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Initial lipopolysaccharide (LPS) exposure leads to a hypo-responsive state by macrophages to a secondary stimulation of LPS, known as endotoxin tolerance. However, recent findings show that functions of endotoxin-tolerant macrophages are not completely suppressed, whereas they undergo a functional re-programming process with upregulation of a panel of molecules leading to enhanced protective functions including antimicrobial and tissue-remodeling activities. However, the underlying molecular mechanisms are still elusive. Erythropoietin (EPO), a glycoprotein regulated by hypoxia-inducible factor 1α (HIF-1α), exerts anti-inflammatory and tissue-protective activities. Nevertheless, the potential effects of EPO on functional re-programming of endotoxin-tolerant macrophages have not been investigated yet. Here, we found that initial LPS exposure led to upregulation of HIF-1α/EPO in macrophages and that EPO enhanced tolerance in tolerized macrophages and mice as demonstrated by suppressed proinflammatory genes such as Il1b, Il6, and Tnfa after secondary LPS stimulation. Moreover, we showed that EPO improved host protective genes in endotoxin-tolerant macrophages and mice, such as the anti-bacterial genes coding for cathelicidin-related antimicrobial peptide (Cnlp) and macrophage receptor with collagenous structure (Marco), and the tissue-repairing gene vascular endothelial growth factor C (Vegfc). Therefore, our findings indicate that EPO mediates the functional re-programming of endotoxin-tolerant macrophages. Mechanistically, we found that PI3K/AKT signaling contributed to EPO-mediated re-programming through upregulation of Irak3 and Wdr5 expression. Specifically, IL-1 receptor-associated kinase 3 (IRAK3) was responsible for inhibiting proinflammatory genes Il1b, Il6, and Tnfa in tolerized macrophages after LPS rechallenge, whereas WDR5 contributed to the upregulation of host beneficial genes including Cnlp, Marco, and Vegfc. In a septic model of mice, EPO pretreatment significantly promoted endotoxin-tolerant re-programming, alleviated lung injury, enhanced bacterial clearance, and decreased mortality in LPS-tolerized mice after secondary infection of Escherichia coli. Collectively, our results reveal a novel role for EPO in mediating functional re-programming of endotoxin-tolerant macrophages; thus, targeting EPO appears to be a new therapeutic option in sepsis and other inflammatory disorders.
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Introduction

Sepsis is a life-threatening pathology that arises from dysregulated host inflammatory response to severe bacterial infection, trauma, or cancer. The annual prevalence of sepsis worldwide is estimated at 19 million and it is a leading cause of death in intensive care units globally (1). Although great advance of therapeutic strategy has been made during the past 20 years, severe sepsis-related mortality still remains high at 20%–30% approximately (2). Therefore, novel effective therapeutic strategy is urgently required to improve the outcomes of septic patients. Severe proinflammatory response in sepsis results in multiple organ dysfunction in clinical patients; however, a number of clinical trials designed for blocking proinflammatory cytokines have failed in septic patients (3, 4). Nevertheless, increasing studies have found that patients who survived the initial acute stage of sepsis often developed an immuno-suppressive state, resulting in increased risks of detrimental secondary infections which are held responsible for high mortality in sepsis (5). These facts indicate that anti-inflammatory therapy alone might not be sufficient for the successful treatment of sepsis and it will be of great interest to achieve attenuation of cytokine response while enhancing protective immune function against secondary infections.

Endotoxin tolerance refers to a refractory state of macrophages induced by initial exposure to lipopolysaccharide (LPS) in response to a secondary dose of LPS (6). The endotoxin-tolerant macrophages are characterized by suppressed secretion of proinflammatory cytokines such as TNF-α, IL-6, and IL-1β after a secondary LPS stimulation (7). However, in animal models of experimental sepsis induced by bacterial challenge, for example, Salmonella typhimurium, Pseudomonas aeruginosa, and Staphylococcus aureus, results from prior works demonstrated that, although the inflammatory response was suppressed by LPS pretreatment, LPS-tolerant mice showed enhanced bacterial clearance and improved survival, suggesting that LPS tolerance upregulated the immune function to clear pathogenic bacteria despite cytokine response being attenuated (8–10). In addition, accumulating in vitro studies show that, in LPS-tolerant human peripheral blood mononuclear cells and murine macrophages, although genes encoding proinflammatory mediators such as Il1b, Il6, and Tnfa are silenced, genes encoding antimicrobial effectors such as cathelicidin-related antimicrobial peptide (CRAMP) coding gene Cnlp and macrophage receptor with collagenous structure coding gene Marco remain inducible (11). Most recently, investigations in clinical patients with sepsis reveal that rather than globally suppressed, septic blood monocytes undergo a functional re-programming from proinflammatory to an endotoxin-tolerant state. This re-programming process includes not only suppression of proinflammatory cytokines but also upregulation of several important host protective genes, for example, the antimicrobial gene coding for hepcidin antimicrobial peptide (HAMP) and the tissue-remodeling gene vascular endothelial growth factor (VEGF) (12). Therefore, endotoxin tolerance is different from post-injury immunosuppression of clinical patients and it may serve as an important mechanism to suppress proinflammatory response while enhancing the innate immune clearance of pathogens and tissue-repairing functions. Thus, exploring the re-programming mechanism of endotoxin tolerance and the development of novel tolerance regulators will be of great significance to achieve better outcomes in treating patients with sepsis and other diseases.

Hypoxia-inducible factor 1α (HIF-1α), a key transcriptional factor in the regulation of hypoxic response, plays a critical role in the development of immune re-programming in sepsis. For instance, recent studies reveal that expression of HIF-1α is significantly upregulated in monocytes isolated from sepsis patients and that HIF-1α mediates functional re-programming of monocytes by enhancing protective functions like phagocytosis, antimicrobial activity, and tissue-remodeling functions (12). However, the specific underlying molecular mechanisms have not been entirely clarified. Activation of HIF-1α is known to regulate numerous hypoxia-sensitive genes, for example, erythropoietin (EPO), a hematopoietic hormone that acts by increasing oxygen availability via binding to its receptor EPOR (13). Recently, expression of EPOR has been found in several non-hematopoietic systems, especially the immune system such as macrophages (14). Treatment of EPO has been shown to exhibit potent anti-inflammatory functions in LPS-activated proinflammatory macrophages by inhibition of NF-κB (15). Moreover, EPO has been shown to enhance phagocytotic activity of macrophages (16). In addition, expression of EPOR has also been found in other non-hematopoietic systems such as the central nervous system, and EPO has been shown great tissue-protective effects in neurons (17, 18). However, there is still no report on the potential effect of EPO in the regulation of endotoxin tolerance. In this regard, we ask whether EPO is involved in the functional re-programming of endotoxin-tolerant macrophages and explore the underlying mechanisms.



Materials

Salidroside (SAL) (CAS 10338-51-9, purity >98%) and 5-aza-2′-deoxycytidine (5-AZA) were purchased from Solarbio (Beijing, China). LPS (Escherichia coli 055:B5) was purchased from Sigma Chemical Co. (St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were obtained from Invitrogen-Gibco (Grand Island, NY, USA). The neutralizing antibody to EPO (anti-EPO-16, Clone 16F1H11) was purchased from Stemcell Technologies (Vancouver, Canada). Recombinant mouse macrophage colony-stimulating factor (M-CSF) was purchased from Sinobiological (Beijing, China). Recombinant human EPO (rhEPO) was purchased from Sunshine Pharmaceutical (Shenyang, China). BAY87-2243 and MK2206 were purchased from Beyotime Biotechnology (Shanghai, China). WDR5-0103 was purchased from Selleck (Houston, TX, USA). Irak3 siRNA(m) was purchased from Santa Cruz Biotechnology (Dallas, TX, USA).


Animals and mouse models

Wild-type C57BL/6 male mice approximately 8–12 weeks old were purchased from Army University Experimental Animal Center and acclimatized for 1 week before use. Eporloxp/loxpLysM-Cre+/+ mice were referred to as EPOR-cKO mice described previously (19). All mice were housed and bred in the animal facility at the Army Medical University under specific pathogen–free conditions. Rodent laboratory chow and tap water were provided and maintained under controlled conditions with a temperature of 24°C ± 1°C and a 12-h light/12-h dark cycle. All of the procedures were in strict accordance with the guide. E. coli serotype O6:K2:H1 cultured in Luria–Bertani (LB) broth was harvested at mid-log phase (OD600 ≈ 0.8; 5 × 109 CFU/ml) and then washed twice in sterile PBS. Sepsis was induced via an intraperitoneal injection of 107 indicated CFU of E. coli into the abdominal cavity of mice. The peritoneal lavage fluids were collected aseptically by irrigating the peritoneal cavity with sterile PBS. Bacterial loads in peritoneal cavity were assessed to evaluate the bacterial clearance using the method described previously (19).



Cell culture

The RAW 264.7 murine macrophage cell line was obtained from the China Cell Line Bank (Beijing, China). Bone marrow cells were obtained from the femur and tibia of mice aged 8–12 weeks. After erythrocytes lysis and centrifugation, they were cultured in DMEM medium containing M-CSF (50 ng/ml) for 3 days. On day 4, fresh DMEM medium containing M-CSF into cell culture was added. After being cultured in DMEM medium containing M-CSF for a total of 6 days, adherent cells as bone marrow–derived macrophages (BMDMs) were collected. All cells were cultured in DMEM supplemented with 10% heat-inactivated FBS at 37°C under a humidified atmosphere of 5% CO2.



