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Editorial on the Research Topic 


Community series in translational insights into mechanisms and therapy of organ dysfunction in sepsis and trauma, volume II


Critically ill patients with sepsis often experience life-threatening organ failure caused by a dysregulated response to inflammation. While there is a good understanding of some of the key signaling pathways involved in sepsis-related inflammation, the development of effective organ-protective therapeutic strategies is still limited. At present, therapeutic approaches for sepsis primarily involve source control, antibiotics, supportive care, and early goal-directed therapy. However, there is a lack of specific and effective treatments for the inflammatory response associated with sepsis, which can lead to multiple organ dysfunction in clinical patients. In addition, individuals who survive the initial acute stage of sepsis may develop an immuno-suppressive state, leaving them at an increased risk of detrimental secondary infections and high mortality rates. Therefore, relying solely on anti-inflammatory therapy may not be enough to successfully treat sepsis.

In their original article, Mohammad et al. discuss how Aquaporins, specifically RG100204, a new Aquaporin-9 inhibitor, can regulate crucial mechanisms in a cecal ligation and puncture (CLP) induced model of polymicrobial infection (sepsis) by reducing cardiac dysfunction (systolic and diastolic), renal dysfunction, and hepatocellular injury. One notable finding is that administering RG100204 orally, even 3 hours after the onset of polymicrobial sepsis, can reduce the activation of the NLRP3 inflammasome pathway and myeloperoxidase activity in the lungs, thereby reducing cardiac and renal dysfunction caused by severe sepsis. This and previous reports suggest that AQP9 could be a promising drug target in the treatment of polymicrobial sepsis, and warrant further analysis in future trials.

Zhang et al. have shown that Erythropoietin (EPO), a glycoprotein that is regulated by hypoxia-inducible factor 1α (HIF-1α), is naturally induced in endotoxin-tolerant macrophages upon initial exposure to LPS. This study is the first to demonstrate that EPO plays a role in regulating the functional re-programming of endotoxin-tolerant macrophages.

When endotoxin-tolerized macrophages were exposed to EPO, they expressed fewer proinflammatory genes, such as Il1b, Il6, and Tnfa, and more host-protective genes, such as Cnlp, Marco, and Vegfc. This effect was achieved through the upregulation of Irak3 and Wdr5 via the PI3K/AKT pathway upon secondary exposure to LPS. The authors also found that LPS-tolerized mice treated with EPO were protected against secondary infection with E. coli and had improved outcomes after sepsis. While more research is needed to translate these findings to clinical settings, this drug presents new opportunities for the treatment of sepsis.

Dennhardt et al. discovered that EPO and its non-hematopoietic analog, pyroglutamate helix B surface peptide (pHBSP), can provide tissue protection through the innate repair receptor (IRR), independent of their hematopoietic properties via the EPO receptor (EPO-R) homodimer. Their research also showed that EPO signaling plays a role in the pathology of Hemolytic-uremic syndrome (HUS) caused by infections with Shiga toxin (Stx)-producing E. coli, as evidenced by elevated levels of endogenous EPO in patients with HUS, piglets, and mice subjected to preclinical HUS models. Moreover, the protective effects of pHBSP and EPO were linked to decreased renal oxidative stress, and pHBSP was associated with reduced nitrosative stress and less KIM-1 expression in Stx-challenged mice, without any thromboembolic complications or other adverse side effects. The authors provide evidence that treating mice with HUS with EPO or pHBSP improves 7-day survival and disease outcome, and suggest that targeting the EPO-R/IRR axis could be a promising approach for treating patients with hemolytic anemia in HUS in future clinical trials.

Prior research has demonstrated that inhibiting Bruton’s tyrosine kinase (BTK), a key factor in the recruitment and function of immune cells, can enhance renal function in experimental cases of sepsis and lupus nephritis. In a new study by Kröller et al., it was found that two FDA-approved BTK inhibitors, ibrutinib and acalabrutinib, can limit the progression of HUS in mice by reducing the activation of phospholipase-C-gamma-2 in the spleen, thereby decreasing the invasion of BTK-positive cells like neutrophils into the kidneys. Treatment with ibrutinib resulted in a decline in the infiltration of macrophages, improvement in acute kidney injury and dysfunction markers (NGAL and urea), and a decrease in hemolysis (bilirubin and LDH activity). These findings suggest that inhibiting BTK could be a promising and effective therapeutic approach for HUS by reducing the infiltration of immune cells in the kidneys, as demonstrated in a murine model.

Numerous clinical and experimental studies have indicated that the glycocalyx, which is involved in endothelial dysfunction that leads to sepsis-induced multiple organ failure, could be a promising early target for endothelial injury during infection. Urban et al. conducted experiments on mice with CLP-induced sepsis and administered Colivelin, a synthetic derivative of the mitochondrial peptide humanin. The results showed that Colivelin restored endothelial stability and reduced the infiltration of inflammatory cells in the lungs, kidneys, and liver, along with decreasing the systemic release of pro-inflammatory cytokines. These effects were associated with the inhibition of the signal transducer and activator of transcription 3 and the activation of the AMP-activated protein kinase in the aorta and lungs. When used in conjunction with standard fluid resuscitation and antibiotics, Colivelin improved the long-term recovery and health outcomes of septic mice.

Alves et al. evoked polymicrobial sepsis in WT mice and knockout mice for ICOS, ICOSL and OPN genes. Mice that received a soluble recombinant form of ICOS ICOS-Fc exhibited a decrease in plasma cytokine levels (TNF-α, IL-1β, IL-6, IFN-γ, and IL-10), liver injury (AST and ALT), kidney dysfunction (creatinine and urea), and local activation of FAK, P38 MAPK, and NLRP3 inflammasome caused by sepsis. The authors presented evidence that ICOS-Fc works on both sides of the ICOS-ICOSL interaction, as the protective effect was absent in septic knockout mice for the ICOS or ICOSL genes, while it was preserved in OPN knockout mice. These findings suggest that pharmacologically modifying the ICOS-ICOSL pathway may have beneficial effects and that there may be a potential cross-talk mechanism involving the FAK-p38-NLRP3 inflammasome axis in counteracting sepsis-induced inflammation and organ dysfunction.

Zheng et al. investigated the potential use of immune-related genes (IRGs) as biomarkers for developing diagnostic and prognostic models for sepsis outcomes. Their study aimed to understand the immune microenvironment of circulating immune cells, assess the immunosuppression state in sepsis, and develop a prognostic model based on IRGs to identify patients at high risk and predict 28-day mortality. The authors demonstrated that the immune response is critical in the development of sepsis. Using a Cox prediction model, they identified 22 differentially expressed immune-related genes (DEIRGs) that classified patients into low-risk and high-risk groups and constructed the prognostic model. The regulatory network between transcription factors (TFs) and prognostic DEIRGs provided novel molecular mechanisms in sepsis. The prognostic model showed high accuracy and performance in identifying patients at high risk and predicting 28-day mortality in sepsis patients.

Wang et al. conducted a study to evaluate the therapeutic effects of Human Umbilical Cord Mesenchymal Stem Cells (HUMSCs) intervention on lung tissue in juvenile septic rats. For the first time, they performed proteomic and phosphorylated proteomic screening and analysis on the lung tissue to identify differentially expressed proteins and significantly changed phosphorylation sites after 24 hours of HUMSCs intervention. The results revealed that 213 proteins and 971 phosphorylation sites showed significant changes in the therapy group. The authors found that Tenascin-C could be the key protein responsible for promoting lung injury repair in juvenile septic rats through HUMSCs intervention. Furthermore, the study suggested that HUMSCs may activate Tenascin-C-mediated PGE2 release and improve endothelial cell functional barrier, leading to the recovery of gas-blood barrier function in lung tissue. Phosphorylation analysis revealed that HUMSCs may regulate the phosphorylation of VEGFA through the EGFR tight junction pathway, thus alleviating inflammatory injury and improving the permeability of the endothelial barrier in lung tissue. Overall, the study identified potential new therapeutic targets for HUMSCs to alleviate lung injury in a juvenile sepsis rat model.

Martinez-Orengo et al. have proposed a new approach for evaluating and measuring organ-level immunoreactivity and associated dysfunction in systemic inflammatory response syndrome (SIRS) and sepsis. Using a PET imaging tracer [18F]DPA-714 for the translocator protein (TSPO), the authors were able to detect increased binding in the brain, lungs, liver, and bone marrow in a rat model of SIRS induced by LPS administration. The in vivo PET/CT scans were validated by in vitro measures of TSPO expression and immunofluorescent staining. The study revealed brain, liver, and lung inflammation, spleen monocytic efflux/lymphocytic activation, and suggested increased bone marrow hematopoiesis. The authors suggest that [18F]DPA-714 PET could be used as a noninvasive tool to monitor organ-level inflammation in different organs (lung, liver, bone marrow, brain, and spleen) in SIRS and sepsis and to evaluate therapeutic interventions aimed at decreasing or controlling inflammation.

Amoafo et al. have shown that purinergic signaling, a newly identified regulatory mechanism in immune cell physiology, may be regulated differently in male and female mice in response to hormones. They found that deficiency in the P2Y12 receptor but not the P2Y1 receptor decreased activity of MPO in lungs and kidneys, platelet-leukocyte interaction, and platelet activation in male mice with sepsis, but not in female mice. Treatment with selective antagonists for P2Y12 or P2Y1 receptors also decreased sepsis-induced MPO levels, aggregate formation, and platelet activation in male mice, but not in female mice. These findings were supported by in vitro experiments with human T lymphocytes, where blocking P2Y1 or P2Y12 receptors had a sex-dependent effect on cell growth and secretion. These results suggest that drug targeting purinergic signaling in sepsis should be carefully tailored to the sex of the patient in future targeted therapies.

The focus of this Research Topic is to shed new light on the molecular mechanisms that contribute to inflammation during septic conditions, with particular attention given to preclinical and translational studies aimed at developing new therapeutic strategies to protect organs.
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Sepsis is caused by systemic infection and is a major health concern as it is the primary cause of death from infection. It is the leading cause of mortality worldwide and there are no specific effective treatments for sepsis. Gene deletion of the neutral solute channel Aquaporin 9 (AQP9) normalizes oxidative stress and improves survival in a bacterial endotoxin induced mouse model of sepsis. In this study we described the initial characterization and effects of a novel small molecule AQP9 inhibitor, RG100204, in a cecal ligation and puncture (CLP) induced model of polymicrobial infection. In vitro, RG100204 blocked mouse AQP9 H2O2 permeability in an ectopic CHO cell expression system and abolished the LPS induced increase in superoxide anion and nitric oxide in FaO hepatoma cells. Pre-treatment of CLP-mice with RG100204 (25 mg/kg p.o. before CLP and then again at 8 h after CLP) attenuated the hypothermia, cardiac dysfunction (systolic and diastolic), renal dysfunction and hepatocellular injury caused by CLP-induced sepsis. Post-treatment of CLP-mice with RG100204 also attenuated the cardiac dysfunction (systolic and diastolic), the renal dysfunction caused by CLP-induced sepsis, but did not significantly reduce the liver injury or hypothermia. The most striking finding was that oral administration of RG100204 as late as 3 h after the onset of polymicrobial sepsis attenuated the cardiac and renal dysfunction caused by severe sepsis. Immunoblot quantification demonstrated that RG100204 reduced activation of the NLRP3 inflammasome pathway. Moreover, myeloperoxidase activity in RG100204 treated lung tissue was reduced. Together these results indicate that AQP9 may be a novel drug target in polymicrobial sepsis.
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Introduction

Sepsis and septic shock result in multiple-organ failure that can lead to death (1). Aquaporins (AQPs) are a family of membrane channel proteins which are responsible for facilitating diffusion of water as well as glycerol across the plasma membrane (2). Briefly, there are 13 AQPs in mammals which are important for the regulation of water movement in and out of the cell. Some AQPs can also facilitate passive movement of glycerol and other small solutes including urea and hydrogen peroxide (H2O2) cross the cell membrane. Aquaporins can regulate crucial key mechanism of sepsis and hence could be promising drug targets (3).

In physiology, AQP9 is the principal facilitator of glycerol uptake into hepatocytes, for entry into gluconeogenesis, especially during fasting (4, 5). Previously described AQP9 functions in leukocytes include maturation of dendritic cells (6), glycerol metabolism in CD8+ T memory cells, and an involvement in locomotion in neutrophils (7, 8). Moreover, when compared to healthy controls, neutrophils from patients with SIRS show increased AQP9 expression (9).

In addition to facilitating glycerol transmembrane diffusion, AQP9 is also permeable to water, and H2O2 (10–12). There is now increasing evidence that H2O2 permeability mediated by different AQP isoforms contributes to redox signaling in diverse cellular processes including locomotion (13, 14), growth factor signals (15), cytokine receptor signals (16), and toll-like receptor signal (17). Since AQP9 plays a role in metabolism and inflammation, it may also play a role in the progression of sepsis. Indeed, a recent study points towards a role for AQP9 in the pathophysiology of sepsis: when compared to wild-type mice, Aqp9-/- knockout mice challenged with a lethal dose of LPS had a longer survival time and 25% of these mice recovered fully. Aqp9-/- knockout mice subjected to endotoxemia also showed reduced iNOS expression (and NO formation) and COX-2 expression, secondary to a reduced expression/activation of NF-ĸB RelA/p65 in the kidney, aorta, liver, and heart compared to wild-type mice induced with LPS (18). The inflammasome component NLRP3 is upregulated in sepsis which leads to the cleavage of pro-caspase-1 to caspase-1, and subsequently maturation and release of the proinflammatory cytokine, IL-1β. As an intriguing hypothesis, a requirement of water influx via AQPs in the activation of the inflammasome has been introduced (19). However, experiments supporting this idea involved harsh osmotic conditions, and sometimes the use of the pleiotropic and cytotoxic AQP blocker HgCl2 (19–21). Therefore, this idea requires further investigation. The development of specific aquaporin-inhibitors that are suitable for in vivo experiments has however been historically difficult (22, 23). We now describe the first use of a new AQP9 inhibitor, RG100204, in a cecal ligation and puncture (CLP) mouse model of peritoneal infection and systemic inflammation.



Methods


RG100204

The compound RG100204 is described as example 29 in the patent US20190127360 (24) The patent contains description of the used synthetic route and the LC-MS and 1H NMR data.



RG100204 Formulation for Oral Administration (25 mg/kg BW)

PEG 400 (polyethylene glycol 400, Acros Organics), Labrasol® (caprylocaproyl polyoxyl-8-glycerides, Gattefossé), and Kolliphor® EL (polyoxyl-35 castor oil, Sigma Aldrich) were mixed to a ratio of 50:30:20 w%. The components were mixed by stirring on a rolling mixer. Dry powder of RG100204 was solubilized in this blank vehicle to a concentration of 10 mg RG100204 per g vehicle. The formulation was homogenized by ultrasonication.



Cell Based Assays

Flp-In™-CHO Cells were purchased from Invitrogen (ThermoFisher) and modified as described previously (5, 11). Water permeability was measured as cell shrinking in response to extracellular sucrose addition, as described previously (5). Glycerol permeability was measured in the same way, except for the addition of 500 mM glycerol to the assay incubation buffer. The incubation time in glycerol buffer varied between 5 and 50 minutes, depending on the position of each well within a 96-well plate. No effect of incubation time was noted. Glycerol efflux was induced by replacing 250 mM of the extracellular glycerol with 250 mM sucrose, by 1:1 dilution with 500 mM sucrose containing buffer. Measurements of H2O2 permeability were conducted as described previously (11).

% Permeability Was Calculated as:

	

Whereby K corresponds to the rate constant, obtained from fitting the fluorescence intensity recordings after sucrose, and H2O2 addition, respectively, to a one-phase exponential function. [AQP9 control] describes AQP9 expressing cells incubated in 1% DMSO, the inhibitor vehicle; [AQP9 inhibitor] describes cells incubated at respective inhibitor concentration; and [CHO] describes recordings from CHO control cells, or CHO HyPer-3 (25) expressing control cells, respectively, that do not express ectopic AQP9.



NO and Superoxide Anion Measurements

Rat hepatoma FaO cells [The European Collection of Authenticated Cell Cultures (ECACC)] were grown in Coon’s modified Ham’s F12 with 10% fetal bovine serum (FBS) until 80% confluence. Cell incubations were made in humidified atmospheric air at 37°C with CO2 added to 5%. Cell monolayers composed of about 5x105 cells were exposed for 6 h at 37°C to the culture medium (1% DMSO) containing 25 µM RG100204, 1 µg/mL LPS (from Escherichia coli 0111:B4; Sigma) or 25 µM RG100204 plus 1 µg/mL LPS. For the basal condition cells were exposed to the culture medium containing the vehicle alone (1% DMSO). At the end of the treatment cell samples of each condition were harvested and handled to prepare the spin traps for the subsequent nitric oxide (NO) and superoxide anion ()  measurements as described below.

The cytotoxicity of RG100204 in FaO cells was evaluated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell viability assay (Biotium, Milan, Italy). FaO cells were seeded in a 96-well plate and incubated 24 h in humidified atmospheric air at 37°C with CO2 added to 5%. After treated with the vehicle alone (1% DMSO) or 25 μM RG100204 (in 1% DMSO) for 24 h, cells were analyzed by adding MTT. The colorimetric absorbance was measured by an iMark™ microplate reader (BIO-RAD, Segrate, Italy) at 490 nm.

Electron paramagnetic resonance (EPR) for NO and   measurements with the spin traps of FaO cells prepared as above was carried out as previously described (18). Briefly, Fe2+ diethyldithiocarbamate (Fe(DETC)2) was used as spin trap to evaluate NO production. For this purpose, Na-(DETC) (3.6 mg; Sigma) and FeSO4-7H2O (2.3 mg; Sigma) were dissolved separately in equal volumes of ice-cold Krebs–Hepes buffer or distilled water, respectively, each one bubbled with nitrogen gas. The solutions were mixed to obtain a pale yellow-brown opalescent colloid Fe(DETC)2 solution (0.4 mM), which was used immediately to incubate the FaO cells (45 min at 37°C). After incubation, the spin trap solution was removed, and cells were scraped off and frozen in liquid nitrogen.

To evaluate extracellular and intracellular production of  , FaO cells were incubated in a Krebs-Hepes solution containing 500 µM of 1-hydroxy-3methoxycarbonyl-2,2,5,5-tetramethylpyrrolidin (CMH; Noxygen, Denzlingen, Germany), 25 µM deferoxamin (Sigma) and 5 µM DETC (Sigma) for 45 min at 37°C. To measure the extracellular superoxide anion concentration, CMH solution was removed after the incubation step, and frozen in liquid nitrogen. Cells were then scraped off from the culture plate and frozen in liquid nitrogen. All the samples were analyzed using a table-top x-band spectrometer Miniscope (Magnettech, MS5000, Berlin, Germany). Recordings were made in liquid nitrogen, using a Dewar flask.

The instrument settings were 10 mW of microwave power, 1 mT of amplitude modulation, 100 kHz of modulation frequency, 180 s of sweep time and 3 scans for NO measurements, sweep time 60 s, and 3 scans for superoxide anion measurements. Signals were quantified by measuring the total amplitude of the spectra obtained, after correction of baseline for NO evaluation or by calculating the height of the central peak of the spectra for superoxide anion measurements.



Ethical Statement

All animal protocols in this study were approved by the Animal Use and Care Committee of Queen Mary University of London (QMUL), in accordance with the Home Office Guidance on the Operation of Animals (Scientific Procedure Act 1986), published by Her Majesty’s Stationary Office and the Guide for the Care and Use of Laboratory Animals of the National Research Council and were approved by the Animal Welfare Ethics Review Board of QMUL. All research was conducted under the U.K. home office project license number: PC5F29685.



Animals

This study was carried out on 10-week-old, male C57BL/6 mice (Charles River Laboratories UK Ltd., Kent, UK) weighing 20-30 g kept under standard laboratory conditions. The animals were allowed to acclimatize to laboratory conditions for at least one week before undergoing experiments. Six mice were housed together in ventilated cages lined with absorbent bedding material. Tubes and chewing blocks were placed in all cages for environmental enrichment. All animals were subjected to 12-h light and dark cycles and the temperature was maintained at 19-23°C. All animals had access to a chow diet and water ad libitum. The cages were cleaned approximately every three days, with water being changed daily. Research staff inspected the animals each day for any signs of illness or abnormal behavior.



Cecal Ligation and Puncture (CLP) Model

CLP surgery was performed on 10-week-old C57BL/6 mice. Sham-operated mice underwent sham surgery, which involved the same treatment; however, these mice were not subjected to ligation and puncture of the caecum. Before starting surgery, mice were injected with buprenorphine (0.05 mg/kg i.p.) to provide analgesia. Mice were initially anaesthetized with 3% isoflurane and 1% oxygen and maintained under anaesthesia throughout surgery with 2% isoflurane and 1% oxygen via a nosecone. The temperature of the mice was monitored during surgery by a rectal thermometer and maintained at 37°C with a homoeothermic blanket. Abdominal hair was removed by Veet® hair removal cream and the area cleaned with 70% ethanol. The abdomen was opened via a 1.5 cm midline incision, exposing the caecum. The caecum was then totally ligated 1.5 cm from the end of the caecum (just below the ileocecal valve) and a G-18 needle was used to puncture both opposite ends of the ligated caecum. A small amount of faeces was squeezed out (~3mm) from both ends and the caecum was placed back into the abdomen in its anatomical position. Thereafter, 5 ml/kg of normal saline (0.9% NaCl) was placed into the abdominal cavity and the abdomen was closed. Normal saline (10 ml/kg) was also given s.c. directly after surgery for fluid resuscitation and this was repeated at both 6 h and 18 h after surgery. Antibiotics (Imipenem/Cilastin; 0.25mg/ml dissolved in the resuscitation fluid s.c.) and an analgesic (buprenorphine; 0.05 mg/kg body weight i.p.) were also administered at 6 h and 18 h after surgery. At 24 h after CLP, cardiac function was assessed by echocardiography in vivo. At 24 h, mice were anaesthetized (terminal anaesthesia) with isoflurane and blood was obtained by cardiac puncture. Mice were then killed by removing the heart. Organs were snap frozen in liquid nitrogen for further analysis.

At 24 h, a clinical score of each mouse that underwent surgery was taken to monitor the health of each mouse. The clinical score was based on the following signs: piloerection, diarrhoea, respiratory distress, tremors, lethargy, and periorbital exudates resulting in a potential, maximal score of 6. Mice with a clinical score of ≤ 3 were considered to have moderate sepsis, while mice with a clinical score of > 3 mice were considered to have severe sepsis.



Study Design 

Pre-treatment study: Mice were randomised into three groups (sham, control, and drug treatment). Sham and CLP control mice received vehicle via oral gavage just before CLP surgery and 8 h after CLP, while drug treatment group received RG100204 via oral gavage just before CLP and 8 h after CLP surgery.

Post-treatment study: Mice were randomised into five groups (sham, control and three different drug treatments). Sham and CLP control mice received vehicle via oral gavage 1 h and 8 h after CLP surgery. The three different timepoints of the administration of RG100204 via oral gavage included: 1 h & 8 h, or 3 h & 8 h, or 3 h & 8 h & 18 h, after CLP surgery.



