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Autoimmune disorders have been well characterized over the years and many pathways—but not all of them–have been found to explain their pathophysiology. Autoinflammatory disorders, on the other hand, are still hiding most of their molecular and cellular mechanisms. During the past few years, a newcomer has challenged the idea that only adaptive immunity could display memory response. Trained immunity is defined by innate immune responses that are faster and stronger to a second stimulus than to the first one, being the same or not. In response to the trained immunity inducer, and through metabolic and epigenetic changes of hematopoietic stem and progenitor cells in the bone marrow that are transmitted to their cellular progeny (peripheral trained immunity), or directly of tissue-resident cells (local innate immunity), innate cells responsiveness and functions upon stimulation are improved in the long-term. Innate immunity can be beneficial, but it could also be detrimental when maladaptive. Here, we discuss how trained immunity could contribute to the physiopathology of autoimmune and autoinflammatory diseases.
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Introduction

For years, it has been believed that only adaptive immunity can develop faster and stronger responses to a second encounter with the same antigen by acquiring immune memory (1). Immune memory involves specific B and T lymphocytes and takes days to develop. It is the basis of vaccines. However, immune memory may not be so exclusive to the adaptive system. First introduced in 2011, the term “trained immunity” encompasses the innate immune system capacity to mount a more robust and faster response to a later stimulus after an effector response to an initial stimulus followed by a return to a non-activated resting state (2). In contrast to B and T cell immune memory based on clonal expansion, contraction, and differentiation, as well as BCR and TCR gene recombination, trained immunity relies on metabolic and epigenetics modifications to ensure improved and enhanced, but non-specific, innate responses. This innate memory has helped plants and invertebrates, which lack an adaptive immune system, survive infections throughout evolution (3–5). As a relatively new field of research, trained immunity still holds many secrets. But as in every system, balance is key. And an imbalance in what has helped life prosper might also be responsible for diseases mediated by the immune system, namely, autoinflammatory and autoimmune diseases. Autoimmune diseases are defined by auto-reactive T and B cells responsible for attacking auto-antigens and generating autoantibodies (6). Autoimmune diseases can be organ-specific such as type 1 diabetes or autoimmune thyroiditis, but they can also be more systemic such as systemic lupus erythematosus (SLE). On the other hand, autoinflammatory diseases are defined by flares of systemic inflammation without apparent involvement of antigen-specific T cells or significant production of autoantibodies (7). Prototypic autoinflammatory diseases are hereditary recurrent fevers like familial Mediterranean fever (FMF) and mevalonate kinase deficiency (MKD) (8). However, the limit between autoimmune and autoinflammatory diseases is not so clear and the frontier between the two definitions is blurrier than ever (9). Adaptive immunity has been studied for a long time. In comparison, fewer studies have been solely focused on innate immunity and innate cells such as monocytes, neutrophils, or natural killer (NK) cells, and even less on innate immune memory (10, 11). Hence, our knowledge of the two immune systems and their interactions is fragmented. New technologies such as single-cell gene expression analyses (12, 13) and high dimensional cytometry, being spectral or mass cytometry (14, 15), have allowed the exploration of new pathways and deeper phenotyping of cells and characterization of cell subsets and state of maturation/activation. An even wider approach consists of systems immunology with the integration of omics technologies data and gives an even more precise data-driven idea of what is really going on in vivo (16).

In this review, we will discuss whether trained immunity could play a role in the pathophysiology of immune-related diseases.



Physiological basis of trained immunity

Trained immunity is characterized by metabolic and epigenetic changes. These changes will generate an altered innate response to a second stimulus. The response will be more robust, and faster but non-specific (Figure 1).
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FIGURE 1
Basic representation of trained immunity.



Innate system components involved in trained immunity

The innate immune system ensures a first immune response against microorganism exposure and infection or tissue injury. Its principal components are circulating molecules like cytokines and complement, and cells of hematopoietic origin like neutrophils, macrophages, dendritic cells, NK cells as well as tissue-resident cells of embryonic origin such as alveolar macrophages in the lungs or Kupffer cells in the liver (17–19).

Innate cells express pattern recognition receptors (PRR) that recognize pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs). Those receptors include Toll-like receptors (TLRs) located on cell surfaces or in the membrane of intracellular vesicles. Other PRRs include–but not only–the nucleotide-binding oligomerization domain (NOD) like receptors (NLRs), RIG-like receptors, and C-type lectin receptors. Once activated, PRRs trigger a cascade of activation that leads to a secretion of a wide range of inflammatory and antiviral cytokines such as interleukin (IL) 1β, IL6, C-X-C Motif Chemokine Ligand 8 (CXCL8), IL12, Tumor Necrosis Factor (TNF)α and interferon (IFN) type I. IL1β, IL6, and TNFα have been shown to be involved in trained cells induction (20–22). PRR triggering also results in various innate effector functions other than cytokine production, such as phagocytosis, neutrophil extracellular traps (NET), reactive oxygen species (ROS) production, or pathogen killing among others (23–26). This innate/inflammatory response is strictly regulated and leads normally to potent tissue repair, dead cells and pathogen elimination, and a rapid return to a steady and resting state once inflammation is resolved. Depending on the nature of the initial stimulus, trained cells can be induced, and more or less time after the first stimulus, they can respond differently to a second homologous or heterologous stimulus than naïve innate cells.

Monocytes and neutrophils can be trained, however, they have a short lifespan. Patel et al. showed that classical monocytes CD14++ CD16- have approximately a 1 day life span, intermediate monocytes CD14++ CD16+ have a longer lifespan of ∼4 days, and non-classical monocytes (CD14+ CD16+) have a ∼7 days lifespan after activation (27). Neutrophils are even more short-lived (28). This conundrum was solved by the demonstration that trained immunity generates a long-lasting memory through metabolic changes—glycolysis, cholesterol pathways modifications—in hematopoietic stem and progenitor cells (HSPCs) in the bone marrow (BM) via a type II interferon (IFN-g) or IL1β response mediated mechanism after Bacillus Calmette-Guerin (BCG) or b-glucan (which represent two canonical trained immunity inducer) systemic administration (29). Hence, in mice injected intravenously with BCG, the BM-derived macrophages were trained and showed better protection against tuberculosis, even if they had not encountered BCG themselves (30).



Metabolic changes

Metabolic rewiring is a key feature of trained immunity. Different pro-inflammatory cytokines like IL1β, IL6, and TNFα as well as PRRs ligands can trigger different metabolic pathways in monocytes, which will, in turn, interact with the mechanistic target of rapamycin (mTOR), a master regulator of metabolism and immunity (31). The mTOR/Hypoxia-inducible factors (HIF)-1α/AKT pathway induces a shift toward aerobic glycolysis from oxidative phosphorylation when stimulated by β-glucan, a cell wall component of fungi and classic inductor of trained immunity (32). β-glucan-trained monocytes show elevated activity of the cholesterol synthesis pathway and increased level of mevalonate, both of which enhance the inflammatory response through an mTOR-mediated pathway (33). When monocytes are exposed to fumarate, a Krebs cycle metabolite, a decrease in the activity of Lysine-specific demethylase 5A (KDM5) and an increase in the methylation of histone lysine 4 residues (H3K4me3) at the promoters of the proinflammatory genes coding for IL6 and TNFα are induced, linking metabolism to epigenetic. Once restimulated with lipopolysaccharide (LPS) after a resting step, these in vitro-trained monocytes showed increased production of TNFα (34) as well as structural changes in mitochondria (35). On the other hand, itaconate, a metabolite that interacts with the Krebs cycle, has been shown to participate in immune tolerance and reduce inflammation by targeting succinate dehydrogenase (36).