Real-time quantitative PCR

RNA was isolated from cultured cells or mice tissue samples with the RNA fast 200 Kit (Fastagen, Shanghai, China) according to the manufacturer’s instructions. Reverse transcription was performed using a reverse transcription kit (Takara, Tokyo, Japan). qRT-PCR was performed using SYBR Green qPCR Master Mix (MedChemExpress, Monmouth Junction, NJ, USA). qRT-PCR was run on the CFX96 detection system (Bio-Rad Laboratories, Hemel Hempstead, UK); gene expression for each sample was normalized to β-actin for the mouse reference gene, and the differences were determined using the 2-ΔΔCT calculation. The sequences of primers used are listed in Supplementary methods.



Histological assessment

Lung samples were harvested, fixed in 4% paraformaldehyde, dehydrated, bisected, mounted in paraffin, and sectioned for H&E staining according to the manufacturer’s protocol (Sigma-Aldrich, St Louis, MO, USA). For histological evaluation, the lung injury scores were quantified as previously described (19).



Statistics

All values in the figures and text are expressed as means ± SEM. Significance was calculated using one-way or two-way ANOVA with Tukey’s post-hoc test for multiple comparisons or Student’s t-test for two groups meeting the normal distribution criteria. Survival rate was analyzed via the log-rank test. For all statistical analyses, the statistical significance was represented by a single asterisk (P < 0. 05), two asterisks (P < 0. 01), three asterisks (P < 0. 001), or four asterisks (P < 0. 0001) using GraphPad Prism 9.0.




Results


Blockade of endogenous EPO impaired re-programming of endotoxin-tolerant macrophages

Tolerance by macrophages to endotoxin can be elicited in vitro by long-term exposure to LPS. In order to determine whether the expression of endogenous EPO is induced by initial LPS exposure during the establishment of endotoxin tolerance, purified BMDMs from healthy wild-type (WT) C57BL/6 mice and a mouse cell line RAW264.7 macrophages were incubated with LPS (100 ng/ml) for 0, 6, 12, and 24 h, and mRNA levels of Hif1a, Epo, and its receptor Epor were measured by real-time quantitative reverse transcription PCR (qRT-PCR). Consistent with the previous study which established that HIF-1α expression was significantly upregulated in blood monocytes from septic patients (12), our results showed that gene expression of Hif1a was significantly elicited in BMDMs and RAW264.7 macrophages at 12 and 24 h by LPS tolerization (Figures 1A, B). We next measured the mRNA expression of Epo and its receptor Epor in LPS-tolerized macrophages. As demonstrated in Figures 1A, B, Epo and Epor mRNAs at 12 and 24 h were markedly upregulated in LPS-tolerized BMDMs and RAW264.7 macrophages. Therefore, our data demonstrated that the macrophage EPO pathway was induced endogenously by initial LPS exposure during the establishment of endotoxin tolerance. We thus hypothesized that the endogenously induced EPO might play a role in regulating the functional re-programming of endotoxin-tolerant macrophages. To address this question, a neutralizing antibody to EPO (anti-EPO-16) was used in our in vitro experiments to block endogenous EPO activities. Mice RAW264.7 macrophages were exposed to primary dose of LPS (100 ng/ml) for 24 h to induce tolerance, together with anti-EPO-16 or isotype IgG. Then, cells were washed with PBS twice and, subsequently, cells were given with a secondary LPS stimulation (10 ng/ml) for 6 h. As demonstrated in Figure 1C, our results showed that exposure of RAW264.7 macrophages to initial LPS induced an endotoxin-tolerant state indicated by the significant suppression of Il1b, Il6, and Tnfa mRNA after secondary LPS stimulation. However, anti-EPO-16 at a concentration of 10 μg/ml or higher significantly reversed the suppressed mRNA expression of Il1b, Il6, and Tnfa in tolerized macrophages following LPS rechallenge. Another hallmark of endotoxin-tolerant re-programming is the upregulation of antimicrobial and tissue-repairing genes. Our results showed that after LPS restimulation, tolerized macrophages showed a notable alteration in the pattern of host beneficial genes, with a remarkable upregulation of anti-bacterial genes, for example, Cnlp and Marco, as well as tissue-repairing gene Vegfc compared to non-tolerant macrophages (Figure 1D). However, when endogenous EPO was neutralized with anti-EPO-16, LPS-tolerant macrophages failed to upregulate expression of Cnlp, Marco, and Vegfc in response to secondary LPS stimulation (Figure 1D). Therefore, our data demonstrated that blockade of endogenous EPO significantly dampened the formation of functional re-programming in tolerized macrophages.




Figure 1 | Blockade of endogenous EPO impaired re-programming of endotoxin-tolerant macrophages. (A, B): In vitro cultured BMDMs from WT C57BL/6 mice (A) or mouse RAW264.7 macrophages (B) were incubated with LPS (100 ng/ml) for 0, 6, 12, and 24 h, and mRNA levels of Hif1a, Epo, and Epor in macrophages were measured by qRT-PCR (n = 3). (C, D): In vitro cultured RAW264.7 macrophages were pretreated with PBS (non-tolerant), LPS (100 ng/ml) (tolerant), or LPS (100 ng/ml) + anti-EPO-16 (10 or 20 μg/ml) for 24 h. Then, cells were washed with PBS twice. Subsequently, cells were given with a secondary LPS stimulation (10 ng/ml) for 6 h, and the mRNA levels of Il1b, Il6, Tnfa (C), Cnlp, Marco, and Vegfc (D) were measured by qRT-PCR (n = 3). Data are representative of three independent experiments. Results were expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (one-way ANOVA with Tukey’s post-hoc test for multiple comparisons).





EPO-mediated functional re-programming of endotoxin-tolerant macrophages

Having established that endogenous EPO played an important role in the development of functional re-programming of endotoxin-tolerant macrophages, we anticipated that exogenous EPO could re-program LPS-tolerized macrophages in response to secondary LPS stimulation. To test directly whether exogenous EPO affects macrophage re-programming, we treated macrophages with rhEPO during the LPS-tolerization period. Specifically, BMDMs or RAW264.7 macrophages were exposed to a primary dose of LPS (100 ng/ml) for 24 h to induce tolerance, together with different doses of rhEPO or PBS. Then, cells were washed with PBS twice and, subsequently, cells were given with a secondary LPS stimulation (10 ng/ml) for 6 h. As shown in Figure 2A, B and Figure S1A, pretreatment of rhEPO during LPS-tolerization dose-dependently decreased mRNA expression and protein secretion of proinflammatory cytokines IL-1β, IL-6, and TNF-α but upregulated mRNA levels of protective genes Cnlp, Marco, and Vegfc in LPS-restimulated macrophages. Thus, our results showed that incubation of exogenous EPO during initial LPS tolerization promoted macrophage re-programming by suppressing inflammatory response while increasing host protective genes in response to secondary LPS stimulation. EPO is known to act via its receptor EPOR, we thus further verified the role of EPO-mediated endotoxin-tolerant re-programming with BMDMs from EPOR-cKO mice, a myeloid-specific EPOR knockout mice (19). As shown in Figure S1B, pretreatment of rhEPO failed to elicit endotoxin tolerance in tolerized BMDMs from EPOR-cKO mice, verifying that EPO mediated re-programming of endotoxin-tolerant macrophages via its receptor EPOR. Collectively, our in vitro studies demonstrated that exogenous EPO enhanced endotoxin-tolerant re-programming of tolerized macrophages in an EPOR-dependent manner.




Figure 2 | Exogenous EPO promoted endotoxin-tolerant re-programming.(A, B): In vitro cultured RAW264.7 macrophages (A) or BMDMs from WT C57BL/6 mice (B) were incubated with different dose of rhEPO (0, 10, 20, and 40 IU/ml) in the presence of LPS (100 ng/ml) for 24 h, and then cells were washed with PBS twice followed by a secondary LPS stimulation (10 ng/ml) for 6 h; gene expression was measured by qRT-PCR (n = 3). (C–F): WT C57BL/6 mice were intraperitoneally injected with LPS (1 mg/kg) together with rhEPO (5,000 IU/kg) or PBS for 24 h, and then mice were intraperitoneally given with a secondary LPS injection (10 mg/kg) for 6 h. Control mice were injected with PBS only. (C): Lung specimens stained with H&E (bar = 100 μm, n = 3). (D–F): qRT-PCR assay of gene expression in mice’s lung (D), liver (E), and kidney (F) (n = 3). Data are representative of three independent experiments. Results were expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Statistics: one-way ANOVA (A, B) or two-way ANOVA (D-F) with Tukey’s post-hoc test for multiple comparisons.



