1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Trends Immunol. Author manuscript; available in PMC 2020 January 01.

-, HHS Public Access
«

Published in final edited form as:
Trends Immunol. 2019 January ; 40(1): 1-11. doi:10.1016/j.it.2018.11.002.

Immunometabolic Crosstalk: An Ancestral Principle of Trained
Immunity?

Sider Penkov#1# loannis Mitroulis#2:34, George Hajishengallis®, and Triantafyllos
Chavakis12:3.6#

1Paul Langerhans Institute Dresden of the Helmholtz Zentrum Munchen at the University Hospital
and Faculty of Medicine Carl Gustav Carus of TU Dresden, Dresden, Germany

?Institute for Clinical Chemistry and Laboratory Medicine, University Hospital and Faculty of
Medicine Carl Gustav Carus of TU Dresden, Dresden, Germany

SNational Center for Tumor Diseases (NCT), Partner Site Dresden, Germany: German Cancer
Research Center (DKFZ), Heidelberg, Germany; and Faculty of Medicine and University Hospital
Carl Gustav Carus, TU Dresden, Dresden, Germany; and Helmholtz Association / Helmholtz-
Zentrum Dresden-Rossendorf (HZDR), Dresden, Germany

“Department of Haematology, Democritus University of Thrace, Alexandroupolis, Greece

SUniversity of Pennsylvania, Penn Dental Medicine, Department of Microbiology, Philadelphia, PA,
USA

6German Center for Diabetes Research (DZD e.V.), Neuherberg, Germany

# These authors contributed equally to this work.

Summary

Memory was traditionally considered an exclusive hallmark of adaptive immunity. This dogma
was challenged by recent reports that myeloid cells can retain ‘memory’ of earlier challenges
enabling them to strongly respond to a secondary stimulus. This process, designated ‘trained
immunity’, is initiated by modulation of precursors of myeloid cells in the bone marrow. The
ancestral innate immune system of lower organisms, e.g. Caenorhabditis elegans, can build long-
lasting memory that modifies responses to secondary pathogen encounters. We posit that changes
in cellular metabolism may be a common denominator of innate immune memory from lower
animals to mammals. We discuss evidence from C. elegans and murine/human systems supporting
the concept of an ancestral principle regulating innate immune memory by controlling cellular
metabolism.
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Innate Immune Training and Metabolism

Adaptive immunity has traditionally been described in contrasting terms with regards to
innate immunity, such as the presence, or lack thereof, of immunological memory. However,
recent advances from experiments in human and murine immune systems, show that innate
immune cells can retain ‘memory’ of past inflammatory events (e.g., owing to infection),
which enables them to elicit a heightened immune response upon a secondary challenge,
irrespective of adaptive immunity [1]. This enhanced state of immune activation has been
designated ‘trained innate immunity’; it lacks specificity to the initial stimulus and thus,
can confer cross-protection against subsequent challenges with unrelated fungal, bacterial,
or viral pathogens [1].

Given the survival advantage of imprinted memory of past infectious encounters, it could be
reasoned that trained immunity represents an evolutionarily conserved way of memory-
based enhanced preparedness for future challenges. In support of this notion, forms of innate
immune memory have also been documented in non-vertebrate animals and in plants [2].
For instance, the immune system of insects can be primed for long-lasting protection against
future infections [3-5]. The nematode Caenorhabditis elegans can build long-lasting and
even transgenerational innate immune memory that enables the worms to effectively avoid
or resist secondary pathogen encounters [6,7]. The so-called ‘systemic acquired resistance’
of plants is a mechanism of inducible defense that primes even remote tissues for enhanced
resistance to subsequent infections [8]. Accordingly, plants inoculated with attenuated
microorganisms acquire long-term protection against a wide range of plant pathogens [8,9].