Epigenetic changes

The other key feature of trained immunity is epigenetic reprogramming. In unstimulated myeloid cells, chromatin configuration is compact, thus making access to proinflammatory genes by the transcriptional machinery difficult (37, 38). Two major actors of epigenetic change in trained immunity are the enrichment of histone 3 lysine 4 trimethylation (H3K4me3) mark and the K27 acetylation on histone 3 (H3K27ac) mark in the promoters of pro-inflammatory genes (39). These changes will modify chromatin accessibility. After the initial stimulation, the resting state is characterized by a partial return of chromatin to its original condensed state. Chromatin remains actually mildly condensed, thus allowing an enhanced and faster transcriptional response after a new stimulus (21). Other mechanisms than histone modifications have been reported to be involved in trained immunity including DNA methylation and long non-coding RNA (lncRNA) (40).

The coordinated and interconnected metabolic and epigenetic modifications induced by a first encounter allow cells to shift metabolism toward glycolysis and to have better access to “trainable” genes thanks to chromatin modifications. A second encounter with a non-specific stimulus will trigger a faster and stronger response. Although it might be beneficial in several contexts, such as vaccines providing non-specific protection or increasing the immunogenicity of subsequent unrelated vaccines, such enhanced responsiveness and response might be damaging, causing flares or prolonged activity for immune-related diseases.




Monogenic autoinflammatory diseases and trained immunity

Autoinflammatory diseases are characterized by flares of inflammation without any autoantibodies detected or concomitant infection. They associate fever with a vast array of symptoms. Major symptoms include, but are not limited to, skin involvement, serositis, joint pain, and abdominal pain. Inflammation can be normal between flares but can also be reduced without going back to normal, with a persisting low-grade chronic inflammation. Prolonged inflammation in untreated or uncontrolled diseases can lead to amyloidosis (8). Autoinflammatory diseases are mostly driven by innate immune components, hence trained immunity could explain part of their pathophysiology. Monogenic autoinflammatory diseases are better characterized on the genetic level than polygenic autoinflammatory diseases, with known mutations in single genes. We will discuss first the possible implication of trained immunity in monogenic and then in polygenic autoinflammatory diseases. Trained immunity phenotypes are summarized in Table 1.


TABLE 1    Trained immunity phenotype associated with autoinflammatory and autoimmune diseases.
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Cryopyrin-associated periodic syndrome (CAPS)

Cryopyrin-associated periodic syndrome or NLRP3-associated autoinflammatory disease is a group of diseases defined by missense mutations of NLRP3 (41). The diseases spectrum varies from Familial Cold Autoinflammatory Syndrome (FCAS) to Muckle-Wells syndrome to Neonatal Onset Inflammatory Multisystem Disease (NOMID) also known as Chronic Infantile Neurological Cutaneous and Articular (CINCA) syndrome. The symptoms include neutrophilic-like skin rash, fever, conjunctivitis, and, in the more severe forms, central nervous system involvement with ear loss, joint involvement, and secondary amyloidosis.

Biologically, the consequences of the mutation are an increase in IL1β and IL18, and a decrease in IL6 and IL1RA (42, 43). Interestingly, the study by Carta et al. shows that unstimulated monocytes from CAPS patients have a rather mild elevation of ROS and mitochondria alteration, but, after stimulation by LPS, it increases more than monocytes from healthy controls. Cytokine production of IL1β is higher after stimulation, but other cytokine production like IL1RA and IL6 decreases faster than the control. As already discussed, IL1β secretion can trigger a trained immunity phenotype, with ROS and mitochondrial modification (44). More importantly, after a stimulated state, monocytes do not return to the initial steady state but instead to a resting state where they are more responsive to a second unrelated trigger. This could explain part of the differences between the patients and control in an unstimulated state.

Another interesting study shows that DNA demethylation is decreased in monocytes of untreated CAPS patients, enhancing proinflammatory genes, compared to healthy controls. But this methylation profile can be reversed with anti-IL1 treatment. Treated patients with anti-IL1 therapy show a similar profile to healthy controls. An explanation could be that IL1 blockade prevents the generation of a trained immunity phenotype in the monocytes of CAPS patients, thus reversing toward healthy controls (45). Another study made on monocytes of CAPS patients and macrophages generated from monocytes of the same patients showed that β-glucan, a known inducer of trained immunity, could have the ability to block NLRP3 inflammasome activation. Monocytes from patients were differentiated with either granulocyte-macrophage colony-stimulating factor (GM-CSF) or macrophage colony-stimulating factor (M-CSF) after a 24-h preincubation period with or without β-glucan. Monocytes derived with GM-CSF showed higher secretion of IL1β compared to healthy donors. IL1β secretion was significantly inhibited by the addition of β-glucan in either condition and comparable to the level of healthy donors (46).

As we already discussed, itaconate is an unsaturated dicarboxylic acid. It is synthesized from the decarboxylation of cis-aconitate, a Krebs cycle intermediate (47). Itaconate has been shown to produce an anti-inflammatory action by interacting with the Krebs cycle (36). In the study by Hooftmann et al. they showed that itaconate exerts its anti-inflammatory action through the blockade of the interaction between NLRP3 and the mitotic kinase NIMA-related kinase 7 (NEK7) thus preventing the activation of NLRP3 (48). This could be one more piece of evidence linking trained immunity to CAPS syndromes.



Familial Mediterranean fever

Familial Mediterranean Fever is the most common hereditary recurrent fever. It manifests by flares of 12 h up to 3 days. It associates fever, acute serositis, joint pain (knees, hips, and ankles), abdominal pain, and skin rash (49).

In FMF patients, peripheral blood mononuclear cells (PBMCs) show more elevated secretion of IL6 and TNFα at baseline state (between flares). PBMCs and monocytes stimulated by LPS exhibit more secretion of IL1α, IL1β, IL6, IL8, IL12, IL18, and TNFα than cells from healthy donors (50–54). An increase in the secretion of proinflammatory cytokines is one of the hallmarks of trained immunity.



Mevalonate kinase deficiency

Mevalonate Kinase Deficiency, is an autoinflammatory disease caused by a mutation in mevalonate kinase (55). Patients have recurrent fever flares with gastrointestinal involvement (abdominal pain, diarrhea, vomiting), arthralgia or even arthritis, lymphadenopathy, and skin lesions (56). Patients with mevalonic aciduria may have psychomotor retardation with a cerebellar syndrome related to cerebellar atrophy (57).

It has been shown that PBMCs of MKD patients release more proinflammatory cytokines (IL1, IL6, TNFα) in an unstimulated state, and show an increase in the release after stimulation by LPS (55). Bekkering et al., showed that monocytes from MKD patients display a trained immunity phenotype and that this mechanism is associated with modifications in the H3K27ac marker (33). In a transcriptome study, MKD patients were shown to have higher-expressed glycolysis-related genes, which returned to normal after anti-IL1β canakinumab treatment (58). The increase of pro-inflammatory cytokines, epigenetic modification, and glycolysis-shift point toward a trained immunity phenotype.



Tumor necrosis factor receptor-associated periodic syndrome

Tumor Necrosis Factor Receptor-Associated Periodic Syndrome (TRAPS) is caused by a dominant mutation in TNF Receptor Super Family 1A (TNFRSF1A). Symptoms are fever flares from 5 days up to 3 weeks, it involves abdominal manifestations (peritonitis-like abdomen), skin manifestations, and oedematous, of various sizes with hazy edges. Its main complication is secondary amyloidosis (59).

Monocytes of TRAPS patients present an overexpression of IL1β and IL1R1 receptor compared to healthy controls, at baseline, without stimulation. On the other hand, TGFβ and IFN type I and type II gene expression is downregulated (60). Interestingly, TRAPS patients are responsive to IL1-blockade treatment, as shown by clinical studies and real-life experience (61). Torene et al. showed that treatment with canakinumab, an IL1β inhibitor, reduces overexpressed genes, including TNFRSF1A gene expression, and put them to levels comparable to healthy donors (62). These modifications underline a possible trained immunity implication.