Assessment of Cardiac Function 

At 24 h after surgery, cardiac function was assessed using the Vevo 3100 imaging system and MX550D transducer (FujiFilm VisualSonics). Mice were initially anaesthetized using 3% isoflurane together with 1 L/min oxygen in an anaesthesia chamber. Once mice were sedated, they were then transferred to the echocardiography table, where they were allowed to stabilize for at least 10 min and maintained under anaesthesia now using 2% isoflurane together with 1 L/min oxygen for the duration of the procedure via nosecone. The limbs of the mice were then taped down onto the metal ECG leads on the platform. The platform was heated to ensure the body temperature of the animals was maintained throughout the procedure (37°C). The temperature was continuously monitored with a rectal thermometer and the heart rate was monitored throughout the procedure from the ECG trace. The fur on the chest of the mice was removed using Veet® hair remover. Echocardiography gel, which was pre-warmed, was then placed on the shaven chest of the mice to allow measurements of the heart to be taken using the MX550D transducer. The following parameters were measured: left ventricular ejection fraction (LVEF), fractional shortening (FS), fractional area change (FAC), cardiac output (CO), stroke volume (SV), mitral valve E/A ratio, myocardial performance index, pulmonary artery VTI and pulmonary artery peak velocity. All data was analyzed offline on VevoLab (FujiFilm VisualSonics).



Organ and Blood Collection

At the end of the experiment mice were anaesthetized with isoflurane (3%) delivered in oxygen (1 L/min). They were then sacrificed by terminal cardiac puncture and exsanguination (removal of blood) with a G25 needle. Approximately 0.7 ml of blood was collected from each mouse and decanted immediately into 1.3 ml serum gel tubes (Sarstedt, Nümbrecht, Germany). All organs were collected and snap frozen in liquid nitrogen and were stored at -80°C. Blood serum was isolated after 3 min centrifugation at 9900 rpm, before snap-freezing in liquid nitrogen and storing at -80°C. 100 μl of serum samples were then analyzed in a blinded fashion by a commercial veterinary testing laboratory (MRC Harwell Institute, Oxfordshire, UK) to evaluate the biomarkers serum urea, and creatinine for renal dysfunction, serum alanine aminotransferase (ALT), and serum aspartate aminotransferase (AST) for hepatocellular injury, and lactate dehydrogenase (LDH) for general organ injury.



Western Blot Analysis

Immunoblot analyses of heart and kidney tissue were carried out using semi-quantitative Western blotting, as previously described (26). To assess the degree of phosphorylation of IKKα/β at Ser176/180, IĸBα at Ser32/36, the expression and nuclear translocation of NF-ĸB p65, the expression of NLRP3, including the cleavage of pro-caspase to active caspase 1. The antibodies used were: rabbit anti-Ser176/180-IKKα/β (1:1000, Cell Signalling Technology), rabbit anti-total IKKα/β (1:1000, Cell Signalling Technology), mouse anti-Ser32/36-IκBα (1:1000, Cell Signalling Technology), mouse anti-total IĸBα (1:1000, Cell Signalling Technology), rabbit anti-NFĸB p65 (1:1000, Cell Signalling Technology), 1:1000 rabbit anti- NLRP3 inflammasome (AdipoGen) and 1:1000 mouse anti-caspase 1 (p20) (Cell Signalling).

The protein bands were visualized using enhanced chemiluminescence (ECL) detection system. Bio-Rad Image Lab Software 6.0.1 was used to analyze the immunoreactive bands and the results were normalized to sham.



Myeloperoxidase (MPO) Assay

Tissue was weighed and left on ice (~50 mg for lungs). Samples were homogenized in 500 μl of 20 mM phosphate buffer (pH 7.4) on ice. The homogenate was centrifuged at 13,000 x g at 4°C for 10 min. The supernatant was discarded, and the pellet was resuspended in 0.5 mL of hexadecyltrimethylammonium bromide (HTAB) solution. HTAB is a detergent that releases and solubilizes MPO from neutrophilic granules. Samples were centrifuged at 13,000 x g at 4°C for 10 min and supernatant was collected. The plate reader was set to 37°C. In a 96-well plate, 30 µL of the supernatant were added to each well (in duplicate). 180 µl of peroxide solution [sodium phosphate buffer (80 mM PBS, pH 5.4) with H2O2 (0.4 mM)] was added. The final concentration of H2O2 in the plate must be 0.3 mM. The reaction started with the addition of 20 µL of the TMB solution (18.4 mM). The final concentration on the TMB plate was 1.6 mM. The mixture was incubated for 2 min in the plate reader at 37°C, before 5 absorbance readings at 650 nm at 2 min intervals. MPO activity was expressed as optical density (O.D.) at 650nm per mg of protein.



Statistical Analysis

Dose-responses were calculated in GraphPad Prism 5.0 (GraphPad Software, San Diego, California, USA), after log transformation of compound concentrations and fitting to a standard sigmoidal model, with an assumed Hill slope of -1. All other data were analyzed using GraphPad Prism 7.0. All data in both text and figures are expressed as mean ± standard error of the mean (SEM) of n observations, where n represents the number of animals studied. Data was then assessed using One-way ANOVA followed by a Bonferroni’s post-hoc test, except for Figures 3C, E, 8C, E, where 2-way-ANOVA was performed. P < 0.05 was considered statistically significant.




Results


RG100204 In Vitro Characterization

In order to characterize RG100204 for AQP isoform inhibition, we tested CHO cells with ectopic expression of either mouse AQP9, or its closest mouse AQP homologues, AQP3, and AQP7, respectively. AQP water permeability and AQP glycerol permeability were tested in Calcein loaded cells, a fluorescent cell volume indicator (Figures 1A, B). We observed a dose-dependent inhibition of both, AQP9 water permeability (IC50~1.1×10-7 M) and AQP9 glycerol permeability (IC50~7.6×10-8 M) by RG100204. By comparison, inhibition by the known, unspecific AQP9 inhibitor phloretin was less potent (IC50~7.2×10-7 M), and for glycerol permeability also less efficacious (IC50~1.6×10-6 M, mean observed remaining permeability 16%). No inhibition of water or glycerol permeability by RG100204 was observed in AQP3 expressing CHO cells, while only minor inhibition of AQP7 dependent water and glycerol permeability could be measured, thus establishing that RG100204 inhibits AQP9, while it does not inhibit closely related AQP isoforms.




Figure 1 | Inhibitor characterization in CHO cells that ectopically express mouse AQP isoforms, as indicated. Water efflux (A) and glycerol efflux (B) were measured in Calcein loaded cells. H2O2 permeability was measured in a cell line that expressed mouse AQP9, along with the H2O2 sensitive fluorescence reporter protein HyPer3 (C). Permeabilities were calculated in comparison to the respective parental cell lines, without AQP integration. (D) Chemical structure of RG100204.RG: RG100204, Phlor: Phloretin. Inhibition of water permeability: RG, IC50~1.1×10-7 M, R2 = 0.91; Phlor IC50~7.2×10-7 M, R2 = 0.98. Inhibition of glycerol permeability: RG, IC50~7.6×10-8 M, R2 = 0.94; Phlor IC50~1.6×10-6 M, R2 = 0.95. Inhibition of H2O2 permeability: RG, IC50~1.2×10-7 M, R2 = 0.94. n = 3.



In order to establish that RG100204 can inhibit AQP9 H2O2 permeability we utilized a cell line that expresses mouse AQP9 along with the H2O2 specific sensor HyPer-3. We observed inhibition of AQP9 H2O2 permeability by RG100204 with similar potency and efficacy as for water and glycerol permeability (Figure 1C).

To further establish that RG100204 affected similar biological processes as was established previously for Aqp9 gene deletion, we next evaluated the effect of RG100204 on LPS-induced NO and   production in FaO cells, a rat hepatoma cell line expressing AQP9 (27). LPS increased the concentration of extracellular and intracellular   and intracellular NO in FaO cells compared to vehicle treated controls. This LPS induced increase in free radicals was completely prevented in cells incubated with RG100204 (Figure 2). At the dose used for the in vitro characterization RG100204 or LPS alone or RG100204 plus LPS did not show any significant toxic effect on FaO cells viability (Supplementary Figure 1).




Figure 2 | LPS treatment of FaO rat hepatoma cells resulted in increased superoxide concentration, both intracellularly (A), and extracellularly (B), as well as increased intracellular nitric oxide concentration (C). Oxide increases were diminished by RG100204 treatment. The levels of   and NO were assayed by electron paramagnetic resonance of spin traps prepared from the FaO cells submitted to the different experimental conditions. Control, cells exposed to the vehicle (1% DMSO) alone; RG, 25 μM RG100204 in 1% DMSO; LPS, 1 µg LPS/mL in 1% DMSO; LPS+RG, 25 µM RG100204 plus 1 µg LPS/mL in 1% DMSO; a.u., arbitrary units. Data were analyzed by one-way ANOVA, with Bonferroni’s post-hoc test. Data are expressed as mean ± SEM, n=5, *P < 0.05, **P < 0.01 and ***P < 0.001.





RG100204 Treatment of Septic Shock in Mice

In order to address if RG100204 can affect systemic inflammation in vivo we utilized a CLP mouse model of polymicrobial sepsis resulting from intestinal perforation. The model includes fluid resuscitation and antibiotics treatment, thus mimicking the clinical standard of care in bacterial sepsis.



Pre-Treatment With RG100204 Maintains Physiological Parameters After CLP Surgery

When compared to sham-operated mice, mice subjected to CLP and treated with vehicle showed a significant increase in severity score and a decrease in heart rate after 24 h (Figures 3A, B). The temperature was also significantly decreased in this group of animals at 6 h, 18 h and 24 h (Figure 3C). When compared to CLP-animals treated with vehicle, treatment of CLP-animals with RG100204 just before CLP and 8 h after CLP surgery significantly attenuated the severity score and the decline in temperature at 6 h, 18 h and 24 h after CLP (Figures 3A–D). All mice showed a decline in body weight over the 24 h observation period, but no significant difference was detected between any of the three groups (sham + vehicle, CLP + vehicle and CLP + RG100204) (Figure 3E).




Figure 3 | Effect of pre-treatment with RG100204 on physiological parameters 24 h after CLP surgery. Mice were pre-treated with vehicle or RG100204 before CLP and 8 h after CLP surgery. Over the 24 h period after CLP physiological parameters were measured (A) Severity score at 24 h; (B) heart rate at 24 h (bpm); (C) temperature (°C); (D) temperature at 24 h (°C); and (E) weight (g). The following groups were studied: sham + vehicle (n = 5), CLP + vehicle (n = 10) and CLP + RG100204 (n = 10). All data were analyzed by one-way and two-way ANOVA, followed by a Bonferroni’s post-hoc test. Data are expressed as mean ± SEM. **P < 0.01 and ****P < 0.0001 vs. CLP + vehicle.





Pre-Treatment With RG100204 Attenuates CLP-Induced Systolic Cardiac Dysfunction

When compared to sham-operated mice, mice subjected to CLP and treated with vehicle demonstrated a significant reduction in the systolic parameters measured: % EF, % FS, % FAC, CO and SV after 24 h, indicating the development of systolic, cardiac dysfunction (Figures 4A–F). When compared to CLP-animals treated with vehicle, treatment of CLP-animals with RG100204 just before CLP and 8 h after CLP surgery improved systolic cardiac dysfunction with a significant increase in the following cardiac parameters: % EF, % FS, % FAC, CO and SV, demonstrating the ability of pre-treatment with RG100204 to effectively attenuate systolic dysfunction in septic mice (Figures 4A–F).




Figure 4 | Effect of pre-treatment with RG100204 on CLP-induced systolic cardiac dysfunction. Mice were pre-treated with vehicle or RG100204 before CLP and 8 h after CLP. Systolic cardiac function was assessed after 24 h. (A) Representative M-mode echocardiogram; (B) Ejection fraction (%); (C) Fractional shortening (%); (D) Fractional area change (%); (E) Cardiac output (ml/min); and (F) Stroke volume (μL). The following groups were studied: sham + vehicle (n = 5), CLP + vehicle (n = 10) and CLP + RG100204 (n = 10). All data were analyzed by one-way ANOVA, followed by a Bonferroni’s post-hoc test. Data are expressed as mean ± SEM. ****P < 0.0001 vs. CLP + vehicle.





Pre-Treatment With RG100204 Attenuates CLP-Induced Diastolic Cardiac Dysfunction

When compared to sham-operated mice, mice subjected to CLP for 24 h and treated with vehicle demonstrated a significant reduction in the mitral valve E/A ratio (Figure 5A) and a significant increase in the myocardial performance index NFT and IV (Figures 5B, C) indicating the development of diastolic cardiac dysfunction. When compared to CLP-animals treated with vehicle, CLP-animals treated with RG100204 just before and 8 h after CLP significantly attenuated the decline in the mitral valve E/A ratio and the rise of the myocardial performance index NFT and IV (Figures 5A–C) and, hence, the diastolic, cardiac dysfunction caused by CLP.




Figure 5 | Effect of pre-treatment with RG100204 on CLP-induced diastolic cardiac dysfunction. Mice were pre-treated with vehicle or RG100204 just before CLP and 8 h after CLP. Diastolic cardiac function was assessed after 24 h. (A) Mitral valve E/A ratio; (B) Myocardial performance index (NFT); and (C) Myocardial performance index (IV). The following groups were studied: sham + vehicle (n = 5), CLP + vehicle (n = 10) and CLP + RG100204 (n = 10). All data were analyzed by one-way ANOVA, followed by a Bonferroni’s post-hoc test. Data are expressed as mean ± SEM. **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. CLP + vehicle.





Pre-Treatment With RG100204 Maintains Pulmonary Artery Flow

When compared to sham-operated mice, mice subjected to CLP for 24 h and treated with vehicle demonstrated a significant reduction in the pulmonary artery velocity time integral VTI and peak velocity (Figures 6A, B). However, CLP-animals treated with RG100204 just before CLP and 8 h after CLP, significantly attenuated the reduction in pulmonary artery VTI and peak velocity caused by CLP (Figures 6A, B).




Figure 6 | Pre-treatment with RG100204 maintains pulmonary artery flow. Mice were pre-treated with vehicle or RG100204 before CLP and 8 h after CLP. Pulmonary artery flow was assessed after 24 h. (A) Pulmonary artery VTI; (B) Pulmonary artery peak velocity. The following groups were studied: sham + vehicle (n = 5), CLP + vehicle (n = 10) and CLP + RG100204 (n = 10). All data were analyzed by one-way ANOVA, followed by a Bonferroni’s post-hoc test. Data are expressed as mean ± SEM. **P < 0.01 and ***P < 0.001 vs. CLP + vehicle.





Pre-Treatment With RG100204 Attenuates CLP-Induced Hepatocellular Injury and Renal Dysfunction

When compared to sham-operated mice, mice subjected to CLP for 24 h and treated with vehicle developed kidney dysfunction (indicated by a significant rise in serum urea and creatinine) and hepatocellular injury (indicated by a significant increase in serum ALT and AST). CLP-sepsis also caused a rise in the cell injury marker LDH (Figures 7A–E). When compared to CLP-animals treated with vehicle, CLP-animals treated with RG100204 just before CLP and 8 h after CLP showed significant reduction in serum creatinine, LDH and ALT, but no significant reductions in serum urea or AST (Figures 7A–E).




Figure 7 | Pre-treatment with RG100204 attenuates CLP-induced hepatocellular injury and renal dysfunction. Mice were pre-treated with vehicle or RG100204 just before CLP and 8 h after CLP. At 24 h after CLP surgery blood samples were collected to analyze. (A) Urea (mmol/L); (B) Creatinine (μmol/L); (C) Alanine aminotransferase (ALT) (U/L); (D) Aspartate transaminase (AST) (U/L); and (E) Lactate dehydrogenase (U/L). The following groups were studied: sham + vehicle (n = 5), CLP + vehicle (n = 10) and CLP + RG100204 (n = 10). All data were analyzed by one-way ANOVA, followed by a Bonferroni’s post-hoc test. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. CLP + vehicle.





Effect of Post-Treatment (Therapeutic Administration) With RG100204 on Physiological Parameters After CLP

When compared to sham-operated mice, mice subjected to CLP and treated with vehicle showed a significant increase in severity score and a decrease in heart rate after 24 h (Figures 8A, B). The temperature was also significantly decreased in these animals at 6 h, 18 h and 24 h (Figure 8C). When compared to CLP-animals treated with vehicle, treatment of CLP-animals with RG100204 at all dosing times significantly attenuated the severity score and the rise in heart rate but did not have a significant effect on hypothermia (Figures 8A–D). Over the 24 h period, the body weight of all mice declined, but no significant differences were detected between any of the groups studied (Figure 8E).




Figure 8 | Effect of post-treatment (therapeutic administration) with RG100204 on physiological parameters after CLP. Mice received post-treatment with vehicle or RG100204 at different dosing times after CLP. Over the 24 h period after CLP physiological parameters were measured. (A) Severity score; (B) heart rate at 24 h (bpm); (C) temperature (°C); (D) temperature at 24 h (°C); and (E) weight at 24 h (g). The following groups were studied: sham + vehicle (n = 5), CLP + vehicle (n = 10), CLP + RG100204 (1 h & 8 h) (n = 10), CLP + RG100204 (3 h & 8 h) (n = 10) and CLP + RG100204 (3 h & 8 h & 18 h) (n = 10). All data is expressed as mean ± SEM for n number of observations. All data were analyzed by one-way and two-way ANOVA, followed by a Bonferroni’s post-hoc test. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. CLP + vehicle.





Effect of Post-Treatment (Therapeutic Administration) With RG100204 on CLP-Induced Systolic, Cardiac Dysfunction

When compared to sham-operated mice, mice subjected to CLP for 24 h and treated with vehicle (control) demonstrated a significant reduction in % EF, % FS, % FAC, CO and SV (Figures 9A–F), indicating the development of systolic, cardiac dysfunction. When compared to CLP-animals treated with vehicle, treatment of CLP-animals with RG100204 significantly attenuated the decline in % EF, % FS, % FAC and CO caused by CLP except for the latest dosing time (Figures 9A–F).




Figure 9 | Effect of post-treatment (therapeutic administration) with RG100204 on CLP-induced systolic, cardiac dysfunction. Mice received a post-treatment with vehicle or RG100204 at different dosing times after CLP. Cardiac function was assessed after 24 h. (A) Representative M-mode echocardiogram; (B) Ejection fraction (%); (C) Fractional shortening (%); (D) Fractional area change (%); (E) Cardiac output (ml/min); and (F) Stroke volume (μL). The following groups were studied: sham + vehicle (n = 5), CLP + vehicle (n = 10), CLP + RG100204 (1 h & 8 h) (n = 10), CLP + RG100204 (3 h & 8 h) (n = 10) and CLP + RG100204 (3 h & 8 h & 18 h) (n = 10). All data is expressed as mean ± SEM for n number of observations. All data were analyzed by one-way ANOVA, followed by a Bonferroni’s post-hoc test. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. CLP + vehicle.





Effect of Post-Treatment (Therapeutic Administration) With RG100204 on CLP-Induced Diastolic Cardiac Dysfunction

When compared to sham-operated mice, mice subjected to CLP for 24 h and treated with vehicle (control) demonstrated a significant reduction in the mitral valve E/A ratio (Figure 10A) and a significant increase in the myocardial performance index NFT and IV (Figures 10B, C) indicating the development of diastolic, cardiac dysfunction. When compared to CLP-animals treated with vehicle, treatment of CLP-animals with RG100204 (except at the latest dosing time) significantly attenuated the decline in the mitral valve E/A ratio and the rise of the myocardial performance index (Figures 10A, B) and, hence, the diastolic, cardiac dysfunction caused by CLP.




Figure 10 | Effect of post-treatment (therapeutic administration) with RG100204 on CLP-induced diastolic cardiac dysfunction. Mice received a post-treatment with vehicle or RG100204 at different dosing times after CLP. Cardiac function was assessed after 24 h. (A) Mitral valve E/A ratio; (B) Myocardial performance index (NFT); and (C) Myocardial performance index (IV). The following groups were studied: sham + vehicle (n = 5), CLP + vehicle (n = 10), CLP + RG100204 (1 h & 8 h) (n = 10), CLP + RG100204 (3 h & 8 h) (n = 10) and CLP + RG100204 (3 h & 8 h & 18 h) (n = 10). All data are expressed as mean ± SEM for n number of observations. All data were analyzed by one-way ANOVA, followed by a Bonferroni’s post-hoc test. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. CLP + vehicle.





Effect of Post-Treatment (Therapeutic Administration) With RG100204 on Pulmonary Artery Flow

When compared to sham-operated mice, mice subjected to CLP for 24 h and treated with vehicle (control) demonstrated a significant reduction in the pulmonary artery velocity time integral (VTI) and peak velocity (Figures 11A, B). When compared to CLP-animals treated with vehicle, CLP-animals treated with RG100204 showed a small but not significant increase in pulmonary artery VTI and peak velocity caused by CLP, with treatment at 1 h & 8 h, and 3 h & 8 h being more effective (Figures 11A, B).




Figure 11 | Effect of post-treatment (therapeutic administration) with RG100204 on pulmonary artery flow. Mice received a post-treatment with vehicle or RG100204 at different dosing times after CLP. Cardiac function was assessed after 24 h. (A) Pulmonary artery VTI (mm); and (B) Pulmonary artery peak velocity (mm/s). The following groups were studied: sham + vehicle (n = 5), CLP + vehicle (n = 10), CLP + RG100204 (1 h & 8 h) (n = 10), CLP + RG100204 (3 h & 8 h) (n = 10) and CLP + RG100204 (3 h & 8 h & 18 h) (n = 10). All data are expressed as mean ± SEM for n number of observations. All data were analyzed by one-way ANOVA, followed by a Bonferroni’s post-hoc test. Data are expressed as mean ± SEM. *P < 0.05 and **P < 0.01 vs. CLP + vehicle.





Effect of Post-Treatment (Therapeutic Administration) With RG100204 on CLP-Induced Hepatocellular Injury and Renal Dysfunction

When compared to sham-operated mice, mice subjected to CLP for 24 h and treated with vehicle (control) developed both kidney dysfunction (rise in urea and creatinine) and hepatocellular injury (rise in ALT and AST) and a rise in the cell injury marker LDH (Figures 12A–E). When compared to CLP-animals treated with vehicle, CLP-animals treated with RG100204 at all dose times showed a decrease (although not significant in all) in serum urea, creatinine, LDH, ALT and AST (Figures 12A–E). Thus, post-treatment of CLP-mice with RG100204 had a more pronounced effect on renal dysfunction than on hepatocellular injury, caused by CLP.




Figure 12 | Effect of post-treatment (therapeutic administration) with RG100204 on CLP-induced hepatocellular injury and renal dysfunction. Mice received a post-treatment with vehicle or RG100204 at different dosing times after CLP. Cardiac function was assessed after 24 h. (A) Urea (mmol/L); (B) Creatinine (μmol/L); (C) Alanine aminotransferase (ALT) (U/L); (D) Aspartate transaminase (AST) (U/L); and (E) Lactate dehydrogenase (U/L). The following groups were studied: sham + vehicle (n = 5), CLP + vehicle (n = 10), CLP + RG100204 (1 h & 8 h) (n = 10), CLP + RG100204 (3 h & 8 h) (n = 10) and CLP + RG100204 (3 h & 8 h & 18 h) (n = 10). All data are expressed as mean ± SEM for n number of observations. All data were analyzed by one-way ANOVA, followed by a Bonferroni’s post-hoc test. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. CLP + vehicle.