Induction of trained immunity appears to be mediated by long-term adaptations in chromatin
(of trained cells), rendered more accessible to the transcriptional machinery [1,2]. This
enhanced accessibility persists over time despite the loss/cessation of the inductive stimulus
(e.g., microorganisms or certain components thereof, such as the fungal cell wall constituent
B-glucan) [1,2]. Accompanying epigenetic chromatin modifications can be regulated by
immune signaling and metabolic pathways (e.g., glycolysis, glutaminolysis and changes in
the mevalonate metabolism), as metabolites may impact on the epigenetic landscape, serving
as signaling molecules or as substrates and/or co-factors for chromatin-modifying enzymes
[10-16]. The remarkable persistence of trained immunity despite the rather short lifespan of
mature myeloid cells in peripheral blood [17] might be explained by long-term rewiring
(metabolic, epigenetic, and transcriptional) of precursors of differentiated innate immune
cells, such as hematopoietic stem and progenitor cells (HSPC) in the bone marrow [13,14].
Trained immunity initiated by modulation of progenitors in the bone marrow can enhance
the replenishment of innate immune cell populations upon stress associated with infectious,
inflammatory or chemotherapeutic challenges [13,14].

Although trained immunity can mediate protective immunity against subsequent systemic or
mucosal infections [13,14,18-20], there are settings (for instance, age-related inflammatory
diseases, such as atherosclerosis, or neurodegenerative diseases), in which trained immunity
(inappropriately induced by microbial or even endogenous stimuli) could promote
maladaptive immune/inflammatory responses that aggravate pathology [21-24].
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In the present article, we summarize and discuss recent findings on trained innate immunity
in mammalian and nematode systems. Epigenetic and transcriptional reprogramming
underlying trained immunity in mice and humans may require prior metabolic alterations
[11,12,15,25]. Metabolic and neuroendocrine changes may also enhance the resistance to
stress and infection in C. efegans as well [26-28]. Consequently, we focus on highlighting
the crosstalk that exists between immunity and metabolism, which may provide a unifying
principle of innate immune training across species. Specifically, we propose that changes in
cellular metabolism in response to an infectious stimulus or immunological stress represent
an evolutionarily conserved common denominator in the induction of trained innate
immunity from nematodes to mammals.

Metabolic Regulation of Trained Immunity in Mice, Humans, and Nematodes

Immunometabolic Circuits in Mature Myeloid Cell Training

Several stimuli, such as the fungal cell-wall constituent p-glucan and the Bacillus
Calmette-Guérin (BCG) vaccine, can induce training of mature innate immune cells
(Figure 1), mainly monocytes and macrophages, thereby promoting an enhanced response,
as assessed by the release of pro-inflammatory cytokines, to secondary infectious stimuli,
such as Candida albicans or Staphylococcus aureus [2]. Trained immunity is closely linked
to sustained alterations in gene expression mostly resulting from epigenetic modifications
[10,19]. Such epigenetic modifications may involve DNA hypermethylation, which
generally results in transcriptional silencing, or histone modifications that facilitate or inhibit
transcription factor binding, thereby regulating transcriptional activity [29]. Of note, such
immunological imprinting can take two distinct and opposed forms, trained innate immunity,
and innate immune tolerance, the latter leading to attenuated immune responses to
secondary stimuli [30]. Specific genome-wide histone modifications in human monocytes
and macrophages have been associated with trained innate immunity or tolerance upon
stimulation with B-glucan or lipopolysaccharide (LPS), respectively [10]. Indeed, the
epigenetic signature of LPS-induced tolerance is reversed upon “training” with p-glucan;
thereby, innate immune training can reinstate proper cytokine responses of human
macrophages after LPS-induced immunological tolerance [31]. This implies that trained
immunity might be harnessed therapeutically to normalize innate immune function that is
severely impaired during sepsis [32].