Polygenic autoinflammatory diseases and trained immunity

Polygenic autoinflammatory diseases do not have a clear genetic signature. However, there are hints of trained immunity phenotype that we will discuss here.


Chronic non-bacterial osteomyelitis

Chronic Non-bacterial Osteomyelitis (CNO) or Chronic Recurrent Multifocal Osteomyelitis (CRMO) is a bone disorder caused by bone inflammation. Symptoms include bone pain, swelling, and sometimes redness. Other symptoms may include psoriasis and palmoplantar pustulosis, inflammatory bowel disease, and severe acne. Some patients also display symptoms compatible with spondylarthritis (63).

Monocytes from CRMO patients show increased amounts of pro-inflammatory cytokines (IL1ß, IL6, TNFα) at baseline without stimulation (64, 65) and after stimulation (65). It was also found that this overexpression was associated with diminished phosphorylation of histone H3 serine 10 (H3S10), an activating epigenetic mark (65). Both of which could be linked to trained immunity phenotype.



Behcet’s disease

Behcet’s disease (BD) is a vasculitis that can affect both veinous and arterial vessels. It can manifest with eye involvement, genital and oral aphthous, thrombosis, joint involvement, skin manifestations, and neurological manifestations (66). Its exact physiopathology is unknown but monocytes are part of the explanation (67, 68). Monocytes of BD patients produce more proinflammatory cytokines like TNFα, IL6, and IL8, without stimulation and after stimulation by LPS (69, 70). Colchicine, also used in FMF, has been an efficient treatment for a long time (71).

A study looking at TLR4 and TLR2 gene promoters was conducted in Iranian patients with BD. They showed that mRNA of TLR4 was increased in BD-active patients compared to inactive and healthy controls. The methylation rate of the TLR4 gene was reduced in the active and inactive patients compared to healthy controls. The authors suggested that the methylation profile of TLR4 might be involved in the BD pathophysiology (72). Another study involving TLR4 in Duchenne Muscular Dystrophy in a mouse model showed that TLR4 is a regulator of trained immunity. They found that the modified phenotype of monocytes/macrophages is regulated by TLR4. They also showed metabolism changes, increased baseline production in proinflammatory cytokines, and epigenetic modifications (73). All these elements point toward a possible implication of trained immunity.



Sarcoidosis

Sarcoidosis is a systemic disease characterized by non-caseating granulomas. It affects preferentially the lungs and lymph nodes but other organs can be involved such as the heart, the eyes, the skin, the joints, or the central nervous system (74). A juvenile form of sarcoidosis, Blau syndrome, is caused by NOD2/CARD15 mutations (75).

Monocytes of patients with sarcoidosis express more TLR2 and TLR4 (76). Monocytes of sarcoidosis patients show more production of IL6 compared to healthy controls (77). PBMCs of sarcoidosis patients have spontaneous secretion of proinflammatory cytokines (TNFα, IL12) compared to healthy controls. They display higher secretion of TNFα, IL6, IL10, and IL12 after stimulation by LPS or β-glucan (78), as well as IL1β (79). Monocytes of sarcoidosis patients show more oxygen radicals (80) and increased phagocytic activity (81) compared to healthy controls. A study using RNA-sequencing analysis of monocytes from sarcoidosis patients found that the expression of several genes involved in monocyte activation, inflammation, metabolic pathways (interestingly the cholesterol pathway), and oxidative phosphorylation were highly enhanced (82). The cholesterol pathway involvement is of interest as it is a key feature of mevalonate kinase deficiency physiopathology (83). The genetic background, associated with the increase in proinflammatory cytokines secretion, as well as metabolic involvement could suggest trained immunity.




Autoimmune diseases and trained immunity

Autoimmune diseases are characterized by the presence of autoantibodies. They can be organ-specific or more systemic. Classically defined by adaptive immunity and T and B cells aberrations, some evidence also points to an implication of innate cells, to various degrees. We will discuss here how trained immunity traits are described in autoimmune diseases. Trained immunity phenotypes are shown in Table 1.


Systemic lupus erythematosus

Systemic lupus erythematosus is the prototypic systemic autoimmune disease. It is defined by multiple autoantibodies associated with a systemic illness where any organ can be targeted. Its pathophysiology is complex and not fully understood (84). Despite being characterized by autoantibodies, there is growing evidence that monocytes/macrophages can be part of the SLE pathophysiology, as well as other innate immune cells like dendritic cells (85–88). Monocytes from SLE patients have a significantly more important TNFα secretion than monocytes from healthy donors without stimulation (89). PBMCs and monocytes of SLE patients have been shown to have H3K4me3 alterations, one of the hallmarks of trained immunity (90, 91). Epigenetic reprogramming was also found at the hematopoietic level in BM-derived HSPCs from diseased lupus mice with a strong myeloid signature. HSPCs of SLE patients with severe diseases also had changes toward myelopoiesis, confirming the data from the mouse model (92). Metabolic changes impacting DNA methylation/demethylation have been reported in lupus patients (93) and mTOR implications are also reported to be involved in SLE patients (94, 95). Inhibitors of mTOR like sirolimus and everolimus have proven effective in the treatment of lupus (96, 97). Metabolic regulation has been shown to be effective in a lupus mouse model and PBMCs from lupus patients to alleviate symptoms through an mTOR and NLRP3 regulation effect (98). All these metabolic and epigenetic reprogramming, as well as the cells involved, could be explained by trained immunity.



Sjögren’s syndrome

Sjögren’s syndrome is a systemic autoimmune disease causing eye and mouth dryness, fatigue, and joint pain. It can be primary or associated with other autoimmune diseases (99). Monocytes of Sjögren’s syndrome patients showed increased proinflammatory cytokines production (TNFα, IL1, IL6) after stimulation (100–102). Increased proinflammatory cytokines (IL6, IL8) production was also found in monocyte-derived dendritic cells of primary Sjogren patients (103). Histone acetylation was reduced in PBMCs from Sjögren’s patients compared to healthy controls (104). Epigenetic modifications such as DNA methylation is also involved in the pathophysiology (105). Differentially expressed genes were enriched in the cellular and inflammatory response to cytokine in monocytes of Sjögren’s Syndrome patients and SLE patients compared to healthy controls (106). These different elements put together such as cell type, and proinflammatory production, associated with epigenetic modifications are a reminder of trained immunity.



Rheumatoid arthritis

Rheumatoid arthritis (RA) mostly affects joints but can also cause damage to other organs like the lungs. Monocytes have been associated with RA pathophysiology (107). Monocytes from patients exhibit more proinflammatory cytokine (IL1) gene expression (108). After stimulation, they also produce more IL1β and IL6 (109). Metabolic changes toward upregulated glycolysis have been described in RA macrophages (110–112). DNA methylation changes were also found in patients after methotrexate treatment (113). Multiomics techniques will allow new development of therapeutic strategies (114). Increased proinflammatory cytokines production in monocytes, upregulated glycolysis, and methylation changes are features of trained immunity.