Effect of Post-Treatment (Therapeutic Administration) With RG100204 on NF-ĸB Signalling and NLRP3 Inflammasome Activation in the Heart

When compared to sham-operated mice, mice subjected to CLP and treated with vehicle (control) showed significant increases in the phosphorylation of IKKα/β at Ser176/180, the phosphorylation of IĸBα at Ser32/36 and the translocation of NF-ĸB subunit p65 to the nucleus in the heart (Figures 13A–C). When compared to CLP-animals treated with vehicle, treatment of CLP-animals with RG100204 at 1 h followed by 8 h after CLP significantly attenuated the degree of phosphorylation of IKKα/β at Ser176/180, the phosphorylation of IĸBα at Ser32/36 and the translocation of the p65 subunit of NF-ĸB to the nucleus in the heart (Figures 13A–C), indicating the ability of RG100204 to block NF-ĸB activation in the heart. When compared to sham-operated mice, mice subjected to CLP and treated with vehicle (control) demonstrated a significant increase in the expression of the NLRP3 inflammasome and the cleavage of pro-caspase-1 to caspase-1 in the heart (Figures 13D, E). However, the expression of the NLPR3 inflammasome was significantly attenuated by the treatment with RG100204 given 1 h followed by 8 h after CLP surgery (Figures 13D, E).




Figure 13 | Effect of post-treatment (therapeutic administration) with RG100204 on the NF-ĸB signalling pathway and the activation NLRP3 inflammasome in the heart. Heart samples were collected at the end of the experiment and the NF-κB signalling pathway, as well as the activation of the NLRP3 inflammasome. Densitometry analysis of the bands is expressed as relative optical density (O.D.) of the (A) phosphorylation of IKKα/β at Ser178/180 corrected for the corresponding total IKKα/β content and normalized using the related sham band; (B) phosphorylation of IĸBα at Ser32/36 corrected for the corresponding total IĸBα content and normalized using the related sham band; (C) NF-ĸB p65 subunit levels in both, cytosolic and nuclear fractions expressed as a nucleus/cytosol ratio normalized using the related sham bands; (D) NLRP3 activation, corrected against tubulin and normalized using the related sham bands; and (E) proteolytic cleavage of pro-caspase-1 to activated caspase-1 and normalized using the related sham band. The following groups were studied: sham + vehicle (n = 5), CLP + vehicle (n = 10), CLP + RG100204 (1 h & 8 h) (n = 10). All data were analyzed by one-way ANOVA, followed by a Bonferroni’s post-hoc test. Data are expressed as mean ± SEM. **P < 0.01 and ****P < 0.0001 vs. the respective sham-operated group.





Effect of Post-Treatment (Therapeutic Administration) With RG100204 on NF-ĸB Signalling and NLRP3 Inflammasome Activation in the Kidney

When compared to sham-operated mice, mice subjected to CLP and treated with vehicle (control) showed a significant increase in the phosphorylation of IKKα/β at Ser176/180, in the phosphorylation of IĸBα at Ser32/36 and the translocation of NF-ĸB subunit p65 to the nucleus in the kidney (Figures 14A–C). When compared to CLP-animals treated with vehicle, treatment of CLP-animals with RG100204 given 1 h followed by 8 h after CLP surgery significantly attenuated the degree of phosphorylation of IKKα/β at Ser176/180, the phosphorylation of IĸBα at Ser32/36 and the translocation of the p65 subunit of NF-ĸB to the nucleus in the liver (Figures 14A–C), indicating the ability of RG100204 to effectively inhibit the NF-ĸB signalling pathway in the kidney. When compared to sham-operated mice, mice subjected to CLP and treated with vehicle (control) demonstrated a significant increase in the expression of the NLRP3 inflammasome and the cleavage of pro-caspase-1 to caspase-1 in the liver (Figures 14D, E). However, the activation of the NLPR3 inflammasome was attenuated by the treatment with RG100204 given 1 h & 8 h after CLP surgery (Figures 14D, E).




Figure 14 | Effect of post-treatment (therapeutic administration) with RG100204 on the NF-ĸB signalling pathway and the activation NLRP3 inflammasome in the kidney. Kidney samples were collected at the end of the experiment and the NF-ĸB signalling pathway, as well as the activation of the NLRP3 inflammasome. Densitometry analysis of the bands is expressed as relative optical density (O.D.) of the (A) phosphorylation of IKKα/β at Ser178/180 corrected for the corresponding total IKKα/β content and normalized using the related sham band; (B) phosphorylation of IĸBα at Ser32/36 corrected for the corresponding total IĸBα content and normalized using the related sham band; (C) NF-ĸB p65 subunit levels in both, cytosolic and nuclear fractions expressed as a nucleus/cytosol ratio normalized using the related sham bands; (D) NLRP3 activation, corrected against tubulin and normalized using the related sham bands; and (E) proteolytic cleavage of pro-caspase-1 to activated caspase-1 and normalized using the related sham band. The following groups were studied: sham + vehicle (n = 5), CLP + vehicle (n = 10), CLP + RG100204 (1 h & 8 h) (n = 10). All data were analyzed by one-way ANOVA, followed by a Bonferroni’s post-hoc test. Data are expressed as mean ± SEM. ****P < 0.0001 vs. the respective sham-operated group.





Effect of Post-Treatment (Therapeutic Administration) With RG100204 on MPO Activity in the Lungs

When compared to sham-operated mice, mice subjected to CLP and treated with vehicle (control) demonstrated a significant increase in MPO activity in the lungs (Figure 15). However, the activity of MPO in the lungs was significantly attenuated by the treatment with RG100204 given 1 h followed by 8 h after CLP surgery (Figure 15).




Figure 15 | Effect of post-treatment (therapeutic administration) with RG100204 on MPO activity in lung. MPO analysis was conducted on the lungs. The following groups were studied: sham + vehicle (n = 5), CLP + vehicle (n = 10), CLP + RG100204 (1 h & 8 h) (n = 10). All data are expressed as mean ± SEM for n number of observations. All data were analyzed by one-way ANOVA, followed by a Bonferroni’s post-hoc test. Data are expressed as mean ± SEM. ***P < 0.001 and ****P < 0.0001 vs. the respective sham-operated group.






Discussion

A recent study demonstrated improved survival of Aqp9-/- knockout mice in an LPS induced mouse model of sepsis (18). While this model is well-suited to study mechanisms of systemic inflammation, which can be harmful when excessive, the LPS model does not include an infecting agent. Inflammation has however evolved to contain infections, and curtailing inflammation in infectious diseases is thus a strategy that may have concomitant beneficial and negative consequences. In the current study we thus asked if loss of Aqp9 function can confer a net protective effect in a model of sepsis where a bacterial infection is present. This is the first study describing a novel inhibitor, RG100204, that was developed and used for this purpose. In a rat hepatoma cell line RG100204 was able to ameliorate an LPS induced NO and   production, thus providing evidence that this substance can reproduce oxide-reducing effects that were previously observed in LPS treated mice (18).

Thus, we utilized RG10024 to further interrogate the potential of AQP9 as a drug target in polymicrobial sepsis. RG100204 administrated as pre- or post-treatment (prophylactic versus therapeutic administration) protected mice from sepsis-induced multiple organ dysfunction (cardiac dysfunction, renal dysfunction, and hepatocellular injury).

A mouse severity scoring system was used as a surrogate marker of mortality in this model of sepsis. Each mouse was assessed at 0 h, 6 h, 18 h, and 24 h after CLP surgery to determine the severity score. The physiological symptoms noted to calculate the score were symptoms of sepsis, which included piloerection, tremors, diarrhoea, respiratory distress, and periorbital exudates. At 24 h, severe sepsis was defined for mice with a severity score of > 3. This was present in CLP-mice treated with vehicle and a score of ≤ 3 in mice administered with RG100204 as a pre and post treatment in a CLP mouse model of sepsis. Body temperature was used as another surrogate marker of mortality. At 24 h, CLP mice treated with vehicle showed a gradual decrease in body temperature that was < 30°C. This suggests that these mice developed severe sepsis. However, at 24 h CLP mice treated with RG100204 as pre-treatment showed a body temperature > 30°C. This suggests that these mice had moderate sepsis and RG100204 treatment was effective at attenuating hypothermia in this CLP-mouse model.

Sepsis results in multiple organ failure and this includes cardiac dysfunction, renal dysfunction, and hepatocellular injury. In this study, pre-treatment of CLP-mice with RG100204 attenuated the cardiac dysfunction (systolic and diastolic), renal dysfunction and hepatocellular injury caused by CLP-sepsis. Hence, the next evaluation was whether the beneficial effect of this drug is maintained when given after the onset of CLP. Post-treatment administration of RG100204 attenuated both the cardiac dysfunction and renal dysfunction but did not significantly reduce the liver injury caused by CLP. However, the most striking finding was that administration as late as 3 h after the onset of polymicrobial sepsis (when followed by further drug administrations at 8 h and in some experiments also 18 h) attenuated the cardiac and renal dysfunction caused by severe sepsis.

What then is the evidence that inhibition of AQP9 exerts beneficial effects in sepsis? At 24 h, cardiac function was assessed by echocardiography investigating both systolic and diastolic function. The effect on systolic function of RG100204 administered pre- and post-CLP surgery was evaluated by measuring % EF, % FS, % FAC, CO and SV. % EF is a common marker used to assess systolic cardiac function, as it reflects cardiac function and remodeling, and it is widely used for diagnostic and prognostic purposes (28). Since the early 1960s, estimated % EF and SV have been measured and both endpoints are now pivotal to the assessment of cardiac function in modern cardiology (28). CLP-sepsis caused a significant decrease in systolic function (as determined by a significant decrease in all parameters of the systolic function measured). In contrast, pre-treatment of CLP-mice with RG100204 attenuated the decline in all parameters used to measure left ventricular systolic function. Similarly, this was demonstrated for all post-treatment dosing times, however none of the dosing times had a significant effect on SV. Moreover, CLP-mice treated with vehicle showed impaired diastolic function which was improved by RG100204 given both as pre- or post-treatment (but not at the latest dosing time), since they exhibited a significant reduction in the mitral valve E/A ratio. The pre- and post-treatment administration (but not at the latest timepoint) of RG100204 attenuated the rise in MPI NFT and MPI IV caused by CLP. The PV VTI and peak velocity are both used to evaluate how efficient blood flows through the pulmonary artery. CLP mice treated with vehicle caused a reduction in PV VTI and peak velocity. Pre-treatment with RG100204 in CLP mice caused a significant increase in PV VTI and peak velocity, therefore the administration of the drug pre-treatment was able to prevent right ventricular dysfunction. However, administration of the drug given post-treatment showed a small but not significant increase in both these parameters. The pre-treatment administration of RG100204 was more effective on systolic and diastolic function compared to post-treatment administration. It must be noted that 1 h administration of drug followed by 8 h administration after CLP was the most effective post-treatment dosing time.

Sepsis is a leading cause for acute kidney injury (29). Serum urea and creatinine are well established biomarkers used to assess renal function. CLP-sepsis was associated with a significant renal dysfunction (rise in both creatinine and urea). Pre-treatment of CLP-animals with RG100204 attenuated the rise in serum creatinine, but not serum urea, caused by sepsis. Most notably, therapeutic administration (post-treatment administration except the latest dosing time) significantly attenuated the renal dysfunction associated with sepsis. Serum levels of urea and creatinine are influenced by other factors (especially in sepsis) and, hence, the evaluation of further biomarkers, such as IL-18 and kidney injury molecule-1 which are markers that have been found to be upregulated early after renal insult in sepsis (30). These are warranted to gain a better insight into the effects of AQP9 inhibition on renal dysfunction in sepsis. In terms of hepatocellular injury, pre- or post-treatment administration of RG100204 in CLP reduced liver injury. Only pre-treatment administration of RG100204 caused a significant reduction in serum ALT but had no effect on AST. None the less ALT is specific for liver injury, while AST is not. However, post-treatment administration had no significant effect on either serum ALT or AST, although in all cases there was a small reduction. Therefore, this provides a good indication that pre-treatment with AQP9 reduced the rise in ALT caused by sepsis and hence, liver injury. LDH is a biomarker used to evaluate tissue damage caused by sepsis. The observed rise in LDH in CLP-sepsis could be due to cellular injury related to bacterial toxins. Increased LDH levels are commonly seen in patients with sepsis, and a rise in LDH has been shown to reflect the degree of tissue damage (31). CLP-sepsis caused a significant increase in serum LDH and, hence, tissue injury. Pre-treatment of CLP-animals with RG100204 and post-treatment (given 1 h followed by 8 h after the onset of sepsis) prevented the rise in LDH caused by sepsis.

Sepsis results in multiple organ failure, including cardiac dysfunction, renal dysfunction, and hepatocellular injury. Taken together, we show that a novel AQP9 inhibitor, RG100204 demonstrates the ability to prevent sepsis-induced multiple organ dysfunction. What, then, is the mechanism by which RG100204 reduces the multiple organ failure associated with sepsis? To gain an insight into the potential mechanism of action of the observed beneficial effects of RG100204 in sepsis, we investigated NF-κB signalling and inflammasome expression in the heart and kidney. NF-κB plays a critical role in sepsis associated multiple organ failure, since NF-κB is involved in regulating the transcription of immunomodulatory mediators involved in the development of sepsis-induced multiple organ failure (32). In this study, we report that CLP mice subjected to polymicrobial sepsis have increased translocation of p65 in both the heart and kidneys which is attenuated by post-treatment with the AQP9 inhibitor RG100204. This is consistent with a recent study demonstrating that Aqp9 gene deletion reduced NO,  , iNOS expression and COX-2 expression through impairment of NF-κB p65 expression/activation in an endotoxemic mouse model. Together, these observations suggest that AQP9 may play a role in the early stage of endotoxic shock, involving the NF-κB pathway. This role could potentially involve AQP9 dependent uptake of extracellular H2O2 (18). Inhibition of NF-κB activation prevents multiple organ injury in animal models of sepsis (33). This shows that NF-κB activation plays a pivotal role in sepsis and provides a potential explanation for the observed reduction in multiple organ injury and dysfunction observed in CLP-mice subjected to RG100204.

Activation of the NLRP3 inflammasome plays a further important role in sepsis (34). Inhibitors of NLRP3 (cortistatin and sulfur dioxide) can attenuate the inflammatory response in mouse models of sepsis and thereby prevent sepsis-induced cardiac dysfunction (35). The NLRP3 inflammasome is required by macrophages to release IL-1β. AQP9 is expressed in leukocytes and activation by an endotoxin challenge results in a modified mRNA expression of Aqp9 (6). Inhibition of AQPs has been found to prevent inflammasome activation in macrophages (19, 20). Mechanisms involving AQP mediated water or glycerol influx, and cell swelling have been proposed. However, due to relatively large osmotic gradients used in these studies, indirect involvement of AQPs in inflammasome activation should not be discounted at this point. Nevertheless, these findings are consistent with the findings in this study, as we show that activation of the NLRP3 inflammasome (measured as NLRP3 and caspase-1 activation) in the heart and kidney was reduced in CLP mice treated with RG100204. NLRP3 activation involves both priming and triggering signals, hence inhibiting the inflammasome provides beneficial effects for controlling the inflammatory response in sepsis. Thereby, this provides evidence of a role of AQP9 in inflammatory diseases.

Finally, sepsis can affect the lungs, leading to lung failure, which is the most common cause of sepsis induced mortality (36). MPO is an enzyme stored in granules of neutrophils that are released upon neutrophil activation and serves as a marker for inflammation. During an inflammatory response, MPO catalyzes the conversion of chloride and hydrogen peroxide to hypochlorite (37). Neutrophils are involved in sepsis and MPO activity is used to investigate neutrophil infiltration. Uncontrolled migration of neutrophils into the lungs results in MPO sequestration, causing inflammation and lung dysfunction (38). Here we report that CLP mice showed a significant increase in MPO activity in the lungs, which was effectively attenuated by RG100204, hence demonstrating the protective effects of RG100204 on the lungs. This is in agreement with reduced migration of Aqp9-/- knockout neutrophils in a mouse model of contact hypersensitivity (7).



Limitations of This Study

Due to restrictions by the held ethical permit, we are unable to measure death as an endpoint. Mortality of animals is not acceptable to used and the “3Rs” in animal research strongly suggest the use of humane endpoints in animal models of sepsis in the UK. Therefore, we use surrogate markers of outcome in the CLP mouse model such as clinical severity score, body temperature, echocardiography, and biochemical markers of organ damage at 24 h after the induction of sepsis to be recorded. We are unable to do longer time evaluations, as this results in significant increase in mortality, which is prohibited by our home office license.



Conclusion

In conclusion, pre-treatment administration of RG100204 in CLP mice was effective at attenuating hypothermia, systolic and diastolic cardiac dysfunction and reduced renal dysfunction. However, hepatocellular injury was only slightly reduced. Post-treatment of CLP-mice with RG100204 attenuated the cardiac dysfunction (systolic and diastolic), ameliorated renal dysfunction, and reduced the rise in the cell injury marker LDH, which were all caused by CLP-sepsis, but it did not significantly reduce the liver injury and hypothermia. Most importantly, oral administration of RG100204 as late as 3 h after the onset of polymicrobial sepsis (when followed by further drug administrations at 8 h and in some experiments also 18 h) attenuated the cardiac and renal dysfunction caused by severe sepsis. RG100204 also demonstrated the ability to attenuate the activation of NF-ĸB as well as the expression of the NLRP3 inflammasome in the heart and kidney. Taken together our findings suggests that AQP9 inhibitors may hold promise for the use in sepsis.
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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.
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Endothelial dysfunction plays a central role in the pathogenesis of sepsis-mediated multiple organ failure. Several clinical and experimental studies have suggested that the glycocalyx is an early target of endothelial injury during an infection. Colivelin, a synthetic derivative of the mitochondrial peptide humanin, has displayed cytoprotective effects in oxidative conditions. In the current study, we aimed to determine the potential therapeutic effects of colivelin in endothelial dysfunction and outcomes of sepsis in vivo. Male C57BL/6 mice were subjected to a clinically relevant model of polymicrobial sepsis by cecal ligation and puncture (CLP) and were treated with vehicle or colivelin (100-200 µg/kg) intraperitoneally at 1 h after CLP. We observed that vehicle-treated mice had early elevation of plasma levels of the adhesion molecules ICAM-1 and P-selectin, the angiogenetic factor endoglin and the glycocalyx syndecan-1 at 6 h after CLP when compared to control mice, while levels of angiopoietin-2, a mediator of microvascular disintegration, and the proprotein convertase subtilisin/kexin type 9, an enzyme implicated in clearance of endotoxins, raised at 18 h after CLP. The early elevation of these endothelial and glycocalyx damage biomarkers coincided with lung histological injury and neutrophil inflammation in lung, liver, and kidneys. At transmission electron microscopy analysis, thoracic aortas of septic mice showed increased glycocalyx breakdown and shedding, and damaged mitochondria in endothelial and smooth muscle cells. Treatment with colivelin ameliorated lung architecture, reduced organ neutrophil infiltration, and attenuated plasma levels of syndecan-1, tumor necrosis factor-α, macrophage inflammatory protein-1α and interleukin-10. These therapeutic effects of colivelin were associated with amelioration of glycocalyx density and mitochondrial structure in the aorta. At molecular analysis, colivelin treatment was associated with inhibition of the signal transducer and activator of transcription 3 and activation of the AMP-activated protein kinase in the aorta and lung. In long-term outcomes studies up to 7 days, co-treatment of colivelin with antimicrobial agents significantly reduced the disease severity score when compared to treatment with antibiotics alone. In conclusion, our data support that damage of the glycocalyx is an early pathogenetic event during sepsis and that colivelin may have therapeutic potential for the treatment of sepsis-associated endothelial dysfunction.
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Introduction

Sepsis is a life-threating organ dysfunction caused by dysregulated host responses to infection (1). A recent global study reported 49 million cases and 11 million sepsis-related deaths in 2017, accounting for approximately 20% of all annual deaths globally (2). Endothelial injury is a hallmark of systemic inflammatory response syndrome during sepsis and largely contributes to the serious clinical consequences of the infection such as increased vascular permeability, tissue edema, augmented adhesion of leukocytes and platelet aggregation, and loss of flow-dependent vasodilation leading to profound decrease in systemic vascular tone, and collapse of the microcirculation, and contributing to acute lung, kidney and liver injury (3, 4).

Clinical and experimental studies have proven that the glycocalyx is one of the earliest sites involved during the pathogenesis of endothelial injury (5). The glycocalyx is a gel-like mesh layer which covers the luminal surface of vascular endothelial cells. It is composed of membrane-attached proteoglycans, glycosaminoglycan sidechains, glycoproteins, and adherent plasma proteins such as albumin and antithrombin. This structure is known to play critical roles in maintaining hemostasis (6) and coagulation, regulating leukocyte adhesion and rolling (7, 8), and sensing mechanical forces, such as shear stress and pressure (9). It also shields cell surface receptors and can prevent their activation by presenting a physical barrier. In sepsis, there is a distinct alteration in the composition of the endothelial glycocalyx following the activation of proteases, such as metalloproteinases, heparanase, and hyaluronidase, by bacterial and inflammatory insults (10). These enzymes lead to glycocalyx degradation via release of glycosaminoglycan sidechains, and if severe enough, loss of core membrane proteins. As the glycocalyx is shed, circulating levels of glycocalyx components, including syndecans, can be measured and are considered biomarkers of endothelial injury (11).

Mitochondria have emerged as important players in maintaining vascular homeostasis (12). In addition to energy production, mitochondria affect a variety of complex processes including inflammation and cell survival (13). Mitochondria-derived peptides, including humanin, encoded by short open reading frame in the mitochondrial DNA (mtDNA), have been recently described to have biological effects (14, 15). Several experimental studies describe potent cytoprotective effects of humanin and its synthetic derivatives (15). For example, humanin is shown to protect endothelial cells from oxidative stress (16, 17) and to prevent glucose-induce endothelial expression of adhesion molecules and apoptosis (18, 19). At the molecular level, humanin appears to regulate metabolic homeostasis through involvement of the signal transducer and activator of transcription 3 (STAT3) (20–22) and AMP-activated protein kinase (AMPK) (15, 23, 24). Recently, colivelin, a new generation potent humanin derivative has also been reported to have cytoprotective effects by inhibiting apoptosis and inflammatory response in vitro and in vivo models of neuronal degeneration and ischemic injury (25–28). Despite the substantial literatures on colivelin-mediated beneficial effects in neurological diseases, the effect of colivelin on the endothelial damage during a systemic inflammation, like sepsis, has not been investigated.

In the present study, by employing a clinically relevant mouse model of sepsis we hypothesized that endothelial damage occurs early during sepsis and is characterized by structural damage of glycocalyx and associated with organ dysfunction. We also sought to evaluate the therapeutic efficacy of colivelin in sepsis and its potential molecular mechanisms of action.