Epigenetic modifications in trained immunity have been associated with metabolic
reprogramming of innate immune cells, since metabolic intermediates can act as substrates,
co-factors or inhibitors for chromatin-modifying enzymes [33]. This well-documented link
between cellular energy metabolism and epigenetic modifications suggests that metabolic
reprogramming of immune cells may regulate the phenotypical and functional plasticity of
these cells. For example, the production of tricarboxylic acid (TCA) cycle intermediate a.-
ketoglutarate v/a glutaminolysis can mediate macrophage polarization towards an alternative
(M2) phenotype, through epigenetic changes in M2-related genes in mouse macrophages in
a manner dependent on the function of the H3K27 demethylase IMJD3 [34]. A recent study
demonstrated that the metabolite itaconate could exert an anti-inflammatory function in
human and mouse macrophages via alkylation of cysteine residues on the protein KEAP1,
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thereby allowing the anti-inflammatory transcription factor Nrf2 to increase expression of
anti-inflammatory genes [35]. The itaconate pathway can also play a role in the development
of immune tolerance; in this regard, p-glucan-induced trained immunity reduced the
expression of immune-responsive gene 1 (/RGI)-- the enzyme that regulates itaconate
synthesis -- thereby reversing tolerance induced by endotoxemia in human monocytes ex
vivo relative to untreated monocytes [36]. The link between cell metabolism and epigenetic
reprogramming also contributes to induction of trained immunity. Indeed, a pioneer study
demonstrated that elevated aerobic glycolysis was the metabolic basis of B-glucan-induced
trained immunity, by providing energy and the necessary metabolic substrates for the
activation of trained innate immune cells [11]. Further integrated transcriptomic, metabolic
and epigenetic analyses of human monocytes upon training with g-glucan revealed an
interplay between glycolysis, glutamine and cholesterol metabolism in innate immune
training [25]. In the latter study, induction of epigenetic modifications in trained cells could
be ascribed to fumarate, which inhibits KDM5 histone demethylases [25]. Subsequent
studies in human monocytes upon p-glucan-dependent training, suggested that the
accumulation of mevalonate, an initial component of cholesterol biosynthesis, could
promote monocyte training via activation of the insulin-like growth factor 1 receptor and
mTOR signaling [12]. Similar to p-glucan, BCG treatment also induced reprogramming of
monocytes towards glycolysis, further supporting the central role of glycolysis as a
metabolic basis for trained immunity [37].

The danger signal LPS, interacting with Toll-like receptor 4 (TLR4), has been shown to
upregulate glycolysis and fatty acid synthesis, while suppressing oxidative phosphorylation
[38]. However, the suppressive effect on oxidative phosphorylation appears to be specific for
higher concentrations of LPS, which are linked to the induction of immune tolerance,
whereas lower doses of LPS or activation of other TLRs can increase both glycolysis and
oxidative phosphorylation in human monocytes [39]. In this context, low-dose LPS can
result in the activation of innate immune cells rather than immune tolerance, as supported by
several studies [40-42]. Similarly, activation of TLR9 by unmethylated cytosine phosphate
guanidine (CpG) oligodeoxynucleotides can confer heterologous protection against
intracerebral infection by Escherichia coli in mice [43]. Of note, TLR5 activation by
flagellin can also protect mice against Streptococcus pneumoniae lung infection [44] or
rotavirus infection [45].

Taken together, the rewiring of cellular metabolism toward aerobic glycolysis and
cholesterol biosynthesis and the accumulation of intermediate metabolites (including
mevalonate and fumarate) may regulate the activity of chromatin-modifying enzymes.
Modulation of cellular metabolism may be integral to innate immune training, but further
studies are warranted to better elucidate this point.

Immunometabolic Circuits in Progenitor Cells Linked to Trained Immunity

Two recent studies demonstrated that trained innate immunity was initiated at the level of
hematopoietic progenitors. In one of the studies, intravenous BCG administration enhanced
myelopoiesis in the bone marrow of mice by inducing transcriptional reprogramming of
HSPCs [13]. Noteworthy, macrophages derived from these trained progenitors displayed an
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enhanced protective response against mycobacterial infection, as shown by improved
bacterial clearance [13]. In a parallel study, our group showed that administration of B-
glucan to mice, by acting through induction of interleukin-1p (IL-1p), promoted a bias
towards myeloid lineage differentiation in HSPCs and increased numbers of myeloid
progenitor cells, as compared to vehicle control treatment. Myelopoiesis, induced by p-
glucan-dependent training, as compared to vehicle control treatment, was mediated by
enhanced glycolysis and cholesterol biosynthesis in progenitors (Figure 2), and could protect
against chemotherapy-induced myelosuppression, upon repeated rounds of
cyclophosphamide or 5-fluorouracil administration in mice [14]. These data suggest that p-
glucan-dependent training might be beneficial for the reversal of neutropenia in patients
under chemotherapeutic regimens.