In vivo effects of exogenous EPO on endotoxin tolerance were examined in WT C57BL/6 mice and EPOR-cKO mice. Mice were injected with LPS (1 mg/kg, i.p.) to induce tolerance, together with rhEPO (5,000 IU/kg) or an equal volume of PBS for 24 h, and then they were given with a secondary LPS injection (10 mg/kg, i.p.) for 6 h. The lung is one of the most vulnerable organs injured by sepsis, we examined the lung specimens after secondary LPS challenge by staining with H&E. As shown in Figure 2C and Figure S1C, lung tissues from the EPO group showed less interstitial edema, coagulation, and inflammatory cell infiltration, indicating a less inflammatory response and an increased tissue-protective effect by EPO pretreatment. Overexpression of proinflammatory cytokines contributes to lung injury in septic mice, and we observed a significantly lower level of proinflammatory Il1b, Il6, and Tnfa mRNA in the lungs from rhEPO-pretreated mice (Figure 2D), whereas mRNA expression of host beneficial genes Cnlp, Marco, and Vegfc was significantly increased in rhEPO-pretreated group (Figure 2D). Similar results were observed in the liver, kidney, and spleen of rhEPO-pretreated mice (Figures 2E, F, Figure S1D). Additionally, the in vivo roles of exogenous EPO were further validated in EPOR-cKO mice, and we found that pretreatment of rhEPO failed to induce endotoxin tolerance in tolerized EPOR-cKO mice to secondary LPS challenge (Figures S1E–H). Thus, our animal experiment results indicated that exogenous EPO mediated re-programming of endotoxin tolerance in vivo and this effect was macrophage EPOR–dependent.



EPO re-programmed endotoxin-tolerant macrophages through PI3K/AKT pathway via upregulation of IRAK3 and WDR5

We next explored pathways that participated in EPO-mediated re-programming of endotoxin-tolerant macrophages. One of the well-known EPO signaling pathways is the phosphatidyl-inositol-3 kinase (PI3K) and its downstream target protein kinase B (AKT) pathway (20), which is discovered to negatively regulate LPS signaling in macrophages (21). Therefore, in the present study, we sought to determine whether PI3K/AKT pathway was responsible for the EPO-mediated re-programming of endotoxin-tolerant macrophages. To clarify this question, the PI3K inhibitor LY294002 and AKT inhibitor MK2206 were examined in our experiments. As shown in Figures 3A, B, inhibition of PI3K/AKT pathway with LY294002 (20 μM) or MK2206 (5 μM) remarkably reversed the suppressed expression of proinflammatory Il1b, Il6 and Tnfa, whereas significantly impaired the upregulated expression of host beneficial genes Cnlp, Marco and Vegfc by rhEPO in tolerized RAW264.7 macrophages after secondary LPS stimulation. Thus, our results indicated that PI3K/AKT pathway was indeed responsible for the EPO-mediated re-programming of endotoxin-tolerant macrophage. Negative regulators of LPS response, for instance, IL-1 receptor–associated kinase 3 (IRAK3), play important roles in endotoxin tolerance by limiting overexpression of proinflammatory cytokines (22). On the other hand, the upregulation of tissue-protective genes in endotoxin tolerance is associated with epigenetic mechanisms, for example, trimethylation of histone H3 methylated at K4 (H3K4me3) (11). Therefore, we asked whether these negative feedback regulators and epigenetic modulation enzymes might play critical roles in EPO-mediated endotoxin-tolerant re-programming. We treated LPS-tolerized RAW264.7 macrophages with rhEPO during initial the LPS-tolerization period for 24 h; as shown in Figure S2, rhEPO significantly increased gene expression of Irak3 and increased mRNA expression of WD repeat-containing protein 5 (Wdr5) which is essential for H3K4me3-specific histone methyl transferase activity. Additionally, this induction effect of EPO was inhibited by AKT inhibitor MK2206 (Figure 3C). Thus, our findings suggest that Irak3 and Wdr5 might be closely linked to the regulation of EPO-mediated macrophage re-programming. We then determined to investigate the role of IRAK3 and WDR5 in modulation of EPO-mediated re-programming in endotoxin-tolerant macrophages. As shown in Figure 3D, treatment with Irak3 siRNA reversed the expression of proinflammatory Il1b, Il6, and Tnfa suppressed by rhEPO pretreatment in tolerized RAW264.7 macrophages triggered by LPS restimulation, whereas levels of host beneficial genes Cnlp, Marco and Vegfc were not affected. On the other hand, treatment of WDR5-0103, an inhibitor of WDR5, did not change the expression of proinflammatory Il1b, Il6, and Tnfa but specifically reduced levels of host protective genes Cnlp, Marco, and Vegfc (Figure 3E). Therefore, our results indicated that IRAK3 was responsible for the regulation of proinflammatory genes, whereas WDR5 was countable for modulating host protective genes in EPO-mediated re-programming of endotoxin-tolerant macrophages.




Figure 3 | EPO mediated re-programming of endotoxin-tolerant macrophages through PI3K/AKT pathway via upregulation of IRAK3 and WDR5 (A, B): In vitro cultured RAW264.7 macrophages were incubated with PBS, rhEPO (40 IU/ml), and rhEPO (40 IU/ml) + LY294002 (20 μM) (A) or PBS, rhEPO (40 IU/ml), and rhEPO (40 IU/ml) + MK2206 (5 μM) (B) the in presence of LPS (100 ng/ml) for 24 h, and then cells were washed with PBS twice followed by a secondary LPS stimulation (10 ng/ml) for 6 h; gene expression was measured by qRT-PCR (n = 3). (C): In vitro cultured RAW264.7 macrophages were incubated with PBS, rhEPO (40 IU/ml), or rhEPO (40 IU/ml) + MK2206 (5 μM) in the presence of LPS (100 ng/ml) for 24 h, and then gene expression of Irak3 and Wdr5 was measured by qRT-PCR (n = 3). (D–F): RAW264.7 macrophages were incubated with PBS, rhEPO (40 IU/ml), and rhEPO (40 IU/ml) + Irak3 siRNA (50 nM) (D); PBS, rhEPO (40 IU/ml), and rhEPO (40 IU/ml) + WDR5-0103 (500 nM) (E); or PBS, rhEPO (40 IU/ml), and rhEPO (40 IU/ml) + 5-AZA (5 μM) (F) in the presence of LPS (100 ng/ml) for 24 h, and then cells were washed with PBS twice followed by a secondary LPS stimulation (10 ng/ml) for 6 h; gene expression was measured by qRT-PCR (n = 3). Data are representative of three independent experiments. Results were expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. n.s., not statistically significant. Statistics: two-way ANOVA with Tukey’s post-hoc test for multiple comparisons. "n.s." stands for "not statistically significant“.



Previous experiments showed that treatment with a demethylating agent 5-AZA significantly decreased H3K4me3 in tolerized macrophages and reduced expression of Marco upon LPS rechallenge without change in the inflammatory component of immune tolerance (23). Thus, from the current data and that published by others, we speculated that this mechanism might also work for EPO-mediated expression of Cnlp, Marco, and Vegfc in tolerized macrophages. As shown in Figure 3F, we testified that in LPS-tolerized RAW264.7 macrophages, treatment with 5-AZA indeed significantly impaired EPO-mediated Cnlp, Marco, and Vegfc mRNA expression upon secondary LPS stimulation but did not affect the inflammatory response as measured by the expression of Il1b, Il6, and Tnfa. In aggregate, our results suggested that WDR5-induced methylation played a critical role in EPO-mediated functional re-programming of tolerized macrophages.



Induction of endogenous EPO by salidroside promoted functional re-programming of endotoxin tolerance

While our findings promise beneficial effects of EPO, fear has also arisen that treatment of exogenous EPO may accelerate tumor growth in cancer patients in clinical studies (24, 25). In addition, there is an increased risk of thrombosis following EPO treatment and thus the pro-thrombotic effects of EPO therapy could not be neglected (26). To this end, it is of great interest to identify an alternative therapy without the potential risk of stimulating tumor growth or promoting thrombosis. SAL, a main bioactive component extracted from the root of R. rosea L., has long been used to prevent high-altitude sickness in traditional Chinese medicine (27). Recent studies have discovered that SAL is able to upregulate expression of HIF-1a and EPO even under non-hypoxia stress (28–31). Previous studies showed potent anti-inflammatory, anti-tumor, and anti-thrombosis activities of SAL (32–35). These findings, coupled with our data describing that blocking endogenous EPO impaired macrophage re-programming (Figures 1C, D), promoted us to conceive that SAL might serve as an optimal alternative therapy acting by inducing endogenous EPO without the risk of stimulating tumor growth or promoting thrombosis. In this event, we next determined to evaluate whether SAL was able to regulate the re-programming of endotoxin tolerance through induction of endogenous EPO in tolerized macrophages. To accomplish this, we treated RAW264.7 macrophages with different doses of SAL during LPS tolerization (100 ng/ml) for 24 h. As shown in Figure S3A, SAL incubation dose-dependently elicited gene expression of Hif1a, Epo, and Epor in LPS-tolerized RAW264.7 macrophages. Moreover, we conducted this experiment with BMDMs from healthy WT C57BL/6 mice and similar results were observed (Figure S3B), demonstrating that endogenous EPO could be induced by SAL in LPS-tolerized macrophages. Therefore, the pharmacological effects of SAL on mediating functional re-programming in endotoxin-tolerant macrophages were tested. As predicted, pretreatment of SAL dose-dependently reduced the expression of proinflammatory Il1b, Il6, and Tnfa mRNA but upregulated Cnlp, Marco, and Vegfc mRNA in tolerized RAW264.7 macrophages to LPS restimulation (Figure 4A). In addition, treatment with BAY87-2243 (20 μM), a potent HIF-1α inhibitor, eliminated the effects of SAL pretreatment on the re-programming of endotoxin-tolerant RAW264.7 macrophages (Figure S3C). Next, we performed in vitro experiments with BMDMs from healthy WT C57BL/6 mice and similar results were obtained (Figures 4B and S3D). To further testify whether SAL mediates the functional re-programming via endogenous EPO pathway, BMDMs from EPOR-cKO mice were used in our experiments and we found that after LPS tolerization and rechallenge, pretreatment of SAL failed to promote endotoxin tolerance in EPOR-cKO BMDMs (Figure S3E). Taken together, these data indicated that induction of endogenous EPO promoted the re-programming of endotoxin-tolerant macrophages in vitro.




