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Sepsis is characterized by an initial hyperinflammatory response, with intense cell activation and cytokine storm. In parallel, a prolonged compensatory anti-inflammatory response, known as immunological tolerance, can lead to immunosuppression. Clinically, this condition is associated with multiple organ failure, resulting in the patient's death. The mechanisms underlying the pathophysiology of sepsis are not yet fully understood, but evidence is strong showing that epigenetic changes, including DNA methylation and post-translational modifications of histones, modulate the inflammatory response of sepsis. During the onset of infection, host cells undergo epigenetic changes that favor pathogen survival. Besides, epigenetic changes in essential genes also orchestrate the patient's inflammatory response. In this review, we gathered studies on sepsis and epigenetics to show the central role of epigenetic mechanisms in various aspects of the pathogenesis of sepsis and the potential of epigenetic interventions for its treatment.
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INTRODUCTION

Sepsis is a syndrome that includes different abnormalities, described in 1992 as systemic inflammatory response syndrome. It was believed that its pathogenesis was mainly due to an unbalanced inflammatory response of the organism triggered by the presence of an infectious agent. This response is much more complex is characterized by the simultaneous exacerbation of inflammatory, metabolic, catabolic, and immunosuppressive pathways, with lingering effects and difficulty in restoring basal homeostasis (1, 2). The concept of sepsis and the understanding of its pathogenesis are continually evolving. Many of the changes considered a dysregulated host response to infection may be, at least in part, an effort to adapt to a hostile environment (3).

Despite all efforts to unravel the mechanisms that orchestrate sepsis, questions remain about its pathophysiology. Epigenetic mechanisms play a prominent role in regulating gene transcription, and gene transcription undergoes significant changes during sepsis. Therefore, epigenetic mechanisms are involved in the acute events of sepsis and in the long-standing post-septic effects on the host response.



DEFINITION OF EPIGENETIC MECHANISMS

Epigenetic changes are described in literature as chemical changes in chromatin, inherited during cell division, with a role in regulating gene expression and genome stability, without involving changes in the DNA sequence (4). The most studied epigenetic mechanisms are DNA methylation and post-translational modifications (PTMs) of histones but also include changes in chromatin remodeling and regulation by non-coding RNAs (ncRNA) (5). Information on the epigenetic changes plays an important role in regulating DNA processes, such as transcription, repair, and replication. As a result, abnormal expression patterns of gene changes in chromatin regulators may have discrepant results (6).

Gene activation or silencing is controlled by enzymes that add or remove chemical groups (acetyl, methyl, among others) in chromatin (Figure 1). These modifications interact with “reader” proteins that have unique structurally conserved domains present in various chromatin regulators and transcription factors, recruiting components of transcriptional machinery and chromatin remodeling complexes (6). These complexes can be subdivided into two main regions: heterochromatin, composed mainly of inactive genes, with late and highly condensed replication; and euchromatin, which contains most of the active genes and has the loosest chromatin (7).
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FIGURE 1. Schematic representation of epigenetic changes in the mononuclear cell. The chromosome is composed of chromatin, a complex formed by DNA and nucleosomes, and the core is formed by an octamer of histones. Both DNA and histones can suffer the action of catalyzing enzymes of chemical groups that influence the chromatin structure, affecting gene expression. K, lysine; HATs, histone acetyltransferases; HDACs, histone deacetylases; HMTs, histone methyltransferases; HDMs, histone demethylases; DNMTs, DNA methyltransferases.


DNA methylation and histone modifications are complementary dynamic processes that together determine the pattern of gene expression, essential in the development, differentiation, and cellular function (8); from the beginning of development and throughout an individual's life, they act regularly and physiologically. Epigenetic marks have plasticity in response to the cellular state and the environment. Epigenetic patterns are influenced by environmental factors during pregnancy, neonatal phase, puberty, and adulthood, and even by exposure to radiation and other chemical and physical agents. In addition, epigenetic errors are associated with the development of chronic diseases in humans (9, 10).


DNA Methylation

In mammals, DNA methylation occurs predominantly in cytosines that precede guanine, called CpG dinucleotides. DNA methyltransferases (DNMTs) are enzymes that catalyze the transfer of the methyl group (–CH3) to carbon 5 of the cytosine, converting it to 5-methylcytosine (5mC) (11). DNMT1 is a maintenance methyltransferase that maintains the mitotic inheritance of the DNA bases through the preferential recognition of hemimethylated DNA during replication, methylating the newly synthesized CpG dinucleotides, generating two new methylated DNA molecules (12). DNMT3a and DNMT3b can recognize any strand of unmethylated DNA and act mainly in establishing new methylation patterns, playing a fundamental role during embryogenesis (13).

More than half of all genes contain high concentrations of CpGs (CpG islands) in their promoters. Gene's promoters containing unmethylated CpGs give the gene a permissive state for transcription. In contrast, hypermethylation of these promoters may prevent binding of transcriptional factors and/or recruiting methyl-binding proteins and repressor complexes, resulting in gene silencing (14).



Histone Modification

Histones are proteins that compose nucleosomes H1, H2A, H2B, H3, and H4. They have amino acid residues, mainly in their N-terminal portions, subject to covalent modifications, such as acetylation, phosphorylation, methylation, and ubiquitination, which regulate the chromatin structure. Histone modifications can either modify their load or recruit proteins and complexes that affect the transcription of genes present in the region, DNA repair, and replication (6, 15).

Among these modifications, the acetylation of lysines in the N-terminal portions of histones is dynamic and catalyzed by histone acetyltransferase enzymes (HATs). Addition of acetyl groups neutralizes the positive charge of the lysine, weakening the electrostatic interaction between histones and negatively charged DNA, which favors transcriptional activation. Another family of enzymes that is also part of this process is histone deacetylases (HDACs), which have opposite effects to HATs and remove the acetyl group, restoring the positive charge of lysine (15).

Histone methylation occurs mainly in the side chain of lysine and arginine residues through the action of histone methyltransferases (HMTs). Lysines can receive more than one methyl group so that gene transcription can be suppressed or activated, depending on the number of methyl groups and the modified amino acid residue (16). In contrast to acetylation, histone methylation does not alter the general charge of the molecule. This modification was once considered static and stable. However, different families of histone demethylases (HDMs) enzymes act on the lysine residues (15, 17).

Table 1 shows the most frequent changes in histones, their function, the enzymes promoting the changes, and location (18–20).


Table 1. Effects of the most frequent histone changes in gene transcription.
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Non-coding RNAs

In addition to the classic epigenetic mechanisms of DNA and histones, a new layer of complexity involving non-coding RNAs has emerged as an important post-transcriptional regulator of gene expression (21). Thus, ncRNAs are a group of RNAs that do not encode functional proteins, being broadly classified as short (<200 nucleotides) or long (more than 200 nucleotides), and these can be grouped by their genomic origin and biogenic processes (22).