Materials and methods


Murine model of polymicrobial sepsis

The investigation conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Eighth Edition, 2011) and was approved by the Institutional Animal Care and Use Committee of the Cincinnati Children’s Hospital Medical Center. Male C57BL/6 mice were obtained from Charles River Laboratories International, Inc. (Wilmington, MA). Mice were used at 3-5 months of age to mimic the equivalent for human ranges from 20 - 25 years (29). Male mice only were chosen for the experimentation to avoid interference from female hormonal fluctuations in sepsis responses during the estrous cycle. Mice were housed in pathogen-free conditions under a 10-h light/14-h dark cycle with free access to food and water. Mice were anesthetized with 2.0% isoflurane in 50% oxygen and polymicrobial sepsis was induced by cecal ligation and puncture (CLP) (30). After a midline laparotomy, the cecum was exteriorized, ligated and punctured twice with a 23-G needle. The cecum was then returned into the peritoneal cavity and the abdominal incision was closed. After the procedure, mice were randomly assigned to three treatment groups: a vehicle-treated group received distilled water (200 µl/mouse) intraperitoneally (i.p.); a 100 µg colivelin-treated group received the colivelin at 100 µg/kg i.p., and a 200 µg colivelin-treated group received the colivelin at 200 µg/kg i.p. at 1 h after CLP. The intraperitoneal injection was chosen to allow for a rapid uptake and bioavailability of the peptide. All groups of mice also received fluid resuscitation (35 ml/kg normal saline solution subcutaneously) immediately after, at 3 h and 12 h after the CLP procedure. To minimize pain at the surgical incision site, lidocaine hydrochloride (1%, 4 mg/kg total dose) was applied locally immediately after the procedure. Control mice did not undergo any surgical procedure; sham mice underwent laparotomy only without CLP. Mice were then sacrificed at 0, 6 and 18 h after CLP. Blood, lungs, kidneys, liver, and thoracic aortas were collected for biochemical assays.



Long-term studies of severity of sepsis

In a separate study, another cohort of mice was subjected to the CLP procedure and was used for assessing health and moribundity conditions, and survival rate up to 7 days. Mice were divided into two treatment groups in a blind and random fashion: a vehicle-treated group received distilled water (200 µl/mouse), and a colivelin-treated group received colivelin (100 µg/kg subcutaneously) at 1 h, 3 h and 24 h after the CLP procedure. Twelve animals were included for each group. One animal was sacrificed because of unintentional extensive damage in the small intestine during surgical procedure and was excluded from the study. The subcutaneous injection was chosen to avoid further stress in the peritoneum since the animals also received intraperitoneal treatment of antibiotics. To mimic the clinical management of antimicrobial coverage, all mice received ceftriaxone (25 mg/kg) and metronidazole (12.5 mg/kg) intraperitoneally every 12 h after CLP for three days. To minimize pain, buprenorphine (0.05 mg/kg) was administered subcutaneously at 1 h after surgery and every 12 h for three days after surgery. All groups of mice also received fluid resuscitation (35 ml/kg normal saline with 5% dextrose subcutaneously) every 24 h for all the duration of the experimental period. Although some spontaneous death occurred given the acute severity of the disease, spontaneous death was not considered as endpoint for this study for ethical reasons. Animals were euthanized when they exhibited signs of moribundity. During the monitoring period a score system was developed according to the clinical signs of peritoneal sepsis (31, 32). Physical examination focused on four parameters: posture, feces consistency, eye appearance, hair coat. For each parameter a score 0 to 3 was given according to the abnormalities. Specifically, a score of 0 represents no symptoms; score of 1 represents minimum symptoms (awkward gait, loose stools, some watery ocular discharge, fuzzy facial fur); score of 2 represents mild symptoms (hunched or slow walk, watery stools, some yellow ocular discharge, rough hair coat); score of 3 represents severe symptoms (complete inability to move or lethargy, hemorrhagic diarrhea, red eyes with thick ocular discharge, pilo-erection). Weight loss of more than 20% was also considered a humane endpoint. Monitoring and weighing of the animals was performed daily by the laboratory personnel blinded to the treatment protocol and logged in a score sheet. Animals with cumulative scores >8 or weight loss > 20% from the initial body weight were euthanized. Therefore, mice experiencing spontaneous death or euthanized within 7 days were defined as non-survivor mice. Animals that survived the entire observation period of 7 days were also euthanized and were defined as survivor mice.



Myeloperoxidase activity

Myeloperoxidase (MPO) activity was measured as an indicator of neutrophil infiltration in lung, kidneys and liver tissue (33). Tissues were homogenized in a solution containing 0.5% hexa-decyl-trimethyl-ammonium bromide dissolved in 10 mM potassium phosphate buffer (pH 7.0) and centrifuged for 30 min at 4000 × g at 4°C. An aliquot of the supernatant was allowed to react with a solution of tetra-methyl-benzidine (1.6 mM) and hydrogen peroxide (0.1 mM). The rate of change in absorbance was measured by spectrophotometry at 650 nm. MPO activity was defined as the quantity of enzyme degrading 1 μmol of hydrogen peroxide/min at 37°C and expressed in units per 100 mg weight of tissue.



Histopathologic analysis

Paraffin-embedded sections of thoracic aortas and lungs were stained with hematoxylin and eosin for morphological evaluation by three independent observers blinded to the treatment groups. Lung injury was also analyzed by a semiquantitative score based on the following histologic features: alveolar capillary congestion, infiltration of red blood cells and inflammatory cells into the airspace, alveolar wall thickness, and hyaline membrane formation (34). A score of 0 represented normal findings and scores of 1, 2, 3 and 4 represented minimal (<25% lung involvement), mild (25-50% lung involvement), significant (50-75% lung involvement) and severe (>75% lung involvement) injury, respectively. The four variables were summed to represent the lung injury score (total score, 0–16).



Transmission electron microscopy

Glycocalyx structure was assessed by transmission electron microscopy (35). At 6 h after CLP, mice were again anesthetized with 2.0% isoflurane in 50% oxygen and perfused via cardiac puncture with a solution for lanthanum staining composed of 2% glutaraldehyde, 2% sucrose, 0.1 M sodium cacodylate buffer (pH 7.3), and 2% lanthanum nitrate. Thereafter, the aorta was harvested and diced in three to four pieces of approximately 1 mm3 each. Sections were immersed for 2 h in the lanthanum staining solution and then immersed overnight in a solution composed of 2% sucrose and 0.1 M sodium cacodylate buffer (pH 7.3). After washing in alkaline 2% sucrose and 0.03 M NaOH solution, sections were immersed in 2% osmium tetroxide and 2% lanthanum nitrate, embedded and cut with ultramicrotome. The sections were viewed and photographed on Hitachi H-7650 transmission electron microscope at 120 kV.



Plasma levels of cytokines and biomarkers of endothelial injury

Plasma levels of tumor necrosis factor-α (TNFα), interleukin (IL)-1β, IL-6, IL-10, keratinocytes-derived chemokine (KC), and macrophage inflammatory proteins (MIP-1α) were used as indices of the systemic inflammatory response and were evaluated by a commercially available multiplex array system (Milliplex, Millipore Corporation, Billerica, MA). Plasma levels of endoglin, intercellular adhesion molecule-1 (ICAM-1), P-selectin, proprotein convertase subtilisin/kexin type 9 (PCSK9), and angiopoietin-2 (Ang 2) were used as indices of endothelial injury and were evaluated by a commercially available multiplex array system (R&D Systems, Minneapolis, MN). Plasma levels of syndecan-1 were used as indices of glycocalyx damage and were evaluated by a mouse syndecan-1 sandwich-type enzyme-linked immunosorbent assay (ELISA) kit (Boster Biological Technology Co., California, US). Assays were performed using the protocols recommended by the manufacturer.



Subcellular fractionation

Subcellular fractionation was performed using a centrifugation model. Tissue samples of lung and thoracic aortas were homogenized in a buffer (50 mg tissue/100 µL) containing 0.32 M sucrose, 10 mM Tris-HCl (pH 7.4), 1 mM EGTA, 2 mM EDTA, 5 mM NaN3, 10 mM β-mercaptoethanol, 2 µM leupeptin, 0.15 µM pepstatin A, 0.2 mM phenylmethanesulfonyl fluoride, 50 mM NaF, 1 mM sodium orthovanadate and 0.4 nM microcystin. Samples were centrifuged at 1000x g for 10 min at 4°C and the supernatants collected as cytosol extracts, which also contain membrane and mitochondria. The pellets were then solubilized in Triton buffer (1% Triton X-100, 250 mM NaCl, 50 mM Tris HCl at pH 7.5, 3 mM EGTA, 3 mM EDTA, 1 mM phenylme-thanesulfonyl fluoride, 0.1 mM sodium orthovanadate, 10% glycerol, 2 mM p-nitrophenyl phosphate, 0.5% NP-40 and 46 µM aprotinin). The lysates were rocked for 1 h and subsequently centrifuged at 15,000x g for 30 min at 4° C and the supernatant collected as nuclear extracts. The Bradford protein assay was then used for quantitative determination of total proteins.



Western blot analysis

Cytosol content of total AMPKα1/α2 and its phosphorylated form pAMPKα1/α2 (Santa Cruz Biotechnology, Dallas, TX, USA), cytosol and nuclear content of STAT3 and its phosphorylated forms pSTAT3(Tyr705) and pSTAT3(Ser727) (Cell Signaling Technology, Danvers, MA, USA) were determined by immunoblot analyses; β-actin was concomitantly probed with mouse anti-β-actin (Santa Cruz Biotechnology) as a loading control for both cytosol and nuclear proteins. Extracts were heated at 70°C in equal volumes of 4x Protein Sample Loading Buffer. Twenty-five μg of proteins were loaded per lane on a 10% Bis-Tris gel. Proteins were separated electrophoretically and transferred to nitro-cellulose membranes. The immunoreaction was detected by near-infrared fluorescence. Membranes were blocked with Odyssey blocking buffer (LI-COR Biotechnology, Lincoln, NE, USA) and incubated with primary antibodies. Membranes were washed in PBS with 0.1% TWEEN 20 and incubated with near infrared fluorescent dye-conjugated secondary antibodies (IRDye goat anti-rabbit and anti-mouse IgG; LI-COR Biotechnology). Immunoblotting was performed by using the IBind Flex Western System (Thermo Fischer Scientific, Waltham, MA, USA) that uses sequential lateral flow to perform blocking and antibody binding. The Odyssey LI-COR scanner (LI-COR Biotechnology) was used for detection. Fold changes of relative intensity of proteins were calculated versus mean value of control mice upon data normalization with β-actin by NIH ImageJ 1.53k software (36). Normalization and quantification for AMPKα1/α2 was also validated by Revert total protein stain and Empiria Studio analysis (LI-COR Biotechnology).



Materials

Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich (St. Louis, MO).



Statistical analysis

Statistical analysis was performed using SigmaPlot 14.0 (Systat Software, San Jose, CA, USA). Data in figures and text are expressed means ± SEM or median with 25th and 75th percentile of n observations (n = 3–17 animals for each group). The results were examined by analysis of variance followed by the Student–Newman–Keuls correction post hoc t-test. Statistical analysis of damage scores was performed using the non-parametric Mann–Whitney test. The Gehan-Breslow test was used to compare differences in survival rates (n = 11-12 animals for each group). A value of P<0.05 was considered significant.




Results


Glycocalyx shedding and endothelial damage occur early during polymicrobial sepsis and are associated with lung injury

To determine the onset of endothelial damage, we performed histology of thoracic aortas and we measured plasma biomarkers at 6 h and 18 h after CLP. Hematoxylin and eosin-stained sections of the thoracic aorta did not reveal alteration of cellular density or irregularities in the tunica intima, tunica media, and adventitia layers at 6 h or 18 h after CLP (Supplementary Figure S1). However, an early elevation of plasma levels of syndecan-1, a marker of glycocalyx breakdown and shedding, was observed at 6 h in mice subjected to CLP when compared to control mice at baseline conditions (2.77 ± 0.34 versus 0.49 ± 0.13 ng/ml, P<0.05; Figure 1A). This early glycocalyx damage was also associated with an early increase of the angiogenetic factor endoglin (5.07 ± 0.69 ng/ml), the adhesion molecules ICAM-1 (156.72 ± 20.93 ng/ml) and P-selectin (58.26 ± 6.40 ng/ml) when compared to control mice (3.50 ± 0.24, 73.96 ± 6.62, and 31.04 ± 5.73 ng/ml, respectively; P<0.05). At 18 h after CLP plasma syndecan-1, endoglin, ICAM-1 and P-selectin were still maintained at high levels (Figures 1B–D). At 18 h after CLP, septic mice also exhibited higher plasma levels of angiopoietin-2 (154.80 ± 21.90 ng/mL), a mediator of microvascular disintegration, and levels of PCSK9 (59.27 ± 11.28 ng/mL), an enzyme implicated in low-density lipoprotein receptor degradation and clearance of endotoxins, when compared to control mice (63.19 ± 4.08 and 27.99 ± 2.80, respectively; P<0.05) (Figures 1E, F). Early degradation of endothelial glycocalyx was also associated with higher lung injury score at 6 h, which persisted at 18 h after CLP, and was characterized by reduced alveolar space, and accumulation of red and inflammatory cells when compared to control mice at basal condition (Figure 2). To distinguish whether early endothelial damage was secondary to specific sepsis-induced immune response, we also measured these circulating biomarkers in sham mice, which underwent laparotomy but not CLP. In sham mice at 6 h, levels were not significantly different when compared with baseline levels of control mice. Sham mice at 18 h exhibited a significant elevation of P-selectin, PCSK9 and angiopoietin-2 (Supplementary Figure S2). There was only a mild infiltration of neutrophil, as determined by MPO activity, in the lung at 6 h when compared with control mice, but levels were significantly lower than mice subjected to CLP (Supplementary Figure S3). Thus, these data suggested that the early occurrence of endothelial damage is a specific sepsis-induced response and not induced by the sterile inflammation caused by the surgical procedures.




Figure 1 | Plasma levels of Syndecan-1 (A), Endoglin (B), ICAM-1 (C), P-selectin (D), PCSK9 (E), and Angiopoietin-2 (F) at 0 h, 6 h and 18 h after cecal ligation and puncture (CLP). Data represents the mean ± SEM of 10-13 mice for group (n=10 control group at 0 h, n=13 at 6 h, n=11 at 18 h). *Represents P < 0.05 versus control mice at time 0.






Figure 2 | Representative histology photomicrographs of lung sections of a control mouse (A) or mice subjected to polymicrobial sepsis at 6 h (B) and 18 h (C) after cecal ligation and puncture (CLP). Lung damage at 6 h and 18 h after CLP was characterized by severe reduction of alveolar space, neutrophil adhesion along vascular wall, hemorrhage, and infiltration of inflammatory cells. Magnification x100. A similar pattern was seen in tissue sections of n=5 mice in each experimental group. (D) Histopathologic scores of lung sections (n=5 mice for each group). Lung injury was scored from 0 (no damage) to 16 (maximum damage). Box plots represent 25th percentile, median, and 75th percentile; error bars define 10th and 90th percentiles. *Represents P < 0.05 versus control mice at time 0.





Treatment with colivelin reduces neutrophil infiltration in lung, liver and kidney after CLP in a dose-independent manner

Considering the early elevation in plasma levels of adhesion molecules, we next determined the effects of treatment with the peptide colivelin on neutrophil infiltration by measuring MPO activity in major organs at 6 h after CLP. Vehicle-treated mice had higher MPO activity in lungs, liver and kidneys when compared to control mice at basal conditions. Treatment with colivelin significantly decreased MPO activity in lungs, liver and kidneys in a dose-independent manner when compared to vehicle treatment (Figures 3A–C). Microscopic examination of hematoxylin and eosin-stained lung sections confirmed that treatment with colivelin reduced infiltration of inflammatory cells and ameliorated alveolar damage in the lung (Figures 3D, E) when compared to vehicle treatment (Figure 2B).




Figure 3 | Activity of myeloperoxidase (MPO) in lung (A), liver (B), kidney (C) at 6 h after cecal ligation and puncture (CLP). Data represents the mean ± SEM of 7-17 mice for group (n=17 control group, n=13 vehicle group, n=7 colivelin 100 µg group, n=11 colivelin 200 µg group). *Represents P < 0.05 versus control mice; #represents P < 0.05 versus vehicle-treated mice. (D-E) Representative histology photomicrographs of lung sections of colivelin-treated mice at 6 h after CLP. Vehicle (200 µl distilled water) or colivelin (100 or 200 µg/kg) was administered intraperitoneally at 1 h after CLP. Magnification x100. A similar pattern was seen in tissue sections of n=5 mice in each experimental group.





Treatment with colivelin reduces plasma levels of cytokines after CLP in a dose-independent manner

To evaluate the effect of colivelin on systemic inflammatory response, a panel of Th1/Th2/Th17 cytokines was measured. At 6 h after CLP, plasma levels of IL-1β, IL-6, IL-10, KC, TNF-α, and MIP-1α were significantly increased in vehicle-treated mice compared to control mice. Colivelin treatment significantly decreased levels of TNF-α, MIP-1α and IL-10 in a dose independent-manner. Levels of KC were significantly reduced in the mice treated with colivelin at 200 µg/kg. There was also a trend towards reduction of IL-1β and IL-6 after treatment with colivelin, but levels of these cytokines were not statistically different when compared with vehicle treatment (Figure 4).




Figure 4 | Plasma levels of TNFα (A), MIP-1α (B), IL-10 (C), KC (D), IL-1β (E), and IL-6 (F) at 6 h after cecal ligation and puncture (CLP). Vehicle (200 µl distilled water) or colivelin (100 or 200 µg/kg) was administered intraperitoneally at 1 h after CLP. Data represents the mean ± SEM of 4-7 mice for group (n=4 control group, n=6 vehicle group, n=4 colivelin 100 µg group, n=7 colivelin 200 µg group). *Represents P < 0.05 versus control mice; #represents P < 0.05 versus vehicle-treated mice.





Treatment with colivelin ameliorates endothelial glycocalyx damage and mitochondrial damage in thoracic aortas after CLP

We next evaluated the effect of colivelin on endothelial injury. Colivelin treatment significantly decreased levels of plasma syndecan-1 in a dose-independent manner at 6 h after CLP, thus suggesting reduction in glycocalyx shedding (Figure 5). Since effects of the peptide were in a dose-independent manner, we next examined the ultrastructural changes of the thoracic aortas in mice treated with colivelin at 100 µg/kg only (Figure 6). At electron microscopic analysis, mitochondria damage was evident in smooth muscle and endothelial cells in vehicle-treated mice at 6 h after CLP and was characterized by swollen mitochondria and presence of autophagosomes when compared to control mice. On the luminal surface the lanthanum staining showed a thick endothelial glycocalyx layer with dense individual bundles in control mice. At 6 h after CLP, the glycocalyx layer appeared thinner with less dense bundles with loose structure in vehicle-treated mice. On the contrary, in colivelin-treated mice mitochondria appeared normal with dense matrix in all cell types and the dense structure of glycocalyx appeared well preserved when compared to vehicle treatment (Figure 6).




Figure 5 | Plasma levels of Syndecan-1 at 6 h after cecal ligation and puncture (CLP). Vehicle (200 µl distilled water) or colivelin (100 or 200 µg/kg) was administered intraperitoneally at 1 h after CLP. Data represents the mean ± SEM of 7-13 mice for group (n=10 control group, n=13 vehicle group, n=7 colivelin 100 µg group, n=11 colivelin 200 µg group). *Represents P < 0.05 versus control mice; #represents P < 0.05 versus vehicle-treated mice.






Figure 6 | Transmission electron microscopy sections of thoracic aortas with lanthanum staining at 6 h after cecal ligation and puncture (CLP). Panels of control mice (A, D, G, J) show thick endothelial glycocalyx layer with dense individual bundles and normal mitochondria in endothelial and smooth muscle cells. Panels of vehicle-treated mice (B, E, H, K) show thin glycocalyx with bundles with loose structure and some damaged mitochondria and authophagic vesicles at 6 h after CLP. Panels of colivelin-treated mice (C, F, I, L) show well preserved thin glycocalyx and normal mitochondria at 6 h after CLP. Vehicle (200 µl distilled water) or colivelin (100 µg/kg) was administered intraperitoneally at 1 h after CLP. Arrows = glycocalyx; EC = endothelial cell; EL = elastica lamina; EM = extracellular matrix; RC = red cell; SMC = smooth muscle cell; a = authophagosome; n = nucleus; m = normal mitochondria; dm = damaged swollen mitochondria presenting translucent matrix and disrupted cristae.





Treatment with colivelin inhibits STAT3 activation in thoracic aortas and lungs after CLP

Since colivelin has been reported to activate STAT3 in vitro, we next determined whether colivelin induced changes in STAT3 activation and intracellular localization in aortas and lungs. Control mice exhibited marginal levels of pSTAT3(Ser727), whereas the pSTAT3(Tyr705) was undetectable in both cytosol and nuclear compartments of thoracic aortas (Figure 7). At 6 h after CLP, the levels of total STAT3 were reduced in the cytosol while they remained unchanged in the nucleus in vehicle-treated mice when compared to control mice. On the contrary, the expression of pSTAT3(Ser727) was significantly upregulated in the cytosol, while there was a trend towards increase in the nucleus; pSTAT3(Tyr705) was significantly upregulated in the cytosol and nuclear compartments when compared to basal levels of control mice, thus suggesting an overall activation of the transcription factor after sepsis. Interestingly, in thoracic aortas of colivelin-treated mice, cytosolic expression of both pSTAT3(Ser727) and pSTAT3(Tyr705) was significantly reduced. Colivelin treatment did not affect nuclear expression of pSTAT3(Ser727), while it inhibited pSTAT3(Tyr705) at the highest dose. Furthermore, the levels of total STAT3 were restored in the cytosol while they remained unchanged in the nucleus in colivelin-treated mice when compared to vehicle treatment (Figure 7). In the lung, there was a constitutive expression of both pSTAT3(Ser727) and pSTAT3(Tyr705) in the cytosol and nuclear compartments of control mice (Figure 8). At 6 h after CLP, the expression of pSTAT3(Ser727) was significantly upregulated in the cytosol, while there was a trend towards increase in the nucleus (P=0.063); pSTAT3(Tyr705) was significantly upregulated in the cytosol and nuclear compartments when compared to basal levels of control mice, thus suggesting an overall activation of the transcription factor also in the lung after sepsis. Interestingly, in the lung of colivelin-treated mice, cytosolic expression of both pSTAT3(Ser727) and pSTAT3(Tyr705) was significantly reduced when compared to vehicle-treatment. Nuclear expression of both pSTAT3(Ser727) and pSTAT3(Tyr705) was lower than vehicle-treated mice, but not statistically significant. In the lung, levels of total STAT3 were similar among the three groups of mice (Figure 8).




Figure 7 | Representative Western blots of total STAT3, p-STAT3(Ser727) and p-STAT3(Tyr705) in cytosol and nuclear extracts of thoracic aorta; β-actin was used as loading control protein (A). Image analyses of cytosol and nuclear of relative intensity of total STAT3 (B), ratio of p-STAT3(Ser727)/STAT3 (C), and ratio of p-STAT3(Tyr705)/STAT3 (D) as determined by densitometry. Vehicle (200 µl distilled water) or colivelin (100 µg/kg) was administered intraperitoneally at 1 h after CLP. Each data represents the mean ± SEM of 3-4 animals for each group. *Represents P < 0.05 versus control mice; #represents P < 0.05 versus vehicle-treated mice.