Discussion

Under physiological conditions, innate and inflammatory responses are rapid and transient. However, when the system is dysregulated, these responses can be maladapted, too strong and/or persist. Trained immune cells ensure a beneficial prompt response to a second stimulation, yet we hypothesize that they could also be one of the tipping elements leading to flares and/or chronicity of immune-mediated diseases (Figure 2). Their increased responsiveness could contribute to the development and/or maintenance of chronic or recurrent inflammation and tissue destruction, which characterize autoinflammatory and autoimmune diseases. The initial stimulus leading to or fueling autoinflammatory and autoimmune diseases remain to be identified, but trained immunity can be induced by endogenous and environmental stimuli, such as oxidized low-density lipoprotein (oxLDL) and western diet (115–117), that are also known or suspected to participate to the development of autoinflammatory and autoimmune diseases (118, 119). Consequently, strategies targeting metabolism and epigenetic reprogramming, which represent the hallmarks of trained immunity, are being proposed as potential treatments or prevention strategies of autoinflammation and autoimmunity.
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FIGURE 2
Proposed model for the involvement of trained immunity in autoinflammatory and autoimmune diseases. HSPC, hematopoietic stem and progenitor cells.


The expanding field of the pathophysiology of autoinflammatory diseases and autoimmune diseases is wider than ever before thanks to new technologies like single-cell RNA sequencing and high dimensional cytometry. In the study by Zhang et al. the authors studied different stimuli to induce trained immunity in monocytes/macrophages. They used unsupervised cluster analysis, to identify three distinct subsets of macrophages, equally present across the four different stimuli they used. Interestingly, one macrophage subpopulation did not express a trained immunity phenotype. The mechanism by which the differentiation did not occur is not known. Another interesting fact is that the presence or absence of lymphocytes made a difference in cytokine expression, implying an impact of cell-cell interactions, and possibly adaptive immunity cells, on trained immunity (120). The mechanisms through which trained immunity is induced are yet to be fully explained, combining single-cell level analysis with chromatin condensation analysis will be of great help. Another coupling that could be interesting is the analysis of the metabolism of the different cell subpopulations.

New pathways involved in trained immunity are being discovered regularly. IL37, a member of the IL1 family, exerts an anti-inflammatory activity (121). It has been linked to various diseases like SLE (122), arterial stiffness in Behcet’s disease (123), and inflammatory osteoarticular diseases (124). IL37 has been shown to inhibit innate immunity (125) but more recently, Cavalli et al. demonstrated that IL37 can block trained immunity changes. They used a model of Candida albicans infection and looked at trained immunity features like metabolism and epigenetic changes. More specifically, IL37 was responsible for the suppression of glycolysis, of HIF-1α as part of the AKT/mTOR/HIF-1α pathway, and for epigenetic changes (H3K4me3) induced by the trained immunity phenotype (126). After a growing list of stimuli of trained immunity, inhibitors are beginning to be described as well, allowing new explanations for anti-inflammatory mechanisms, and possibly new treatments (127, 128).

Among the many immune-related diseases, autoinflammatory diseases seem to be the more relevant to explore the hypothesis of a trained immunity origin, regarding their innate immunity orientation. Exciting opportunities lie ahead with possible analysis of metabolism, epigenetic modification, single-cell level analysis, and multiple cytokine assays to further characterize their pathophysiology. Trained immunity might bring answers to formerly unknown mechanisms. But at the same time, it will open up new questions regarding disease flares, pathways involved, and even diet and microbiota implications in the pathophysiology. Autoimmune diseases are not to be forgotten as we discussed in this review, even if their pathophysiology is more adaptive immunity oriented. A new chapter is starting for exploring unknown venues and unraveling more discoveries in our immune system physiology journey.



Conclusion

There is growing evidence of the implication of the innate immune system across many autoinflammatory and autoimmune diseases. Trained immunity is not the sole responsible for their pathophysiology but an overactivation loop could participate in the occurrence of flares or chronicity. More studies are necessary to specifically explore metabolic changes, epigenetic modifications, and innate immune cell phenotypes in those diseases. This could allow new therapeutic targets and further understanding of our immune system.



Author contributions

AS had the idea and wrote the manuscript. A-SB, CG and MM made revisions. All authors contributed to the article and approved the submitted version.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Boehm T, Swann J. Origin and evolution of adaptive immunity. Annu Rev Anim Biosci. (2014) 2:259–83.

2. Netea M, Quintin J, van der Meer J. Trained immunity: a memory for innate host defense. Cell Host Microbe. (2011) 9:355–61.

3. Netea M, Schlitzer A, Placek K, Joosten L, Schultze J. Innate and adaptive immune memory: an evolutionary continuum in the host’s response to pathogens. Cell Host Microbe. (2019) 25:13–26. doi: 10.1016/j.chom.2018.12.006

4. Kachroo A, Robin G. Systemic signaling during plant defense. Curr Opin Plant Biol. (2013) 16:527–33.

5. Kurtz J. Specific memory within innate immune systems. Trends Immunol. (2005) 26:186–92.

6. Davidson A, Diamond B. Autoimmune diseases. N Engl J Med. (2001) 345:340–50.

7. Galon J, Aksentijevich I, McDermott M, O’Shea J, Kastner D. TNFRSF1A mutations and autoinflammatory syndromes. Curr Opin Immunol. (2000) 12:479–86.

8. Georgin-Lavialle S, Ducharme-Benard S, Sarrabay G, Savey L, Grateau G, Hentgen V. Systemic autoinflammatory diseases: clinical state of the art. Best Pract Res Clin Rheumatol. (2020) 34:101529.

9. McGonagle D, McDermott M. A proposed classification of the immunological diseases. PLoS Med. (2006) 3:e297. doi: 10.1371/journal.pmed.0030297

10. Strasser E, Eckstein R. Optimization of leukocyte collection and monocyte isolation for dendritic cell culture. Transfus Med Rev. (2010) 24:130–9.

11. Connelly A, Huijbregts R, Pal H, Kuznetsova V, Davis M, Ong K, et al. Optimization of methods for the accurate characterization of whole blood neutrophils. Sci Rep. (2022) 12:3667. doi: 10.1038/s41598-022-07455-2

12. Macosko E, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, et al. Highly parallel genome-wide expression profiling of individual cells using nanoliter droplets. Cell. (2015) 161:1202–14. doi: 10.1016/j.cell.2015.05.002

13. Stubbington M, Lönnberg T, Proserpio V, Clare S, Speak A, Dougan G, et al. T cell fate and clonality inference from single-cell transcriptomes. Nat Methods. (2016) 13:329–32. doi: 10.1038/nmeth.3800

14. Bandura D, Baranov V, Ornatsky O, Antonov A, Kinach R, Lou X, et al. Mass cytometry: technique for real time single cell multitarget immunoassay based on inductively coupled plasma time-of-flight mass spectrometry. Anal Chem. (2009) 81:6813–22. doi: 10.1021/ac901049w

15. Frei A, Bava F, Zunder E, Hsieh E, Chen S, Nolan G, et al. Highly multiplexed simultaneous detection of RNAs and proteins in single cells. Nat Methods. (2016) 13:269–75.

16. Brodin P, Duffy D, Quintana-Murci L. A call for blood-in human immunology. Immunity. (2019) 50:1335–6. doi: 10.1016/j.immuni.2019.05.012

17. Medzhitov R, Janeway C. Innate immunity. N Engl J Med. (2000) 343:338–44.

18. Joshi N, Walter J, Misharin A. Alveolar macrophages. Cell Immunol. (2018) 330:86–90.

19. Nguyen-Lefebvre A, Horuzsko A. Kupffer cell metabolism and function. J Enzymol Metab. (2015) 1:101.

20. Moorlag S, Röring R, Joosten L, Netea M. The role of the interleukin-1 family in trained immunity. Immunol Rev. (2018) 281:28–39.

21. Netea M, Domínguez-Andrés J, Barreiro L, Chavakis T, Divangahi M, Fuchs E, et al. Defining trained immunity and its role in health and disease. Nat Rev Immunol. (2020) 20:375–88.