MicroRNAs (miRNAs) belong to the most studied and highly conserved class of short ncRNAs, presenting 19–22 nucleotides (nt) in length, which destabilize messenger RNA (mRNA) by binding to 3′ untranslated regions (3′-UTR) or inhibiting protein translation (23, 24). In contrast, long ncRNAs (lncRNAs), generally not much conserved among species, have a multitude of roles, including gene expression regulation at epigenetic, transcriptional, and post-transcriptional levels (23, 25).




EPIGENETIC REGULATION OF THE IMMUNE SYSTEM

The immune system can recognize different agents and substances foreign to the body, triggering an immune response mediated by immediate reactions of innate immunity and late responses of adaptive immunity through signaling pathways that are strictly regulated at different levels. Epigenetic changes can also occur during an infectious process, so changes in the epigenome can affect the immune cell phenotype, interfering with the response to infection and contributing to inflammatory disorders (Figure 2) (26–28).
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FIGURE 2. Epigenetic modifications during infection. Pathogen recognition by PRR triggers cascades of intracellular signaling activating inflammatory mediators which induces dynamic changes in chromatin through epigenetic mechanisms, leading to increased or decreased gene activation. The pathogen can also directly alter chromatin through the influence of epigenetic modifiers. These epigenetic alterations (yellow background) may modulate the inflammatory response (pink background). Sepsis induces profound changes in gene expression involved in the inflammatory process and host defense. Epigenetic modifications play a central role in its regulation as evidenced by the presence of differentially methylated CpG islands, several modifications of histones with effects on gene activation (H3K4me, H3K9ac) and repression (H3K27me3, H3K9me3), and the presence of differentially expressed ncRNAs. PAMP, pathogen-associated molecular pattern; PRR, pattern recognition receptor; DNMT, DNA methyltransferase; HAT, histone acetyltransferase; HDAC, histone deacetylase; HDM, histone demethylase; HMT, histone methyltransferases; ncRNA, non-coding RNA.


During sepsis, the host innate immune system cells release an excessive number of inflammatory mediators through recognizing the pathogen by pattern recognition receptors (PRRs) that identify the microorganism through pathogen-associated molecular patterns (PAMPs) and damages (DAMPs). These include Toll-like receptors (TLRs), cytosolic RIG-I-like receptors (RLRs), NOD-like receptors (NLRs), and C-type lectin receptors (CLRs), which induce complex intracellular signaling with complementary activities that activate transcriptional factors that regulate inflammatory response genes, generating dynamic changes in chromatin (26, 29–31).

Pathogens are capable of various epigenetic strategies to guarantee their survival and replication, in such a way that they decrease PRR detection and signaling pathways and modulate the expression of immunity-activating and -repressing substances. Thus, a chronic infection can induce epigenetic dysregulation, contributing to the pathogenesis of infectious diseases and even cancer. However, considering that epigenetic changes are potentially reversible, these could be reversed, allowing the host immunity to return to respond efficiently to stimuli (27).

The lipopolysaccharide (LPS) present in the cell wall of gram-negative bacteria binds to TLR-4 receptor, inducing the expression of several genes via the transcription factor NF-κB, such as tumor necrosis factor (TNF), interleukin 1 (IL-1), and IL-8. This activation generates a local and systemic inflammatory process, resulting in coagulation, vasodilation, endothelial escape, scrolling, and leakage of neutrophils and inflammatory mediators to the extravascular space, which can lead to organ dysfunction and hypotension (2, 3, 30–32). LPS stimulation in human monocytes results in the erasure of a repression marker, histone methylation into lysine 9 (H3K9me) in inducible inflammatory gene promoters, regulating these genes (33). In the human endotoxin model, transcriptome analysis revealed that 3,714 genes undergo transcriptional changes after 2 h of exposure, with changes in DNA methylation in several regions of the genome, correlating these results with the tolerance of the immune system and the increase in vulnerability to subsequent infections (34, 35).

Recent evidence has shown that the innate immune system can generate an immune memory mediated by epigenetic reprogramming of transcription pathways, known as trained immunity. This consists of the functional long-lasting reprogramming of innate immune cells in response to exogenous or endogenous stimuli, generating an altered response to a second challenge after returning to baseline (36). For example, individuals vaccinated with BCG (Bacille Calmette-Guérin) have monocyte epigenetic reprogramming throughout the genome, with increased H3K4 trimethylation activation mark (me3), increasing IL-1β production and protection against viral infections in an experimental model of yellow fever. These functional changes indicate trained immunity (37).

During sepsis, a phenomenon known as immunological tolerance occurs. The immune system of patients leaves the state of hyper-inflammation, called a cytokine storm, and goes to a dysfunctional state, where the innate cells do not respond adequately to posterior stimuli (3). In this process, there is a reorganization of the immune functions and metabolic processes of inflammatory cells, with suppression to subsequent challenges as part of this acute cellular reprogramming. Studies show epigenetic modifications are essential for establishing immunosuppression in late sepsis. These modifications include changes in histone marks, loss of activation marks in promoter regions, and gene enhancers that are negatively transcribed into tolerant monocytes (2, 34, 38, 39).

In a model of tolerance induced by LPS, nuclear factor-κB (NF-kB)-activated genes are downregulated. In contrast, genes related to the p38 pathway are preserved, showing a different regulation from the TLR cascades during immunoparalysis (40). Austenaa and colleagues showed that the H3K4me3 epigenetic activation mark participates in regulating the TLR4 signaling pathway and described the profile of this modification in the mouse macrophage genome during the response to LPS (41).

T cells recognize antigens through the human leukocyte antigen (HLA) system [the major histocompatibility complex (MHC) in humans] that are expressed on the surface of host cells; research points to a decrease in the expression of HLA-DR in septic monocytes and DCs (2, 42, 43), combined with transcription reduction of the class II transactivator gene (CIITA), which is modulated by the action of HATs (44, 45).

In this context, the dysregulation of innate and adaptive immunity is associated with harmful consequences, which, together with organ failure, lead to increased short- and long-term mortality in septic patients (46).

Another fundamental mechanism for regulating the inflammatory response is cellular metabolism. During sepsis, innate immunity cells activate a series of intracellular cascades that result in cellular metabolism alterations. The metabolic shift from oxidative phosphorylation to glycolysis during acute inflammation provides the necessary energy for cell function and induces an accumulation of metabolites that function as cofactors of epigenetic enzymes (47).

Thus, a reduction in intracellular levels of acetyl-CoA can decrease histone acetylation. The accumulation of nicotinamide adenine dinucleotide (NAD)+ activates histone deacetylases of the sirtuin class, leading to lower acetylation levels. High concentrations of fumarate inhibit the histone demethylase enzyme KDM5, responsible for removing methyl groups. Therefore, several cellular metabolites can activate or inhibit different enzymes involved in epigenetic programming. They induce changes in chromatin and DNA, modulate gene transcription, and lead to different functional states during sepsis, such as excessive inflammation immunoparalysis (2, 33).



