group demonstrated again fewer 
gadolinium-enhancing brain MRI lesions over the first 6 months in a 
placebo-controlled, randomized clinical trial in a Clinically Isolated 
Syndrome cohort, in addition to fewer conversions to clinically defined 
MS over a 5-year period (Ristori et al., 2013). It is important to specify 
BCG vaccine has pleiotropic immunomodulatory effects: in vitro, it can 
induce IL-10-producing dendritic cells (Madura Larsen et al., 2007) and 
it determines epigenetic modifications enhancing Treg-mediated im
mune balance amongst the others (Keefe et al., 2021). Due to unstan
dardised operational definitions and lack of assays of trained immunity 
for routine clinical use, quantification at the individual level remains 
challenging, whether BCG alters innate immune memory in vivo and to 
what extent such changes causally mediate measurable MRI or clinical 
outcomes in MS is yet unanswered.

In MS, C1q constitutes a critical mediator in the interplay between 
neurons, astrocytes and microglia (Absinta et al., 2021; Jonkman et al., 
2025). In fact, an increase in C1q deposition has been found at synapses 
in MS brain, responsible for microglia-mediated phagocytosis of labelled 
synapses (Michailidou et al., 2015) and related to cognitive dysfunction 
(Ramaglia et al., 2021). C1q inhibitors may thus be a validate candidate 
as Disease-Modifying Therapy. However, as suggested by Jonkman and 
colleagues (Jonkman et al., 2025), C1q may act as a trained immunity- 
inhibitor; its pharmacological inhibition may lead to a disinhibition of 
those trained immunity footprints discussed above, potentially wors
ening the auto-innate immune damage. It must be said that no major 
safety concerns have been identified so far in the ongoing trials of C1q 
inhibitors for Guillain Barrè Syndrome (Kroon et al., 2025) and Hun
tington’s Disease (Kumar et al., 2023). In line with the crosstalk between 
innate and adaptive immunity, an intriguing study (Jacobs et al., 2024) 
demonstrated that T lymphocytes mediate monocyte activation through 
CD40L, enabling TRAF6, bound to the intracellular domain of CD40, to 
promote increased cellular metabolic activity, chromatin remodelling 
and a heightened pro-inflammatory cytokine response after a second 
stimulus. Frexalimab, a monoclonal antibody targeting CD40L, showed 
effectiveness in a phase 2 trial in reducing new gadolinium enhancing 
lesions in pwMS (Vermersch et al., 2024). Beyond its established inter
ference with the CD40-CD40L costimulatory pathway, the benefits from 
this drug might be also attributed to the modulation of trained 
immunity.

Overall, while molecular and cellular features consistent with 
trained immunity are detectable in pwMS, direct evidence linking these 
signatures to clinically meaningful outcomes remain limited and, at 
times, contradictory. The pleiotropic effects of interventions such as 
BCG vaccination, the lack of standardized assays to quantify innate 
immune memory in vivo, and the complex interplay between comple
ment pathways and adaptive immunity make causal inference particu
larly challenging. Clarifying whether trained immunity represents a 
driver of MS pathology, a context-dependent modifier, or an epiphe
nomenon will require mechanistically grounded longitudinal studies 

Fig. 1. Trained infiltrating macrophages, microglia, and astrocytes can modulate, positively or negatively, pathological processes like neuroinflammation (A), stroke 
(B), and neurodegeneration (C). Protective and detrimental roles of these cell type have been widely explored, but not always in the context of trained immunity. 
Instructive is the case of stroke, where in animal models it has been shown that previous training influences the outcome of both the acute phase of stroke as well as 
its sequelae. This might explain the known association of infectious training events with worse outcome in future stroke, or the well-established link between in
fectious evens and the risk to develop neurodegenerative diseases. Created using elements from https://scidraw.io/ (CC BY 4.0).
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and harmonized clinical readouts before credibly considered a thera
peutic target.

Cerebrovascular diseases

In cerebrovascular diseases, evidence of trained immunity is limited. 
Compared with MS, trained immunity pathways can develop as sequelae 
of acute ischemic stroke and to the severity and progression of cerebral 
small vessel disease (a pathological process affecting arterioles, capil
laries and venules leading to ischemic and haemorrhagic damage). In 
fact, in subjects affected by cerebral small vessel disease, blood mono
cytes exhibit heightened pro-inflammatory cytokine production, 
secreting higher levels of IL-8 and IL-17 at basal conditions and IL-6 after 
stimulation with Pam3Cys (a toll-like receptor agonist). The progression 
of the disease as evaluated 9 years later by MRI correlated with the 
trained immunity features of circulating monocytes, without influence 
of immunomodulator drugs, inflammatory conditions and diabetes (Noz 
et al., 2018).