Figure 8 | Representative Western blots of total STAT3, p-STAT3(Ser727) and p-STAT3(Tyr705) in lung cytosol and nuclear extracts; β-actin was used as loading control protein (A). Image analyses of cytosol and nuclear of relative intensity of total STAT3 (B), ratio of p-STAT3(Ser727)/STAT3 (C), and ratio of p-STAT3(Tyr705)/STAT3 (D) as determined by densitometry. Vehicle (200 µl distilled water) or colivelin (100 µg/kg) was administered intraperitoneally at 1 h after CLP. Each data represents the mean ± SEM of 3-4 mice for group (n=3 control group, n=4 vehicle group, n=4 colivelin 100 µg group). *Represents P < 0.05 versus control mice; #represents P < 0.05 versus vehicle-treated mice.





Treatment with colivelin activates AMPK in thoracic aortas after CLP

To further examine the molecular mechanism of colivelin, we also determined the cytosolic activation of AMPK, the crucial regulator of mitochondrial control quality. At 6 h after CLP, the phosphorylated active pAMPKα1/α2 were reduced in the cytosol of thoracic aortas in vehicle-treated mice when compared to basal levels of control mice. Colivelin treatment significantly increased the ratio of the phosphorylated/total forms in a dose-independent manner, thus suggesting the restoration of the kinase function (Figure 9).




Figure 9 | Representative Western blots of total AMPKα and pAMPKα in cytosol extracts of thoracic aorta; β-actin and Revert stain were used to verify loading of proteins (A). Image analyses of ratio of relative intensity of p-AMPKα/AMPKα (B) as determined by densitometry. Vehicle (200 µl distilled water) or colivelin (100 µg/kg) was administered intraperitoneally at 1 h after CLP. Each data represents the mean ± SEM of 3-4 mice for group (n=3 control group, n=4 vehicle group, n=4 colivelin 100 µg group). *Represents P < 0.05 versus control mice; #represents P < 0.05 versus vehicle-treated mice.





Treatment with colivelin ameliorated long-term outcomes after CLP

Given the early beneficial effects of colivelin on organ and endothelial injury induced by sepsis, we sought to determine the effect of the peptide in long-term outcomes. In long-term studies, septic mice were treated with colivelin (100 µg/kg subcutaneously) or vehicle at 1 h, 3 h and 24 h after CLP and were monitored up to 7 days. To mimic the clinical condition, all mice also received antibiotic therapy for three days and fluid resuscitation for all the duration of the experimental period. The vehicle-treated group exhibited a survival rate of 50% as 6 out of 12 mice survived at 7 days after CLP. The colivelin-treated group experienced a slight, but not significant, increase of survival rate (72.6%) as 8 out of 11 mice survived at 7 days (Figure 10A). Both vehicle- and colivelin-treated mice exhibited diarrhea, pilo-erection and signs of lethargy in the early 36 h after CLP. Symptoms declined at 48 h but increased again at later time after antibiotics discontinuation in both vehicle and colivelin-treated groups. However, colivelin-treated mice exhibited less severe signs of sepsis for all the duration of the observation period and survivor colivelin-treated mice were significantly healthier than survivor vehicle-treated mice at 6 and 7 days after CLP (Figure 10B). Both vehicle- and colivelin-treated mice experienced a similar body weight loss in the first two days after CLP. However, at later time points vehicle-treated mice maintained a significant lower weight than colivelin-treated mice (Figure 10C).




Figure 10 | Survival rate (A), severity score (B) and body weight loss (C) of mice at 7 days after cecal ligation and puncture (CLP). Mice were subjected to CLP and received colivelin (100 µg/kg subcutaneously) or vehicle at 1 h, 3 h and 24 h after CLP. All mice received fluid resuscitation (35 ml/kg normal saline with 5% dextrose subcutaneously) every 24 h up to 7 days and ceftriaxone (25 mg/kg) and metronidazole (12.5 mg/kg) intraperitoneally every 12 h up to 3 days after the CLP procedure. *Represents P < 0.05 versus colivelin-treated mice.






Discussion

In the present work, we demonstrated that increased plasma levels of biomarkers of endothelial permeability, inflammation and adhesiveness occurred at the early stage of experimental sepsis in mice (i.e., at 6 h after CLP) and coincided with structural changes of endothelial glycocalyx in the aorta and with inflammation of major organs. We also demonstrated for the first time that colivelin, a potent synthetic humanin derivative, is a potential therapeutic compound to restore endothelial stability and improve outcomes of sepsis. We found, in fact, that colivelin treatment attenuated infiltration of inflammatory cells in lung, kidney and liver, reduced the systemic release of the pro-inflammatory cytokines, and, when given as an adjunctive treatment to the standard fluid resuscitation and antibiotics, improved long-term recovery and health conditions of septic mice.

Being responsible of important physiological functions, such as hemostasis, vasomotor control, barrier integrity and immunological function, the endothelium is a critical cellular system for host survival following severe injury, including sepsis (3, 4). Considering the systemic nature of sepsis, exposure to pathogen-associated molecular patterns and endogenous damage-associated molecular patterns may impair the structure and function of the endothelium and its glycocalyx layer. Several clinical studies have demonstrated elevated circulating levels of syndecan-1 as a marker of glycocalyx degradation in sepsis and are associated with organ dysfunction and mortality (37–40). Clinical studies have also profiled protein markers of endothelial activation in both the adult and pediatric populations and have reported significant associations with the severity of sepsis and septic shock, organ failure and mortality risks (41–44). Adhesion molecules, such as ICAM-1 and P-selectin, have been associated with poor outcomes of acute lung injury (45–47). In adult patients circulating P-selectin, measured at ICU admission, appear to be associated with sepsis development in time (48) and it may have diagnostic value for sepsis when used with other endothelial markers (40). Angiopoietin-2, which is produced in endothelial cells and pre-stored in the Weibel-Palade bodies, has been correlated with sepsis severity and death (42–44, 49) and with acute kidney injury and respiratory failure (50). Other novel biomarkers have been proposed for the evaluation of endothelial dysfunction (51). Endoglin, or CD105, is a membrane-bound glycoprotein that serves as a co-receptor for members of the transforming growth factor-β and functions as an angiogenetic factor. Although not yet determined in sepsis, circulating levels of soluble endoglin have been shown to be higher in the serum of patients with cardiovascular diseases with a significant inflammatory component (52, 53). Recent experimental and clinical studies have also supported a central role of PCSK9 in the clearance of pathogenic lipids such as the bacterial lipopolysaccharide (LPS) and in sepsis (54). Although mainly located in the liver PCSK9 is also expressed in vascular smooth muscle and endothelial cells and its expression is increased by stimulation with LPS (55), suggesting a critical role of PCSK9 in vascular function. Plasma PCSK9 levels have been shown to serve as a late biomarker of the severity of illness in patients with severe trauma injury in ICU (56) and sepsis (57) and have been correlated to endothelial dysfunction in patients with chronic kidney disease (58).

Despite these data on association with poor prognosis, the pathophysiology of glycocalyx injury and endothelial dysfunction and its potential role as therapeutic targets in improving sepsis outcomes remain unclear. In our study, we observed a distinct temporal profile of these circulating endothelial biomarkers and glycocalyx degradation. We observed that plasma elevation of the glycocalyx component syndecan-1 occurred early after CLP procedure and correlated with an early elevation of plasma levels of the adhesion molecules ICAM-1 and P-selectin. This early increased expression of circulating syndecan-1 support the hypothesis that the shedding of the glycocalyx concomitantly occurs with the critical period of the inflammatory process of the endothelium and may precede angiogenetic events as angiopoietin-2 was elevated only at 18 h after CLP. Interestingly, in our model we also have identified other novel markers, such as endoglin and PCSK9, whose pathophysiological role in sepsis deserves further investigation.

Neutrophil infiltration is a crucial pathophysiological event of organ injury. In normal conditions, adhesion molecules responsible for leukocyte adhesion are embedded in the glycocalyx and are shielded from leukocytes rolling. Therefore, shedding of the glycocalyx allows for neutrophil infiltration. In our model, the early increase of syndecan-1 and adhesion molecules temporally correlated with neutrophil infiltration in lung, liver and kidney. In this regard, it is noteworthy that elevation of circulating syndecan-1 was associated with inflammatory biomarkers of neutrophil activation, including MPO, and was predictive of adverse clinical outcomes in patients with sepsis due to pneumonia (59).

To restore the endothelial permeability barrier and improve outcome in sepsis, we tested the efficacy of colivelin, a new generation humanin peptide derivative (25). Humanin is a polypeptide containing 24 amino acids, which is encoded encoded by short open reading frame in the mtDNA and acts as retrograde signaling molecule to regulate inflammation (14). Humanin was first identified in the cDNA associated with neuroprotective effects in Alzheimer’s disease patients, and therefore recognized for its antiapoptotic properties (21). Previous in vitro studies have demonstrated that humanin has cytoprotective effects in human aortic endothelial cells against oxidative stress (16). A synthetic analogue with enhanced potency, humanin-G, has also been reported to inhibit cell death in high-glucose-induced apoptosis in human umbilical vein endothelial cells (17). Another potent humanin derivative is colivelin, a hybrid peptide named composed of activity-dependent neurotrophic factor and fused at the C-terminus to a fragment of humanin (25), which has been shown to provide beneficial effects in ischemia models in vivo (28). In our study, we demonstrated that in vivo treatment with colivelin reduced lung injury and reduced leukosequestration in lung, liver and kidney. These beneficial effects correlated with a significant reduction of circulating levels of syndecan-1, thus suggesting inhibition of glycocalyx shedding, when compared to vehicle treatment. To determine the beneficial effect of colivelin on glycocalyx and endothelium we comprehensively assessed the vascular damage of thoracic aortas by transmission electron microscopy and found that colivelin treatment was associated with amelioration of glycocalyx structure, as evidenced by the presence of thick and complex bundles when compared to the loose and thin structure in mice receiving vehicle. Although our analysis of the vascular wall was focused on glycocalyx structure, we also found that vascular damage in vehicle-treated mice was characterized by the presence of damaged mitochondria in both endothelial and smooth muscle cells. It must be considered that mitochondria in vascular smooth muscle and endothelial cells play a pivotal role in maintaining the structural integrity of the vascular wall, whereas their dysfunction leads to energy failure and contributes to inflammation via production of reactive oxygen species (12). In our study, colivelin treatment also ameliorated mitochondrial structure. Thus, taken together, our data demonstrated that the peptide affords multifactorial beneficial effects against oxidative and metabolic stress and against neutrophil adhesiveness and activation at the vascular level. Many preclinical and clinical studies have demonstrated an association between inflammatory cytokines and glycocalyx degradation biomarkers (35, 39, 60, 61). In our study colivelin treatment significantly blunted the systemic elevation of TNFα, MIP-1α, KC and IL-10, suggesting that the peptide interferes with the vicious cycle between impaired endothelial glycocalyx and neutrophil activation.

One of the most notable observations in our study was that treatment with colivelin improved long-term wellbeing outcomes of mice subjected to sepsis. To mimic human sepsis management, mice were resuscitated with fluids and treated with antibiotics. We observed that mice treated with a combination of fluids, antibiotics and colivelin experienced less severe clinical signs of sepsis up to 7 days after CLP when compared with animals treated only with fluids and antibiotics, suggesting beneficial effects of colivelin on recovery. The group of mice that received the adjunct therapy of colivelin also exhibited a higher, but not significant, survival rate (72.6%) than the group that received only vehicle in combinations with fluids and antibiotics (50%). However, it must be noted that for ethical reasons mortality was not used as endpoint of our study and we did not use a large number of mice; furthermore, some mice were euthanized according to criteria that predicted moribundity, thus, most probably affecting statistical significance.

In evaluating the molecular mechanisms of colivelin, we investigated the contribution of both STAT-3 and AMPK since these signaling pathways have been reported to be activated by humanin and its derivatives. STAT3 is a crucial transcription factor, which plays a role in development, inflammation, immunity, metabolism and cancer (62). In addition to its established role as a nuclear transcription factor, a pool of STAT3 has been described in the mitochondria. STAT3 in the mitochondria requires Ser727 but not Tyr705 phosphorylation and functions as a positive regulator of mitochondrial electron transport chain for ATP production (63). In vitro studies have shown that treatment with humanin and its analogues may exert protective functions through STAT3 phosphorylation (20, 23, 64). In a murine model of ischemic stroke, the beneficial effects on neuronal death and axonal remodeling of colivelin have also been associated with activation of STAT3 signaling (28). Previous studies have reported that expression of pSTAT3(Tyr705) increases in the lung, liver, and kidney in murine models of sepsis (65–67). However, these studies have not examined the subcellular localization of the different phosphorylated forms of STAT3. In our study, we observed for the first time that in addition to the lung, pSTAT3(Tyr705) is also activated in the cytosol and nuclear compartments of the aorta at 6 h after CLP in vehicle-treated mice. Interestingly, we also found that distinct subcellular localization of the pSTAT3(Ser727), which increased in both aortas and lungs and was preferentially located in the cytosol. It is important to note that non-canonical STAT3 activation through Ser727 phosphorylation has been recently demonstrated to serve as a crucial signaling intermediary for TLR4-induced glycolysis, macrophage metabolic reprogramming and inflammation (68). An intriguing finding of our study was that colivelin treatment inhibited the activation of STAT3 in the aorta and lung and was associated with improvement of endothelial damage and pulmonary protection. These data are in discrepancy with previous in vivo and in vitro studies demonstrating that colivelin may act as a potent activator of STAT3 (25, 28). A potential reason for this discrepancy on STAT3 activation by colivelin may be due to the different disease models. Our study is the first to investigate the beneficial effects in an infection condition, while previous in vivo and in vitro studies have focused on conditions of neurodegeneration in Alzheimer’s disease and ischemia and reperfusion injury models. On the contrary, our findings are consistent with previous studies demonstrating that inhibitors of STAT3, such as Stattic, ameliorate inflammatory responses in endotoxin-induced acute lung injury (69).

To further understand the molecular mechanisms of colivelin, we also investigated the contribution of AMPK signaling pathway. AMPK is a serine/threonine protein kinase, which is the crucial regulator of energy metabolism and mitochondrial quality control (70). In our study, we observed that the thoracic aorta of colivelin-treated mice had increased activation of AMPK. It must be noted that humanin and humanin analogues may exert beneficial effects in oxidative stress by activation of AMPK (71, 72). Furthermore, it has been proposed that AMPK activation exerts anti-inflammatory effects in endotoxic shock in mice by inhibiting STAT3 signaling (73). Thus, it is plausible that the molecular mechanisms of the protective effect of colivelin in sepsis may be related to increased AMPK, which in turn inhibits phosphorylation of STAT3. Our current findings also support our previous studies demonstrating that pharmacological activation of AMPK ameliorates organ injury in mice subjected to experimental sepsis (74, 75).

In our study, however, we did not investigate the direct mechanisms by which colivelin interferes with STAT3 or AMPK activation. Mitochondrial peptides have been described to interact with cell surface receptors, such as formylpeptide-like-1 receptor and insulin-like growth factor binding protein-3 (14). Specific in vitro studies in endothelial cells are, therefore, necessary to further establish the upstream molecular mechanisms of colivelin in preserving glycocalyx structure and function.



Limitations

As a limitation of our study, we did not include a colivelin-treated control group of healthy mice. Furthermore, we did not investigate potential sex-differences in colivelin beneficial effects as we used only male mice. However, at this preliminary stage of our investigation, the main goal of our study was to evaluate the effect of colivelin post-treatment in a disease state without the phenotypic variability of the estrous cycle. Previous studies have investigated the effect of colivelin on healthy animals/cells in the context of experimental model of neurodegenerative diseases. In these studies, colivelin did not alter behavior parameters or cell viability (25). Further comprehensive studies and elucidations of hormonal influences are required to better understand the molecular mechanisms of this synthetic mitochondrial peptide.

Another limitation of our study is that we used two different routes of administration to explore the therapeutic efficacy of colivelin in short-term and long-term experiments. In the short-term studies, colivelin was injected intraperitoneally to allow for a rapid uptake and bioavailability of the peptide. However, for the wellness of the animals, we switched to subcutaneous injection for the long-term administration to avoid further stress in the peritoneum since the animals also required repetitive intraperitoneal injections of antibiotics. Thus, it can be speculated that differences in biodistribution might have resulted in less efficacy in long-term outcomes. However, it must be noted that the cytoprotective effects of colivelin or other humanin derivatives have been described through different routes of administration in vivo (76).



Conclusion

In conclusion, our data indicates that endothelial dysfunction and glycocalyx damage are early events of lung injury in a murine model of polymicrobial sepsis. Treatment with the novel synthetic mitochondrial peptide colivelin exerted pulmonary protective effects and improved long-term recovery via activation of AMPK and inhibition of STAT3 in thoracic aortas and lung. With the ability to rescue endothelium function and ameliorate glycocalyx structure, colivelin should be investigated as adjunct therapy for the treatment of sepsis.
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Inducible T cell co-stimulator (ICOS), an immune checkpoint protein expressed on activated T cells and its unique ligand, ICOSL, which is expressed on antigen-presenting cells and non-hematopoietic cells, have been extensively investigated in the immune response. Recent findings showed that a soluble recombinant form of ICOS (ICOS-Fc) can act as an innovative immunomodulatory drug as both antagonist of ICOS and agonist of ICOSL, modulating cytokine release and cell migration to inflamed tissues. Although the ICOS-ICOSL pathway has been poorly investigated in the septic context, a few studies have reported that septic patients have reduced ICOS expression in whole blood and increased serum levels of osteopontin (OPN), that is another ligand of ICOSL. Thus, we investigated the pathological role of the ICOS-ICOSL axis in the context of sepsis and the potential protective effects of its immunomodulation by administering ICOS-Fc in a murine model of sepsis. Polymicrobial sepsis was induced by cecal ligation and puncture (CLP) in five-month-old male wild-type (WT) C57BL/6, ICOS-/-, ICOSL-/- and OPN-/- mice. One hour after the surgical procedure, either CLP or Sham (control) mice were randomly assigned to receive once ICOS-Fc, F119SICOS-Fc, a mutated form uncapable to bind ICOSL, or vehicle intravenously. Organs and plasma were collected 24 h after surgery for analyses. When compared to Sham mice, WT mice that underwent CLP developed within 24 h a higher clinical severity score, a reduced body temperature, an increase in plasma cytokines (TNF-α, IL-1β, IL-6, IFN-γ and IL-10), liver injury (AST and ALT) and kidney (creatinine and urea) dysfunction. Administration of ICOS-Fc to WT CLP mice reduced all of these abnormalities caused by sepsis. Similar beneficial effects were not seen in CLP-mice treated with F119SICOS-Fc. Treatment of CLP-mice with ICOS-Fc also attenuated the sepsis-induced local activation of FAK, P38 MAPK and NLRP3 inflammasome. ICOS-Fc seemed to act at both sides of the ICOS-ICOSL interaction, as the protective effect was lost in septic knockout mice for the ICOS or ICOSL genes, whereas it was maintained in OPN knockout mice. Collectively, our data show the beneficial effects of pharmacological modulation of the ICOS-ICOSL pathway in counteracting the sepsis-induced inflammation and organ dysfunction.
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Introduction

Sepsis is a life-threatening medical emergency characterized by a complex interplay of pro- and anti-inflammatory host responses, resulting in multiple organ dysfunction that can ultimately lead to death (1). Currently, deaths from sepsis correspond to nearly 20% of all deaths worldwide, and there is still no specific treatment available (2). The inducible T cell co-stimulator (ICOS, also known as CD278) belongs to the CD28 family of co-stimulatory immunoreceptors. It is a type I transmembrane glycoprotein whose expression is rapidly upregulated upon T cells activation (3). ICOS binds to its unique ligand (ICOSL, also known as CD275 or B7h), a member of the B7 family highly expressed on antigen-presenting cells (APCs) and non-hematopoietic cells under inflammatory stimuli (4–5). Thus far, the role of ICOS-ICOSL interaction has been poorly investigated in sepsis, although recent findings report that ICOS expression is reduced in whole blood of septic patients (6), and that reduced ICOS levels are strongly associated with organ dysfunction (7). To date, it is very well documented that the ICOS-ICOSL axis may display bidirectional effects. On the one hand, ICOS triggering modulates cytokine production in activated T cells and contributes to T regulatory (Treg) cells differentiation and survival (8–9). Given the fact that both animals and septic patients have an increased percentage of circulating Treg cells (10–12), it is suggestive that ICOS triggering may play a role in the septic immunosuppressive status. On the other hand, ICOSL triggering by ICOS may exert anti-inflammatory effects via responses, such as modulating the maturation and migration of macrophage and dendritic cells and the endothelial cell adhesiveness (13).

Recently, another ligand for ICOSL has been identified, osteopontin (OPN), an inflammatory mediator that binds to ICOSL in an alternative binding domain to that used by ICOS. Intriguingly, ICOS and OPN exert different and often opposite effects upon ICOSL triggering since OPN stimulates, whereas ICOS inhibits, migration of several cell types and tumor angiogenesis (14–16). Conventionally, a soluble recombinant form of ICOS (ICOS-Fc) has been designed by fusing a cloned extracellular portion of human or mouse ICOS with an Fc IgG1 portion and this molecule has been shown to trigger ICOSL thus promoting down-stream responses (17).

In vitro, ICOS-Fc inhibits adhesiveness of endothelial cells toward polymorphonuclear cells and tumor cells and migration of endothelial cells and tumor cells (15). These ICOS-Fc effects can also be recorded in dendritic cells (DC), along with modulated cytokine release and antigen cross-presentation in class I major histocompatibility complex molecules (13), while in osteoclasts, ICOS-Fc inhibits differentiation and function (18). In vivo, ICOS-Fc inhibits tumor growth and metastasis, development of osteoporosis, liver damage induced by acute inflammation following treatment with CCl4, and it favors skin wound healing (18–21). Nevertheless, little is known about the molecular mechanism(s) involved in ICOSL-mediated inflammatory response. The p38 MAPK, a well-known mediator that drives inflammation through upregulation of several pro-inflammatory cytokines such as TNF-α and IL-6 (22), and the NOD-like receptor protein 3 (NLRP3) inflammasome, able to induce the release of IL-1β and IL-18 and promote cell death by pyroptosis (23), are two of the most well characterized signaling pathways involved in the activation of the cytokine storm that contributes to organ dysfunction during sepsis. Furthermore, their pharmacological or genetic inhibition has been shown to reduce sepsis-related mortality (22–24). Finally, a non-receptor protein kinase namely Focal adhesion kinase (FAK) has been recently reported to signal inflammation downstream of the Toll-like receptor 4 upon lipopolysaccharide (LPS) challenge in macrophages and lung tissues (25). Therefore, here we investigated, for the first time, the pathological role of ICOS-ICOSL axis in the context of sepsis, its impact on selective inflammatory pathways and the potential protective effects of its immunomodulation by administering ICOS-Fc in an experimental model of sepsis.