EPIGENETIC REGULATION IN SEPSIS

Different epigenetic changes have already been associated with immune activation and tolerance during sepsis, contributing to the process of prolonged inflammation, organ failure, persistent immunosuppression, development of severe secondary infections, and even death (36, 48, 49).

Much of the research that correlates epigenetics and sepsis has been with in vitro studies or animal models, with scarce data in septic patients (Tables 2, 3).


Table 2. In vitro and in vivo experimental studies evaluating epigenetic modifications in LPS challenge and infection.
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Table 3. Epigenetic modifications in human cells in vitro and in different clinical settings.
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Histone Modification and Sepsis

Foster and collaborators presented the first evidence linking tolerance to LPS with epigenetic mechanisms. They showed that in mouse macrophages, a different response occurs in genes induced by TLR4. These responses were divided into two classes: class T composed of pro-inflammatory genes, which were inhibited in tolerant macrophages; and the NT class genes, composed of antimicrobials that were not inhibited in these macrophages. In the promoters of inflammatory genes, the H3K4me3 activation marks and H4 acetylation were lost during a re-exposition to LPS, and the NT class genes remained with the presence of the activation marks after a second challenge (50). Also, monocytes exposed to LPS do not show active histone marks in the promoter region and in gene enhancers that participate in lipid metabolism and phagocytic pathways, resulting in transcriptional inactivity of these genes through new stimulus (31).

In human sepsis, selective and precise changes in chromatin occur in regulatory regions of genes that participate in the immune process. Chromatin immunoprecipitation combined with high-throughput sequencing showed that in the cells of septic patients, transcriptional activation marks (H3K4me3 and H3K9ac) increased in genes related to immune response; in contrast, genes involved in processing and presenting antigens gained the repression mark (H3K27me3) compared with healthy controls (64). Differences in epigenetic marks can be explained by their plasticity at different times of exposure to the pathogen. Zhao and colleagues found the presence of the activation mark H3K4me2 in bone marrow–derived macrophages (BMDMs) in mice after 30 min of stimulation with LPS, with a return to baseline levels after prolonged exposure to the stimulus (51).

Organ dysfunction occurs during sepsis due to the excessive initial response of cytokines that generate tissue damage. In a model of acute lung injury (ALI) induced by sepsis in mice, loss of histone acetylation was observed in promoters of the main angiogenic genes in the lung and extrapulmonary organs. This systemic response of negative transcription regulation has been included in the pathogenesis of microvascular leakage induced by sepsis and multiple organ dysfunction syndrome (MODS) (54), suggesting early intervention can preserve these epigenetic marks, maintaining endothelial integrity (68). Mice pretreated with HDAC inhibitors attenuated ALI during sepsis (57).



Epigenetic Regulators and Sepsis

The activity of the enzymes HATs and HDACs can be modulated by LPS, but their contribution to endotoxin tolerance is not yet clear. A study showed that the inhibition of acetyl-lysine binding domain, known as bromodomain and its subfamily bromo- and extra-terminal (BET), induces a negative regulation of inflammatory genes in activated macrophages, reducing inflammation in a model of bacterial sepsis in murine (69).

In the NF-kB activation signaling pathway, the CREB-binding protein (CBP)—a transcriptional coactivator of HAT function—contains bromodomains that bind to acetylated histones H3 and H4 in a way that allows the expression of pro-inflammatory cytokine genes (70). Exposure to LPS increases the stability of CBP by reducing interaction with the FBXL19 subunit of ubiquitin ligase 3 and activating the deubiquitylating enzyme USP14, resulting in chromatin remodeling and cytokine gene expression (71).

The expression of the Jumonji domain-containing protein D3 (Jmjd3) enzyme, a H3K27me histone demethylase class, is induced in macrophages by the transcription factor NF-kB in response to LPS, and binds to genes targeting proteins of the Polycomb group, which belongs to the Chromobox family proteins and mediates gene silencing, regulating the levels of the repressor mark H3K27me3 and transcriptional activity, independent of H3K27 demethylation (52, 53).

Cellular bioenergetic changes during sepsis can also be coordinated by epigenetic mechanisms. During sepsis, sirtuin 1 (SIRT1) rapidly accumulates in the TNF-α and IL-1β gene promoters, deacetylating H4K16 and blocking NF-kB-dependent transcription (62). The presence of SIRT6 can also attenuate NF-kB signaling by deacetylating H3K9 in chromatin (72). Besides, in endotoxin tolerance, the interaction of DNA methylation with histone H3K9 methylation silences the expression of some pro-inflammatory genes (63, 73). LPS activates M1 macrophages, which present a high rate of glycolysis, leading to HDAC degradation, which interferes with the activity of inflammatory cytokines (74, 75). α-Ketoglutarate (αKG), a tricarboxylic acid cycle (TCA) intermediate, favors tolerance to endotoxin in inflammatory genes after M1 macrophages are activated, independently of Jmjd3 (76). Exposure to LPS also increases the metabolism of one-carbon, which produces S-adenosyl methionine, a potent methyl donor (77).



DNA Methylation and Sepsis

A pilot study involving septic and non-septic patients analyzed methylation throughout the genome in the samples of these individuals and found 668 differentially methylated regions (DMRs) between the septic vs. non-septic groups, among which 56 genes have already been associated with sepsis in literature (65). Blood transcriptome analysis of patients with community-acquired pneumonia identified several chromatin-modifying enzymes are differentially expressed in the initial sepsis, leading to chromatin reorganization and stimulating widespread transcriptional reprogramming (66).

Retrospective research evaluated whether the DNA methylation pattern of CpG sites in the procalcitonin gene [polypeptide related to α calcitonin (CALCA)] could be used as an epigenetic biomarker for bacterial sepsis in premature newborns. These preterm patients showed variation in the DNA methylation status of the CALCA promoter in different types of bacterial sepsis, suggesting different regulation of this gene at the epigenetic level according to the type of infection (78). In a further approach searching for prognostic markers of neonatal sepsis, a small epigenome study analyzed the methylation status of CpGs in blood samples from 3 septic neonates and 3 non-septic and found 81 differently methylated CpG sites in 64 genes, whose functional analysis showed the enrichment of protocadherin genes in neonatal sepsis (67).

An experimental model of LPS-induced ALI found an increase in DNMT1 and 5-methylcytosine, accompanied by neutrophil infiltration and superoxide production in the lung tissue of endotoxemic rats (59). Another epigenomic analysis showed aberrant DNA methylation occurs in promoter regions of 1,721 genes, many of which participate in the hyperinflammatory response (55).



Non-coding RNAs and Sepsis

ncRNAs are also involved in the pathogenesis of sepsis. A study analyzing the co-expression network of protein-coding and lncRNAs in septic and healthy neutrophils showed that several lncRNAs are linked to genes differentially expressed during sepsis and appear to have a regulatory role in the translation of proteins, and participate in regulatory loops that are altered during sepsis (79). They were detected as sepsis regulators because of the interaction between lncRNAs and sepsis co-expression modules identified by whole blood RNA expression profile of septic patients (80). An analysis of the transcriptome in blood leukocytes of volunteers with sepsis and healthy individuals showed that both lncRNAs and, to a lesser extent, short ncRNAs undergo significant changes during sepsis in healthy individuals (81). So, different types of ncRNAs can serve as potential biomarkers for sepsis and as new therapeutic targets (82).