Figure 4 | Induction of endogenous EPO by SAL improved endotoxin-tolerant re-programming (A): In vitro cultured RAW264.7 macrophages were pretreated by LPS (100 ng/ml) together with different doses of SAL (0, 20, 40 and 60 μM) for 24 h. Then, cells were washed with PBS twice followed by a secondary LPS stimulation (10 ng/ml) for 6 h, and mRNA levels were measured by qRT-PCR (n = 3). (B): In vitro cultured BMDMs from WT C57BL/6 mice were pretreated by LPS (100 ng/ml), together with SAL (60 μM) or PBS for 24 h. Then, cells were washed with PBS twice followed by a secondary LPS stimulation (10 ng/ml) for 6 h, and gene expression was measured by qRT-PCR (n = 3). For (C–G): WT C57BL/6 mice were intraperitoneally injected with LPS (1 mg/kg) together with SAL (40 mg/kg) or PBS for 24 h, and then these mice were intraperitoneally given with a secondary LPS injection (10 mg/kg) for 6 h. Control mice were injected with PBS only. (C): Lung specimens stained with H&E (bar = 100 μm, n = 3). (D–G): qRT-PCR assay of gene expression in mice’s lung (D), liver (E), kidney (F), and spleen (G) (n = 3). Results were expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Statistics: one-way ANOVA (A) or two-way ANOVA (D–G) with Tukey’s post-hoc test for multiple comparisons.



We then investigated whether SAL could promote functional re-programming of endotoxin tolerance in vivo through the endogenous EPO pathway. Healthy WT C57BL/6 mice were injected with LPS (1 mg/kg, i.p.) to induce tolerance, together with SAL (40 mg/kg, i.p.) or an equal volume of PBS for 24 h, then these mice were given with a secondary LPS injection (10 mg/kg, i.p.) for 6 h. As shown in Figures 4C and S4A, the lung tissues from the SAL group showed less interstitial edema, coagulation, and inflammatory cell infiltration. As shown in Figure 4D, we found that SAL pretreatment lowered mRNA levels of proinflammatory Il1b, Il6, and Tnfa, whereas upregulated host beneficial genes Cnlp, Marco, and Vegfc in the lung. Similarly, we found lower levels of Il1b, Il6, and Tnfa mRNA and higher levels of Cnlp, Marco, and Vegfc mRNA in the liver, kidney, and spleen of SAL pretreated mice (Figure 4E–G). In addition, treatment with HIF-1α inhibitor BAY87-2243 (9 mg/kg, i.p.) markedly impaired SAL-induced endotoxin tolerance (Figures S4B–E). In accordance with in vitro results, SAL pretreatment failed to promote endotoxin tolerance in LPS-tolerized EPOR-cKO mice (Figures S4F–I), indicating that the in vivo effects of SAL in improving endotoxin tolerance were through macrophage EPOR. Taken together, our results provided a strong premise for SAL in mediated functional re-programming of endotoxin tolerance through the endogenous EPO pathway.



EPO and SAL protected tolerized mice from secondary infection of Escherichia coli sepsis

Sepsis is often caused by a secondary bacterial infection in clinical settings. The incidence of gram-negative bacterial sepsis has risen significantly during the last decade. E. coli is one of the most frequent gram-negative bacterial pathogens of bloodstream infections and a major cause of death due to sepsis (36). Therefore, compared to LPS restimulation which is a commonly used method to establish an immune tolerance mice model, rechallenge with E. coli is a more clinically relevant experimental sepsis model to validate our findings in secondary infections. Thus, given the striking impact of EPO and SAL on LPS tolerance, we further examined the effects of EPO and SAL on the re-programming of immune tolerance in E. coli–induced septic mice. WT C57BL/6 mice were intraperitoneally injected with LPS (1 mg/kg) to induce tolerance, together with rhEPO (5,000 IU/kg), SAL (40 mg/kg), or PBS for 24 h, and then mice were challenged with secondary infection of E. coli (107 CFU, i.p.) for 6 h followed by detection. As shown in Figure 5A, compared to the PBS group, lung tissues from the rhEPO or SAL group showed less pulmonary hemorrhage, infiltration of inflammatory cells, and degeneration in the lung tissue. As shown in Figure 5B, in mice lung tissues, mRNA levels of proinflammatory Il1b, Il6, and Tnfa in the rhEPO and SAL groups were significantly lower compared to the PBS group, whereas mRNA levels of Cnlp, Marco, and Vegfc in the rhEPO and SAL groups were increased. Similar results were obtained in the liver, kidney, and spleen samples of septic mice (Figures 5C–E). Thus, these data indicated that EPO and SAL mediated endotoxin-tolerant re-programming in LPS-tolerized mice after secondary infection of E. coli. In addition, we discovered that treatment of rhEPO or SAL promoted the re-programming of host immunity to an antimicrobial state (Figure 5F) as indicated by diminished bacterial loads in peritoneal exudates. Moreover, as shown in Figure 5G, LPS-tolerant mice subjected to secondary E. coli sepsis had a 75% mortality rate, and we found a higher survival rate by rhEPO and SAL pretreatment in LPS-tolerized mice after secondary infection of E. coli. Collectively, we found that EPO and SAL protected LPS-tolerized mice against secondary infection of E. coli–induced sepsis.




Figure 5 | EPO and SAL protected LPS-tolerized mice from secondary infection of E. coli sepsis. WT C57BL/6 mice were intraperitoneally injected with LPS (1 mg/kg) + PBS, LPS (1 mg/kg) + rhEPO (5,000 IU/kg), or LPS (1 mg/kg) + SAL (40 mg/kg) for 24 h, and then mice were rechallenged with E. coli (107 CFU, i.p.) for 6 h. Control mice were injected with PBS only. (A): Lung specimens stained with H&E for histological evaluation (bar = 100 μm, n = 3). (B–E): qRT-PCR evaluation of gene expression in mice’s lung (B), liver (C), kidney (D), and spleen (E) (n = 3). (F): Bacterial titers in peritoneal lavage fluids (n = 3). WT C57BL/6 mice were intraperitoneally injected with LPS (1 mg/kg) + PBS, LPS (1 mg/kg) + rhEPO (5,000 IU/kg), or LPS (1 mg/kg) + SAL (40 mg/kg) for 24 h, and then mice were rechallenged with E. coli (107 CFU, i.p.) for 72 h for survival observation. (G): Survival of mice (n = 15, log-rank test). Data are representative of three independent experiments. Results were expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Statistics: one-way ANOVA (A, F) or two-way ANOVA (B–E) with Tukey’s post-hoc test for multiple comparisons.






Discussion

In the current study, we reveal that EPO is endogenously induced by initial LPS exposure in tolerized macrophages, and we show for the first time that EPO is a regulator of functional re-programming of endotoxin-tolerant macrophages (summarized in Figure 6). Endotoxin-tolerant macrophages are re-programmed by EPO to express less proinflammatory genes, for example, Il1b, Il6, and Tnfa, and more host protective genes such as Cnlp, Marco, and Vegfc in tolerized macrophages upon the secondary challenge of LPS. We established a mouse sepsis model by i.p. injection of E. coli to LPS-tolerized mice, and our results indicate that pretreatment of EPO mediated endotoxin-tolerant re-programming and protected mice from secondary infection of E. coli. Thus, EPO may be a potential target for the treatment of patients with sepsis.




Figure 6 | Hypothesis schema depicting the mechanism of endotoxin-tolerant re-programming mediated by EPO in macrophages. EPO is induced by initial LPS exposure through upregulation of HIF-1α. Binding of EPO to its receptor EPOR expressed on macrophages leads to activation of PI3K/AKT pathway, which further upregulated expressions of Irak3 (a negative regulator of LPS response) and Wdr5 (a core scaffolding component of histone methyltransferase complexes). When tolerized macrophages were challenged with a secondary dose of LPS, expression of proinflammatory genes such as Il1b, Il6, and Tnfa was robustly suppressed by IRAK3 via negative regulation of NF-κB, whereas the expression of host protective genes including Cnlp, Marco, and Vegfc in macrophages was upregulated by WDR5-induced histone methylation. In addition, SAL promotes re-programming of endotoxin-tolerant macrophages by inducing endogenous EPO through upregulation of Hif1a.