In mice, Feng and coworkers (Feng et al., 2024) demonstrated how a 
single cortical microinfarct can considerably worsen the outcomes of a 
subsequent stroke. The mechanism is likely attributed to a typical 
trained immunity epigenetic mark, the H3K4 methylation, leading to 
increased NLRP3 activity in microglia, priming proinflammatory genes, 
even in the contralateral cortex (Fig. 1B). NLRP3 knockout alleviated the 
heightened innate immune response, protecting from the secondary 
event and posing this gene as a potential therapeutic candidate to 
mitigate the worse outcomes of recurrent stroke in humans with cortical 
microinfarcts (Wei et al., 2020). Further insights from mice models 
emerged from Tze-Yen Lin and colleagues’ work (Lin et al., 2023), 
elucidating the impact of high-salt diet on brain recovery after intrace
rebral haemorrhage, through the downregulation of NR4α protein 
family in HSCs. Specific knockout of NR4a1 in macrophages replicated 
high-salt diet-induced effects, whilst its overexpression or activation 
determined better haemorrhagic stroke outcomes, adding another 
possible therapeutic target, coming from trained immunity.

An interesting study from Simats and colleagues (2024) highlighted 
the aforementioned crosstalk between districts, showing how the effects 
of innate immune memory may determine remote organ dysfunction 
after ischemic brain damage, previously considered immunologically 
privileged. Mice affected by experimental brain ischemic stroke showed 
persistent pro-inflammatory epigenetic signatures (assessed as chro
matin accessibility with ChIP seq evaluating H3K4me1, H3K4me3 and 
H3K27ac) in monocytes and macrophages in multiple organs, lasting up 
to 3 months after the acute event. These were driven by IL-1β and led to 
the mobilization and differentiation of myeloid precursors to the heart, 
inducing cardiac remodelling, leading to diastolic dysfunction and pro- 
arrhythmic changes. Interestingly, post-stroke cardiac dysfunction was 
prevented with CCR2/5 inhibition or IL-1β blockade. The pathological 
findings were confirmed in humans, revealing marked cardiac fibrosis 
and increased trained monocytic recruitment in the hearts of stroke 
patients101. In a recent phase 1/2 trial in patients with ischemic stroke 
due to large vessel occlusion, the administration of a TLR4 antagonist, a 
receptor involved in innate immune responses, resulted in reduced 
infarct volume, decreased NIHSS score, and improved disability at 90 
days (Hernández-Jiménez et al., 2023).

Targeting trained immunity epigenetic and metabolic changes may, 
once again, be associated with better long-term outcomes and less 
complications, although more evidence is necessary.

Neurodegenerative diseases

Alzheimer's disease
Alzheimer’s Disease (AD) is the most common form of dementia, 

characterized by accumulation of Aβ plaques, neurofibrillary tangles 
and neuroinflammation, the latter mediated by innate immunity, 
microglia and astrocytes (Fig. 1C).

A recent study (Saaoud et al., 2025) hypothesized AD as an auto- 
innate immune disease, after discovering with bioinformatic ap
proaches in the 3xTg-AD mice model an upregulation of genes involved 
in inflammasome, immunometabolism and trained immunity pathways. 
A set of these genes was orchestrated by trained immunity modulation 
like the knockdown of the promoter SET-7 and the overexpression of the 
anti-inflammatory cytokine IL-37, which may represent a key element 
for innate immunity (Saaoud et al., 2025).

LPS-trained microglia appear to exert a deleterious effect on AD 
progression. Indeed, LPS may play a pivotal role in AD pathogenesis 
(Zhan, Stamova and Sharp, 2018), as indicated by increased plasma LPS 
concentrations in patients with AD compared with cognitively healthy 
controls (Zhang et al., 2009). LPS-trained microglial cells have been 
shown to promote a switch in astrocytic phenotype to the neurotoxic A1 
(Liddelow et al., 2017), through TNF-α, IL-1α and complement C1q, 
leading to neuronal loss (Sfera et al., 2018), indicative of deleterious 
effects of trained immunity in this context. But this mechanism, as above 
discussed, seems additionally dependent from the number of LPS 
exposure. Deleterious effects from single acute exposure to LPS (i.e. 
trained immunity) were reverted after repeated exposure (i.e. tolerance) 
(Wendeln et al., 2018). The switch from trained immunity to tolerance 
with associated harmful vs beneficial outcomes is strongly suggestive of 
a memory-like mechanism of innate immune and glial cells that may 
underline crucial unclear pathogenic mechanisms and novel therapeutic 
targets. To this end, clinical trials are already exploring ways to mitigate 
microglial-astrocyte crosstalk by looking at GLP1R agonist analogues 
that could block the conversion from trophic to pro-inflammatory as
trocytes (Yun et al., 2018; Cummings et al., 2025).