22. Teufel L, Arts R, Netea M, Dinarello C, Joosten L. IL-1 family cytokines as drivers and inhibitors of trained immunity. Cytokine. (2022) 150:155773. doi: 10.1016/j.cyto.2021.155773

23. Amarante-Mendes G, Adjemian S, Branco L, Zanetti L, Weinlich R, Bortoluci K. Pattern recognition receptors and the host cell death molecular machinery. Front Immunol. (2018) 9:2379. doi: 10.3389/fimmu.2018.02379

24. Moretti J, Blander J. Insights into phagocytosis-coupled activation of pattern recognition receptors and inflammasomes. Curr Opin Immunol. (2014) 26:100–10. doi: 10.1016/j.coi.2013.11.003

25. Hoppenbrouwers T, Autar A, Sultan A, Abraham T, van Cappellen W, Houtsmuller A, et al. In vitro induction of NETosis: comprehensive live imaging comparison and systematic review. PloS One. (2017) 12:e0176472. doi: 10.1371/journal.pone.0176472

26. Snezhkina A, Kudryavtseva A, Kardymon O, Savvateeva M, Melnikova N, Krasnov G, et al. ROS generation and antioxidant defense systems in normal and malignant cells. Oxid Med Cell Longev. (2019) 2019:6175804.

27. Patel A, Zhang Y, Fullerton J, Boelen L, Rongvaux A, Maini A, et al. The fate and lifespan of human monocyte subsets in steady state and systemic inflammation. J Exp Med. (2017) 214:1913–23. doi: 10.1084/jem.20170355

28. Hidalgo A, Chilvers E, Summers C, Koenderman L. The neutrophil life cycle. Trends Immunol. (2019) 40:584–97.

29. Mitroulis I, Ruppova K, Wang B, Chen L, Grzybek M, Grinenko T, et al. Modulation of myelopoiesis progenitors is an integral component of trained immunity. Cell. (2018) 172:147–61.e12.

30. Kaufmann E, Sanz J, Dunn J, Khan N, Mendonça L, Pacis A, et al. BCG educates hematopoietic stem cells to generate protective innate immunity against tuberculosis. Cell. (2018) 172:176–90.e19. doi: 10.1016/j.cell.2017.12.031

31. Saxton R, Sabatini D. mTOR signaling in growth, metabolism, and disease. Cell. (2017) 168:960–76.

32. Arts R, Carvalho A, La Rocca C, Palma C, Rodrigues F, Silvestre R, et al. Immunometabolic pathways in BCG-induced trained immunity. Cell Rep. (2016) 17:2562–71.

33. Bekkering S, Arts R, Novakovic B, Kourtzelis I, van der Heijden C, Li Y, et al. Metabolic induction of trained immunity through the mevalonate pathway. Cell. (2018) 172:135–46.e9.

34. Arts R, Novakovic B, Ter Horst R, Carvalho A, Bekkering S, Lachmandas E, et al. Glutaminolysis and fumarate accumulation integrate immunometabolic and epigenetic programs in trained immunity. Cell Metab. (2016) 24:807–19. doi: 10.1016/j.cmet.2016.10.008

35. Pérez-Hernández C, Kern C, Butkeviciute E, McCarthy E, Dockrell H, Moreno-Altamirano M, et al. Mitochondrial signature in human monocytes and resistance to infection in c. elegans during fumarate-induced innate immune training. Front Immunol. (2020) 11:1715. doi: 10.3389/fimmu.2020.01715

36. Lin J, Ren J, Gao D, Dai Y, Yu L. The emerging application of itaconate: promising molecular targets and therapeutic opportunities. Front Chem. (2021) 9:669308. doi: 10.3389/fchem.2021.669308

37. Ghisletti S, Barozzi I, Mietton F, Polletti S, De Santa F, Venturini E, et al. Identification and characterization of enhancers controlling the inflammatory gene expression program in macrophages. Immunity. (2010) 32:317–28.

38. Smale S, Tarakhovsky A, Natoli G. Chromatin contributions to the regulation of innate immunity. Annu Rev Immunol. (2014) 32:489–511. doi: 10.1146/annurev-immunol-031210-101303

39. Quintin J, Saeed S, Martens J, Giamarellos-Bourboulis E, Ifrim D, Logie C, et al. Candida albicans infection affords protection against reinfection via functional reprogramming of monocytes. Cell Host Microbe. (2012) 12:223–32. doi: 10.1016/j.chom.2012.06.006

40. Domínguez-Andrés J, Fanucchi S, Joosten L, Mhlanga M, Netea M. Advances in understanding molecular regulation of innate immune memory. Curr Opin Cell Biol. (2020) 63:68–75.

41. Ben-Chetrit E, Gattorno M, Gul A, Kastner D, Lachmann H, Touitou I, et al. Consensus proposal for taxonomy and definition of the autoinflammatory diseases (AIDs): a delphi study. Ann Rheum Dis. (2018) 77:1558–65. doi: 10.1136/annrheumdis-2017-212515

42. Carta S, Tassi S, Delfino L, Omenetti A, Raffa S, Torrisi M, et al. Deficient production of IL-1 receptor antagonist and IL-6 coupled to oxidative stress in cryopyrin-associated periodic syndrome monocytes. Ann Rheum Dis. (2012) 71:1577–81. doi: 10.1136/annrheumdis-2012-201340

43. Mortimer L, Moreau F, MacDonald J, Chadee K. NLRP3 inflammasome inhibition is disrupted in a group of auto-inflammatory disease CAPS mutations. Nat Immunol. (2016) 17:1176–86. doi: 10.1038/ni.3538

44. Pyrillou K, Burzynski L, Clarke M. Alternative pathways of il-1 activation, and its role in health and disease. Front Immunol. (2020) 11:613170. doi: 10.3389/fimmu.2020.613170

45. Vento-Tormo R, Álvarez-Errico D, Garcia-Gomez A, Hernández-Rodríguez J, Buján S, Basagaña M, et al. DNA demethylation of inflammasome-associated genes is enhanced in patients with cryopyrin-associated periodic syndromes. J Allergy Clin Immunol. (2017) 139:202–11.e6. doi: 10.1016/j.jaci.2016.05.016

46. Camilli G, Bohm M, Piffer A, Lavenir R, Williams D, Neven B, et al. β-Glucan–induced reprogramming of human macrophages inhibits NLRP3 inflammasome activation in cryopyrinopathies. J Clin Invest. (2020) 130:4561–73. doi: 10.1172/JCI134778

47. O’Neill L, Artyomov M. Itaconate: the poster child of metabolic reprogramming in macrophage function. Nat Rev Immunol. (2019) 19:273–81. doi: 10.1038/s41577-019-0128-5

48. Hooftman A, Angiari S, Hester S, Corcoran S, Runtsch M, Ling C, et al. The immunomodulatory metabolite itaconate modifies NLRP3 and inhibits inflammasome activation. Cell Metab. (2020) 32:468–78.e7. doi: 10.1016/j.cmet.2020.07.016

49. Georgin-Lavialle S, Hentgen V, Stankovic Stojanovic K, Bachmeyer C, Rodrigues F, Savey L, et al. [Familial mediterranean fever]. Rev Med Interne. (2018) 39:240–55.

50. Schattner A, Lachmi M, Livneh A, Pras M, Hahn T. Tumor necrosis factor in familial Mediterranean fever. Am J Med. (1991) 90:434–8.

51. Direskeneli H, Ozdogan H, Korkmaz C, Akoglu T, Yazici H. Serum soluble intercellular adhesion molecule 1 and interleukin 8 levels in familial Mediterranean fever. J Rheumatol. (1999) 26:1983–6.

52. Davtyan T, Hakopyan G, Avetisyan S, Mkrtchyan N. Impaired endotoxin tolerance induction in patients with familial Mediterranean fever. Pathobiol J Immunopathol Mol Cell Biol. (2006) 73:26–39.