Consistent with our findings in this study that EPO leads to a decreased level of proinflammatory cytokines in tolerized macrophages after LPS rechallenge, the anti-inflammatory activity of EPO has been reported in numerous models (37). On the other hand, we reveal a novel role of EPO in the functional re-programming of endotoxin-tolerant macrophages by upregulation of host protective genes including Marco, Cnlp, and Vegfc. Previous studies showed that the gene expression of Marco was selectively upregulated in LPS-tolerant macrophages and that MARCO contributed to the increased phagocytosis of tolerant macrophages (23, 38). Cnlp is responsible for the production of anti-bacterial effector CRAMP and an upregulated expression of Cnlp was also found in LPS-rechallenged macrophages (11, 39). In accordance with these studies, our data showed an upregulation of Marco and Cnlp gene expression by EPO and we observed an enhanced ability in bacterial clearance by EPO pretreatment in LPS-tolerized mice subjected to secondary infection of E. coli. Therefore, the upregulation of Marco and Cnlp by EPO-mediated re-programming of endotoxin-tolerant macrophages would be particularly helpful for septic patients who are at high risk of secondary infections.

VEGF plays a crucial role in wound healing and tissue repairing through the formation of blood and lymphatic vessels. VEGF-A regulates angiogenesis, whereas VEGF-C is responsible for lymphangiogenesis (40). Data from previous studies showed that the expression of Vegfa is upregulated in endotoxin-tolerant human monocytes (12). However, the enhanced circulating concentration of VEGF-A has been linked with sepsis severity and mortality (41). In addition, anti–VEGF-A antibody has been found to attenuate inflammation and decrease mortality in an experimental model of severe sepsis (42). Therefore, upregulation of VEGF-A seems not a protective mechanism in sepsis. In this regard, we focused on Vegfc rather than Vegfa in our current study. The gene expression of Vegfc was previously found to be upregulated in tolerized macrophages after LPS rechallenge (11). Moreover, VEGF-C secreted by macrophages was essential during tissue repair through lymphatic vessel formation (43, 44). Aside from targeting lymphatic vessels, recently, it has been reported that VEGF-C signaling in macrophages represents a self-control mechanism during anti-bacterial innate immunity and that VEGF-C protects mice against septic shock (45). These findings suggest that the upregulation of Vegfc might be an endotoxin tolerance–induced endogenous protective mechanism in sepsis. In our study, we found a dramatic increase of Vegfc by EPO in tolerized macrophages and mice following LPS restimulation. Therefore, the upregulated Vegfc by EPO-mediated re-programming in endotoxin-tolerant macrophages would be beneficial for the treatment of septic patients.

Identifying EPO-related pathways involved in re-programming may lead to potential targets for sepsis treatment. Therefore, our next focus was to identify the molecular mechanisms by which EPO mediated re-programming of endotoxin-tolerant macrophages. In previous studies, we found that EPO promoted infection resolution and ameliorated inflammatory response through a ligand-activated transcriptional factor peroxisome proliferator–activated receptor gamma (PPAR-γ) in macrophages (19). Nevertheless, recent study showed that PPAR-γ is not necessary for the development of LPS tolerance in macrophages (46). Therefore, we determined to examine other signaling pathways which may play important roles in the re-programming of endotoxin tolerance mediated by EPO. Binding of EPO triggers its receptor EPOR and activates multiple downstream signaling pathways including STAT5, MAPK, and PI3K/AKT (47). In the present study, we found that inhibition of PI3K/AKT with PI3K inhibitor LY294002 or AKT inhibitor MK2206 greatly dampened EPO-mediated functional re-programming of LPS-tolerant macrophages. In accordance with our observations, there have been increasing studies indicating that PI3K/AKT pathway is essential for LPS-induced tolerance. For example, it has been reported that blockade of PI3K with its inhibitor wortmannin reversed in vivo tolerance in LPS-pretreated mice (48, 49). For another example, results from Pik3r1−/−-deficient mice (PI3K activity reduced) and PTEN−/− mice (AKT activity enhanced) demonstrated that PI3K/AKT pathway negatively regulated LPS signaling in macrophages and endotoxemic mice (50). Moreover, Androulidaki and colleagues reported that AKT−/− macrophages exhibited increased responsiveness to LPS and that AKT−/− mice did not develop endotoxin tolerance (51). However, previous experiments mainly focused on proinflammatory genes regulated by PI3K/AKT pathway in tolerized macrophages to secondary stimulation, and we revealed a novel role for PI3K/AKT signaling in EPO-mediated functional re-programming based on the significant enhancement of host protective genes including Cnlp, Marco, and Vegfc in endotoxin-tolerant macrophages.

Negative regulators play important roles in the development of endotoxin tolerance, for example, IRAK3 has been reported to suppress various Toll-like receptor (TLR)–mediated signal transduction in macrophages and essential for endotoxin tolerance (22, 52). In the present study, EPO markedly increased the expression of Irak3 in LPS-tolerized macrophages and it was suppressed by AKT inhibitor MK2206. We next suppressed gene expression of Irak3 with specific siRNA, and we found that this method effectively inhibited endotoxin tolerance induced by EPO, as reflected by the levels of Il1b, Il6, and Tnfa in tolerized RAW264.7 cells after LPS rechallenge. Consistent with our results, studies demonstrated that macrophages deficient in IRAK3 produced elevated levels of proinflammatory cytokines such as Tnfa, Il6, and Il12 upon LPS challenge (22). However, we found that Irak3 silencing did not change the expression of Cnlp, Marco, and Vegfc by EPO in LPS-restimulated macrophages. These observations demonstrated that other mechanisms could be responsible for the upregulation of protective genes in EPO-mediated re-programming of endotoxin-tolerant macrophages.

LPS-induced tolerance is an example of epigenetic re-programming and increasing studies have shown that chromatin modification plays a pivotal role in the modulation of re-programmed gene expression pattern. For example, H3K4me3, a well-known permissive histone modification, plays an important role in endotoxin tolerance by allowing upregulation of host beneficial genes in tolerized macrophages (11). Mixed-lineage leukemia 1 (MLL1) is a histone H3K4 methyl transferase, and WD repeat-containing protein 5 (WDR5) forms a core complex with MLL1 and is essential for catalyzing trimethylation of H3K4 on chromatin (53). We showed that EPO induced WDR5 expression in tolerized macrophages and it was blocked by AKT inhibitor MK2206. Consistent with our results, experiments in colorectal cancer showed that WDR5 expression could be increased through activating PI3K/AKT signaling (54). We further determined whether WDR5-induced methylation contributed to EPO-mediated functional re-programming of tolerant macrophages. We found that blocking WDR5 with WDR5-0103 or treatment with a demethylating agent (5-AZA) in tolerized macrophages remarkably dampened EPO-mediated functional re-programming, as indicated by diminished Cnlp, Marco, and Vegfc upon LPS restimulation, whereas proinflammatory Il1b, Il6, and Tnfa were not affected. Thus, we present a novel function of WDR5 in the contribution of EPO-mediated re-programming in tolerant macrophages.

The current study has some limitations. For instance, the effects of post-treatment should be validated scientifically, and the sample size should be increased for further investigations. In addition, increasing scientific literature has demonstrated that β common receptor (βCR) plays a crucial role in EPO-mediated protective effects by forming a heterodimeric receptor with EPOR (EPOR/βCR) (55). However, there is still controversy on how βCR interacts with EPOR. For example, a recent study demonstrated that the extracellular regions of the EPOR and the βCR do not specifically associate and that EPO does not promote interaction between the EPOR and the βCR (56). Therefore, further investigation would be required to confirm the possible involvement of EPOR/βCR in the mediation of macrophages endotoxin tolerance.

In summary, our present data indicate that EPO functionally re-programs endotoxin-tolerant macrophages through PI3K/AKT pathway–induced upregulation of Irak3 and Wdr5. We report that EPO protected LPS-tolerized mice from secondary infection of E. coli and improved the outcomes of septic mice. Our findings open further research of this drug to new opportunities beyond the limit of its actual clinical utility. However, additional research would be needed to transfer our findings into clinical settings.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by Laboratory Animal Welfare and Ethics Committee of the Army Medical University.



Author contributions

BL provided the idea and conceived and designed the experiments. XZ, DH and JJ performed the experiments. FL, JM, WL, TL, YL, and ZW provided the technical support. BL, ZZ and FZ analyzed and interpreted the data. BL wrote the draft of the manuscript. ZZ and FZ revised the manuscript. BL, FZ and ZZ supervised the study. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants (32000638 and 82071778) from the National Natural Science Foundation of China (BL and ZZ).