As already mentioned, epigenetic manipulation comprises, among 
the others, acetylating (e.g. H3K27ac) and deacetylating modifications 
of DNA and histone proteins. Histone Deacetylase Inhibitors (HDACi) 
can lower LPS-induced microglial training (Durham, Grigg and Wood, 
2017). Thus, lowering the Aβ burden through HDACi-induced microglia 
tolerization (Wendeln et al., 2018a; Gofrit et al., 2019), could become a 
concrete option for treating AD.

Clinically, C1q increase in CSF of pre-dementia AD patients 
(Brosseron et al., 2022), with associated induction of microglia- 
mediated excessive phagocytosis and synaptic clearance in AD pa
tients (Neniskyte, Neher and Brown, 2011; Neher, Neniskyte and Brown, 
2012) points towards a pathological role of this complement subunit in 
AD. On the other hand, the inhibitory role of C1q on innate immune 
memory responses, including metabolic and epigenetic modifications 
associated with immune tolerance (Jonkman, et al., 2025), is indicative 
of a complex interplay of factors involving differential pathological 
substrates. Currently, more studies are needed to address these con
trasting roles, understand the multifaceted mechanisms behind C1q in 
neuroinflammation and how it could be related to Aβ accumulation or 
clearance.

The clinical relevance of trained immunity in AD emerged in 2019 
from a large longitudinal study investigating BCG therapy for bladder 
cancer (Gofrit et al., 2019) which proposed an alternative perspective to 
classical vaccination paradigms. After eight years of follow-up, the au
thors reported a four-fold higher risk of developing AD in patients who 
had not received BCG treatment. Subsequent investigations yielded 
heterogeneous hazard ratios; however, a meta-analysis integrating these 
data demonstrated a pooled hazard ratio of 0.55 (95% CI: 0.42–0.73) for 
dementia risk in BCG-treated versus non-treated bladder cancer patients 
(Han et al., 2023). In parallel, studies assessing BCG vaccination in 
cognitively healthy individuals at high risk for AD—defined by APOE 
genotype, age, and plasma Aβ42/Aβ40 ratio—reported a modest in
crease in the plasma amyloid ratio following intervention. Although this 
biomarker is recognised to be less robust compared with CSF measures 
(Hansson et al., 2022), it is associated with cerebral Aβ deposition 
assessed by amyloid-PET (Janelidze et al., 2016). Together, these find
ings suggest that modulation of innate immune memory at the popula
tion level may influence AD-related pathological processes.
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These observations indicate that key regulators of trained immunity 
represent promising therapeutic targets in AD, particularly with the aim 
of shifting innate immune responses from a maladaptive trained state 
toward a controlled tolerogenic phenotype. The apparent protective 
association of BCG exposure further supports the concept that long-term 
reprogramming of innate immunity may translate into clinical benefit. 
Nevertheless, substantial gaps remain in our understanding of how 
trained immunity interacts with Aβ accumulation, complement activa
tion, epigenetic remodelling, and microglia–astrocyte crosstalk. A more 
comprehensive mechanistic framework will be essential to determine 
whether targeting trained immunity can be developed into a safe and 
effective disease-modifying strategy for AD.

Parkinson’s disease
PD is a neurodegenerative disorder primarily characterized by the 

loss of dopaminergic neurons in the nigrostriatal system due to the ag
gregation of misfolded α-synuclein. Neuroinflammation is thought to be 
a key player in the pathogenesis of PD, with contribution from both 
innate and adaptive immunity (Tansey and Romero-Ramos, 2019). The 
concept of trained immunity is strongly relevant for PD. In mice models, 
BCG vaccination preserved striatal integrity and prevented microglial 
activation (Yong et al., 2011). In humans, a multicentred cohort study 
showed a 28% reduction in the incidence of PD in BCG-treated bladder 
cancer patients (Klinger et al., 2021). Additional evidence strengthens 
the putative role of a mechanism of trained immunity in PD, however 
with contrasting findings. Indeed, in a murine model of the disease, HIF- 
1α was necessary to train microglia, together with one of the main 
neuroinflammatory pathways in the striatum involved in PD patho
genesis. HIF-1α knockout mice displayed reduced trained phenotype 
and lower PD-like pathology (Dong et al., 2024), indicating a mecha
nism of trained immunity in this neurological disorder.