Innate immune training of hematopoietic progenitors shares common features with the
expansion of myelopoiesis upon systemic infection, termed emergency myelopoiesis [46].
Systemic infection or LPS administration to mice can activate HSPC proliferation and their
myeloid differentiation [47-49]. However, HSPC expansion in emergency myelopoiesis may
compromise HSPC functionality, as shown by their decreased repopulation activity tested in
competitive transplantation assays. Specifically, high-dose LPS can lead to extensive cell
death of hematopoietic cells in the bone marrow [48], whereas repeated administration of
lower doses of LPS can promote a functional decline in self-renewal activity of HSPC
associated with proliferative stress [49]. Such detrimental effects have not been observed
upon administration of stimuli that induce innate immune training [13,14]. In contrast,
innate immune training induced by B-glucan injection to mice protected their hematopoiesis
against chemotherapy-induced attrition of HSCs and mitigated LPS-induced DNA damage
in HSPCs [14].

However, innate immune training is not solely associated with favorable host responses.
Immunometabolic crosstalk at the level of HSPCs may contribute to progression of
cardiometabolic disease and may also provide a link between clonal hematopoiesis of
indeterminate potential (CHIP) (Box 1) and cardiovascular inflammation [21,50-52].
Enhanced myelopoiesis, mainly presented as monocytosis and neutrophilia, is considered an
important feature of metabolic syndrome [53-55]. Accordingly, IL-1p produced by adipose
tissue macrophages in obese mice has been proposed as the driving force for the activation
and proliferation of myeloid lineage progenitors in the bone marrow and their differentiation
toward neutrophils and monocytes, as assessed by experiments involving adipose tissue
transplantation to lean recipient mice [54]. In another study, western diet-induced systemic
inflammation in Low density lipoprotein receptor deficient (Ld/r—/-) mice promoted
inflammasome-mediated innate immune training via transcriptional and epigenetic
reprogramming of granulocyte-macrophage progenitors, as shown by integrated
transcriptomic and epigenetic analysis of this cell population and engagement of Nirp3-/-
mice [21]. These findings showed that aberrant myelopoiesis potentially induced by trained
immunity might be a driving force in atherothrombotic disorders.

Cell-intrinsic alterations of cholesterol metabolism in HSPCs have also been linked to
changes in myelopoiesis in the context of cardiovascular disease. Deficiency in the
adenosine triphosphate-binding cassette (ABC) transporters ABCA1 and ABCG1, which
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mediate the efflux of cholesterol [56], or in apolipoprotein E, which acts in the same
pathway [57], resulted in increased myeloid differentiation of HSPC, as demonstrated by the
development of monocytosis and neutrophilia in transgenic mice, suggesting that cholesterol
accumulation in HSPCs could promote myelopoiesis (Figure 2). These findings are in line
with the recently identified role of cholesterol biosynthesis in mediating innate immune
training of both mouse and human monocytes [12] and their progenitors [14]. Additionally,
disrupted cholesterol efflux has led to increased expression of CD131, the common
subunit of the IL-3/GMCSF receptor, in murine hematopoietic progenitors [56,57].
Accordingly, upregulation of CD131 together with accumulation of cholesterol esters in
HSPCs contributed to the enhanced myelopoiesis related to p-glucan-induced trained
immunity in mice, as evidenced by the inhibitory effect of GM-CSF receptor blockade and
statin administration in the expansion of hematopoietic progenitors in the bone marrow of
the animals [14]. Taken together, alterations in metabolic pathways, such as enhanced
glycolysis or cholesterol biosynthesis, can contribute to innate immune training of
hematopoietic progenitors.

Immune System and Metabolism Crosstalk in C. elegans

C. elegans is a powerful model system for genetic and cell biology research of, among many
fields, metabolism and innate immunity [58-60]. One of the critical factors that determines
the fitness of the worm population is the abundance of pathogenic microorganisms
potentially mixed with the food sources [58]. Thus, a requirement for reliable host defense
mechanisms coordinated with the general responses to changes in the nutrient availability
has shaped an immune system modulated by conserved metabolic signaling pathways; as
outlined below several metabolic pathways are implicated in the responses to multiple
bacterial and fungal pathogens [58].