POTENTIAL EPIGENETIC THERAPIES FOR SEPSIS

Several studies evaluated the potential therapeutic effect of epigenetic drugs in modulating chromatin regulatory enzymes during sepsis. Animal research has shown that epigenetic mechanisms can mitigate the acute inflammatory response to endotoxins (39, 48). Many of these epigenetic therapies are undergoing clinical trials to treat different cancers (83–85). Some of these therapies have been approved by the Food and Drug Administration and are used in clinical practice.

Suberoylanilide hydroxamic acid (SAHA) is a histone deacetylase (HDACi) inhibitor known for its anti-tumor effects. Leoni and colleagues showed that SAHA could also reduce the production of pro-inflammatory cytokines. Mice treated with this inhibitor reduced the production of TNF-α, IL-1β, IL-6, and interferon gamma (IFN-γ) after a challenge with LPS (60). When mice were submitted to the polymicrobial sepsis model initiated by ligation and cecal puncture (CLP) (61, 86), survival improved and damage reduced.

Another HDACi that appears to be effective in improving the clinical outcomes of sepsis is Trichostatin A (TSA) (86). TSA-pretreated mice submitted to CLP presented a protective effect during sepsis-induced lung injury, with reduced inflammatory infiltrate, decreased expression of the intercellular adhesion molecule-1 (ICAM-1) and E-selectin in lung tissue samples, and reduced plasma IL-6, with increased survival (57). Treatment with TSA, in combination with DNA methyltransferase inhibitor (DNMTi) 5-Aza 2-deoxycytidine (5-AZA-CdR), decreases apoptosis and inflammation in BMDMs of mice exposed to LPS (56). Also, TSA blocks the effect of endotoxin tolerance in reducing IL-6 production (87).

Valproic acid (VPA) and sodium butyrate (SB) also act as HDACi and have shown efficacy in experimental models of sepsis, with reduced expression of inflammatory genes and decreased organic damage (57, 88, 89); however, toxicity may prevent its use in clinical trials (90).

Studies show that different DNMTi can reverse some sepsis results in an endotoxemia model in rats. As an example, procainamide inhibited the increase in DNMT1 and decreased neutrophil infiltration in the lung of endotoxemic rats (59). Decitabine, a DNMTi, reduced NF-kB activation, decreased the levels of inflammatory cytokines, and inhibited sepsis progression in mice challenged with CLP (58).

The mechanisms by which DNMTi and HDACi act to reverse some of the consequences of sepsis are still not fully understood. These inhibitors are believed to prevent epigenetic changes and their modulating effects on gene expression (39). However, use of these inhibitors may become unfavorable because they reduce the expression of pro-inflammatory and anti-inflammatory cytokines and mediators, decreasing bacterial clearance (91).

Despite the effects of these enzymes' inhibitors in pre-clinical models of sepsis, one should be cautious to translate this approach as a potential clinical adjuvant therapy for sepsis. In most studies already mentioned here, the inhibitors were administered prophylactically, which does not mimic the setting of sepsis therapy. Few are those who demonstrate the benefits of late epigenetic drug use. One used the highly specific SIRT1 inhibitor, EX-527, in mice 24 h after onset of sepsis. All animals receiving this epigenetic agent survived sepsis with the reversion of endotoxin tolerance (92). Furthermore, other animal models should also be tested. For other potential uses of these drugs, the benefits must overcome the risks and toxicity.



CONCLUSION

During sepsis, dysregulated gene expression occurs, generating hyperinflammatory responses and, in parallel, persistent hypo-inflammatory reactions. Strong evidence points to epigenetic changes as one of the main factors influencing gene expression changes associated with this clinical condition. In this review, we summarize studies that highlight epigenetic mechanisms as essential events during sepsis pathology, changing as sepsis progresses. Thus, epigenetic regulation occurs mainly in transcriptional promoter regions or gene enhancers, leading to pathological and bioenergetic adaptations through specific enzymes that catalyze chemical groups. The use of epigenetic enzyme inhibitors is promising as a therapeutic target during sepsis, but further research is needed to understand their role in clinical settings.



AUTHOR CONTRIBUTIONS

RF-H wrote the first draft of the article. RF-H and RS reviewed and wrote the final draft of article. MJ and MB contributed to paper revision and to the final version. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by Fundacao de Amparo à Pesquisa do Estado de São Paulo (FAPESP)—grant number 2017/21052-0 to RS. RF-H has a fellowship from Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES-−88882.430789/2019-01).



ACKNOWLEDGMENTS

The authors gratefully acknowledge Carlos Lopes for his support in elaborating and executing the figures and Enago (www.enago.com) for the English language review.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2021.685333/full#supplementary-material



REFERENCES

 1. Bone RC, Balk RA, Cerra FB, Dellinger RP, Fein AM, Knaus WA, et al. Definitions for sepsis and organ failure and accplsccm consensus conference. Am Coll Chest PhysiciansA. (1992) 101:1644–55. doi: 10.1378/chest.101.6.1644

 2. Van Der Poll T, Van De Veerdonk FL, Scicluna BP, Netea MG. The immunopathology of sepsis and potential therapeutic targets. Nat Rev Immunol. (2017) 17:407–20. doi: 10.1038/nri.2017.36

 3. Salomão R, Ferreira BL, Salomão MC, Santos SS, Azevedo LCP, Brunialti MKC. sepsis: evolving concepts and challenges. Brazilian J Med Biol Res. (2019) 52:1–14. doi: 10.1590/1414-431x20198595

 4. Yasmin R, Siraj S, Hassan A, Khan AR, Abbasi R, Ahmad N. Epigenetic regulation of inflammatory cytokines and associated genes in human malignancies. Med Inflamm. (2015) 2015:1–8. doi: 10.1155/2015/201703

 5. Jasiulionis MG. Abnormal epigenetic regulation of immune system during aging. Front Immunol. (2018) 9:197. doi: 10.3389/fimmu.2018.00197

 6. Dawson MA, Kouzarides T. Cancer epigenetics: from mechanism to therapy. Cell. (2012) 150:12–27. doi: 10.1016/j.cell.2012.06.013

 7. Allis D, Caparros M-L, Jenuwein T, Reinberg D. Epigenetics. 2th ed. New York, NY: Cold Spring Harbor Laboratory Press (2015).