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.938944/full#supplementary-material



References

1. Rudd, KE, Kissoon, N, Limmathurotsakul, D, Bory, S, Mutahunga, B, Seymour, CW, et al. The global burden of sepsis: barriers and potential solutions. Crit Care (2018) 22:232. doi: 10.1186/s13054-018-2157-z

2. Kaukonen, KM, Bailey, M, Suzuki, S, Pilcher, D, and Bellomo, R. Mortality related to severe sepsis and septic shock among critically III patients in Australia and new Zealand, 2000-2012. JAMA J Am Med Assoc (2014) 311(13):1308–16. doi: 10.1001/jama.2014.2637

3. Cavaillon, JM, Singer, M, and Skirecki, T. Sepsis therapies: learning from 30 years of failure of translational research to propose new leads. EMBO Mol Med (2020) 12(4):e10128. doi: 10.15252/emmm.201810128

4. Marshall, JC. Special issue: Sepsis why have clinical trials in sepsis failed? Trends Mol Med (2014) 20(4):195–203. doi: 10.1016/j.molmed.2014.01.007

5. Monneret, G, Venet, F, Pachot, A, and Lepape, A. Monitoring immune dysfunctions in the septic patient: A new skin for the old ceremony. Mol Med (2008) 14(1-2):64–78. doi: 10.2119/2007-00102.Monneret

6. Bohannon, JK, Hernandez, A, Enkhbaatar, P, Adams, WL, and Sherwood, ER. The immunobiology of toll-like receptor 4 agonists: From endotoxin tolerance to immunoadjuvants. Shock (2013) 40(6):451–62. doi: 10.1097/SHK.0000000000000042

7. Biswas, SK, and Lopez-Collazo, E. Endotoxin tolerance: new mechanisms, molecules and clinical significance. Trends Immunol (2009) 30(10):475–87. doi: 10.1016/j.it.2009.07.009

8. Lehner, MD, Ittner, J, Bundschuh, DS, van Rooijen, N, Wendel, A, and Hartung, T. Improved innate immunity of endotoxin-tolerant mice increases resistance to salmonella enterica serovar typhimurium infection despite attenuated cytokine response. Infect Immun (2001) 69(1):463–71. doi: 10.1128/IAI.69.1.463-471.2001

9. Murphey, ED, Fang, GP, Varma, TK, and Sherwood, ER. Improved bacterial clearance and decreased mortality can be induced by LPS tolerance and is not dependent upon IFN-gamma. Shock (2007) 27(3):289–95. doi: 10.1097/01.shk.0000245024.93740.28

10. Murphey, ED, Fang, GP, and Sherwood, ER. Endotoxin pretreatment improves bacterial clearance and decreases mortality in mice challenged with staphylococcus aureus. Shock (2008) 29(4):512–8. doi: 10.1097/SHK.0b013e318150776f

11. Foster, SL, Hargreaves, DC, and Medzhitov, R. Gene-specific control of inflammation by TLR-induced chromatin modifications. Nature (2007) 447(7147):972–U4. doi: 10.1038/nature05836

12. Shalova, IN, Lim, JY, Chittezhath, M, Zinkernagel, AS, Beasley, F, Hernandez-Jimenez, E, et al. Human monocytes undergo functional re-programming during sepsis mediated by hypoxia-inducible factor-1 alpha. Immunity (2015) 42(3):484–98. doi: 10.1016/j.immuni.2015.02.001

13. Grimm, C, Wenzel, A, Groszer, M, Mayser, H, Seeliger, M, Samardzija, M, et al. HIF-1-induced erythropoietin in the hypoxic retina protects against light-induced retinal degeneration. Nat Med (2002) 8(7):718–24. doi: 10.1038/nm723

14. Lifshitz, L, Tabak, G, Gassmann, M, Mittelman, M, and Neumann, D. Macrophages as novel target cells for erythropoietin. Haematol Hematol J (2010) 95(11):1823–31. doi: 10.3324/haematol.2010.025015

15. Nairz, M, Schroll, A, Moschen, AR, Sonnweber, T, Theurl, M, Theurl, I, et al. Erythropoietin contrastingly affects bacterial infection and experimental colitis by inhibiting nuclear factor-kappa b-inducible immune pathways. Immunity (2011) 34(1):61–74. doi: 10.1016/j.immuni.2011.01.002

16. Bogdanova, A, Mihov, D, Lutz, H, Saam, B, Gassmann, M, and Vogel, J. Enhanced erythro-phagocytosis in polycythemic mice overexpressing erythropoietin. Blood (2007) 110(2):762–9. doi: 10.1182/blood-2006-12-063602

17. Maiese, K, Li, FQ, and Chong, ZZ. New avenues of exploration for erythropoietin. Jama J Am Med Assoc (2005) 293(1):90–5. doi: 10.1001/jama.293.1.90

18. Kretz, A, Happold, CJ, Marticke, JK, and Isenmann, S. Erythropoietin promotes regeneration of adult CNS neurons via Jak2/Stat3 and PI3K/Akt pathway activation. Mol Cell Neurosci (2005) 29(4):569–79. doi: 10.1016/j.mcn.2005.04.009

19. Liang, FH, Guan, HT, Li, WH, Zhang, X, Liu, TT, Liu, Y, et al. Erythropoietin promotes infection resolution and lowers antibiotic requirements in e. coli- and s. aureus-initiated infections. Front Immunol (2021) 12. doi: 10.3389/fimmu.2021.658715

20. Sivertsen, EA, Hystad, ME, Gutzkow, KB, Dosen, G, Smeland, EB, Blomhoff, HK, et al. PI3K/Akt-dependent epo-induced signalling and target genes in human early erythroid progenitor cells. Br J Haematol (2006) 135(1):117–28. doi: 10.1111/j.1365-2141.2006.06252.x

21. Fukao, T, and Koyasu, S. PI3K and negative regulation of TLR signaling. Trends Immunol (2003) 24(7):358–63. doi: 10.1016/S1471-4906(03)00139-X

22. Kobayashi, K, Hernandez, LD, Galan, JE, Janeway, CA Jr., Medzhitov, R, and Flavell, RA. IRAK-m is a negative regulator of toll-like receptor signaling. Cell (2002) 110(2):191–202. doi: 10.1016/S0092-8674(02)00827-9

23. Jing, J, Yang, IV, Hui, L, Patel, JA, Evans, CM, Prikeris, R, et al. Role of macrophage receptor with collagenous structure in innate immune tolerance. J Immunol (2013) 190(12):6360–7. doi: 10.4049/jimmunol.1202942

24. Cao, YH. Erythropoietin in cancer: a dilemma in risk therapy. Trends Endocrin Met (2013) 24(4):190–9. doi: 10.1016/j.tem.2012.10.007

25. Sytkowski, AJ. Does erythropoietin have a dark side? epo signaling and cancer cells. Sci STKE (2007) 2007(395):pe38. doi: 10.1126/stke.3952007pe38

26. Aydin, Z, Mallat, MJ, Schaapherder, AF, van Zonneveld, AJ, van Kooten, C, Rabelink, TJ, et al. Randomized trial of short-course high-dose erythropoietin in donation after cardiac death kidney transplant recipients. Am J Transpl (2012) 12(7):1793–800. doi: 10.1111/j.1600-6143.2012.04019.x

27. Zhang, XM, Xie, L, Long, JY, Xie, QX, Zheng, Y, Liu, K, et al. Salidroside: A review of its recent advances in synthetic pathways and pharmacological properties. Chem Biol Interact (2021) 339:109268. doi: 10.1016/j.cbi.2020.109268

28. Guo, QY, Yang, J, Chen, YM, Jin, X, Li, ZM, Wen, XC, et al. Salidroside improves angiogenesis-osteogenesis coupling by regulating the HIF-1 alpha/VEGF signalling pathway in the bone environment. Eur J Pharmacol (2020) 884:173394. doi: 10.1016/j.ejphar.2020.173394

29. Xie, RY, Fang, XL, Zheng, XB, Lv, WZ, Li, YJ, Rage, HI, et al. Salidroside and FG-4592 ameliorate high glucose-induced glomerular endothelial cells injury via HIF upregulation. BioMed Pharmacother (2019) 118:109175. doi: 10.1016/j.biopha.2019.109175

30. Zheng, KY, Zhang, ZX, Guo, AJ, Bi, CW, Zhu, KY, Xu, SL, et al. Salidroside stimulates the accumulation of HIF-1alpha protein resulted in the induction of EPO expression: a signaling via blocking the degradation pathway in kidney and liver cells. Eur J Pharmacol (2012) 679(1-3):34–9. doi: 10.1016/j.ejphar.2012.01.027

31. Zhang, JP, Liu, AH, Hou, RR, Zhang, J, Jia, X, Jiang, WF, et al. Salidroside protects cardiomyocyte against hypoxia-induced death: A HIF-1 alpha-activated and VEGF-mediated pathway. Eur J Pharmacol (2009) 607(1-3):6–14. doi: 10.1016/j.ejphar.2009.01.046

32. Pu, WL, Zhang, MY, Bai, RY, Sun, LK, Li, WH, Yu, YL, et al. Anti-inflammatory effects of rhodiola rosea l.: A review. BioMed Pharmacother (2020) 121:109552. doi: 10.1016/j.biopha.2019.109552

33. Sun, AQ, and Ju, XL. Advances in research on anticancer properties of salidroside. Chin J Integr Med (2021) 27(2):153–60. doi: 10.1007/s11655-020-3190-8

34. Wang, XP, Yuan, DY, Tian, Y, and Li, WH. Multiple mechanisms of salidroside on anti-tumor effects. Eur Rev Med Pharmaco (2021) 25(17):5349–54. doi: 10.26355/eurrev_202109_26641

35. Wei, G, Xu, X, Tong, H, Wang, X, Chen, Y, Ding, Y, et al. Salidroside inhibits platelet function and thrombus formation through AKT/GSK3beta signaling pathway. Aging (Albany NY) (2020) 12(9):8151–66. doi: 10.18632/aging.103131