Direct evidence for an immune-metabolic crosstalk in C. elegans emerged from studies
showing that changes in the activity of metabolic pathways could alter immune function.
Examples of such pathways included one-carbon metabolism, phospholipid production, fatty
acid synthesis and desaturation, lipogenesis, and amino acid catabolism [61-64].
Furthermore, in a manner that mirrors the regulation of innate immunity in mammals, these
pathways can generate metabolites that either serve as signaling molecules or as
substrates/co-factors participating in chromatin modifications. For instance, S-
adenosylmethionine (SAM), a major donor of methyl groups in different biochemical
reactions, including methylation of nucleic acids and histones, has been reported to play an
immunomodulatory role. Specifically, transcriptional analysis complemented with functional
assays showed that SAM-depleted worms grown on a non-pathogenic diet displayed
constitutive activation of the PMK-1/p38 MAPK-dependent innate immune pathway
resulting from decreased production of the methylated phospholipid phosphatidylcholine
(PC) [61]. However, survival assays indicated that the aforementioned immune activation
failed to protect the SAM-depleted worms from Pseudomonas aeruginosa intestinal
infection; in fact, SAM-depleted worms died more rapidly upon exposure to virulent
Pseudomonas [61]. This phenomenon was associated with insufficient SAM-dependent
H3K4 histone methylation and diminished expression of infection response genes, such as
irg-1or jrg-2 upon exposure to Pseudomonas [61]. Other metabolic processes can also
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influence resistance of worms to A2 aeruginosa. For instance, transcriptional and lipidomic
analyses demonstrated that the polyunsaturated fatty acids (PUFAS), gamma-linolenic and
stearidonic acid were important for survival upon infection with this pathogen, as assessed
by enhanced susceptibility to infection in worms deficient in these fatty acids [62].
Furthermore, catabolism of the amino acid proline promoted pathogen resistance via
regulation of homeostasis of reactive oxygen species [63]. Future studies should assess
whether the distinct metabolic pathways, including SAM, PUFASs or proline catabolism may
also act in a cooperative fashion to mediate resistance of C. elegansto pathogens.

Immune-metabolic crosstalk was also demonstrated in the model of epidermal infection
using the fungal pathogen Drechmeria coniospora. An RNAI screen identified a critical role
of the G-protein coupled receptor (GPCR) DCAR-1, which activates the p38 MAPK
pathway, in the response to fungal infection. Targeted metabolomics demonstrated that
hydroxyphenyllactic acid (HPLA), a side product of tyrosine metabolism, acted as a ligand
of DCAR-1 [64]. Analysis of mutants with defects in the worm cuticle suggested that HPLA
was produced upon disruption of the integrity of the cuticle/hypodermis accompanying
pathogen entry into the host, thus coupling wounding and infection responses, and acting as
an endogenous damage-associated molecular pattern [64]. A C. elegans ortholog of the first
enzyme in the tyrosine catabolic pathway, the tyrosine aminotransferase TATN-1, was
implicated not only in the synthesis of HPLA [64] but also in the regulation of worm
development and longevity in an manner dependent on the AMP-dependent protein kinase
[65]. Hence, TATN-1 and HPLA might also provide a link between development and
immune responses. Of note, the epidermal production of antimicrobial factors seems to be
negatively regulated by the fatty acid synthesis apparatus in a manner that depends on
changes in the osmotic environment [66]. Genetic evidence suggested that the pathway
involving fatty acid synthesis did not depend on p38/MAPK signaling but rather, on a
pathway involved in osmosensation [66]. Results from these findings collectively suggest
that distinct metabolic signals may integrate information from different stimuli to render an
orchestrated and effective immune response against fungal pathogens.

The existence of an immunometabolic crosstalk in C. elegans is further supported by the fact
that core signaling pathways responsible for metabolic control, including the insulin-like
pathway, can serve as regulators of the immune system. Specifically, genetic approaches
demonstrated that loss-of-function mutations in the insulin/IGF-1 receptor homologue
DAF-2 rendered worms resistant to pathogenic bacteria, in a manner that required intact
activity of the transcription factor DAF-16, the nematode ortholog of mammalian FoxO
proteins [27]. This is relevant because DAF-16 is known to promote longevity and stress
resistance downstream of DAF-2 /n C. elegans at least partly through control of metabolism
[28,67]. In addition, DAF-16 is essential for the formation of a specialized, developmentally
arrested stage of survival under adverse conditions in C. elegans and numerous other
nematode species, termed dauer (enduring) larva [68], characterized by low oxidative
phosphorylation and TCA cycle activity, enhanced build-up of lipids, and Warburg
metabolism-like aerobic glycolysis powered by preceding gluconeogenesis [69].
Conceivably, DAF-16-mediated resistance to pathogenic microorganisms might be, at least
in part, attributed to changes in the metabolic landscape. In this regard, the metabolic traits
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induced by insulin signaling in the context of dauer arrest and longevity may be partially
conserved in the responses to infection, although this notion remains to be fully investigated
(Figure 3). Indeed, suppression of DAF-16 has been reported during infection with 2
aeruginosa, which may point to active targeting of the insulin pathway by the pathogen [70].
However, another interpretation of this adaptation could be that the worms avoid excessive
DAF-16 activity, which might result in an uncontrolled, deleterious immune response [71].