Material and methods


Animals and ethical statement

Inbred wild-type (WT, C57BL/6) mice, ICOSL knockout mice (ICOSL-/-, B6.129P2-Icosltm1Mak/J), ICOS knockout mice (ICOS-/-, B6.129P2-Icostm1Mak/J) and OPN knockout mice (OPN-/-, B6.129S6(Cg)-Spp1tm1Blh/J) were purchased from Envigo laboratories, (IT) and The Jackson Laboratory (Bar Harbor, ME, USA). Mice were housed under standard laboratory conditions, such as room temperature (25 ± 2°C) and light-controlled with free access to water and rodent chow for four weeks prior starting the experimental procedures. All animal protocols reported in this study followed the ARRIVE guidelines (26) and the recommendations for preclinical studies of sepsis provided by the MQTiPSS (27) The procedures were approved by the University’s Institutional Ethics Committee as well as the National Authorities (Protocol number: 855/2021).



Cecal ligation and puncture (CLP)-induced sepsis model

Polymicrobial sepsis was carried out by CLP surgery in male, five-month-old mice. Mice were initially placed in an anesthetisia chamber (3% isoflurane -IsoFlo, Abbott Laboratories – delivered in oxygen 0.4 L/min), then kept under anaesthesia throughout surgery with 2% isoflurane delivered in oxygen 0.4 L/min via a nosecone. The body temperature was maintained at 37 °C through a homoeothermic blanket and constantly monitored by a rectal thermometer. Briefly, a mid-line laparotomy (~1.0 cm) was performed in the abdomen, exposing the cecum. The cecum was then totally ligated just below the ileocecal valve and a G-21 needle was used to puncture the ligated cecum in a single through-and-through manner. A small amount (droplet, ~3mm) of fecal content was released from the cecum which was carefully relocated into the peritoneum. Sham mice underwent the same surgical procedure, but without CLP. All animals received Carprofen (5 mg/kg, s.c.) as an analgesic agent and resuscitation fluid (0.9% NaCl, 50 mL/kg, s.c.) at 37°C. Mice were constantly monitored post-surgical and then placed back into fresh clean cages.

At 24 h, body temperature and a clinical score to assess symptoms consistent with murine sepsis were recorded blindly. The following 6 criteria were used for the clinical score: lethargy, piloerection, tremors, periorbital exudates, respiratory distress and diarrhea. An observed clinical score >3 was considered as severe sepsis, while a score between 3 and 1 was considered as moderate sepsis (28).



Study design

Seventy-two mice were randomized into eight groups (9 mice per group): Sham + Vehicle, CLP + Vehicle, CLP + ICOS-Fc, CLP + F119SICOS-Fc, CLP ICOSL-/- + Vehicle, CLP ICOS-/- + Vehicle, CLP ICOS-/- + ICOS-Fc and OPN-/- + Vehicle. Treatment was given once one hour after surgery, where mice received either ICOS-Fc (100 µg each), F119SICOS-Fc (100 µg each) or Vehicle (PBS, pH 7.4, 100 µl each) by intravenous injection (Figure 1).




Figure 1 | Timeline of the experimental design to investigate the role of ICOS-Fc in sepsis. Wild-type mice and/or ICOSL, ICOS and OPN knockout mice were randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 µL), ICOS-Fc (100 µg) or F119SICOS-Fc (100 µg) intravenously. At 24 h all parameters were analyzed.





Blood collection and organ harvesting

Twenty-four h after surgery all mice were anesthetized with isoflurane (3%) delivered in oxygen (0.4 L/min) and euthanized by cardiac exsanguination. Whole blood was withdrawn from each mouse in vials (EDTA 17.1 µM/mL) and plasma content was obtained after centrifugation (13,000 g, 10 min at R.T.). Organ samples (liver and kidney) were harvested and placed in cryotubes which were snap frozen in liquid nitrogen for storage at freezer -80°C. The samples were then analyzed in a blinded fashion (Figure 1).



Biomarkers of organ injury and systemic inflammation

Plasma samples were used to measure systemic levels of aspartate aminotransferase (AST) (#7036) and alanine aminotransferase (ALT) (#7018) (as markers of hepatocellular injury), creatinine (#7075) and urea (#7144) (as markers of renal dysfunction) using colorimetric clinical assay kits (FAR Diagnostics, Verona, Italy) according to the manufacturer’s instructions. Systemic cytokine levels were determined in plasma using the Luminex suspension bead-based multiplexed Bio-Plex Pro™ Mouse Cytokine Th17 Panel A 6-Plex (#M6000007NY) assay (Bio-Rad, Kabelsketal, Germany). The cytokines (IL-1β, IL-6, TNF-α, IFN-γ, IL-17 and IL-10) were measured following the manufacturer’s instructions.



Myeloperoxidase (MPO) activity analysis

MPO activity analysis was carried out in liver and kidney samples as previously described (29). Tissue samples (~100 mg) were homogenized (1:5 w-v) in 20 mM PBS (pH 7.4) and then centrifuged at 4°C (13,000 g, 10 min). Pellets were resuspended in 500 μL of hexadecyltrimethylammonium bromide buffer (0.5% HTAB in 50 mM PBS, pH 6.0). A second centrifugation at 4°C (13,000 g, 10 min was performed and the supernatants (30 μL) were assessed for MPO activity by measuring spectrophotometrically (650 nm) the H2O2-dependent oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB). Bicinchoninic acid (BCA) protein assay (Pierce Biotechnology Inc., Rockford, IL, USA) was used to quantify the protein content in the final supernatant. MPO activity was expressed as optical density (O.D.) at 650 nm per mg of protein.



Western blot analysis

Semi-quantitative immunoblot technique was carried out in hepatic and renal tissue samples as previously described (30). Total proteins were extracted from 50 mg of each tissue and the total content was quantified using BCA protein method following the manufacturer’s instructions. Briefly, total proteins (50 µg/well) were separated by 8 and 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane, which was then blocked with 5% non-fat dry milk prepared in TBS-T buffer for 1 h at RT, followed by incubation with primary antibodies at the dilution 1:1000., rabbit anti-Thr180/anti-Tyr182 p38 (Cell Signaling #9211); rabbit anti-total p38 (Cell Signaling #9212); mouse anti-NRLP3 (Adipogen- AG-20B-0014-C100); rabbit anti-Caspase-1 (Cell Signaling #24232); rabbit anti-Tyr397 FAK (Cell Signaling #3283); rabbit anti-total FAK (Cell Signaling #3285). The membranes were then incubated with a secondary antibody conjugated with horseradish peroxidase (HRP) at the dilution 1:10000 for 1 h at RT (anti-mouse or anti-rabbit, Cell Signaling #7076 and #7074, respectively). Afterwards, the membranes were stripped and incubated with rabbit anti-β-actin (Cell Signaling #4970). Immune complexes were visualized by chemiluminescence and the densitometric analysis was performed using Bio-Rad Image Lab Software 6.0.1. Results were normalized to sham bands.



Statistical analysis and data presentation

Sample size was determined on the basis of prior power calculations using G-Power 3.1™ software (31). Data are expressed as dot plots (for each mouse) and as mean ± S.E.M of 9 mice per group. Shapiro-Wilk and Bartlett tests were used to verify data distribution and the homogeneity of variances, respectively. The statistical analysis was performed by one-way ANOVA, followed by Bonferroni’s post-hoc test. Data not normally distributed, a non-parametric statistical analysis was applied through Kruskal-Wallis followed by Dunn’s post hoc-test as indicated in the figure legends. Statistical significance was set at P < 0.05. Statistical analysis was performed using GraphPad Prism® software version 7.05 (San Diego, California, USA).



Materials

Unless otherwise stated, all reagents were purchased from the Sigma-Aldrich Company Ltd. (St. Louis, Missouri, USA).




Results


ICOS-Fc-mediated immunomodulation attenuates clinical status and organ injury/dysfunction triggered by sepsis

Sepsis was induced by CLP in WT mice treated with vehicle, ICOS-Fc or F119SICOS-Fc (unable to bind ICOSL) and clinical scores and body temperature were recorded after 24 h. Moreover, sepsis was induced in mice deficient for ICOS, ICOSL, or OPN to assess the role the endogenous molecules of the ICOS/ICOSL/OPN system. Finally, a group of ICOS-deficient mice received ICOS-Fc treatment to evaluate the effect of the drug in the absence of the endogenous ICOS.

Results showed that, as expected, CLP-induced sepsis in WT mice led to a higher clinical severity score (Figure 2A) when compared to Sham WT mice, which was also associated with lower body temperature (Figure 2B). Intriguingly, treatment with ICOS-Fc improved both clinical score and hyphotermia in WT septic mice, whereas treatment with F119SICOS-Fc had no effect (Figures 2A, B). Analysis of CLP knockout mice showed that ICOS-/- and ICOSL-/- mice showed similar clinical scores and decreased body temperatures as WT mice, whereas OPN-/- mice developed milder sepsis, with lower clinical scores and higher body temperature than WT mice. In ICOS-/- mice, treatment with ICOS-Fc induced similar positive effects as in WT mice (Figures 2A, B).




Figure 2 | Role of the ICOS-ICOSL axis in the clinical status of experimental sepsis. Wild-type mice and/or ICOSL, ICOS and OPN knockout mice were randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 µL), ICOS-Fc (100 µg) or F119SICOS-Fc (100 µg) intravenously. At 24 h, severity score (A) and body temperature (B) were recorded. Data are expressed as dot plots (for each animal) and as mean ± S.E.M of 9 mice per group. Severity score was analyzed by a non-parametric test (Kruskal-Wallis) followed by Dunn’s post hoc-test, whereas a parametric test (one-way ANOVA) followed by Bonferroni’s post hoc-test was used for body temperature. *p<0.05 vs Sham + Vehicle; #p<0.05 vs CLP + Vehicle; &p<0.05 vs ICOS-/- + Vehicle.



To investigate organ injury or dysfunction, plasma levels of ALT, AST, creatinine and urea were evaluated in these mice. Figure 3 shows that results mirrored those shown in Fig.2: CLP-induced sepsis caused striking increase of ALT, AST, creatinine and urea levels in WT type mice, and these levels were decreased by treatment with ICOS-Fc, but not F119SICOS-Fc. Levels of these markers were increased also in CLP ICOS-/- and ICOSL-/- mice and urea levels were even higher in ICOS-/- than in WT mice. In CLP ICOS-/- mice, treatment with ICOS-Fc significantly decreased all these markers. In CLP OPN-/- mice, levels of these markers were significantly lower than in CLP WT mice.




Figure 3 | Effect of ICOS-ICOSL axis immunomodulation on sepsis-induced organ damage biomarkers. Wild-type mice and/or ICOSL, ICOS and OPN knockout mice were randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 µL), ICOS-Fc (100 µg) or F119SICOS-Fc (100 µg) intravenously. At 24 h, blood samples were withdrawn from each mouse and plasma levels of alanine transaminase (ALT) (A), aspartate transaminase (AST) (B), creatinine (C) and urea (D) were determined. Data are expressed as dot plots (for each animal) and as mean ± S.E.M of 9 mice per group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s post hoc test. *p<0.05 vs Sham + Vehicle; #p<0.05 vs CLP + Vehicle; &p<0.05 vs ICOS-/- + Vehicle.





ICOS-Fc administration modulates experimental sepsis-induced cytokine storm

The 6 cytokines were measured systemically in plasma samples by using a multiplex array. Figure 4 shows that, in WT mice, CLP-induced sepsis led to a cytokine storm with significant increase of levels of IL-1β, IL-6, IL-10, TNF-α, IFN-γ and a slight not significant increase of IL-17 compared to Sham mice. Administration of ICOS-Fc to WT CLP mice induced a significant decrease of IL-1β and TNF-α, whereas F119SICOS-Fc had no effect. Levels of IL-1β, IL-6, IL-10, TNF-α, and IFN-γ were also increased in CLP ICOS-/- and ICOSL-/- mice at levels similar to those observed in CLP WT mice. Moreover, CLP ICOSL-/- mice showed higher levels of IL-17 than Sham mice, and CLP ICOS-/- mice displayed higher levels of TNF-α and, especially, IL-10 than CLP WT mice. The CLP ICOS-/- mice treated with ICOS-Fc significantly decreased levels of IL-1β, IL-6 and IL-10 compared to the untreated counterparts. In CLP OPN-/- mice, the increase of these cytokines was in general moderate, with levels of IL-6, IL-10, TNF-α and IFN-γ higher than in Sham mice, and levels of IL-1β and IL-6 lower than in CLP WT mice.




Figure 4 | Effect of ICOS-ICOSL axis immunomodulation on systemic cytokines during experimental sepsis. Wild-type mice and/or ICOSL, ICOS and OPN knockout mice were randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 µL), ICOS-Fc (100 µg) or F119SICOS-Fc (100 µg) intravenously. At 24 h, blood samples were withdrawn from each mouse and plasma levels of IL-1β (A), IL-6 (B), TNF-α (C), IFN-γ (D), IL-17 (E) and IL-10 (F) were determined. Data are expressed as dot plots (for each animal) and as mean ± S.E.M of 9 mice per group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s post hoc test. *p<0.05 vs Sham + Vehicle; #p<0.05 vs CLP + Vehicle; &p<0.05 vs ICOS-/- + Vehicle.





ICOS-Fc treatment reduces sepsis-induced increase in MPO activity in the kidney

MPO activity was assessed in the liver and kidney, as an indirect biomarker of leukocyte tissue infiltration (Figure 5). When compared to Sham mice, CLP WT mice had increased MPO activity in both liver and kidney samples, and MPO activity was significanly decreased by ICOS-Fc (but not F119SICOS-Fc treatment) in the kidney, but not in the liver. In the liver, MPO activity was similarly increased also in CLP ICOS-/-, ICOSL-/-, and OPN-/- mice, and it was not modified by ICOS-Fc treatment in CLP ICOS-/- mice. In the kidney, MPO activity was increased in CLP ICOS-/- and ICOSL-/- mice, and treatment with ICOS-Fc decreased MPO activity in CLP ICOS-/- mice. By contrast, CLP OPN-/- mice showed lower MPO levels in the kidney than CLP WT mice.




Figure 5 | Effect of ICOS-ICOSL axis immunomodulation on sepsis-induced neutrophil (MPO activity) infiltration. Wild-type mice and/or ICOSL, ICOS and OPN knockout mice were randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 µL), ICOS-Fc (100 µg) or F119SICOS-Fc (100 µg) intravenously. At 24 h, liver and kidney samples were harvested. Through an in vitro assay, myeloperoxidase (MPO) activity was measured in liver (A) and kidney (B). Data are expressed as dot plots (for each animal) and as mean ± S.E.M of 6 mice per group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s post hoc test. *p<0.05 vs Sham + Vehicle; #p<0.05 vs CLP + Vehicle; &p<0.05 vs ICOS-/- + Vehicle.





ICOS-Fc treatment reduces local FAK/p38 signalling and NLRP3 inflammasome activation in septic mice

In order to better elucidate the molecular mechanism underlying the beneficial effects evoked by ICOS-Fc administration, we focused on WT mice investigating the changes in some signaling cascades, previously documented to be affected by the ICOS-ICOSL axis and, at the same time, known to exert key role in sepsis pathogenesis. Western blot analysis showed that CLP mice showed significant increase of the phosphorylation of FAK at Tyr397 and p38 MAPK at Thr180/Tyr182 in both hepatic (Figures 6A, C) and renal (Figures 6B, D) tissues, when compared to Sham mice. Interestingly, mice treatment with ICOS-Fc significantly attenuated the degree of phosphorylation of FAK/p38 axis in both tissues, thus suggesting reduced activation of these signaling pathways (Figures 6A–D).




Figure 6 | Effect of ICOS-ICOSL axis immunomodulation on tissue inflammatory pathways during experimental sepsis. Wild-type mice and/or ICOSL, ICOS and OPN knockout mice were randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 µL), ICOS-Fc (100 µg) or F119SICOS-Fc (100 µg) intravenously. At 24 h, liver and kidney samples were harvested, and total proteins were extracted from them. Western blotting analysis for phosphorylation of Tyr397 on FAK in the liver (A) and kidney (B) were normalized to total FAK; Phosphorylation of Thr180/Tyr182 on p38 in the liver (C) and kidney (D) were normalized to total p38; NLRP3 expression in the liver (E) and kidney (F) were corrected against β-actin and normalized using the Sham related bands; Cleaved caspase-1 expression in the liver (G) and kidney (H) were corrected against β-actin and normalized using the Sham related bands. Densitometric analysis of the bands are expressed as relative optical density (O.D.). Data are expressed as dot plots (for each animal) and as mean ± S.E.M of 4-5 mice per group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s post hoc test. *p<0.05 vs Sham + Vehicle; #p<0.05 vs CLP + Vehicle.



We then assessed the activation of the inflammasome, by evaluating the expression of NLRP3 and cleaved caspase-1 in both liver and kidney samples (Figures 6E–H). Results showed that, in both tissues, CLP-induced sepsis significantly increased both molecules, and the increase was inhibited by mice treatment with ICOS-Fc (Figures 6E–H).




Discussion

Currently, most research on sepsis is focused on blocking the initial hyperinflammation, which in turn has resulted in promising outcomes. However, recent reports showed that both pro- and anti-inflammatory responses occur immediately and simultaneously after the onset of sepsis and most patients who survive this initial hyperinflammatory phase develop an immunosuppressive phase that can progress to late deaths (1, 32 and 33). Among the main causes of death in this immunosuppressive phase, the failure to control a primary infection and/or secondary hospital-acquired infections stands out (34). In the present study we report for the first time that ICOS-ICOSL axis may play a role in regulation of uncontrolled inflammation and organ injury induced by sepsis and that treatment of septic mice with ICOS-Fc may represent a novel immunomodulatory pharmacological approach that can simultaneously counteract both sepsis-induced hyperinflammation and immunosuppression.

These findings were obtained by evoking polymicrobial sepsis in either WT mice and knockout mice for ICOS, ICOSL and OPN genes. As expected, severe sepsis (score ≥3) was observed in vehicle-treated septic mice, suggesting potential late deaths, since the clinical scoring system is used as a surrogate marker of mortality. This detrimental effect was also associated with low body temperature (~27°C), as similarly, hypothermia is another surrogate marker of mortality, as a 5°C decrease over time or <30°C has also been shown to predict death in CLP-induced septic mice (35). Moreover, septic mice showed liver and kidney damage, displayed by increase of plasma AST/ALT and creatinine/urea levels, respectively, which is in line with the notion that sepsis can cause multiple organ failure including hepatocellular injury and renal dysfunction.

Intriguingly, treatment with ICOS-Fc substantially ameliorated the clinical picture by significantly decreasing all these parameters of sepsis. The effect was specific since no protection was detected following administration of F119SICOS-Fc (a mutated form of ICOS-Fc carrying a phenylalanine-to-serine substitution at position 119).

Theoretically, the protective activity of ICOS-Fc might be ascribed to a twofold mechanism, i.e. on the one hand to the inhibition of the endogenous ICOS activity and, on the other hand, to triggering of the endogenous ICOSL. However, the effectiveness of ICOS-Fc not only in WT mice but also in ICOS-/- mice, lacking the endogenous ICOS, strongly suggest that the main protective effect on sepsis is due to triggering of ICOSL, which is in line with previous works showing that ICOSL triggering by ICOS-Fc elicits several anti-inflammatory activities both in vitro and in vivo (13, 15, 16, 19).

These results are in keeping also with recent findings showing that ICOS-Fc protects against liver damage through a shift of pro-inflammatory monocyte-derived macrophages to an anti-inflammatory phenotype (20). In parallel, the direct renoprotective effect triggered by ICOS-Fc treatment is supported by a recent study showing a key role of ICOSL in preventing early kidney disease, possibly through a selective binding to podocyte αvβ3 integrin, in which ICOSL serves as an αvβ3-selective antagonist that maintains adequate glomerular filtration (36).

The use of knockout mice highlighted that, in sepsis, a key role may be played by OPN as all the above septic parameters were significantly decreased in OPN-/- mice, so that OPN deficiency mirrored the effect of ICOS-Fc in WT mice. This finding is in line with data showing that, in humans, OPN levels are increased in sepsis (37) and OPN might be involved in the sepsis pathogenesis, possibly by supporting IL-6 secretion (38). Moreover, several reports showed that ICOS-Fc inhibits several proinflammatory activities of OPN in vitro and in vivo (16, 37, 39 and 40). Our findings are in keeping also with recent data showing that macrophage-derived OPN promotes glomerular injury in an experimental model of inflammatory and progressive kidney disease (41). OPN is an heavily phosphorylated extracellular protein, expressed and secreted by several cell types, including macrophages, endothelial cells, dendritic cells and T-cells. It can act as a cytokine mediating several biological functions, including cell migration, adhesion, activation of inflammatory cells, and modulation of T cell activation supporting differentiation of proinflammatory type 1 (Th1) and type 17 (Th17) Th cells (42).

Analysis of plasmatic cytokines showed that, in all mouse strains, sepsis was accompanied by increase of IL-1β, IL-6, IL-10, TNF-α and IFN-γ. Moreover, increase of TNF-α and, especially, IL-10 was particularly striking in ICOS-/- mice, which may point out that ICOS deficiency causes a dysregulation of activation of M1 and M2 macrophages. However, treatment with ICOS-Fc significantly decreased IL-1β and TNF-α in WT mice and IL-1β, IL-6 and IL-10 in ICOS-/- mice indicating that ICOS-Fc substantially downmodulates the cytokine storm in sepsis. In OPN-/- mice, increase of these cytokines was in general moderate, with a significant decrease of IL-1β and IL-6, in line with the mild sepsis developed by these mice.

Among the main inflammatory pathways activated during sepsis, we report a local (liver and kidney) overactivation of the FAK and p38 MAPK pathways in CLP mice. Previously, we have shown that the FAK pathway mediates inflammation through p38 MAPK and that this inflammatory axis plays a role in exacerbating inflammation (28). Activation of this axis promotes increased expression/secretion of pro-inflammatory cytokines such as TNF-α, IL-6, IL-1β and IL-17, which in turn contribute to the cytokine storm and multiple organ failure (MOF) associated with sepsis (43). Intriguingly, treatment of septic mice with ICOS-Fc significantly attenuated FAK and p38 MAPK phosphorylation, thus reducing their activation during septic insult, with a following impact on the development of the above-mentioned cytokine storm. These findings are in accordance with previous studies focused on tumor cell migration, whose treatment with ICOS-Fc reduces FAK and p38 MAPK activation both in vitro and in vivo (15, 19). As we and other have recently shown, FAK activation may also affect the overexpression and activation of another peculiar inflammatory pathway, NLRP3 inflammasome complex (28, 44). Thus, we wondered here whether ICOS-Fc could also infer with this cross-talk mechanism linking FAK to NLRP3 activation within the septic context. We report here that experimental sepsis led to an overactivation of the NLRP3 complex and consequent activation of its downstream mediator caspase-1, which were significantly reduced by treatment with ICOS-Fc, thus leading to reduced systemic release of IL-1β. In addition to the impact on the aforementioned inflammatory pathways, ICOS-Fc administration seems to directly affect leukocyte migration in CLP mice, as documented by the changes in MPO activity, a well-known biomarker of neutrophil infiltration, in both liver and kidney homogenates (45). Specifically, we documented that the sepsis-induced increase in MPO activity in renal tissues, was significantly counteracted by ICOS-Fc treatment. This effect, on the other hand, was absent when CLP mice were treated with F119SICOS-Fc. Intriguingly, increased MPO activity was recorded in liver homogenates from septic mice, regardless of drug treatment or genetic intervention, when compared to Sham mice. Despite ICOS-Fc has been shown to reduce the migration of polymorphonuclear cells into inflamed tissues (15), these discrepant events observed in liver and kidney tissue may be the result of different levels of ICOSL expression. This finding corroborates a previous study reporting that hepatocytes did not express ICOSL, when compare to other organs, such as the kidney (46). Thus, suggesting that the hepatic protection induced by ICOS-Fc in septic mice is mainly due to a local and systemic resolution of inflammation rather than a reduction in leukocyte infiltration. A schematic representation summarizing the role of ICOS-ICOSL axis in the pathogenesis of sepsis and the protective effects of ICOS-Fc following sepsis-induced multiple organ failure is shown in Figure 7.