 8. Jambhekar A, Dhall A, Shi Y. Roles and regulation of histone methylation in animal development. Nat Rev Mol Cell Biol. (2019) 20:625–41. doi: 10.1038/s41580-019-0151-1

 9. Jirtle RL, Skinner MK. Environmental epigenomics and disease susceptibility. Nat Rev Genet. (2007) 8:253–62. doi: 10.1038/nrg2045

 10. Weidman JR, Dolinoy DC, Murphy SK, Jirtle RL. Cancer susceptibility: epigenetic manifestation of environmental exposures. Cancer J. (2007) 13:9–16. doi: 10.1097/PPO.0b013e31803c71f2

 11. Goll MG, Bestor TH. Eukaryotic cytosine methyltransferases. Annu Rev Biochem. (2005) 74:481–514. doi: 10.1146/annurev.biochem.74.010904.153721

 12. Li E, Bestor TH, Jaenisch R. Targeted mutation of the DNA methyltransferase gene results in embryonic lethality. Cell. (1992) 69:915–26. doi: 10.1016/0092-8674(92)90611-F

 13. Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo methylation and mammalian development. Cell. (1999) 99:247–57. doi: 10.1016/S0092-8674(00)81656-6

 14. Jones PA, Takai D. The role of DNA methylation in mammalian epigenetics. Science. (2001) 293:1068–70. doi: 10.1126/science.1063852

 15. Bannister AJ, Kouzarides T. Regulation of chromatin by histone modifications. Cell Res. (2011) 21:381–95. doi: 10.1038/cr.2011.22

 16. Morillon A, Karabetsou N, Nair A, Mellor J. Dynamic lysine methylation on histone H3 defines the regulatory phase of gene transcription. Mol Cell. (2005) 18:723–34. doi: 10.1016/j.molcel.2005.05.009

 17. Bannister AJ, Schneider R, Kouzarides T. Histone methylation: dynamic or static?. Cell. (2002) 109:801–6. doi: 10.1016/S0092-8674(02)00798-5

 18. Abcam. Histone Modifications. Available online at: https://www.abcam.com/epigenetics/histone-modifications (accessed May 06, 2021).

 19. Zhang Y, Sun Z, Jia J, Du T, Zhang N, Tang Y, et al. Overview of histone modification. In: Fang D, Han J, editors. Histone Mutations and Cancer. Singapore: Springer (2021).

 20. EpiGentek. Histone Modification Studies. Available online at: https://epigentek.com/docs/histonetable.pdf (accessed May 07, 2021).

 21. Yang X, Liu M, Li M, Zhang S, Hiju H, Sun J, et al. Epigenetic modulations of noncoding RNA: a novel dimension of cancer biology. Mol Cancer. (2020) 19:64. doi: 10.1186/s12943-020-01159-9

 22. Li LC. Chromatin remodeling by the small RNA machinery in mammalian cells. Epigenetics. (2014) 9:45–52. doi: 10.4161/epi.26830

 23. Anastasiadou E, Jacob L, Slack F. Non-coding RNA networks in cancer. Nat Rev Cancer. (2018) 18:5–18. doi: 10.1038/nrc.2017.99

 24. Schickel R, Boyerinas B, Park SM, Peter ME. MicroRNAs: key players in the immune system, differentiation, tumorigenesis and cell death. Oncogene. (2008) 27:5959–74. doi: 10.1038/onc.2008.274

 25. Clark MB, Mattick JS. Long noncoding RNAs in cell biology. Semin Cell Dev Biol. (2011) 22:366–76. doi: 10.1016/j.semcdb.2011.01.001

 26. Abbas AK, Lichtman AH, Pillai S. Imunologia Celular e Molecular. 7 th ed. São Paulo: Elsevier Ltd (2012).

 27. Zhang Q, Cao X. Epigenetic regulation of the innate immune response to infection. Nat Rev Immunol. (2019) 19:417–32. doi: 10.1038/s41577-019-0151-6

 28. Busslinger M, Tarakhovsky A. Epigenetic control of immunity. Cold Spring Harb Perspect Biol. (2014) 6:1–26. doi: 10.1101/cshperspect.a024174

 29. Tang D, Kang R, Coyne CB, Zeh HJ, Lotze MT. PAMPs and DAMPs : signal 0s that spur autophagy and immunity. Immunol Rev. (2012) 249:158–75. doi: 10.1111/j.1600-065X.2012.01146.x

 30. Salomao R, Brunialti MKC, Rapozo MM, Baggio-zappia GL, Galanos C, Freudenberg M. Bacterial sensing, cell signaling,and modulation of the immune response during sepsis. Shock. (2012) 38:227–42. doi: 10.1097/SHK.0b013e318262c4b0

 31. Hotchkiss RS, Moldawer LL, Opal SM, Reinhart K, Vincent J. Sepsis and septic shock. Nat Rev. (2016) 2:1–21. doi: 10.1038/nrdp.2016.45

 32. Angus DC, Van Der Poll T. Severe sepsis and septic shock. N Engl J Med. (2013) 369:840–51. doi: 10.1056/NEJMra1208623

 33. Saccani S, Natoli G. Dynamic changes in histone H3 Lys 9 methylation occurring at tightly regulated inducible inflammatory genes. Genes Dev. (2002) 16:2219–24. doi: 10.1101/gad.232502

 34. Novakovic B, Habibi E, Wang SY, Arts RJW, Davar R, Megchelenbrink W, et al. β-glucan reverses the epigenetic state of LPS-induced immunological tolerance. Cell. (2016) 167:1354–68.e14. doi: 10.1016/j.cell.2016.09.034

 35. Calvano SE, Xiao W, Richards DR, Felciano RM, Baker HV, Cho RJ, et al. A network-based analysis of systemic inflammation in humans. Nature. (2005) 437:1032–7. doi: 10.1038/nature03985

 36. Netea MG, Domínguez-Andrés J, Barreiro LB, Chavakis T, Divangahi M, Fuchs E, et al. Defining trained immunity and its role in health and disease. Nat Rev Immunol. (2020) doi: 10.1038/s41577-020-0285-6

 37. Arts RJW, Moorlag SJCFM, Novakovic B, Li Y, Wang SY, Oosting M, et al. BCG vaccination protects against experimental viral infection in humans through the induction of cytokines associated with trained immunity. Cell Host Microbe. (2018) 23:89–100. doi: 10.1016/j.chom.2017.12.010

 38. Leentjens J, Kox M, Van Der Hoeven JG, Netea MG, Pickkers P. Immunotherapy for the adjunctive treatment of sepsis: from immunosuppression to immunostimulation time for a paradigm change? Am J Respir Crit Care Med. (2013) 187:1287–93. doi: 10.1164/rccm.201301-0036CP

 39. Binnie A, Tsang JLY, Hu P, Carrasqueiro G, Castelo-Branco P, Dos Santos CC. Epigenetics of sepsis. Crit Care Med. (2020) 48:745–56. doi: 10.1097/CCM.0000000000004247

 40. Mendes ME, Baggio-Zappia GL, Brunialti MKC, Fernandes M da L, Rapozo MM, Salomao R. Differential expression of toll-like receptor signaling cascades in LPS-tolerant human peripheral blood mononuclear cells. Immunobiology. (2011) 216:285–95. doi: 10.1016/j.imbio.2010.07.008