Although the immune system of C. elegansis entirely innate, it has the capability to build
immune memory for properly adapting host responses to proximal or future challenges
[6,7,72,73]. This points to the existence of mechanisms for encoding the information of
earlier pathogen encounters into the wiring of immune signaling pathways and/or the
epigenetic background, thereby enabling experience-informed responses to secondary
challenges. These mechanisms can involve metabolic control; for instance, insulin signaling
is implicated in trained immunity in C. elegans. DAF-16, as well as p38 MAP kinase
signaling, are required for the conditioning (priming) with enteropathogenic £. colithat
allows worms to survive a secondary pathogen exposure that would otherwise be lethal [6].
Furthermore, as an alternative resistance strategy, worms respond with increased dauer
formation to subsequent treatments with pathogenic bacteria (e.g., P. aeruginosa and
Salmonella enterica), lasting for multiple generations after the original encounter [7]. Dauer
formation might provide an advantage to worms, because dauer larvae are sealed off from
the environment [68], and hence might be less susceptible to intestinal colonization.
Pathogen-induced dauer formation is associated with DAF-16 activation, thereby providing a
potential link between immune conditioning and the DAF-16-mediated metabolic control
[7]. The insulin pathway also regulates a behavioral form of conditioning towards avoidance
of P, aeruginosa [74]. Genetic and behavioral assays have shown that this conditioning, also
known as ‘aversive learning’, is negatively regulated by an insulin ligand, INS-11, a
neuropeptide produced in the intestine [74]. Altogether, the different forms of trained
immunity in worms are associated with modified insulin signaling and metabolic cues.
Direct indication that this pathway is involved in the acquisition of innate immune memory
via metabolic rearrangements is yet to be demonstrated (Figure 3); however, the connection
between DAF-16 and the control of chromatin state in other processes, such as stress
resistance and aging, may render this hypothesis highly plausible [75-77]. Thus, the
nematode innate immune system appears to be dependent on coordinated metabolic and
transcriptional control, as well as on the regulation of chromatin states, in a fashion that may
resemble mammalian trained immunity, although further work is necessary.

Concluding Remarks

Based on the evidence discussed above, we propose that innate immune priming or trained
innate immunity constitute ancestral and evolutionarily conserved mechanisms by which
living organisms, from lower life forms to humans, can be prepared to effectively cope with
potential infectious or other stress challenges [1,2,6,7]. The comparison of innate immune
memory in mammals (humans and mice) versus C. elegans suggests that the acquisition of a
trained immunity phenotype can involve metabolic pathways that mediate transcriptional
reprogramming, sustained for long periods of time [1,2,6,7]. A major role in the regulation
of trained innate immunity across evolutionarily separated organisms can be ascribed to
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glucose and lipid metabolism [11,12,14]. However, even individual pathways mediating
trained innate immunity may be conserved between C. elegans and humans. For example,
the insulin/IGF-1 receptor homolog DAF-2, mediates C. elegans resistance to pathogenic
bacteria [27] and the IGF-1 receptor was recently shown to mediate mevalonate-induced
innate immune training of human monocytes [12].

Despite the role of cell metabolism as a common denominator of trained innate immunity in
different organisms, several questions remain unanswered (see outstanding questions), for
which extensive robust studies are still needed. For instance, on the one hand, trained innate
immunity in humans and mice involves epigenetic reprogramming induced by metabolites
[1,12,15]; such epigenetic changes are likely to occur also in C. elegans, yet they remain to
be shown. On the other hand, whether trained immunity is transgenerational in humans and
mice is not clear at all. Furthermore, trained innate immunity may also have detrimental
effects. Indeed, if the immune system is epigenetically trained (due to an earlier infection,
vaccination, or even sterile injury) eliciting a heightened immune response, this increased
responsiveness may aggravate pre-existing inflammatory diseases or prove to be deleterious
in hosts that are genetically susceptible to these conditions [21]. Additional studies are
evidently required to better understand the mechanisms responsible for the detrimental
effects of trained innate immunity. Addressing the aforementioned questions is important for
understanding the context-dependent beneficial or detrimental effects of trained innate
immunity. This should lead to future studies addressing how trained innate immunity and
associated changes in cell metabolism of innate immune cells and their precursors could be
therapeutically harnessed (stimulated or inhibited) -- perhaps in the context of
chemotherapy-induced myeloablation or inflammatory diseases.