Figure 7 | Schematic representation on the role of ICOS-ICOSL axis in the pathogenesis of sepsis. Septic insult results in an imbalance in the ICOS-ICOSL axis, leading to bidirectional harmful effects, where, on the one hand, the triggering of ICOS can induce immunosuppression, while, on the other hand, the signaling pathway downstream of the ICOSL protein leads to overactivation of FAK-p38-NLRP3 axis, promoting the transcription of pro-inflammatory genes, as well as the cleavage of pro IL-1β into IL-1β and subsequent production of pro-inflammatory cytokines. Leukocyte recruitment is also stimulated by the release of cytokines. Systemic hyperinflammation (cytokine storm), along with polymorphonuclear cell recruitment, contributes to the onset of multiple organ failure. Treatment with ICOS-Fc can attenuate sepsis-induced hyperinflammation and therefore MOF to improve clinical outcomes.



Despite the originality of our findings, we are aware of several limitations of our study, including the lack of extension of these findings to other important functional organs related to MOF during sepsis, such as the lungs and the cardiac tissue, along with the lack of analysis suggestive of the direct effect of ICOS-Fc treatment in preventing immunosuppression. Albeit the in vivo protocol described here is in accordance with the main recommendations provided by MQTiPSS consensus guidelines (27), we are not authorized to perform a survival study to assess the long-term effect of ICOS-Fc due to ethical reasons. Thus, further studies are needed to extend the clinical relevance of our findings as well as to gain a better insight into the safety profile of the proposed drug treatment.



Conclusions

In conclusion, we demonstrate here, for the first time, that the ICOS-ICOSL axis plays a crucial role in the development of systemic inflammation and organ damage induced by a clinically relevant sepsis model. These findings were confirmed by an exacerbation of septic injury in mice knockout for the ICOS and ICOSL genes. Interestingly, we also documented its draggability by showing protection when ICOS-Fc, a recombinant protein which act as an antagonist of ICOS and an agonist of ICOSL, was administered during sepsis. The beneficial effects of this innovative pharmacological approach are likely due to a potential cross-talk mechanisms involving the FAK-p38-NLRP3 inflammasome axis. A greater understanding of the molecular basis of ICOS-Fc-mediated effects is needed to harness its actions as a potentially powerful immunomodulatory tool for counteracting inflammation and organ injury in sepsis.



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 Ethical committee OPBA University of Turin and Italian Ministry of Health, Italy.



Author contributions

GA, CD, UD, and MC conceived and designed the experiments. GA, IS, EA, CM, RM, EP, GE, DC, and NC performed the experiments. GA, EA, CM, RM, IB, EB, CG, NC, MA, DF, CT, CC, CD, UD, and MC analyzed the data. GA, CD, UD, CT, and MC, writing - review and editing. All authors have read and agreed to the published version of the manuscript.



Funding

The Università degli Studi di Torino has supported and funded this work (Ricerca Locale 2020 and 2021) and by the Associazione Italiana Ricerca sul Cancro (IG20714), Milan Italy.



Acknowledgments

Parts of the Figure 7 were drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).



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.



References

1. Hotchkiss, RS, Monneret, G, and Payen, D. Sepsis-induced immunosuppression: From cellular dysfunctions to immunotherapy. Nat Rev Immunol (2013) 13:862–74. doi: 10.1038/nri3552

2. Rudd, KE, Johnson, SC, Agesa, KM, Shackelford, KA, Tsoi, D, Kievlan, DR, et al. Global, regional, and national sepsis incidence and mortality, 1990 – 2017 : analysis for the global burden of disease study. Lancet (2020) 395:200–11. doi: 10.1016/S0140-6736(19)32989-7

3. Hutloff, A, Dittrich, AM, Beier, KC, Eljaschewitsch, B, Kraft, R, Anagnostopoulos, I, et al. ICOS is an inducible T-cell co-stimulator structurally and functionally related to CD28. Nature (1999) 100:263–6. doi: 10.1038/16717

4. Yoshinaga, SK, Whoriskey, JS, Khare, SD, Sarmiento, U, Guo, J, Horan, T, et al. T-Cell co-stimulation through B7RP-1 and ICOS. Nature (1999) 1:827–32. doi: 10.1038/45582

5. Swallow, MM, Wallin, JJ, and Sha, WC. B7h, a novel costimulatory homolog of B7.1 and B7.2, is induced by TNFa. Immunity (1999) 11:423–32. doi: 10.1016/s1074-7613(00)80117-x

6. Möhnle, P, Hirschberger, S, Hinske, LC, Briegel, J, Hübner, M, Weis, S, et al. MicroRNAs 143 and 150 in whole blood enable detection of T-cell immunoparalysis in sepsis. Mol Med (2018) 24:1–14. doi: 10.1186/s10020-018-0056-z

7. Menéndez, R, Méndez, R, Almansa, R, Ortega, A, Alonso, R, Suescun, M, et al. Simultaneous depression of immunological synapse and endothelial injury is associated with organ dysfunction in community-acquired pneumonia. J Clin Med (2019) 8:1–10. doi: 10.3390/jcm8091404

8. Burmeister, Y, Lischke, T, Dahler, AC, Mages, HW, Lam, K-P, Coyle, AJ, et al. ICOS controls the pool size of effector-memory and regulatory T cells. J Immunol (2008) 180:774–82. doi: 10.4049/jimmunol.180.2.774

9. Chen, Q, Mo, L, Cai, X, Wei, L, Xie, Z, Li, H, et al. ICOS signal facilitates Foxp3 transcription to favor suppressive function of regulatory T cells. Int J Med Sci (2018) 15:666–73. doi: 10.7150/ijms.23940

10. Luan, Y, Yin, C, Qin, Q, Dong, N, Zhu, X, and Sheng, Z. Effect of regulatory T cells on promoting apoptosis of T lymphocyte and its regulatory mechanism in sepsis. J Interf Cytokine Res (2015) 35:969–80. doi: 10.1089/jir.2014.0235

11. Saito, K, Wagatsuma, T, Toyama, H, Ejima, Y, Hoshi, K, Shibusawa, M, et al. Sepsis is characterized by the increases in percentages of circulating CD4 + CD25 + regulatory T cells and plasma levels of soluble CD25. J Exp Med (2008) 216:61–8. doi: 10.1620/tjem.216.61

12. Leng, F, Liu, J, Liu, Z, Yin, J, and Qu, H-P. Increased proportion of CD4 d CD25 d Foxp3 d regulatory T cells during early-stage sepsis in ICU patients. J Microbiol Immunol Infect (2013) 46:338–44. doi: 10.1016/j.jmii.2012.06.012

13. Occhipinti, S, Dianzani, C, Chiocchetti, A, Boggio, E, Clemente, N, Gigliotti, CL, et al. Triggering of B7h by the ICOS modulates maturation and migration of monocyte-derived dendritic cells. J Immunol (2013) 190:1125–34. doi: 10.4049/jimmunol.1201816

14. Lund, SA, and Giachelli, CM. The role of osteopontin in inflammatory processes. J Cell Commun Signal (2009) 3:311–22. doi: 10.1007/s12079-009-0068-0

15. Dianzani, C, Minelli, R, Mesturini, R, Chiocchetti, A, Barrera, G, Boscolo, S, et al. B7h triggering inhibits umbilical vascular endothelial cell adhesiveness to tumor cell lines and polymorphonuclear cells. J Immunol (2010) 185:3970–9. doi: 10.4049/jimmunol.0903269

16. Raineri, D, Dianzani, C, Cappellano, G, Maione, F, Baldanzi, G, Iacobucc, I, et al. Osteopontin binds ICOSL promoting tumor metastasis,”. Commun Biol (2020) 3:1–15. doi: 10.1038/s42003-020-01333-1

17. Di Niro, R, Ziller, F, Florian, F, Crovella, S, Stebel, M, Bestagno, M, et al. Construction of miniantibodies for the in vivo study of human autoimmune diseases in animal models. BMC Biotechnol (2007) 7:1–10. doi: 10.1186/1472-6750-7-46

18. Gigliotti, CL, Boggio, E, Clemente, N, Shivakumar, Y, Toth, E, Sblattero, D, et al. ICOS-ligand triggering impairs osteoclast differentiation and function In vitro and In vivo. J Immunol (2016) 197:3905–16. doi: 10.4049/jimmunol.1600424

19. Dianzani, C, Minelli, R, Gigliotti, CL, Occhipinti, S, Giovarelli, M, Conti, LM, et al. B7h triggering inhibits the migration of tumor cell lines. J Immunol (2014) 192:4921–31. doi: 10.4049/jimmunol.1300587

20. Ramavath, NN, Gadipudi, LL, Provera, A, Gigliotti, LC, Boggio, E, Bozzola, C, et al. Inducible T-cell costimulator mediates Lymphocyte/Macrophage interactions during liver repair. Front Immunol (2021) 12:786680. doi: 10.3389/fimmu.2021.786680

21. Stoppa, I, Gigliotti, CL, Clemente, N, Pantham, D, Dianzani, C, Monge, C, et al. ICOSL stimulation by ICOS-fc accelerates cutaneous wound healing In vivo. Int J Mol Sci (2022) 23:1–12. doi: 10.3390/ijms23137363

22. O’Sullivan, AW, Wang, JH, and Redmond, HP. NF-κB and P38 MAPK inhibition improve survival in endotoxin shock and in a cecal ligation and puncture model of sepsis in combination with antibiotic therapy. J Surg Res (2009) 152:46–53. doi: 10.1016/j.jss.2008.04.030

23. Cornelius, DC, Travis, OK, TramelI, RW, Borges-Rodriguez, M, Baik, CH, Greer, M, et al, et al. NLRP3 inflammasome inhibition attenuates sepsis-induced platelet activation and prevents multi-organ injury in cecal-ligation puncture. PLoS One (2020) 15:1–15. doi: 10.1371/journal.pone.0234039

24. Lee, S, Nakahira, K, Dalli, J, Siempos, II, Norris, PC, Colas, RA, et al. NLRP3 inflammasome deficiency protects against microbial sepsis via increased lipoxin B4 synthesis. Am J Respir Crit Care Med (2017) 196:713–26. doi: 10.1164/rccm.201604-0892OC

25. Chen, X, Zhao, Y, Wang, X, Lin, Y, Zhao, W, Wu, D, et al. FAK mediates LPS-induced in fl ammatory lung injury through interacting TAK1 and activating TAK1-NF κ b pathway. Cell Death Differ (2022) 13:1–12. doi: 10.1038/s41419-022-05046-7

26. du Sert, NP, Hurst, V, Ahluwalia, A, Alam, S, Avey, MT, Baker, M, et al. The arrive guidelines 2.0: Updated guidelines for reporting animal research. PloS Biol (2020) 18:1–12. doi: 10.1371/journal.pbio.3000410

27. Osuchowski, MF, Ayala, A, Bahrami, S, Bauer, M, Boros, M, Cavaillon, J-M, et al. Minimum quality threshold in pre-clinical sepsis studies (mqtipss): An international expert consensus initiative for improvement of animal modeling in sepsis. Shock (2018) 50:377–80. doi: 10.1097/SHK.0000000000001212

28. Alves, GF, Aimaretti, E, Einaudi, G, Mastrocola, R, Oliveira, JG, Collotta, D, et al. Pharmacological inhibition of FAK-Pyk2 pathway protects against organ damage and prolongs the survival of septic mice. Front Immunol (2022) 13:837180. doi: 10.3389/fimmu.2022.837180

29. Kovalski, V, Prestes, AP, Oliveira, JG, Alves, GF, Colarites, D, El Mattos, J, et al. Protective role of cGMP in early sepsis. Eur J Pharmacol (2017) 807:174–81. doi: 10.1016/j.ejphar.2017.05.012

30. Nandra, KK, Collino, M, Rogazzo, M, Fantozzi, R, Patel, NSA, and Thiemermann, C. “Pharmacological preconditioning with erythropoietin attenuates the organ injury and dysfunction induced in a rat model of hemorrhagic shock,”. DMM Dis Model Mech (2013) 6:701–9. doi: 10.1242/dmm.011353

31. Faul, F, Erdfelder, E, Lang, A-G, and Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral, and biomedical sciences. Behav Res Methods (2007) 39:175–91. doi: 10.3758/bf03193146

32. Tsirigotis, P, Chondropoulos, S, Gkirkas, K, Meletiadis, J, and Dimopoulou, I. “Balanced control of both hyper and hypo-inflammatory phases as a new treatment paradigm in sepsis,”. J Thorac Dis (2016) 8:E312–6. doi: 10.21037/jtd.2016.03.47

33. Boomer, JS, To, K, Chang, KC, Takasu, O, Osborne, DF, Walton, AH, et al. Immunosuppression in patients who die of sepsis and multiple organ failure. J Am Med Assoc (2011) 306:2594–605. doi: 10.1001/jama.2011.1829

34. Otto, GP, Sossdorf, M, Claus, RA, Rödel, J, Menge, K, Reinhart, K, et al. The late phase of sepsis is characterized by an increased microbiological burden and death rate. Crit Care (2011) 15:1–8. doi: 10.1186/cc10332

35. Mai, SHC, Sharma, N, Kwong, AC, Dwivedi, DJ, Khan, M, Grin, PM, et al. Body temperature and mouse scoring systems as surrogate markers of death in cecal ligation and puncture sepsis. Intensive Care Med Exp (2018) 6:1–14. doi: 10.1186/s40635-018-0184-3

36. Koh, KH, Cao, Y, Mangos, S, Tardi, NJ, Dande, RR, Lee, HW, et al. Nonimmune cell–derived ICOS ligand functions as a renoprotective αvβ3 integrin–selective antagonist. J Clin Invest (2019) 129:1713–26. doi: 10.1172/JCI123386

37. Castello, LM, Baldrighi, M, Molinari, L, Salmi, L, Cantaluppi, V, Vaschetto, R, et al. The role of osteopontin as a diagnostic and prognostic biomarker in sepsis and septic shock. Cells (2019) 8:1–12. doi: 10.3390/cells8020174

38. Uchibori, T, Matsuda, K, Shimodaira, T, Sugano, M, Uehara, T, and Honda, T. IL-6 trans-signaling is another pathway to upregulate osteopontin. Cytokine (2017) 90:88–95. doi: 10.1016/j.cyto.2016.11.006

39. Hirano, Y, Aziz, M, Yang, W-L, Wang, Z, Zhou, M, Ochani, M, et al. Neutralization of osteopontin attenuates neutrophil migration in sepsis-induced acute lung injury. Crit Care (2015) 19:1–15. doi: 10.1186/s13054-015-0782-3

40. Fortis, S, Khadaroo, RG, Haitsma, JJ, and Zhang, H. Osteopontin is associated with inflammation and mortality in a mouse model of polymicrobial sepsis. Acta Anaesthesiol Scand (2015) 59:170–5. doi: 10.1111/aas.12422

41. Trostel, J, Truong, LD, Roncal-Jimenez, C, Miyazaki, M, Miyazaki-Anzai, S, Kuwabara, M, et al. Disease different effects of global osteopontin and macrophage osteopontin in glomerular injury. Am J Physiol - Ren Physiol (2018) 315:F759–68. doi: 10.1152/ajprenal.00458.2017

42. Boggio, E, Dianzani, C, Gigliotti, CL, Soluri, MF, Clemente, N, Cappellano, G, et al. Thrombin cleavage of osteopontin modulates its activities in human cells in vitro and mouse experimental autoimmune encephalomyelitis in vivo. J Immunol Res (2016) 2016:1–13. doi: 10.1155/2016/9345495

43. Chaudhry, H, Zhou, J, Zhong, Y, Ali, MM, Mcguire, F, Nagarkatti, PS, et al. Role of cytokines as a double-edged sword in sepsis. In Vivo (Brooklyn) (2013) 27:669–84.

44. Chung, IC, OuYang, C-N, Yuan, S-N, Li, H-P, Chen, J-T, Shieh, H-R, et al. Pyk2 activates the NLRP3 inflammasome by directly phosphorylating ASC and contributes to inflammasome-dependent peritonitis. Sci Rep (2016) 6:1–13. doi: 10.1038/srep36214

45. Yu, H, Liu, Y, Wang, M, Restrepo, RJ, Wang, D, Kalogeris, TJ, et al. Myeloperoxidase instigates proinflammatory responses in a cecal ligation and puncture rat model of sepsis. Am J Physiol - Hear Circ Physiol (2020) 319:H705–21. doi: 10.1152/ajpheart.00440.2020

46. Wahl, C, Bochtler, P, Chen, L, Schirmbeck, R, and Reimann, J. B7-H1 on hepatocytes facilitates priming of specific cd8 t cells but limits the specific recall of primed responses. Gastroenterology (2008) 135:980–8. doi: 10.1053/j.gastro.2008.05.076



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 Alves, Stoppa, Aimaretti, Monge, Mastrocola, Porchietto, Einaudi, Collotta, Bertocchi, Boggio, Gigliotti, Clemente, Aragno, Fernandes, Cifani, Thiemermann, Dianzani, Dianzani and Collino. 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.




ORIGINAL RESEARCH

published: 23 September 2022

doi: 10.3389/fimmu.2022.1010882

[image: image2]


Targeting the innate repair receptor axis via erythropoietin or pyroglutamate helix B surface peptide attenuates hemolytic-uremic syndrome in mice
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Hemolytic-uremic syndrome (HUS) can occur as a systemic complication of infections with Shiga toxin (Stx)-producing Escherichia coli and is characterized by microangiopathic hemolytic anemia and acute kidney injury. Hitherto, therapy has been limited to organ-supportive strategies. Erythropoietin (EPO) stimulates erythropoiesis and is approved for the treatment of certain forms of anemia, but not for HUS-associated hemolytic anemia. EPO and its non-hematopoietic analog pyroglutamate helix B surface peptide (pHBSP) have been shown to mediate tissue protection via an innate repair receptor (IRR) that is pharmacologically distinct from the erythropoiesis-mediating receptor (EPO-R). Here, we investigated the changes in endogenous EPO levels in patients with HUS and in piglets and mice subjected to preclinical HUS models. We found that endogenous EPO was elevated in plasma of humans, piglets, and mice with HUS, regardless of species and degree of anemia, suggesting that EPO signaling plays a role in HUS pathology. Therefore, we aimed to examine the therapeutic potential of EPO and pHBSP in mice with Stx-induced HUS. Administration of EPO or pHBSP improved 7-day survival and attenuated renal oxidative stress but did not significantly reduce renal dysfunction and injury in the employed model. pHBSP, but not EPO, attenuated renal nitrosative stress and reduced tubular dedifferentiation. In conclusion, targeting the EPO-R/IRR axis reduced mortality and renal oxidative stress in murine HUS without occurrence of thromboembolic complications or other adverse side effects. We therefore suggest that repurposing EPO for the treatment of patients with hemolytic anemia in HUS should be systematically investigated in future clinical trials.
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Introduction

Hemolytic-uremic syndrome (HUS) belongs to the group of thrombotic microangiopathies and includes atypical and typical HUS. The latter accounts for approximately 90% of HUS cases and is a life-threatening systemic complication of infections with certain bacterial pathogens, most commonly Shiga toxin (Stx)-producing Escherichia coli (STEC) (1).

STEC-infections can cause diarrhea or hemorrhagic colitis with bloody diarrhea. STEC-HUS typically presents with microangiopathic hemolytic anemia, thrombocytopenia, acute kidney injury (AKI) and other organ dysfunctions (1). One-third of patients with STEC-HUS also develop long-term renal and up to 4%, long-term neurological sequelae (2). Renal oxidative stress was shown to be an important factor in HUS pathogenesis in pediatric HUS (3, 4). Its pathophysiological relevance was also demonstrated in a murine model of Stx2-induced HUS (5).

To date, organ supportive therapy in the intensive care unit (ICU), including hemodialysis, fluid resuscitation as well erythrocyte transfusion if indicated, has been the standard of care in patients with STEC-HUS (6). In the absence of targeted therapeutic options, there is a medical need to further investigate molecular therapeutic approaches for the treatment of this life-threatening systemic syndrome.

Due to the low incidence – of e. g. 0.07 per 100,000 persons/year for Germany (7) up to 0.67 per 100,000 persons/year for Argentina (8) – conducting prospective randomized clinical trials has proven difficult. To provide tools for preclinical studies, we have recently introduced and characterized several animal models for STEC-HUS, including an infection model employing the Northern German outbreak strain O104:H4 of 2011 and the well-characterized outbreak strain O157:H7 86-24 in gnotobiotic piglets (9), as well as a clinically relevant mouse model (10–12) reflecting most aspects of human pathology by repeatedly exposing animals to low doses of Stx isolated from an EHEC O157:H7 86-24. All previously described small animal models of STEC-HUS mimic well the critical illness, renal failure and microangiopathy seen in humans, while being limited in their modeling of hemolytic anemia, which is oftentimes masked by hemoconcentration secondary to fluid deficiency (10, 13, 14).

Erythropoietin (EPO), a pleiotropic hormone that has been shown to exert tissue-protective effects via the innate repair receptor (IRR) independent of its hematopoietic properties via the EPO receptor (EPO-R) homodimer (15, 16), appears to be a promising candidate to be further evaluated in HUS. Preclinical trials usually use one magnitude higher doses of EPO compared with clinical trials (1000-5000 IU/kg versus 300 IU/kg) (17). This could explain why preclinical tissue protection following EPO administration could often not be translated into the clinical setting. Furthermore, beside its potential beneficial effects, the thrombogenic effect of this erythropoiesis-stimulating hormone was critically discussed in the context of clinical studies (18, 19), as tissue-protective effects require high levels of EPO and administration of high EPO doses can increase the risk of thrombosis (16) and hypertension (17). For this reason, EPO-derived non-hematopoietic small peptide activators of the IRR, such as the pyroglutamate helix B surface peptide (pHBSP), have been developed (15). Preclinically, pHBSP has been shown to convey tissue protection in numerous disease models (20), such as nephroprotection in ischemia-reperfusion models of AKI (21, 22). Furthermore, pHBSP has been successfully employed in phase II studies in patients with diabetes or sarcoidosis and neuropathic pain (23, 24).