 41. Austenaa L, Barozzi I, Chronowska A, Termanini A, Ostuni R, Prosperini E, et al. The histone methyltransferase Wbp7 controls macrophage function through GPI glycolipid anchor synthesis. Immunity. (2012) 36:572–85. doi: 10.1016/j.immuni.2012.02.016

 42. Pastille E, Didovic S, Brauckmann D, Rani M, Agrawal H, Schade FU, et al. Modulation of dendritic cell differentiation in the bone marrow mediates sustained immunosuppression after polymicrobial sepsis. J Immunol. (2011) 186:977–86. doi: 10.4049/jimmunol.1001147

 43. Ferreira da Mota NV, Colo Brunialti MK, Santos SS, Machado FR, Assuncao M, Pontes Azevedo LC, et al. Immunophenotyping of monocytes during human sepsis shows impairment in antigen presentation: a shift toward nonclassical differentiation and upregulation of FcGRI-receptor. Shock. (2018) 50:293–300. doi: 10.1097/SHK.0000000000001078

 44. Wright KL, Ting JPY. Epigenetic regulation of MHC-II and CIITA genes. Trends Immunol. (2006) 27:405–12. doi: 10.1016/j.it.2006.07.007

 45. Siegler BH, Uhle F, Lichtenstern C, Arens C, Bartkuhn M, Weigand MA, et al. Impact of human sepsis on CCCTC-binding factor associated monocyte transcriptional response of major histocompatibility complex II components. PLoS ONE. (2018) 13:1–17. doi: 10.1371/journal.pone.0204168

 46. Beltrán-García J, Osca-Verdegal R, Romá-Mateo C, Carbonell N, Ferreres J, Rodríguez M, et al. Epigenetic biomarkers for human sepsis and septic shock: insights from immunosuppression. Epigenomics. (2020) 12:617–46. doi: 10.2217/epi-2019-0329

 47. Weinberg SE, Sena LA, Chandel NS. Mitochondria in the regulation of innate and adaptive immunity. Immunity. (2015) 42:406–17. doi: 10.1016/j.immuni.2015.02.002

 48. Cross D, Drury R, Hill J, Pollard AJ. Epigenetics in sepsis: understanding its role in endothelial dysfunction, immunosuppression, and potential therapeutics. Front Immunol. (2019) 10:1–12. doi: 10.3389/fimmu.2019.01363

 49. Saeed S, Quintin J, Kerstens HHD, Rao NA, Aghajanirefah A, Matarese F, et al. Epigenetic programming of monocyte-to-macrophage differentiation and trained innate immunity. Science. (2014) 345:1251086. doi: 10.1126/science.1251086

 50. Foster SL, Hargreaves DC, Medzhitov R. Gene-specific control of inflammation by TLR-induced chromatin modifications. Nature. (2007) 447:972–8. doi: 10.1038/nature05836

 51. Zhao S, Zhong Y, Fu X, Wang Y, Ye P, Cai J, et al. H3K4 methylation regulates LPS-induced proinflammatory cytokine expression and release in macrophages. Shock. (2019) 51:401–6. doi: 10.1097/SHK.0000000000001141

 52. De Santa F, Totaro MG, Prosperini E, Notarbartolo S, Testa G, Natoli G. The histone H3 lysine-27 demethylase Jmjd3 links inflammation to inhibition of polycomb-mediated gene silencing. Cell. (2007) 130:1083–94. doi: 10.1016/j.cell.2007.08.019

 53. De Santa F, Narang V, Yap ZH, Tusi BK, Burgold T, Austenaa L, et al. Jmjd3 contributes to the control of gene expression in LPS-activated macrophages. EMBO J. (2009) 28:3341–52. doi: 10.1038/emboj.2009.271

 54. Bomsztyk K, Mar D, An D, Sharifian R, Mikula M, Gharib SA, et al. Experimental acute lung injury induces multi-organ epigenetic modifications in key angiogenic genes implicated in sepsis-associated endothelial dysfunction. Crit Care. (2015) 19:1–13. doi: 10.1186/s13054-015-0943-4

 55. Zhang X-Q, LV C-J, Liu X-Y, Hao D, Qin J, Tian H-H, et al. Genome - wide analysis of DNA methylation in rat lungs with lipopolysaccharide - induced acute lung injury. Mol Med Rep. (2013) 7:1417–24. doi: 10.3892/mmr.2013.1405

 56. Samanta S, Zhou Z, Rajasingh S, Panda A, Sampath V, Rajasingh J. DNMT and HDAC inhibitors together abrogate endotoxemia mediated macrophage death by STAT3-JMJD3 signaling. Int J Biochem Cell Biol. (2018) 102:117–27. doi: 10.1016/j.biocel.2018.07.002

 57. Zhang L, Jin S, Wang C, Jiang R, Wan J. Histone deacetylase inhibitors attenuate acute lung injury during cecal ligation and puncture-induced polymicrobial sepsis. World J Surg. (2010) 34:1676–83. doi: 10.1007/s00268-010-0493-5

 58. Cao L, Zhu T, Lang X, Jia S, Yang Y, Zhu C, et al. Inhibiting DNA methylation improves survival in severe sepsis by regulating NF-κB pathway. Front Immunol. (2020) 11:1–11. doi: 10.3389/fimmu.2020.01360

 59. Shih CC, Liao MH, Hsiao TS, Hii HP, Shen CH, Chen SJ, et al. Procainamide inhibits DNA methylation and alleviates multiple organ dysfunction in rats with endotoxic shock. PLoS ONE. (2016) 11:1–24. doi: 10.1371/journal.pone.0163690

 60. Leoni F, Zaliani A, Bertolini G, Porro G, Pagani P, Pozzi P, et al. The antitumor histone deacetylase inhibitor suberoylanilide hydroxamic acid exhibits antiinflammatory properties via suppression of cytokines. Proc Natl Acad Sci. (2002) 99:2995–3000. doi: 10.1073/pnas.052702999

 61. Li Y, Liu B, Fukudome EY, Kochanek AR, Finkelstein RA, Chong W, et al. Surviving lethal septic shock without fluid resuscitation in a rodent model. Surgery. (2010) 148:246–54. doi: 10.1016/j.surg.2010.05.003

 62. Liu TF, Yoza BK, El Gazzar M, Vachharajani VT, McCall CE. NAD+-dependent SIRT1 deacetylase participates in epigenetic reprogramming during endotoxin tolerance. J Biol Chem. (2011) 286:9856–64. doi: 10.1074/jbc.M110.196790

 63. El Gazzar M, Yoza BK, Chen X, Hu J, Hawkins GA, McCall CE. G9a and HP1 couple histone and DNA methylation to TNFα transcription silencing during endotoxin tolerance. J Biol Chem. (2008) 283:32198–208. doi: 10.1074/jbc.M803446200

 64. Weiterer S, Uhle F, Lichtenstern C, Siegler BH, Bhuju S, Jarek M, et al. Sepsis induces specific changes in histone modification patterns in human monocytes. PLoS ONE. (2015) 10:1–13. doi: 10.1371/journal.pone.0121748