36. Cooke, NM, Smith, SG, Kelleher, M, and Rogers, TR. Major differences exist in frequencies of virulence factors and multidrug resistance between community and nosocomial escherichia coli bloodstream isolates. J Clin Microbiol (2010) 48(4):1099–104. doi: 10.1128/JCM.02017-09

37. Walden, AP, Young, JD, and Sharples, E. Bench to bedside: A role for erythropoietin in sepsis. Crit Care (2010) 14(4):227. doi: 10.1186/cc9049

38. Thuong, NTT, Tram, TTB, Dinh, TD, Thai, PVK, Heemskerk, D, Bang, ND, et al. MARCO variants are associated with phagocytosis, pulmonary tuberculosis susceptibility and Beijing lineage. Genes Immun (2016) 17(7):419–25. doi: 10.1038/gene.2016.43

39. Kovach, MA, Ballinger, MN, Newstead, MW, Zeng, XY, Bhan, U, Yu, FS, et al. Cathelicidin-related antimicrobial peptide is required for effective lung mucosal immunity in gram-negative bacterial pneumonia. J Immunol (2012) 189(1):304–11. doi: 10.4049/jimmunol.1103196

40. Bao, P, Kodra, A, Tomic-Canic, M, Golinko, MS, Ehrlich, HP, and Brem, H. The role of vascular endothelial growth factor in wound healing. J Surg Res (2009) 153(2):347–58. doi: 10.1016/j.jss.2008.04.023

41. van der Flier, M, van Leeuwen, HJ, van Kessel, KP, Kimpen, JL, Hoepelman, AI, and Geelen, SP. Plasma vascular endothelial growth factor in severe sepsis. Shock (2005) 23(1):35–8. doi: 10.1097/01.shk.0000150728.91155.41

42. Jeong, SJ, Han, SH, Kim, CO, Choi, JY, and Kim, JM. Anti-vascular endothelial growth factor antibody attenuates inflammation and decreases mortality in an experimental model of severe sepsis. Crit Care (2013) 17(3):R97. doi: 10.1186/cc12742

43. Saaristo, A, Tammela, T, Farkkila, A, Karkkainen, M, Suominen, E, Yla-Herttuala, S, et al. Vascular endothelial growth factor-c accelerates diabetic wound healing. Am J Pathol (2006) 169(3):1080–7. doi: 10.2353/ajpath.2006.051251

44. Maruyama, K, Asai, J, Li, M, Thorne, T, Losordo, DW, and D'Amore, PA. Decreased macrophage number and activation lead to reduced lymphatic vessel formation and contribute to impaired diabetic wound healing. Am J Pathol (2007) 170(4):1178–91. doi: 10.2353/ajpath.2007.060018

45. Zhang, YB, Lu, Y, Ma, L, Cao, XD, Xiao, J, Chen, JX, et al. Activation of vascular endothelial growth factor receptor-3 in macrophages restrains TLR4-NF-kappa b signaling and protects against endotoxin shock. Immunity (2014) 40(4):501–14. doi: 10.1016/j.immuni.2014.01.013

46. Zingarelli, B, Fan, H, Ashton, S, Piraino, G, Mangeshkar, P, and Cook, JA. Peroxisome proliferator activated receptor gamma is not necessary for the development of LPS-induced tolerance in macrophages. Immunology. (2008) 124(1):51–7. doi: 10.1111/j.1365-2567.2007.02734.x

47. Zhang, J, and Ney, PA. EPOR signaling: 450 million years' history. Blood (2007) 110(7):2225–6. doi: 10.1182/blood-2007-07-097683

48. Peck, OM, Zingarelli, B, Fan, HK, Teti, G, Tempel, G, Halushka, PV, et al. The phosphatidylinositol 3 kinase pathway regulates tolerance to lipopolysaccharide and priming responses to staphylococcus aureus and lipopolysaccharide. Shock (2006) 26(1):31–6. doi: 10.1097/01.shk.0000223128.79759.3d

49. Schabbauer, G, Tencati, M, Pedersen, B, Pawlinski, R, and Mackman, N. PI3K-akt pathway suppresses coagulation and inflammation in endotoxemic mice. Arterioscl Throm Vas (2004) 24(10):1963–9. doi: 10.1161/01.ATV.0000143096.15099.ce

50. Luyendyk, JP, Schabbauer, GA, Tencati, M, Holscher, T, Pawlinski, R, and Mackman, N. Genetic analysis of the role of the PI3K-akt pathway in lipopolysaccharide-induced cytokine and tissue factor gene expression in monocytes/macrophages. J Immunol (2008) 180(6):4218–26. doi: 10.4049/jimmunol.180.6.4218

51. Androulidaki, A, Iliopoulos, D, Arranz, A, Doxaki, C, Schworer, S, Zacharioudaki, V, et al. The kinase Akt1 controls macrophage response to lipopolysaccharide by regulating MicroRNAs. Immunity (2009) 31(2):220–31. doi: 10.1016/j.immuni.2009.06.024

52. Liu, ZJ, Yan, LN, Li, XH, Xu, FL, Chen, XF, You, HB, et al. Up-regulation of IRAK-m is essential for endotoxin tolerance induced by a low dose of lipopolysaccharide in kupffer cells. J Surg Res (2008) 150(1):34–9. doi: 10.1016/j.jss.2007.12.759

53. Song, JJ, and Kingston, RE. WDR5 interacts with mixed lineage leukemia (MLL) protein via the histone H3-binding pocket. J Biol Chem (2008) 283(50):35258–64. doi: 10.1074/jbc.M806900200

54. Tan, X, Chen, S, Wu, JX, Lin, JX, Pan, CC, Ying, XF, et al. PI3K/ AKT-mediated upregulation of WDR5 promotes colorectal cancer metastasis by directly targeting ZNF407. Cell Death Dis (2017) 8:e2686. doi: 10.1038/cddis.2017.111

55. Collino, M, Thiemermann, C, Cerami, A, and Brines, M. Flipping the molecular switch for innate protection and repair of tissues: Long-lasting effects of a non-erythropoietic small peptide engineered from erythropoietin. Pharmacol Therapeut (2015) 151:32–40. doi: 10.1016/j.pharmthera.2015.02.005

56. Shing, KSCT, Broughton, SE, Nero, TL, Gillinder, K, Ilsley, MD, Ramshaw, H, et al. EPO does not promote interaction between the erythropoietin and beta-common receptors. Sci Rep Uk (2018) 8:12457. doi: 10.1038/s41598-018-29865-x



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.

Copyright © 2022 Zhang, He, Jia, Liang, Mei, Li, Liu, Wang, Liu, Zhang, Zhang and Luo. 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.


OEBPS/Images/fimmu.2022.938944_cover.jpg
’ frontiers | Frontiersin Immunology

Erythropoietin mediates
re-programming of endotoxin-
tolerant macrophages through

PI3K/AKT signaling and

protects mice against
secondary infection





OEBPS/Images/fimmu-13-938944-g004.jpg
RAW264.7 macrophage

*H
60

20 40

ek
60 0

40
SAL (uM)

Marco
20

uoissaidxe aAejal YNYW

*
i i
40 60

SAL (M)

Tnfa

0.0
*
’_‘o

=
©
Marco

uoissaidxa anjejal YNYW

116
o
20 40 60

SAL (uM)

0

5
0
5
0.0

- - o

uoissaidxe aAneal YNYW

o
ol =3

*
40
SAL (uM)

20

0 o 0
-~ < =
uoissaidxa annelal YNYW

0.0

SAL (uM)

SAL (uM)

LPS+PBS LPS+SAL

Control

BMDM
LPS+PBS Il LPS+SAL

-

n o

Cnlp

LPs+PBS MMl LPS+SAL

)
=]

25
0.0

o
o
uoissaidxe aAlefRl YNYW

.
Tnfa

sk
—
16

Lung

I1b

8 o w9
- -~ o o
:o_mwmaxomém_m_(zmz

LPs+PBS MMl LPS+SAL

Control

Liver

Control

o + O
S i oHe
= £
Fd
. :
g 2 -
s 2
g
s -
2
5 a
o
i+ | . T T Y
o5 b & b 5
£ = 2 = g
uoissaidxa aAnejas YNYW
?
®
- o r—
g 5 flim
e & .
= [-%
3 .ﬂl
s Lo
L
4
>
o AIA_
19 %]
s 3
M o
g
. 1
e
S 2
o
&
® o <« o S« © &« <« o
uoissaidxa aAnejas yNYW - uolssaidxe annejas YNYW
P 3 __o—
mﬁu == m £ tﬁi =5
3 %]
. = _p—
Cca— R Lo
- 4
- g 1
e *PTLI
e = F i
© e 0 o
2 2 8 3

Uoissaidxa aAe|a) YNYW

uoissaidxa aAe[a) YNYW

Vegfc

Marco

Cnlp

6 Tnfa

b

16 Tnfa

111b





OEBPS/Images/fimmu-13-938944-g002.jpg
o
o
S
o
H
3
H]
g
»
S

mRNA relative expression
o - Y
*
|
*

b 116 Hkgke

RAW264.7 macrophage
*x
*xk
N i [ *i i *ii
0.0

Cnlp Vegfc kk
*kk kxx
axgx
m I I ** I I
0 0 10 20 40 0 10 20 40 : 0 10 20 40 0 10 20 40

thEPO (IU/m\) thEPO (U/ml) thEPO (IU/ml) thEPO (U/ml) thEPO (IU/ml) thEPO (IU/ml)