53. Ibrahim J, Jounblat R, Delwail A, Abou-Ghoch J, Salem N, Chouery E, et al. Ex vivo PBMC cytokine profile in familial Mediterranean fever patients: involvement of IL-1β, IL-1α and Th17-associated cytokines and decrease of Th1 and Th2 cytokines. Cytokine. (2014) 69:248–54. doi: 10.1016/j.cyto.2014.06.012

54. Simsek I, Pay S, Pekel A, Dinc A, Musabak U, Erdem H, et al. Serum proinflammatory cytokines directing T helper 1 polarization in patients with familial Mediterranean fever. Rheumatol Int. (2007) 27:807–11. doi: 10.1007/s00296-006-0301-6

55. Drenth J, Cuisset L, Grateau G, Vasseur C, van de Velde-Visser S, de Jong J, et al. Mutations in the gene encoding mevalonate kinase cause hyper-igd and periodic fever syndrome. International hyper-IgD study group. Nat Genet. (1999) 22:178–81. doi: 10.1038/9696

56. Bader-Meunier B, Florkin B, Sibilia J, Acquaviva C, Hachulla E, Grateau G, et al. Mevalonate kinase deficiency: a survey of 50 patients. Pediatrics. (2011) 128:e152–9.

57. Haas D, Hoffmann G. Mevalonate kinase deficiencies: from mevalonic aciduria to hyperimmunoglobulinemia D syndrome. Orphanet J Rare Dis. (2006) 1:13.

58. Arostegui J, Anton J, Calvo I, Robles A, Iglesias E, López-Montesinos B, et al. Open-label, phase II study to assess the efficacy and safety of canakinumab treatment in active hyperimmunoglobulinemia d with periodic fever syndrome. Arthritis Rheumatol Hoboken NJ. (2017) 69:1679–88. doi: 10.1002/art.40146

59. Lachmann H, Papa R, Gerhold K, Obici L, Touitou I, Cantarini L, et al. The phenotype of TNF receptor-associated autoinflammatory syndrome (TRAPS) at presentation: a series of 158 cases from the EUROFEVER/EUROTRAPS international registry. Ann Rheum Dis. (2014) 73:2160–7. doi: 10.1136/annrheumdis-2013-204184

60. Borghini S, Ferrera D, Prigione I, Fiore M, Ferraris C, Mirisola V, et al. Gene expression profile in TNF receptor-associated periodic syndrome reveals constitutively enhanced pathways and new players in the underlying inflammation. Clin Exp Rheumatol. (2016) 34:S121–8.

61. Gattorno M, Pelagatti M, Meini A, Obici L, Barcellona R, Federici S, et al. Persistent efficacy of anakinra in patients with tumor necrosis factor receptor-associated periodic syndrome. Arthritis Rheum. (2008) 58:1516–20.

62. Torene R, Nirmala N, Obici L, Cattalini M, Tormey V, Caorsi R, et al. Canakinumab reverses overexpression of inflammatory response genes in tumour necrosis factor receptor-associated periodic syndrome. Ann Rheum Dis. (2017) 76:303–9. doi: 10.1136/annrheumdis-2016-209335

63. Schnabel A, Range U, Hahn G, Siepmann T, Berner R, Hedrich C. Unexpectedly high incidences of chronic non-bacterial as compared to bacterial osteomyelitis in children. Rheumatol Int. (2016) 36:1737–45.

64. Hofmann S, Kubasch A, Range U, Laass M, Morbach H, Girschick H, et al. Serum biomarkers for the diagnosis and monitoring of chronic recurrent multifocal osteomyelitis (CRMO). Rheumatol Int. (2016) 36:769–79.

65. Hofmann S, Kubasch A, Ioannidis C, Rösen-Wolff A, Girschick H, Morbach H, et al. Altered expression of IL-10 family cytokines in monocytes from CRMO patients result in enhanced IL-1β expression and release. Clin Immunol Orlando Fla. (2015) 161:300–7. doi: 10.1016/j.clim.2015.09.013

66. International Team for the Revision of the International Criteria for Behçet’s Disease [ITR-ICBD]. The international criteria for behçet’s disease (ICBD): a collaborative study of 27 countries on the sensitivity and specificity of the new criteria. J Eur Acad Dermatol Venereol JEADV. (2014) 28:338–47. doi: 10.1111/jdv.12107

67. Nieto I, Alabau J. Immunopathogenesis of behçet disease. Curr Rheumatol Rev. (2020) 16:12–20.

68. Zheng W, Wang X, Liu J, Yu X, Li L, Wang H, et al. Single-cell analyses highlight the proinflammatory contribution of C1q-high monocytes to behçet’s disease. Proc Natl Acad Sci USA. (2022) 119:e2204289119. doi: 10.1073/pnas.2204289119

69. Mege J, Dilsen N, Sanguedolce V, Gul A, Bongrand P, Roux H, et al. Overproduction of monocyte derived tumor necrosis factor alpha, interleukin (IL) 6, IL-8 and increased neutrophil superoxide generation in behçet’s disease. A comparative study with familial Mediterranean fever and healthy subjects. J Rheumatol. (1993) 20:1544–9.

70. Sahin S, Lawrence R, Direskeneli H, Hamuryudan V, Yazici H, Akoðlu T. Monocyte activity in behçet’s disease. Rheumatology. (1996) 35:424–9.

71. Raynor A, Askari A. Behçet’s disease and treatment with colchicine. J Am Acad Dermatol. (1980) 2:396–400.

72. Kolahi S, Rashtchizadeh N, Mahdavi A, Farhadi J, Khabbazi A, Sakhinia E, et al. Evaluation of DNA methylation status of toll-like receptors 2 and 4 promoters in behcet’s disease. J Gene Med. (2020) 22:e3234. doi: 10.1002/jgm.3234

73. Bhattarai S, Li Q, Ding J, Liang F, Gusev E, Lapohos O, et al. TLR4 is a regulator of trained immunity in a murine model of duchenne muscular dystrophy. Nat Commun. (2022) 13:879. doi: 10.1038/s41467-022-28531-1

74. Drent M, Crouser E, Grunewald J. Challenges of sarcoidosis and its management. N Engl J Med. (2021) 385:1018–32.

75. Miceli-Richard C, Lesage S, Rybojad M, Prieur A, Manouvrier-Hanu S, Häfner R, et al. CARD15 mutations in Blau syndrome. Nat Genet. (2001) 29:19–20.

76. Wikén M, Grunewald J, Eklund A, Wahlström J. Higher monocyte expression of TLR2 and TLR4, and enhanced pro-inflammatory synergy of TLR2 with NOD2 stimulation in sarcoidosis. J Clin Immunol. (2009) 29:78–89. doi: 10.1007/s10875-008-9225-0

77. Sahashi K, Ina Y, Takada K, Sato T, Yamamoto M, Morishita M. Significance of interleukin 6 in patients with sarcoidosis. CHEST. (1994) 106:156–60.

78. Terčelj M, Stopinšek S, Ihan A, Salobir B, Simčič S, Wraber B, et al. In vitro and in vivo reactivity to fungal cell wall agents in sarcoidosis. Clin Exp Immunol. (2011) 166:87–93.