 65. Binnie A, Walsh CJ, Hu P, Dwivedi DJ, Fox-Robichaud A, Liaw PC, et al. Epigenetic profiling in severe sepsis: a pilot study of DNA methylation profiles in critical illness. Crit Care Med. (2020) 48:142–50. doi: 10.1097/CCM.0000000000004097

 66. Hopp L, Loeffler-Wirth H, Nersisyan L, Arakelyan A, Binder H. Footprints of sepsis framed within community acquired pneumonia in the blood transcriptome. Front Immunol. (2018) 9:1620. doi: 10.3389/fimmu.2018.01620

 67. Dhas DBB, Ashmi AH, Bhat BV, Kalaivani S, Chandra S. Genomics data comparison of genomic DNA methylation pattern among septic and non-septic newborns — an epigenome wide association study. Genomics Data. (2015) 3:36–40. doi: 10.1016/j.gdata.2014.11.004

 68. Bataille A, Galichon P, Ziliotis MJ, Sadia I, Hertig A. Epigenetic changes during sepsis: On your marks! Crit Care. (2015) 19:4–6. doi: 10.1186/s13054-015-1068-5

 69. Nicodeme E, Jeffrey KL, Schaefer U, Beinke S, Dewell S, Chung CW, et al. Suppression of inflammation by a synthetic histone mimic. Nature. (2010) 468:1119–23. doi: 10.1038/nature09589

 70. Calao M, Burny A, Quivy V, Dekoninck A, Van Lint C. A pervasive role of histone acetyltransferases and deacetylases in an NF-κB-signaling code. Trends Biochem Sci. (2008) 33:339–49. doi: 10.1016/j.tibs.2008.04.015

 71. Wei J, Dong S, Bowser RK, Khoo A, Zhang L, Jacko AM, et al. Regulation of the ubiquitylation and deubiquitylation of CREB-binding protein modulates histone acetylation and lung inflammation. Sci Signal. (2017) 10:1–13. doi: 10.1126/scisignal.aak9660

 72. Kawahara TLA, Michishita E, Adler AS, Damian M, Berber E, Lin M, et al. SIRT6 links histone H3 lysine 9 deacetylation to NF-κB-dependent gene expression and organismal life span. Cell. (2009) 136:62–74. doi: 10.1016/j.cell.2008.10.052

 73. Chan C, Li L, McCall CE, Yoza BK. Endotoxin tolerance disrupts chromatin remodeling and NF-κB transactivation at the IL-1β Promoter. J Immunol. (2005) 175:461–8. doi: 10.4049/jimmunol.175.1.461

 74. Liu PS, Ho PC. Determining macrophage polarization upon metabolic perturbation. Meth Mol Biol. (2019) 1862:173–86. doi: 10.1007/978-1-4939-8769-6_13

 75. Wang B, Liu TY, Lai CH, Rao YH, Choi MC, Chi JT, et al. Glycolysis-dependent histone deacetylase 4 degradation regulates inflammatory cytokine production. Mol Biol Cell. (2014) 25:3300–7. doi: 10.1091/mbc.e13-12-0757

 76. Liu PS, Wang H, Li X, Chao T, Teav T, Christen S, et al. α-ketoglutarate orchestrates macrophage activation through metabolic and epigenetic reprogramming. Nat Immunol. (2017) 18:985–94. doi: 10.1038/ni.3796

 77. van Teijlingen Bakker N, Pearce EJ. Cell-intrinsic metabolic regulation of mononuclear phagocyte activation: findings from the tip of the iceberg. Immunol Rev. (2020) 295:54–67. doi: 10.1111/imr.12848

 78. Tendl KA, Schulz SMF, Mechtler TP, Bohn A, Greber-platzer S, Kasper DC, et al. DNA methylation pattern of CALCA in preterm neonates with bacterial sepsis as a putative epigenetic biomarker. Epigenetics. (2013) 8:1261–7. doi: 10.4161/epi.26645

 79. Pellegrina DVDS, Severino P, Barbeiro HV, de Souza HP, Machado MCC, Pinheiro-da-Silva F, et al. Insights into the function of long noncoding RNAs in sepsis revealed by gene co-expression network analysis. Noncoding RNA. (2017) 3:5. doi: 10.3390/ncrna3010005

 80. Cheng L, Nan C, Kang L, Zhang N, Liu S, Chen H, et al. Whole blood transcriptomic investigation identifies long non-coding RNAs as regulators in sepsis. J Transl Med. (2020) 18:217. doi: 10.1186/s12967-020-02372-2

 81. Scicluna BP, Uhel F, van Vught LA, Wiewel MA, Hoogendijk AJ, Baessman I, et al. The leukocyte non-coding RNA landscape in critically ill patients with sepsis. Elife. (2020) 9:e58597. doi: 10.7554/eLife.58597

 82. Zhang T, Li D, Xia J, Wu Q, Wen R, Yang N, et al. Non-coding RNA: a potential biomarker and therapeutic target for sepsis. Oncotarget. (2017) 8:91765–78. doi: 10.18632/oncotarget.21766

 83. Gallagher SJ, Shklovskaya E, Hersey P. Epigenetic modulation in cancer immunotherapy. Curr Opin Pharmacol. (2017) 35:48–56. doi: 10.1016/j.coph.2017.05.006

 84. Ahuja N, Sharma AR, Baylin SB. Epigenetic therapeutics: a new weapon in the war against cancer. Annu Rev Med. (2016) 67:73–89. doi: 10.1146/annurev-med-111314-035900

 85. Faleiro I, Leão R, Binnie A, de Mello RA, Maia AT, Castelo-Branco P. Epigenetic therapy in urologic cancers: an update on clinical trials. Oncotarget. (2017) 8:12484–500. doi: 10.18632/oncotarget.14226

 86. Fang J, Lian Y, Xie K, Cai S, Wen P. Epigenetic modulation of neuronal apoptosis and cognitive functions in sepsis-associated encephalopathy. Neurol Sci. (2014) 35:283–8. doi: 10.1007/s10072-013-1508-4

 87. Rios ECS, De Lima TM, Moretti AIS, Soriano FG. The role of nitric oxide in the epigenetic regulation of THP-1 induced by lipopolysaccharide. Life Sci. (2016) 147:110–6. doi: 10.1016/j.lfs.2016.01.041

 88. Steckert AV, Comim CM, Igna DMD, Dominguini D, Mendonça BP, Ornell F, et al. Effects of sodium butyrate on aversive memory in rats submitted to sepsis. Neurosci Lett. (2015) 595:134–8. doi: 10.1016/j.neulet.2015.04.019

 89. Ji MH, Li GM, Jia M, Zhu SH, Gao DP, Fan YX, et al. Valproic acid attenuates lipopolysaccharide-induced acute lung injury in mice. Inflammation. (2013) 36:1453–9. doi: 10.1007/s10753-013-9686-z

 90. Georgoff PE, Nikolian VC, Bonham T, Pai MP, Tafatia C, Halaweish I, et al. Safety and tolerability of intravenous valproic acid in healthy subjects: a phase I dose-escalation trial. Clin Pharmacokinet. (2018) 57:209–19. doi: 10.1007/s40262-017-0553-1

 91. von Knethen A, Brüne B. Histone deacetylation inhibitors as therapy concept in sepsis. Int J Mol Sci. (2019) 20:346. doi: 10.3390/ijms20020346

 92. Vachharajani VT, Liu T, Brown CM, Wang X, Buechler NL, Wells JD, et al. SIRT1 inhibition during the hypoinflammatory phenotype of sepsis enhances immunity and improves outcome. J Leukoc Biol. (2014) 96:785–96. doi: 10.1189/jlb.3MA0114-034RR

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.