Contrarily, among pathogenetic mechanisms, aggregated α-synu
clein induces IL-1β production through microglial NLRP3 perpetuating 
neuroinflammation, similarly to what is reported for cerebrovascular 
diseases (Feng et al., 2024b). In a phase 1b open-label study, inhibition 
of microglial NLRP3, potentially responsible for the downregulation of 
microglial phagocytosis in PD, showed a progressive reduction in 
plasma and CSF pro-inflammatory cytokine levels (Clarke et al., 2025), 
highlighting potential key mediators as potential therapeutic targets. 
Despite the available studies, results are confounding, and whilst sug
gestive of a trained immunity mechanism in PD, more research is 
necessary to understand whether its role is beneficial, detrimental, or 
more complex, substrate- and time-dependent.

Discussion

Trained immunity has gained strong attention in immunology as a 
crucial response mechanism towards pathogens and antigenic threats. 
Shared mechanisms among peripheral and resident CNS immune cells 
have been proposed, with many studies supporting priming and cellular 
memory in response to signalling factors that recall trained immunity. 
Although extensively investigated over the past few decennia, substan
tial knowledge gaps remain, not only in the molecular and cellular 
mechanisms underpinning trained immunity in neuroinflammation, but 
also for its translational power into clinical applications.

The most relevant limitation is our incomplete understanding of the 
real-life stimuli responsible for its induction. Laboratory evidence 
strongly demonstrates the involvement of trained immunity profiles 
acquisition by innate immune cells in neuroinflammation, with exten
sive literature supporting the involvement of many stimuli like BCG 
vaccination or treatment, β-glucans and LPS, contributing to altered 
response upon secondary insult. However, experimental models typi
cally rely on high-dose or artificially controlled exposures, and we still 
have gaps regarding which stimuli can meaningfully induce trained 
immunity. How does this established mechanism truly reflects neuro
inflammatory diseases has only started to emerge. Potentially a wide 
range of stimuli could prime the innate immune system, from viral 

infections, exposure to pollutants, to sugar-rich diets, childhood obesity, 
to teratogens (Alfredsson and Olsson, 2019; Boyd et al., 2022; Ahmed, 
Chaudhary and K. Agrawal, 2024; Livingston et al., 2024).

Epstein Barr Virus (EBV) is strongly linked to higher risk of MS 
(Bjornevik et al., 2022), Cytomegalovirus (CMV) on the contrary seems 
to be associated with lower risk of MS (Grut et al., 2021). Herpes simplex 
virus 1 (HSV-1) has consistently been associated with increased risk of 
AD and mild cognitive impairments (Duarte et al., 2019). Additionally, 
viral infections are a leading cause of encephalitis (Rocamonde et al., 
2023), which may be a potential trigger for macrophages and resident 
immune cells priming. This, combined with a specific genetic predis
position may result in altered response to protein aggregation, impaired 
phagocytosis, demyelination and neurodegeneration (Duarte et al., 
2019; Harms, Ferreira and Romero-Ramos, 2021; Popa, Cheval and 
Zujovic, 2025). Similarly, bacterial infections could recapitulate trained 
immunity-like mechanisms associated with tolerance and inefficient 
immune response (Tohidpour et al., 2017), BBB disruption via 
endothelin-1 signalling (Palmer, 2011; Freeman et al., 2014), promoting 
CNS parenchymal damage. Dietary habits could contribute to fuel 
trained immunity in predisposed subjects. Indeed, western diets and 
high glucose intake have been linked to elevated risk of MS (Hoffman 
et al., 2023), AD (Więckowska-Gacek et al., 2021), PD (Zapała et al., 
2022), putatively mediated by inflammatory pathways such as NRLP3 
inflammasome (Christ et al., 2018). Additionally, gut microbiota alter
ations could contribute to both initiate or support neuroinflammation 
via the gut-brain axis like in the established case of PD (El Aidy, Dinan 
and Cryan, 2014). Finally, childhood obesity, whether due to inherited 
traits and/ or dietary habits, has been associated with higher risk of 
neuroinflammation (Tait et al., 2022; Li et al., 2023; Hagman et al., 
2025). Similarly traumatic childhood trauma has been associated with 
epigenetic modification leading to long term consequences potentially 
attributable to trained immunity (Thumfart et al., 2022). The conun
drum is self-explanatory, how many stimuli do we encounter in life? 
Which one is the fatal stimulus that may drive or support chronic neu
roinflammation? When in life do these potential triggers have the most 
impact? Do these different stimuli have additive effects on our genetics? 
Most likely so, and in this case, is there a threshold for triggering trained 
immunity associated with neuroinflammation? In the context of 
reprogramming events, the threshold levels, exposure durations, and 
qualitative determinants required for this process remain undefined. 
Furthermore, cell type–specific differences, tissue microenvironments, 
and host conditions in which trained immunity manifests are still poorly 
characterized. These observations suggest that trained immunity may 
not represent a universal phenomenon, as distinct stimuli can disrupt 
discrete epigenetic and functional memory programs. Collectively, these 
knowledge gaps underscore the need for mechanistic studies to delineate 
the pathways governing this complex immunological process in real-life 
disease, as current models of trained immunity remain oversimplified 
(O’Farrell et al., 2025).