79. Terao I, Hashimoto S, Horie T. Effect of GM-CSF on TNF-alpha and IL-1-beta production by alveolar macrophages and peripheral blood monocytes from patients with sarcoidosis. Int Arch Allergy Immunol. (1993) 102:242–8. doi: 10.1159/000236532

80. Barth J, Entzian P, Petermann W. Increased release of free oxygen radicals by phagocytosing and nonphagocytosing cells from patients with active pulmonary sarcoidosis as revealed by luminol-dependent chemiluminescence. Klin Wochenschr. (1988) 66:292–7. doi: 10.1007/BF01727514

81. Dubaniewicz A, Typiak M, Wybieralska M, Szadurska M, Nowakowski S, Staniewicz-Panasik A, et al. Changed phagocytic activity and pattern of Fcγ and complement receptors on blood monocytes in sarcoidosis. Hum Immunol. (2012) 73:788–94. doi: 10.1016/j.humimm.2012.05.005

82. Talreja J, Farshi P, Alazizi A, Luca F, Pique-Regi R, Samavati L. RNA-sequencing identifies novel pathways in sarcoidosis monocytes. Sci Rep. (2017) 7:2720.

83. Akula M, Shi M, Jiang Z, Foster C, Miao D, Li A, et al. Control of the innate immune response by the mevalonate pathway. Nat Immunol. (2016) 17:922–9.

84. Rahman A, Isenberg D. Systemic lupus erythematosus. N Engl J Med. (2008) 358:929–39.

85. Pisetsky D. The role of innate immunity in the induction of autoimmunity. Autoimmun Rev. (2008) 8:69–72.

86. Morell M, Varela N, Marañón C. Myeloid populations in systemic autoimmune diseases. Clin Rev Allergy Immunol. (2017) 53:198–218.

87. Liu L, Yin X, Wen L, Yang C, Sheng Y, Lin Y, et al. Several critical cell types, tissues, and pathways are implicated in genome-wide association studies for systemic lupus erythematosus. G3 Bethesda Md. (2016) 6:1503–11.

88. Kavai M, Szegedi G. Immune complex clearance by monocytes and macrophages in systemic lupus erythematosus. Autoimmun Rev. (2007) 6:497–502.

89. Steinbach F, Henke F, Krause B, Thiele B, Burmester G, Hiepe F. Monocytes from systemic lupus erythematous patients are severely altered in phenotype and lineage flexibility. Ann Rheum Dis. (2000) 59:283–8. doi: 10.1136/ard.59.4.283

90. Dai Y, Zhang L, Hu C, Zhang Y. Genome-wide analysis of histone H3 lysine 4 trimethylation by ChIP-chip in peripheral blood mononuclear cells of systemic lupus erythematosus patients. Clin Exp Rheumatol. (2010) 28:158–68.

91. Zhang Z, Shi L, Dawany N, Kelsen J, Petri M, Sullivan K. H3K4 tri-methylation breadth at transcription start sites impacts the transcriptome of systemic lupus erythematosus. Clin Epigenetics. (2016) 8:14. doi: 10.1186/s13148-016-0179-4

92. Grigoriou M, Banos A, Filia A, Pavlidis P, Giannouli S, Karali V, et al. Transcriptome reprogramming and myeloid skewing in haematopoietic stem and progenitor cells in systemic lupus erythematosus. Ann Rheum Dis. (2020) 79:242–53. doi: 10.1136/annrheumdis-2019-215782

93. Oaks Z, Perl A. Metabolic control of the epigenome in systemic lupus erythematosus. Autoimmunity. (2014) 47:256–64.

94. Oaks Z, Winans T, Huang N, Banki K, Perl A. Activation of the mechanistic target of rapamycin in sle: explosion of evidence in the last five years. Curr Rheumatol Rep. (2016) 18:73. doi: 10.1007/s11926-016-0622-8

95. Robinson G, Wilkinson M, Wincup C. The role of immunometabolism in the pathogenesis of systemic lupus erythematosus. Front Immunol. (2021) 12:806560. doi: 10.3389/fimmu.2021.806560

96. Jiang N, Li M, Zhang H, Duan X, Li X, Fang Y, et al. Sirolimus versus tacrolimus for systemic lupus erythematosus treatment: results from a real-world CSTAR cohort study. Lupus Sci Med. (2022) 9:e000617. doi: 10.1136/lupus-2021-000617

97. Okita Y, Yoshimura M, Katada Y, Saeki Y, Ohshima S. A mechanistic target of rapamycin (mtor) inhibitor, everolimus safely ameliorated lupus nephritis in a patient complicated with tuberous sclerosis. Mod Rheumatol Case Rep. (2022). [Epub ahead of print]. doi: 10.1093/mrcr/rxac033

98. Zhang X, Wang G, Bi Y, Jiang Z, Wang X. Inhibition of glutaminolysis ameliorates lupus by regulating T and B cell subsets and downregulating the mTOR/P70S6K/4EBP1 and NLRP3/caspase-1/IL-1β pathways in MRL/lpr mice. Int Immunopharmacol. (2022) 112:109133. doi: 10.1016/j.intimp.2022.109133

99. Mariette X, Criswell L. Primary sjögren’s syndrome. N Engl J Med. (2018) 378:931–9.

100. Hauk V, Fraccaroli L, Grasso E, Eimon A, Ramhorst R, Hubscher O, et al. Monocytes from sjögren’s syndrome patients display increased vasoactive intestinal peptide receptor 2 expression and impaired apoptotic cell phagocytosis. Clin Exp Immunol. (2014) 177:662–70. doi: 10.1111/cei.12378

101. Enk C, Oxholm P, Tvede N, Bendtzen K. Blood mononuclear cells in patients with primary sjögren’s syndrome: production of interleukins, enumeration of interleukin-2 receptors, and DNA synthesis. Scand J Rheumatol Suppl. (1986) 61:131–4.

102. Yoshimoto K, Tanaka M, Kojima M, Setoyama Y, Kameda H, Suzuki K, et al. Regulatory mechanisms for the production of BAFF and IL-6 are impaired in monocytes of patients of primary sjögren’s syndrome. Arthritis Res Ther. (2011) 13:R170. doi: 10.1186/ar3493

103. Volchenkov R, Brun J, Jonsson R, Appel S. In vitro suppression of immune responses using monocyte-derived tolerogenic dendritic cells from patients with primary sjögren’s syndrome. Arthritis Res Ther. (2013) 15:R114. doi: 10.1186/ar4294

104. Lv X, Zhou M, Zhang Q, He Y, Wang Y, Xuan J, et al. Abnormal histones acetylation in patients with primary sjögren’s syndrome. Clin Rheumatol. (2022) 41:1465–72. doi: 10.1007/s10067-021-06036-4

105. Li P, Han M, Zhao X, Ren G, Mei S, Zhong C. Abnormal epigenetic regulations in the immunocytes of sjögren’s syndrome patients and therapeutic potentials. Cells. (2022) 11:1767. doi: 10.3390/cells11111767

106. Lee K, Mun S, Kim S, Shin W, Jung W, Paek J, et al. The inflammatory signature in monocytes of sjögren’s syndrome and systemic lupus erythematosus, revealed by the integrated reactome and drug target analysis. Genes Genomics. (2022) 44:1215–29. doi: 10.1007/s13258-022-01308-y

107. Häupl T, Østensen M, Grützkau A, Radbruch A, Burmester G, Villiger P. Reactivation of rheumatoid arthritis after pregnancy: increased phagocyte and recurring lymphocyte gene activity. Arthritis Rheum. (2008) 58:2981–92. doi: 10.1002/art.23907

108. Stuhlmüller B, Ungethüm U, Scholze S, Martinez L, Backhaus M, Kraetsch H, et al. Identification of known and novel genes in activated monocytes from patients with rheumatoid arthritis. Arthritis Rheum. (2000) 43:775–90. doi: 10.1002/1529-0131(200004)43:4<775::AID-ANR8>3.0.CO;2-7

109. Lioté F, Boval-Boizard B, Weill D, Kuntz D, Wautier J. Blood monocyte activation in rheumatoid arthritis: increased monocyte adhesiveness, integrin expression, and cytokine release. Clin Exp Immunol. (1996) 106:13–9.