Copyright © 2021 Falcão-Holanda, Brunialti, Jasiulionis and Salomão. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmed-08-685333-t003.jpg
Study
89)

84)

(62)

63)

©4

65)

(66)

©®7

Epigenetic modification
Histone methytation

DNA methylation histone
methylation

Histone acetylation

DNA methylation histone
methylation

Histone methylation histone
acetylation

DNA methylation

DNA methylation histone
methylation

DNA methylation

LPS, lipopolysaccharide; SIRT1, sirtuin 1

Model

Human monocytes exposed to LPS

Human monocytes exposed to LPS

Human monocyte cell model of
endotoxin tolerance

Human monocyte cell line THP-1
incubated with LPS

Monocytes from septic patients

Adults patients with
Sepsis

Adult patients with
community-acquired pneumonia

Neonates with bacterial sepsis

Results

Exposure to LPS changed the methylation pattern of H3K9 in a set of
inflammatory gene

Exposure to endotoxin generated changes in DNA methylation, mainly
demethylation, and a gain of acetyl in H3K27 and methyl H3K4 in
cytokine promoters

SIRT1 coordinates the epigenetic and bioenergy shifts

In tolerant macrophages, the interaction of DNA methylation with H3K9
methylation silences TNF-u expression

Sepsis induces changes in chromatin, with selective and precise
changes in promoter regions of immunological genes

‘The DNA methylation profile showed 668 differentially methylated
regions between patients with sepsis and patients with critical
non-septic diseases

Chromatin remodeling occurs in community-acquired pneurmonia
associated with extensive transcriptional deregulation of
chromatin-modifying enzymes

Analysis of the entire epigenome of whole blood samples reveals 81
diferently methylated CpG sites in 64 genes, where functional analysis
showed an enrichment of protocadherin genes in neonatal sepsis.





OPS/images/fmed-08-685333-t001.jpg
Histone modification

H3K4me1
H3K4me3
H3K9ac
H3K27ac
H3K27me3
H3K9me3

From references From references (18-20).

Modifying enzymes

SET1, SET7/9, MLL, SMYD2, PRDMS
SET1, MLL1, MLL2, SMYD3, PRDM9
GCN&

GCNS

EZH1, EZH2

SUV39H1, SUV39H2

Function

Activation
Activation
Activation
Activation
Repression
Repression

Location

Enhancers
Promoters

Enhancers, promoters

Enhancers, promoters

Promoters, gene-rich regions

Satelite repeats, telomeres, pericentromeres





OPS/images/fmed-08-685333-t002.jpg
Study

In vitro
@1

62)

63)

In vivo

64

68)

(56)

67

(68)

69

(60)

©1)

Epigenetic modification

Histone methylation
Histone methylation histone
acetylation

Histone methylation

Histone methylation

Histone methylation

Histone acetylation

DNA methylation
Histone acetylation DNA
methylation

Histone acetylation

DNA methylation

DNA methylation

Histone acetylation

Histone acetylation

Experimental model

Macrophages of Wbp7 -/ mice exposed
toLPS

BMM stimulated with LPS

Murine RAW264.7 cells and BMDMs upon
LPS stimulation

Raw264.7 macrophages LPS-treated

BMM stimulated with LPS

ALl sepsis in murine

ALl sepsis in rat

ALl sepsis in mice

CLP-induced sepsis in mice

GLP-induced sepsis in mice

Rat model of endotoxemia

Mice injected with LPS

Mice injected with LPS

Results

Macrophages Wbp? —/ show impaired responses to LPS, with
loss of H3K4me3

Epigenstic changes are associated with silencing of inflammatory
genes and priming of antimicrobial effector

LPS stimulation resulted in enhanced methylation at H3K4 and
H3KQ in cells

The JmjC-Jmjd3 domain protein is H3K27me
macrophage-induced demethylase in the presence of bacterial
products and inflammatory cytokines

Jmjd3 interferes with the transcription of LPS-activated genes in
an independent way to demethylate H3K27

ALl sepsis recuces the levels of histone H3 lysine acetylation that
permits the transcription of angiogenic genes in the lung, kidney,
and liver

1,721 genes had aberrant methylation in the rat's lung tissue with
acute LPS-induced injury

Combined treatment of DNMTi and HDAC alleviates.
inflammation-induced pyroptosis and apoptosis during ALl
Pretreatrent with HDAGi 80 min before CLP resulted in decreased
lung injury and increased survival

“Treatment with decitabine reciuces DNMTs, minimizes NF-k8
activation, and attenuates inflammatory cytokine levels, inhibiting
sepsis progression

Treatment with DMNTi (procainamide) reduced the levels of
DMNT1 and 5-methyleytosine, improving inflammatory infitrate
and superoxide production in the lung

Prophylactic treatment with HDACI (SAHA) reduced levels of
TNF-, IL-1-B, IL-6, and IFN-y induced by LPS

SAHA-treated mice had increased sunvival than untreated mice

LPS, lipopolysaccharide; BMM, bone marrow macrophage; BMDM, bone marrow-derived macrophage; ALl, acute lung injury-induced sepsis; DMNTI, DNA methyltransferase inhibitor;
HDACi, histone deacetylase inhibitor; CLF, cecal ligation and puncture; SAHA, suberoyanilide hydroxamic acid; DMNT1, DNA methyltransferase 1; JMJD3, Jumonji domain-containing

protein D3.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Epigenetic Regulation in Sepsis, Role in Pathophysiology and Therapeutic Perspective



		Introduction



		Definition OF Epigenetic Mechanisms



		DNA Methylation



		Histone Modification



		Non-coding RNAs







		Epigenetic Regulation of the Immune System



		Epigenetic Regulation in Sepsis



		Histone Modification and Sepsis



		Epigenetic Regulators and Sepsis



		DNA Methylation and Sepsis



		Non-coding RNAs and Sepsis







		Potential Epigenetic Therapies for Sepsis



		Conclusion



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Medicine

Epigenetic Regulation in Sepsis, Role
in Pathophysiology and Therapeutic
Perspective





OPS/images/fmed-08-685333-g001.gif
Orosne. Guanne





OPS/images/fmed-08-685333-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medicine