Another fundamental problem underlying the definition of trained 
immunity is its dual role in immune-mediated disorders, enhancing 
protection against infections but, when dysregulated, driving chronic 
inflammation, immune tolerance, or tumor-promoting effects. Evidence 
from epidemiological and observational studies links BCG vaccination to 
reduced COVID-19 severity and lower seroprevalence of SARS-CoV-2 
antibodies (Klinger et al., 2021; Hu et al., 2022), while single-cell epi
genomic analyses show infection itself can induce trained immunity 
(You, Chen, Zhang, Zhao, Chen, E. Q. Qin, et al., 2021). Beyond infec
tion, BCG remains the gold-standard therapy for noninvasive bladder 
cancer, partly through trained immunity mechanisms (Cardillo et al., 
2021); yet maladaptive trained immunity has also been associated with 
oncogenic mutations in monocyte/macrophage populations (Netea and 
Joosten, 2024a, 2024b). These contrasting effects underscore the 
context-dependent nature of trained immunity (Netea, et al., 2020) and 
the need for standardized methodologies and biomarker discovery 
(Vuscan et al., 2024) to advance its therapeutic application in the field of 
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neuroinflammation.
Future perspectives
Indeed, missing details about the onset of metabolic and epigenetic 

changes create an important obstacle before the application of trained 
immunity to clinical relevance, but they should not obviate the need for 
biomarker discovery or treatment strategies. For instance, measuring 
the levels of an upstream regulator of trained immunity, such as long 
non-coding RNA, could represent a valuable research direction to pur
sue; however, low abundance and nuclear localization may make it 
unsuitable as a circulating biomarker (Fanucchi et al., 2019b). Similarly, 
blood pro-inflammatory cytokines or complement factors may also be 
unsuitable, due to highly variable levels in disease (Kany, Vollrath and 
Relja, 2019). Measuring DNA methylation and acetylation levels, the 
metabolic propensity to engage in glycolytic activity rather than 
oxidative phosphorylation may provide precise markers of trained im
munity, but this approach would be time-consuming, expensive and 
restricted to specialist laboratories. A more promising option might be to 
measure the propensity to produce pro-inflammatory and anti- 
inflammatory cytokines after the stimulation with standardized stimuli 
(e.g. LPS, BCG etc.). In this regard, standardized tests exploiting over
night cultures and analysis of expressed factors of interests could be 
feasible (Duffy et al., 2014; Sugrue et al., 2022; Gynthersen et al., 2023).

A critical challenge moving forward is the development of imaging 
biomarkers capable of detecting trained immunity in vivo. To date, no 
modality has been specifically developed for this purpose. Hyper
polarized^13C MRI (Marakalala et al., 2013) enables spatially resolved 
assessment of pyruvate-to-lactate conversion, potentially reflecting the 
enhanced glycolytic reprogramming that characterizes trained immu
nity. However, its biological specificity remains to be established and 
requires validation through comparative studies integrating established 
markers of innate immune activation, such as TSPO-based imaging of 
microglial activity.

With the likelihood of multiple possible therapeutic targets to 
modulate trained immunity, in the future, CRISPR-mediated DNA 
methylation editing may become a candidate tailored strategy. In pre
clinical studies it has shown the possibility of modulating the inflam
matory response to noxious stimuli (Valcárcel et al., 2025). In addition, 
many signatures associated with trained immunity result from inflam
matory processes but only a few may be predictive when analysed in 
prospective clinical studies (Netea and Joosten, 2024b). Furthermore, 
future studies should strive to discriminate, if possible, the nature of 
epigenetic changes by environmental factors (Mallick and Duttaroy, 
2023) and how to distinguish between the definitions of trained im
munity and epigenetics itself. It is thus imperative to produce new evi
dence to address the knowledge gaps spanning from defining the timing 
of onset, the threshold, the duration, the number of stimuli necessary 
that may induce trained immunity in the context of neuroinflammation. 
These answers are needed not only from lab-based research but also 
from mechanistic clinical studies for specific neurological diseases, to 
pioneer biomarker discovery and treatment strategies.
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