On the basis of the above-discussed studies, we hypothesize that an evolutionarily conserved
immunometabolic crosstalk may represent an ancestral principle of innate immune training.
Our hypothesis may therefore trigger future focused studies aimed a firmly establishing the
mechanisms of metabolic control of innate immune memory that have been presumably
conserved throughout evolution. Moreover, future studies using the more tractable nematode
models may better inform the molecular mechanisms of trained immunity, ideally
facilitating the targeted pharmacologic modulation of metabolic pathways implicated in
trained immunity, which may be relevant in a variety of pathological conditions.
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Aversive learning
A conditioning of the behavior of C. eleganstowards avoidance of unwanted responses
associated with negative preceding experiences.
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Bacillus Calmette-Guérin (BCG) vaccine
A vaccine used against tuberculosis

Clonal hematopoiesis of indeterminate potential
A condition characterized by the existence of a somatic mutation related to myeloid
neoplasms in blood cells without clinical/diagnostic signs of hematologic malignancy.

Conditioning (priming)
The ability of organisms to enhance their immune responses following a preceding stimulus,
e.g. an earlier pathogen encounter.

Dauer (German for ‘enduring’) larva

Specialized, developmentally arrested larval stage found in many nematode species,
including C. elegans. Dauer larvae are morphologically and physiologically adapted to
survive under harsh conditions.

Emergency myelopoiesis

Activation of hematopoiesis for the production of high numbers of myeloid cells,
particularly neutrophils and monocytes, in response to systemic infection or inflammation,
or following chemotherapy-induced myeloablation.

Innate immune tolerance
A status of diminished responsiveness of the innate immune system to stimuli that normally
elicit an immune response.

Metabolic syndrome

A medical condition that increases the risk for diabetes and cardiovascular disease and is
characterized by the combination of (three or more of) central obesity, high blood sugar /
insulin resistance, high levels of triglycerides, low levels of high-density lipoprotein and

hypertension.

NLRP3 inflammasome

A cytosolic multiprotein complex, including NLRP3 (NACHT, LRR and PYD domains-
containing protein 3) protein, which responds to infection or injury by activating pro-
inflammatory caspases, mainly caspase-1, leading to the cleavage and release of pro-
inflammatory cytokines such as IL-1f and IL-18.

Systemic acquired resistance
A generalized state of heightened and long-lasting immunity to a broad range of microbial
pathogens demonstrated by plants as a result of an earlier localized exposure to a pathogen.

TET2
Tet methylcytosine dioxygenase 2 (TET2) encodes a protein that promotes DNA
demethylation. TET2 mutations in humans are observed in myeloid neoplasms.

Trained innate immunity
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An enhanced state of immunity to a future inflammatory or microbial challenge that is based
on innate immune memory, i.e., sustained changes in gene expression owing to earlier

en

counters with the same or even unrelated stimulus or microbial pathogen.

Warburg metabolism

M

etabolic mode originally described in cancer cells characterized by enhanced utilization of

(aerobic) glycolysis rather than oxidative phosphorylation.
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Highlights:
Metabolic reprogramming and epigenetic modifications are key for innate

immune training in humans/mice.

Hematopoietic stem and progenitor cell differentiation into myeloid lineage
can contribute to trained innate immunity in mice.

Glycolysis and cholesterol biosynthesis are cellular metabolic pathways
involved in innate immune training in both hematopoietic progenitors and
mature myeloid cells in mammals.

Changes in the activity of metabolic pathways can regulate immune functions
in C. elegans.

Host defense reactions in C. elegans can involve metabolic signaling
pathways such as the DAF-2 insulin/IGF-1 pathway.

Long-lasting immune memory in C. elegans depends, in part, on metabolic
signaling.