110. Qiu J, Wu B, Goodman S, Berry G, Goronzy J, Weyand C. Metabolic control of autoimmunity and tissue inflammation in rheumatoid arthritis. Front Immunol. (2021) 12:652771. doi: 10.3389/fimmu.2021.652771

111. Cai W, Yu Y, Zong S, Wei F. Metabolic reprogramming as a key regulator in the pathogenesis of rheumatoid arthritis. Inflamm Res Off J Eur Histamine Res Soc Al. (2020) 69:1087–101.

112. Weyand C, Zeisbrich M, Goronzy J. Metabolic signatures of T-cells and macrophages in rheumatoid arthritis. Curr Opin Immunol. (2017) 46:112–20.

113. Guderud K, Sunde L, Flåm S, Mæhlen M, Mjaavatten M, Lillegraven S, et al. Rheumatoid arthritis patients, both newly diagnosed and methotrexate treated, show more DNA methylation differences in CD4+ memory than in CD4+ naïve T cells. Front Immunol. (2020) 11:194. doi: 10.3389/fimmu.2020.00194

114. Madrid-Paredes A, Martín J, Márquez A-. Omic approaches and treatment response in rheumatoid arthritis. Pharmaceutics. (2022) 14:1648.

115. Christ A, Günther P, Lauterbach M, Duewell P, Biswas D, Pelka K, et al. Western diet triggers NLRP3-dependent innate immune reprogramming. Cell. (2018) 172:162–75.e14. doi: 10.1016/j.cell.2017.12.013

116. Findeisen H, Voges V, Braun L, Sonnenberg J, Schwarz D, Körner H, et al. LXRα regulates oxLDL-induced trained immunity in macrophages. Int J Mol Sci. (2022) 23:6166. doi: 10.3390/ijms23116166

117. Schnack L, Sohrabi Y, Lagache S, Kahles F, Bruemmer D, Waltenberger J, et al. Mechanisms of trained innate immunity in oxldl primed human coronary smooth muscle cells. Front Immunol. (2019) 10:13. doi: 10.3389/fimmu.2019.00013

118. Christ A, Lauterbach M, Latz E. Western diet and the immune system: an inflammatory connection. Immunity. (2019) 51:794–811.

119. Manzel A, Muller D, Hafler D, Erdman S, Linker R, Kleinewietfeld M. Role of « western diet » in inflammatory autoimmune diseases. Curr Allergy Asthma Rep. (2014) 14:404.

120. Zhang B, Moorlag S, Dominguez-Andres J, Bulut Ö, Kilic G, Liu Z, et al. Single-cell RNA sequencing reveals induction of distinct trained-immunity programs in human monocytes. J Clin Invest. (2022) 132:e147719. doi: 10.1172/JCI147719

121. Su Z, Tao X. Current understanding of IL-37 in human health and disease. Front Immunol. (2021) 12:696605. doi: 10.3389/fimmu.2021.696605

122. Wu Q, Zhou J, Yuan Z, Lan Y, Xu W, Huang A. Association between IL-37 and systemic lupus erythematosus risk. Immunol Invest. (2022) 51:727–38. doi: 10.1080/08820139.2020.1869254

123. Hussein M, Ramadan M, Moneam M, Halim H, Ghaffar N, Fawzy M. Interleukin 37; a possible marker of arterial stiffness in behçet’s disease. Am J Med Sci. (2022) 364:425–32. doi: 10.1016/j.amjms.2022.04.013

124. Wu P, Zhou J, Wu Y, Zhao L. The emerging role of interleukin 37 in bone homeostasis and inflammatory bone diseases. Int Immunopharmacol. (2021) 98:107803. doi: 10.1016/j.intimp.2021.107803

125. Nold M, Nold-Petry C, Zepp J, Palmer B, Bufler P, Dinarello C. IL-37 is a fundamental inhibitor of innate immunity. Nat Immunol. (2010) 11:1014–22.

126. Cavalli G, Tengesdal I, Gresnigt M, Nemkov T, Arts R, Domínguez-Andrés J, et al. The anti-inflammatory cytokine interleukin-37 is an inhibitor of trained immunity. Cell Rep. (2021) 35:108955.

127. van Leent M, Priem B, Schrijver D, de Dreu A, Hofstraat S, Zwolsman R, et al. Regulating trained immunity with nanomedicine. Nat Rev Mater. (2022) 7:465–81.

128. Mulder W, Ochando J, Joosten L, Fayad Z, Netea M. Therapeutic targeting of trained immunity. Nat Rev Drug Discov. (2019) 18:553–66.



OPS/images/fmed-09-1085339-t001.jpg
Disease

Metabolic change

Epigenetic change

Cells involved

Cytokines

Cryopyrin-associated periodic = DNA demethylation is decreased | Monocytes from patients | Increase in IL1p and IL18 (42, 43) Itaconate blocks IL1B secretion from
syndrome in untreated patients (45) exhibit higher levels of adecrease of IL6 and IL1RA (42, 43) PBMC:s of CAPS patients (48)
(CAPS) ROS and mitochondria B glucan-induced macrophages
alteration (42, 43) inhibit NLRP3 inflammasome
activation (46)
Familial Mediterranean fever - - PBMCs, Monocytes Increased secretion of IL6 and TNFa between -
(FMF) flares
Increased secretion of IL1a, IL1B, IL6, IL8, IL12,
IL18, and TNFa than cells from healthy donors
(50-54)
Mevalonate kinase deficiency Higher-expressed Modifications in the H3K27ac PBMCs Increased proinflammatory cytokines (IL1, IL6, -
(MKD) glycolysis-related genes, returned | marker (33) TNFa) in an unstimulated state, and show an
to normal after anti-IL1f increase of release after stimulation by LPS than
(canakinumab) treatment (58) healthy donors (55)
Tumor necrosis factor — — Monocytes Overexpression of IL1f and IL1R1r compared to IL1-blockade treatment improves
receptor-associated periodic healthy controls (60) patients (61)
syndrome (TRAPS) Downregulation of TGFp and IEN type I and type | Treatment with an IL1p inhibitor
1I gene expression (60) reduces overexpressed genes to levels
comparable to healthy donors (62)
Chronic non-bacterial = Diminished phosphorylation of Monocytes Increased amounts of pro-inflammatory cytokines | -
osteomyelitis histone H3 serine 10 (H3S10) (65) (IL18, IL6, TNFa) without stimulation and after
stimulation (64, 65)
Behcet’s disease (BD) - Reduced methylation rate of Monocytes Increased amounts of pro-inflammatory cytokines -
TLR4 in BD patients (72) (TNFa, IL6, IL8) without stimulation and after
stimulation by LPS (69, 70)
Sarcoidosis Higher gene expression of genes - Monocytes, PBMCs Higher secretion of TNFa, IL18, IL6, IL10, IL12. Increased phagocytic activity (81)

involved in the cholesterol
pathway (83)

(77-79)

Systemic lupus erythematosus
(SLE)

mTOR modifications (94, 95)

DNA methylation modifications.
(93)
H3K4me3 modifications (90, 91)

Monocytes (85-88)

Higher secretion of TNFa (89)

Stronger myeloid signature from
HSPCs of a mouse model of SLE (92)
mTOR inhibitors have proven
effective (96, 97)

Sjogren’s Syndrome

Reduced histone acetylation (104)
DNA methylation modifications
(105)

Monocytes
Monocytes-derived
dendritic cells

Higher secretion of IL6, IL8 (100-102)

Higher differentially expressed genes
of inflammatory pathways (106)

Rheumatoid arthritis

Glycolysis shift (110-112).

DNA methylation after treatment
(113)

Monocytes, macrophages

Higher secretion of IL18 and IL6 (108, 109)
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