Tnfa

o
2

(=)

oS

mRNA relative expression
o o
o o

mRNA relative expression
) ) i
o o o
|
x
*
*
0%
|
mRNA relative expression
o o =
o o o

mRNA relative expression
mRNA relative expression

o
o

o
o

b Tnfa

o
I
o
o

©

6 Cnlp Marco Vegfc
Hekdok

Fhkk b
25
. is o Fhk 0
. - 2.0 *dk
i 15 *
i [] I ; i_I I
. i 0.0:

0 10 20 40 0 10 20 40 0 10 20 40 0 10 20 40 10 20 40

ThEPO (IU/ml) thEPO (IU/ml) ThEPO (IU/ml) ThEPO (IU/ml) ThEPO (IU/ml) thEPO (1U/ml)

-
i
o

N

FEEK kkk

=)
o
I
o
o

mRNA relative expression

o

mRNA relative expression

. =

& >
I
-

%

H

"

%
-
mRNA relative expression
o o =
S 9 o

mRNA relative expression
mRNA relative expression

o
o
I
o
o
o o
o o

mRNA relative expression

O

Control LPS+PBS LPS+hEPO Lung Control Lps+PBs M LPS+hEPO

ke

o
1
~N
o

e ke

o
o

%

mRNA relative expression

= %

& >

i T
“Ho
ﬁ"ﬂ

&

mRNA relative expression
o © o o
> @ o @

3]

0.0 i i
b 116 Tnfa Cnip Marco Vegfc
F

Liver Control LPs+PBS M LPS+hEPO Kidney Control LPs+PBS Ml LPS+hEPO
5 15 _25 — 5 157 < 25 ke
2 - 2 [ 2 - me G
{ ; B Ta0f : AL S
g10 T = s TS g10d T T g s *
° o £ 9 15 © 8l o 5 o 15 [
2 2 2 2 o
o} B o 5 2 ° o
s s s o i E
Los 8107 8 o 2 osq s " B o 4
P4 < g <
zZ 2 05 g Z 05
E DE: £ ? :é

00l i I 0.0 e 0.0 00 s e

b 116 Tnfa Cnip Marco Vegfc ’ b 116 Tnfa Cnip Marco Vegfc





OEBPS/Images/fimmu-13-938944-g001.jpg
5 Hifla c
Q 4 ad o &
9 dekk % %
S z 5 g
3 3 3 8
: 5 5
g2 : 2 2
© 3 5
: o
x 0 % 2
[S 0 6 12 24 BE: é
Time (hr) £
B
[ =
il 5
§ .é 25 é
5 g 20 é
2 g !°
o =
5 § 10 g
g . :
< 205 <
o z <Z(
: g 00 :
€
Time (hr) Time (hr)
@
5 I11b
220 5
(7] 2 8
8 s g 20 16 % 15 Tnfa
§~ iE o Fekdedk 4
S15 g
o e e o ek 5
s o Fek ke >
R e 0 1.0
£ hE = 1.0 2
5 5 * b5
0. < e
<Z( . 205 ° 0.5
2 g :
0.0 E 0.0 DE: 0
1st ps — + + + o
. 1stLps - + + + st -
ant|(—EF/’O|—16 _ 10 anti-EPO-16 o ) ) )
N 20 D _ _ 10 20 anti-EPO-16  _ _
2nd LPS + + + + (pg/ml) L K
ond | pg + + + + nd
ondps +  + + +
D Cnl,
ng*** Marco Ve
- 58 - %k k% egfc
g, : g257 UL 5207 reex
| o 1
a;.:_ 0 820 g .
5 £15
815 15 5
= 1.0 2 $ ;
51 210 £
0.5 ; £
g Cos o5
o 00 o <Z(
g 0. € 0.0 € 0.0
1St LPS — + * + t S
1stLps — + + + st =
anti(—El70»16 _ 10 20 anti-EPO-16 ot ) ) )
pg/ml) - wgim) T~ -
; 10 20 anti-EPO-16 _
(ng/mi) (g/mi) -onx

nd
2nd | ps + + + + ond | pg + + + + ond | pg + +
+ +





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Erythropoietin mediates re-programming of endotoxin-tolerant macrophages through PI3K/AKT signaling and protects mice against secondary infection

      

        		

          Introduction

        



        		

          Materials

        

          		

            Animals and mouse models

          



          		

            Cell culture

          



          		

            Real-time quantitative PCR

          



          		

            Histological assessment

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            Blockade of endogenous EPO impaired re-programming of endotoxin-tolerant macrophages

          



          		

            EPO-mediated functional re-programming of endotoxin-tolerant macrophages

          



          		

            EPO re-programmed endotoxin-tolerant macrophages through PI3K/AKT pathway via upregulation of IRAK3 and WDR5

          



          		

            Induction of endogenous EPO by salidroside promoted functional re-programming of endotoxin tolerance

          



          		

            EPO and SAL protected tolerized mice from secondary infection of Escherichia coli sepsis

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-938944-g005.jpg
Vegfc

o
& g
g £ §
£ 5 i1 s 5
£ & ‘Tﬁ 3 g o » 8
5 ) b e 3 g o
2 L] H Wy x & e~
°) HIE 5
o 0 o w0 =] - 5 b =
o ° £ % -
o 2 o 8 215 N
2 R 5
_.m % of O
g 2 N
[ | i :
©
g %
i 2 m £
i g ¢ r
5 4 = -
¢ 2 ]
g 0 .
= g
3 £
£ &
Q (e} L
5 s & & 5 S
g8 ® 8 R
9
n @ (%) reaung jo Ajiqeqoid
e ]
5 8
> a
e 2]
H o a
2 T 5 S
@
@
)
a - 1 1 1
pr § w A 2 <
& 5
V] =
;.|
3 N 2
o L * L ) QMV
i s HIES ® “
ERES o N L a S s K
5 b nnv xo}H B x
o g §
o [ X
g 8 - ?
R 8 o - e
Y & g S ¢ i
@ = € 2 2 ° .
a 3 z 3
8 i | | < 5 <
5 - 2 i T e
2 2 & 2 4 w/nyo
2 s 5 i t wyny
? S o L °
1%} a
i %
% £ FE T 1
i ] I & & L &
« uoissaidxe aAlejel YNYW
@ a
W o
; P =
: - E P £
g = ilopo[IE =
_ s H
1] £ -
£
: : Pofy
s S © o Uz 2
B 3| >,
- x x x >
m m o o =3
g d 3 3 S
5 bl o - 2 8
S S
2 LB ke
1 1T 1
@ o o ° f 2 3 3
- C 1 0

- S = S
uoissaidxa annea) YNYW uoIssaidxa aAlejal YNYW





OEBPS/Images/fimmu-13-938944-g003.jpg
Uoissaidxe oATEol YNYW

4
I . N i LnIm
L ? i ; =
*ﬁ oppo =
E
&
i 3 &L 8
ik o g T 3
i 3
i g = A
%
g ¥ z
g ﬁ a % s_m 2
¥ < 92 =
s ¥ S <] *ﬁ S
3 ”m e L 1
9 5
§ 2z o2 S T 1
£ % 8.2 = e
[ Uoissa1cxa annElel <sz £
g yl 1 g 9
b ° IS w
£ H_He o £ 0
5 ﬂi = ”m;.i
5 © &) 3l ;
HF < 0 m_m °o e
Hee Lo
5 ' Tim
g . g
: ; :
© ) 0 o
& @ & i3
Uoissaidxe anE[al YNYW
a
b of
i ll g
2
>
R
: £
i 8 3
+oHpe 3 o0
g
o sed
o
8
g . [ |
g i 8
g s 2
7 i ©
g 4
w = .4 . ©°
b g T & e S
-r UoISSaUdXa SAE[Rl YNHW H =
i -
o o -
e
i uﬁ*ﬁ o m
£ i x
Ly i +
¥ 2
H S
- 3
8] I H_H s
I 2 L & & & &
¥ oMo & & « < o o
uoissaidxa BANEIR] YNHW
| |9)
A { .
*ﬁ =
LoHeo
- 1 T 1
& & & &
4 2 &8 3

[CJpes [CIrhePO MM rhEPO+5-AZA

CIpes [Jrhepo MM rEPO+WDRS5-0103

el
Vegfc

Marco

..._H 8
*_|le
N 3
B__°
L L &
b & b & b o

& & = 2 3 3
UoIssa1dx3 oARE[B) YNYW

|-

Tnfa

ne

ofpo
S_Hc
<l Mu 2
T
0 o ) o
- - o =]
uolssaidxe aAnejes YNYW
*
-
e+ §
*ﬁ s
¥
¥

I 1

R hokkok
[
Marco

Rk ek k
1
Cnlp

5

|

&
Uoissaidxa anelel YNYW

2

0

o
I
I o

Ity o 0
- < o

sk
[
dddk
q
<

Ii1b

o
=5

Uoissaidxa aAE[o) YNHW





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-938944-g006.jpg
Initial LPS stimulation Secondary LPS restimulation

)
e~

I
A
a0t [FETR

H3K4 —b e

H3K4me3