Changes in cellular metabolism may be a common denominator of innate
immune memory across species.
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Outstanding questions:

What epigenetic changes underlie the ability of C. efegansto confer immune
training? Are these epigenetic changes linked to cellular metabolism?

Are any metabolic pathways required for trained immunity fully conserved
between C. elegans and mammals? If so, which ones?

Can we use the more tractable nematode models to understand molecular
mechanisms of trained immunity and identify potential pharmacologic
targets?

Can trained innate immunity be transgenerational in mammals?

Is metabolic reshaping of hematopoietic progenitors a potential target for the
prevention of chemotherapy-induced myelosuppression? If so, which
metabolic pathways?

Can cellular metabolic pathways involved in the induction of trained innate
immunity be therapeutically targeted in the context of inflammatory diseases?
If so, which pathways?
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Box1.
A link between trained immunity and CHIP in humans?

Clonal hematopoiesis of indeterminate potential (CHIP) represents a paradigm of the link
between dysfunctional myelopoiesis and cardiovascular risk, suggesting an important
role of myelopoiesis in the progression of cardiometabolic disease. Individuals with
CHIP have mutations associated with myeloid neoplasms, including mutations in
DNMT3A, TETZ2, ASXL 1, and JAKZ genes, without any sign of cytopenia. This
condition has been recently associated with a significantly increased risk for
atherosclerotic disease [50,78]. Accordingly, Tet2 deficiency in hypercholesterolemic
mice has been shown to promote a proinflammatory signature in macrophages associated
with upregulation of IL-1p and the development of atherosclerosis [50]. In a parallel
study, 7etZ-mutated HSPCs displayed a bias toward myeloid lineage differentiation after
transplantation into hypercholesterolemic mice, which exhibited accelerated
atherosclerosis in a NLRP3 inflammasome/IL-1p pathway-dependent manner [79].
Thus, similar to trained immunity, IL-1p appears to orchestrate immunometabolic
crosstalk between myelopoiesis and cardiometabolic disease in a scenario of CHIP.
Hence, similarities exist between the molecular pathways linked with CHIP and pathways
underlying innate immune training of bone marrow progenitors. Further studies are
needed to understand, whether a potential link between CHIP and trained immunity
exists.
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Figure 1. Trained immunity in human monocytes.
B-Glucan or BCG can lead to immune-metabolic changes in human monocytes, particularly

the induction of glycolysis, glutaminolysis and cholesterol metabolism. The generation of
metabolic intermediates, including acetyl-CoA, fumarate or mevalonate, can induce
epigenetic alterations that drive innate immune memory, thereby improving the response of
monocytes to secondary infectious stimuli.
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Figure 2. Trained immunity in HSPCs in mice.
Western-type diet and microbe-derived stimuli (e.g. B-glucan) linked to trained immunity

can induce the upregulation of pro-inflammatory cytokines, such as IL-1p, which trigger
metabolic changes, particularly alterations in glucose and lipid metabolism in HSPCs.
Cholesterol accumulation in HSPCs, for instance due to its increased biosynthesis or due to
decreased cholesterol efflux through exporters such as ABCA1 or ABCG1, can drive
myeloid differentiation bias. These alterations in HSPCs associated with trained immunity
can mediate on the one hand, a hematopoietic improved response to chemotherapy, and on
the other hand, may promote atherosclerosis and cardiovascular inflammation.
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Figure 3. Putative insulin signaling-mediated immunometabolic crosstalk in C. elegans.
A complex organismal response to infection involves processes such as pathogen

recognition, neuro-endocrine signaling, and general stress responses. Such processes trigger
signaling cascades that converge to activate DAF-16/FoxO in effector cells (e.g. intestinal
cells and neurons), although the exact mechanisms are unknown. The activation of DAF-16
might result from inhibition of the receptor DAF-2 or to a varying extent, could be mediated
by factors acting in parallel to DAF-2 (not depicted). DAF-16 activation can trigger the
transcription of pro-inflammatory and metabolic genes (e.g., genes boosting aerobic
glycolysis and suppressing the TCA cycle) that promote pathogen resistance. The metabolic
alterations induced by DAF-16 can also lead, via yet unknown mechanisms, to chromatin
remodeling that may underlie trained immunity. Therefore, the insulin cascade may be
involved in both the immediate response to pathogens and in the acquisition of immune
memory.
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