HUS can be considered as a specific phenotype of sepsis, as it represents a combination of infection and organ dysfunction. We previously reported that EPO attenuated AKI (25) and cardiac dysfunction (26) in mouse models of endotoxemia and cecal ligation and puncture-induced sepsis. There is no clinical evidence on the beneficial or harmful effects of EPO in patients with sepsis and there is only little evidence regarding the beneficial or harmful effects of EPO in ICU patients in general (27, 28). To our knowledge, the tissue-protective effects of EPO or pHBSP in HUS have not been investigated, yet. One trial that aimed to investigate the effects of EPO on the microcirculation of patients with severe sepsis was discontinued due to lack of recruitment (NCT01087450). We did not find the results of a study that examined the immunomodulatory effects of activated protein C and/or EPO in sepsis (NCT00229034). A third study examining the effects of EPO on renal function in critically ill patients with and without multiorgan failure appears to be not completed (EudraCT number: 2008-003733-24). Altogether, there is no evidence from randomized controlled trials regarding the effects of EPO administration in sepsis and HUS. Despite this lack of evidence, it is however conceivable, that in the presence of severe hemolytic anemia in patients with HUS, the stimulation of hematopoiesis by EPO could be beneficial by reducing the need for allogenic erythrocyte transfusion, which carry non-negligible risks (29, 30).

Anemia is usually accompanied by a regulatory increase in endogenous EPO production due to hypoxia-mediated feedback mechanisms. In patients with iron deficiency or hemolytic anemia, serum EPO levels exceeding 2000 mU/ml (two orders of magnitude above normal range) have been reported (31). In contrast, renal anemia is often accompanied by insufficient EPO production due to direct damage to EPO-producing cells in the kidney (32) or inhibition of EPO production by various cytokines (33). Already in the early 1990’s, it was hypothesized that anemias associated with low serum EPO levels might respond to treatment with recombinant EPO (34).

Currently, EPO can be considered in the treatment of anemia associated with chemotherapy (35) and chronic kidney disease (36). The current national guideline for the treatment of HUS in pediatric patients states that EPO can be considered in the treatment of HUS-associated hemolytic anemia as expert consensus without citing evidence (37). So far, no adverse effects have been observed in children receiving EPO for the treatment of hemolytic anemias (38–41). However, a reduction of red blood cell transfusion could not be shown in two small studies (38, 39). Hitherto, there are no sufficiently powered clinical studies in this context. Even a neutral effect of EPO in terms of nephroprotection in the absence of side effects might positively impact the therapy of HUS-associated hemolytic anemia and save the need for red blood cell transfusions.

In view of the above, we consider it necessary and promising to assess the role of EPO in this orphan disease which comprises a specific form of septic organ failure. The first objective of this study is to further elucidate the role of endogenous EPO and its potential clinical relevance in HUS by measuring endogenous EPO levels in different species: human patients (infection with EHEC O104:H4, 2011 German outbreak), gnotobiotic piglets (subjected to EHEC O104:H4 or EHEC O157:H7 86-24) and mice (subjected to Stx2 derived from EHEC O157:H7 86-24). The second objective of this study is to examine the effect of EPO and the non-hematopoietic peptide pHBSP in a murine model of HUS by measuring surrogate parameters of kidney injury and dysfunction, intrarenal barrier integrity, microangiopathy, oxidative and nitrosative stress and metabolome. Hereby, we aim to provide preclinical evidence to assess whether treatment of HUS with EPO or pHBSP should be considered and further investigated, particularly for HUS-associated hemolytic anemia.



Material and methods


Study design

Plasma samples of patients with STEC-HUS (n = 27, median age 47, 24 female) were provided by the German STEC-HUS Registry (42). These samples were taken within 10 d after admission to the hospital (HUS acute stage) and at the day of the last plasmapheresis (HUS pre-discharge). We analyzed the subcohort of 7 patients of which samples were available from day 1 to day 3 after hospital admission and within 3 d before hospital discharge. Age- and sex-matched samples of healthy controls (n = 21, median age 63.5, 15 female) were provided by Jena University Hospital [ICROS study (43)]. Ethic approval was obtained by the primary investigators from the Ethics Committee of Hannover Medical School (1123-2011) and of the Friedrich Schiller University Jena (5276-09/17). Participants provided written informed consent prior to inclusion in the respective studies.

Samples from gnotobiotic piglets (9) were collected 4 to 6 days after STEC-infection or mock infection (sham). Experimental procedures in gnotobiotic piglets were approved by the local permitting authorities in the Lower Saxony State Office for Consumer Protection and Food Safety and in accordance with the requirements of the national animal welfare law (Approval Number: 33.9-42502-04-13/1149) in accordance with the German legislation following the guidelines of FELASA and ARRIVE (9).

All procedures performed in mice were approved by the regional animal welfare committee and the Thuringian State Office for Consumer Protection (registration number 02-058/14) and performed in accordance with the German legislation. HUS-like disease in mice was induced by repetitive doses of Stx2 as described previously (10). Briefly, wild-type C57BL/6J mice aged 10-16 weeks weighing 20-30 g were randomly assigned to one of four groups (sham n = 16, Stx+vehicle n = 26, Stx+EPO n = 22, or Stx+pHBSP n = 21) and received 3x25 ng/kg body weight (BW) Stx or 0.9% NaCl i.v. on days 0, 3, and 6. EPO (1000 IU/kg BW) was applied s.c. 1 h after initial Stx injection. Due to its short plasma half-life, pHBSP (30 µg/kg BW) was applied s.c. every 24 h starting 1 h after initial Stx injection. Vehicle (Ringer’s solution) was applied s.c. starting 1 h after initial Stx injection. Mice received 3x800 µl Ringer’s solution each day for volume replacement. In compliance with ethical regulations, survival was monitored for 7 days using humane endpoints (mice were euthanized when reaching a high-grade disease state, Figure 3). Disease progression was monitored by weight loss and activity-based HUS score (ranging from 1-normally active, 2-active with slight restrictions, 3-active with clear intermissions, 4-slowed, 5-lethargic, 6-moribund, to 7-dead) as described previously (10). Animals were exsanguinated in deep ketamine/xylazine anesthesia (10). Renal tissue, blood and plasma samples were collected on day 7. An additional experiment with a comparable survival rate including sham and Stx+vehicle mice was performed to compensate for the lower survival rate in the Stx+vehicle group and to increase the statistical power in the analysis of day-7-samples for plasma urea and creatinine and all histological [Schiff’s periodic acid (PAS), acid fuchsin orange G (SFOG)] and immunohistochemistry (IHC) stainings (kidney-injury molecule 1 (KIM-1), cluster of differentiation 31 (CD31), E-cadherin, glycoprotein 1b (GP1b), nitrotyrosine and NADPH oxygenase 1 (NOX-1), Figures 4–7). Plasma EPO levels (Figure 2B) and plasma metabolome (Figure 8) were measured in an independent experimental setup with comparable survival rates since availability of plasma per animal was limited.



Compounds

Stx purification was performed as described previously (10). Human recombinant EPO (Epoeitin beta, Hoffmann-La Roche) was diluted to 1000 U/kg BW in Ringer’s solution (vehicle). A standard N-(9-fluorenyl)methoxycarbonyl protocol for automated solid-phase peptide synthesis was implemented for pHBSP synthesis (Supplementary Methods). pHBSP was diluted to 30 µg/kg BW in Ringer’s solution (vehicle).



Blood and plasma sample analysis

Human (42), piglet (9) and murine (10) blood samples were taken as described elsewhere. Hematology and analysis of laboratory chemistry parameters in murine samples were performed as recently described (10). Briefly, blood counts were analyzed using impedance technology implemented in the pocH100iv system (Sysmex, Kobe, Japan). Laboratory parameters were analyzed by an Architect™ c16200/ci8200 automated clinical chemistry system (Abbott Diagnostics, Abbott. Park, USA). This system uses the Jaffè method for plasma creatinine measurements and the urease/nicotinamide adenine dinucleotide hydrogen method for plasma urea measurements. The following parameters were measured using commercially available ELISA kits: serum or plasma EPO and murine plasma neutrophil-gelatinase-associated lipocalin (NGAL, Supplementary Table S1).



Tissue preparation, histopathology and IHC staining

Processing of kidney samples, histopathological analysis and IHC stainings were performed as described previously (10). SFOG and thrombocyte (GP1b) staining was performed as described recently (11). Until antigen demasking, sections for E-cadherin, NOX-1 and nitrotyrosine staining were treated similarly. The Vector M.O.M. Immunodetection kit (Vector Laboratories) was used for E-cadherin staining. Blocking of nitrotyrosine staining was performed in normal goat serum. IHC sections were washed with Tris(hydroxymethyl)aminomethan (TRIS) buffer during staining [50 mM TRIS, 300 mM NaCl, pH was adjusted to 7.6 with HCl (all Carl Roth); 0.04% Tween®20 (Sigma Aldrich)], incubated with primary antibodies overnight at 4°C in appropriate dilutions (Supplementary Table S2) and subsequently incubated for 30 min with secondary antibodies (Supplementary Table S3). NOX-1 sections were incubated in primary antibody directly after antigen retrieval. Nitrotyrosine sections were stained using the CSA kit and rabbit Link (Dako).



Histology and IHC quantification

Quantification and scoring of histopathological and IHC stainings were performed as described previously (10). For quantification of renal E-cadherin expression, all cut and completely positively stained tubules (with entirely visible lumen, excluding those with spotty staining) were counted in 12 adjacent cortical fields [one cortical field = region of interest (ROI)] per section in 400x magnification. Nitrotyrosine staining was quantified by superimposing a 10x10 grid (area of 0.0977 mm²) over each field and counting positively stained fields in 20 adjacent cortical fields per section in 400x magnification (blinded). NOX-1 staining was analyzed using a scoring system (0 to 3; 0: < 25%, 1: 25-50%, 2: 50-75%, 3: > 75% positive staining per field, 12 fields/section, magnification 200x, blinded). Quantification of SFOG and thrombocyte staining was performed as described recently (11).



Targeted metabolomics and statistical analysis

Targeted metabolomics from heparinized plasma was performed at Biocrates Life Sciences by mass spectrometry using an MxP® Quant 500 kit. Data analysis was performed using R version 3.4.4 (R Core Team) as follows: Readings below detection level were set to half of detection level for each analyte separately. Metabolome data was then log 2 transformed without any further normalization. Z scores were calculated using mean and standard deviation of all samples. Trends along the four sample groups were tested using linear regression models where sample group assignment was used as the independent variable and each analyte as the dependent variable in a separate model. Prior to linear regression, the independent variable sample group assignment was transformed to a pseudo-continuous variable where all samples of group “sham” were set to 0, samples of group “Stx+pHBSP” were set to 1/3, samples of group “Stx+EPO” were set to 2/3 and samples of group “Stx+vehicle” were set to 1. Applying this transformation, the linear regression models test whether there is an increasing or decreasing trend along the four groups in the assigned order. P-values for all models were Benjamini-Hochberg adjusted (44). Analytes with adjusted P-values below 0.05 and an absolute effect of one or bigger were considered significantly changing along the four sample groups.



Statistics

Data are depicted as mean ± SD for n observations. GraphPad Prism 7.05 (GraphPad Software) was used for data analysis applying Student’s t-test and Wilcoxon signed rank test for comparisons between 2 groups. One-way ANOVA with Holm-Sidak post hoc test (parametric data) or Kruskal-Wallis test with Dunn’s post hoc test (nonparametric data) were used for comparisons between more than 2 groups. Survival was depicted as Kaplan-Meier curve and analyzed by Mantel-Cox test. Association between EPO levels in patients with STEC-HUS and hematological and laboratory parameters and piglet samples was performed with GraphPad Prism 7.05 implementing non-parametric Spearman’s rank correlation coefficients. A P-value < 0.05 was considered significant. Mean ± SD and P-values for all analyses are given in Supplementary Table S4.




Results


Elevated EPO levels in humans suffering from HUS

In patients with STEC-HUS, EPO serum levels were elevated in the acute stage of disease compared with healthy controls (Figure 1A, upper panel, Supplementary Tables S5, S6 for individual values). Pre-discharge, EPO levels decreased compared to the acute phase, yet continued to be higher than in healthy controls. In a subgroup, in which blood samples were consequently taken within 3 days after admission and 3 days before discharge from the hospital, a reduction of serum EPO levels was observed in 6 out of 7 HUS patients (Figure 1A, lower panel). Several hematological, laboratory and clinical parameters at hospital admission are listed in Table 1 and EPO values were correlated with these parameters. Anemia was present in 6 out of 7 patients (Figures 1B, C) and there was a trend towards a negative correlation between endogenous EPO levels and hemoglobin (Hb; r = -0.5357, P = 0.2357) or hematocrit (r = -0.6071, P = 0.1667) at hospital admission. No correlation was observed between endogenous EPO levels and lactate dehydrogenase (LDH) or creatinine at hospital admission (Figures 1D, E), although intriguingly, the lowest endogenous EPO levels were observed in patients with pronounced kidney dysfunction (Figure 1E).




Figure 1 | Endogenous EPO levels in patients with STEC-HUS and their correlation with anemia and kidney damage. (A) Upper panel: EPO serum levels in healthy controls (n = 20) and HUS patients (n = 26) within 10 d after admission to the hospital (HUS acute stage) and the last plasmapheresis (HUS pre-discharge) determined by ELISA. Data are expressed as scatter dot plot with mean ± SD. *P < 0.05 vs. healthy control (Mann-Whitney U-test), #P < 0.05 vs. HUS acute stage (Wilcoxon signed-rank test). Lower panel: Pairwise comparison of EPO serum levels of a subcohort of patients (n = 7) in which blood samples were available from day 1 to 3 after hospital admission and within 3 days before hospital discharge. Data are expressed as scatter dot plot with connecting line between respective measurements. (B-E) Correlation analysis implementing Spearman’s correlation coefficient (r) for correlations of endogenous EPO levels with (B) hemoglobin (n = 7), (C) hematocrit (n = 7), (D) lactate dehydrogenase (LDH, n = 7) and (E) creatinine (n = 7) in the subcohort. The upper reference limit for EPO in health are indicated by dashed vertical lines. Gender-specific lower or upper reference limits for the respective parameters of anemia and kidney damage are indicated by dashed horizontal lines.




Table 1 | Hematological, laboratory and renal function parameters in the subgroup of patients with STEC-HUS assessed at hospital admission.



While anemia appears to be a major driver of increased EPO secretion in patients with STEC-HUS, we wondered whether other mechanisms might also play a role. Considering that – at least in our limited subcohort-endogenous EPO was lowest in those patients with pronounced kidney dysfunction and injury, we hypothesize that these patients might profit from therapeutic EPO administration.



Elevated EPO levels in animal models of HUS

To further assess the role of EPO in HUS, we measured endogenous EPO levels in two well-characterized animal models of this condition. In gnotobiotic piglets with STEC-HUS, EPO levels were elevated in EHEC O104:H4- and EHEC O157:H7-infected piglets compared with sham piglets (Figure 2A). STEC-infected gnotobiotic piglets did not display clear signs of anemia or kidney injury compared with mock-infected sham animals (Table 2). No correlations were observed between EPO-levels and hematological parameters (Supplementary Table S7). In O157:H7-infected piglets, although LDH was comparably low, there was a trend towards negative correlation with EPO levels (Supplementary Table S7). In C57BL/6 mice subjected to Stx, slight hemoconcentration was observed (Supplementary Table 3, significant increase in Hb in Stx+vehicle compared with sham mice). Despite the absence of anemia in Stx+vehicle mice, EPO plasma levels were elevated compared with sham mice (Figure 2B). There was no correlation between plasma EPO levels and plasma NGAL as surrogate parameter for kidney damage in mice (Supplementary Figure S1).




Figure 2 | Endogenous EPO levels in animal models of HUS. (A) EPO serum levels in gnotobiotic piglets that were either mock-infected (sham) or infected with EHEC O157:H7 or EHEC O104:H4 determined by ELISA. Samples were taken 4-6 d after infection (sham n = 8, EHEC O104:H4 n = 5, EHEC O157:H7 n = 4). Data are expressed as scatter dot plot with mean ± SD. *P < 0.05 vs. sham (one-way ANOVA, Holm-Sidak’s multiple comparison test). (B) EPO plasma levels in mice with HUS on day 7 of experiment (sham n = 8, Stx n = 10) determined by ELISA. Data are expressed as scatter dot plot with mean ± SD, *P < 0.05 vs. sham (unpaired t-test).




Table 2 | Hematological, laboratory and renal function parameters in STEC-infected piglets and mock-infected controls (sham) assessed 4-6 days after infection.



As anemia appears not to be the sole driver of increased EPO levels during HUS and patients with pronounced kidney damage showed the lowest EPO levels, we next wanted to analyze the therapeutic potential of EPO and the non-hematopoietic EPO derivative pHBSP in a murine model of HUS.



Effect of EPO and pHBSP treatment on survival and clinical presentation of mice with HUS

7-day survival was significantly increased in Stx+EPO (68.2%) and Stx+pHBSP mice (76.2%) compared with Stx+vehicle mice (42.3%; Figure 3A). Consistently, disease progression was reduced on days 6 and 7 in these treatment groups (Figure 3B). All surviving Stx-challenged animals lost up to 20% weight until the end of the experiment. Statistical comparison of weight loss was performed until the first animals had to be euthanized at day 5 (Figure 3C). Weight loss in Stx+EPO mice was less pronounced compared with Stx+vehicle mice on days 4 and 5 (Figure 3C). While neurological involvement assessed by hind limb clasping reflex frequently occurred in Stx+vehicle mice (approx. 39%, P = 0.0067 vs. sham, Table 3), it was less common in Stx+EPO (approx. 27%; Table 3) and Stx+pHBSP mice (approx. 24%; Table 3). No differences were observed in plasma alanine aminotransferase (ALAT) and aspartate aminotransferase (ASAT), while Hb and/or hematocrit as indicators of hemoconcentration were increased in all Stx-challenged mice (Table 3). Compared with sham mice, Hb was elevated in Stx+EPO mice, while it was not in Stx+pHBSP mice. However, there was no significant difference between Stx+EPO mice and Stx-vehicle mice. The effects of EPO-treatment on Hb might be masked by the slight hemoconcentration observed in all Stx-challenged groups.


Table 3 | Hematological and laboratory parameters of mice with HUS and effects of EPO and pHBSP treatment.






Figure 3 | Effect of EPO and pHBSP treatment on survival and clinical presentation of mice with HUS. (A-C) Mice received either Stx or vehicle intravenously to induce experimental HUS. Mice with HUS were treated with vehicle (Ringer’s solution 1 h post HUS induction s.c.), EPO (1 h post HUS induction s.c., 1000 IU/kg BW once) or pHBSP (1 h post HUS induction s.c., 30 µg/kg BW every 24 h; sham n = 15, Stx+vehicle n = 26, Stx+EPO n = 22, Stx+pHBSP n = 21). (A) Kaplan-Meier 7-day survival curves of sham mice, Stx-challenged mice treated with vehicle, Stx-challenged mice treated with EPO and Stx-challenged mice treated with pHBSP with humane endpoints. *P < 0.05 vs. Stx+vehicle (log-rank Mantel-Cox test). (B) Activity-based HUS score (ranging from 1-normally active, 2-active with slight restrictions, 3-active with clear intermissions, 4-slowed, 5-lethargic, 6-moribund, to 7-dead) was assessed three times daily and is depicted every 24 h until day 7 starting with first Stx injection. Data are expressed as median ± interquartile range. *P < 0.05 vs. sham (Kruskal-Wallis test, Dunn’s multiple comparison test at every single time point). (C) Total weight loss referred to day 0 was assessed every 24 h and is depicted until day 5. Data are expressed as mean ± SD. *P < 0.05 sham vs. the respective color-coded group, $P < 0.05 vs. Stx+vehicle (two-way ANOVA, Holm-Sidak’s multiple comparison test).





Effect of EPO and pHBSP treatment on kidney injury and dysfunction in mice with HUS

After observing significantly increased survival rates in EPO- and pHBSP-treated animals, we analyzed the impact of both treatments on kidney injury and dysfunction. Stx+vehicle, Stx+EPO and Stx+pHBSP mice presented with increased plasma urea, creatinine and NGAL compared with sham mice (Figures 4A–C). PAS staining revealed renal tissue damage in all Stx-challenged groups irrespective of treatment (Figure 4D). KIM-1 expression was elevated in Stx+vehicle, Stx+EPO and Stx+pHBSP mice compared with sham mice (Figure 4E). In Stx+pHBSP compared with Stx+vehicle mice, KIM-1 expression was reduced (Figure 4E).




Figure 4 | Effect of EPO and pHBSP treatment on kidney dysfunction and tubular injury in mice with HUS. Kidney injury and dysfunction was assessed on day 7 of HUS experiment. Plasma samples of mice with HUS and sham mice were analyzed for the kidney dysfunction parameters (A) urea and (B) creatinine (sham n = 7, Stx+vehicle n = 14, Stx+EPO n = 6, Stx+pHBSP n = 9) by an Architect™ ci16200 System (Abbott), as well as the kidney injury marker (C) NGAL (sham n = 7, Stx+vehicle n = 10, Stx+EPO n = 12, Stx+pHBSP n = 10) by ELISA. (A-C) Data are expressed as scatter dot plot with mean ± SD. *P < 0.05 vs. sham (one-way ANOVA, Holm-Sidak’s multiple comparison test). Quantification data as well as representative images (scale bar 100 µm) of (D) PAS staining (sham n = 10, Stx+vehicle n = 14, Stx+EPO n = 10, Stx+pHBSP n = 10, 10 fields per slide, score 0: no damage, 1: < 25% damaged, 2: 25–50% damaged, 3: > 50% damaged) and (E) immunohistochemical KIM-1 staining (score 0: < 25%, 1: 25–50%, 2: 50–75%, 3: > 75% strong positive staining per visual field, sham n = 10, Stx+vehicle n = 14, Stx+EPO n = 14, Stx+pHBSP n = 14, 12 fields per slide) in renal sections of sham and Stx-challenged mice. (D, E) Data are expressed as scatter dot plot with mean ± SD. *P < 0.05 vs. sham, $P < 0.05 vs. Stx+vehicle, (Kruskal-Wallis test, Dunn’s multiple comparison test).





Effects of EPO and pHBSP treatment on intrarenal barriers in mice with HUS

The integrity of endothelial and epithelial barriers in the kidney is crucial for its function. It was demonstrated before that Stx can damage both endothelial as well as epithelial cells in the kidney and thereby influence the integrity of these barriers (1). We stained kidney sections for endothelial and epithelial cell markers to assess the influence of EPO and pHBSP treatment on intrarenal barriers. Loss of renal CD31-positive endothelial cells (Figure 5A) and reduced E-cadherin expression was detected in kidneys of all Stx-challenged groups compared with sham mice (Figure 5B). However, E-cadherin expression was less decreased in Stx+pHBSP compared with Stx+vehicle and Stx+EPO mice (Figure 5B).




Figure 5 | Effect of EPO and pHBSP treatment on intrarenal barriers in mice with HUS. Intrarenal barriers were assessed on day 7 of HUS experiment. Quantification data as well as representative images (scale bar 100 µm) of immunohistochemical (A) CD31 staining (sham n = 10, Stx+vehicle n = 14, Stx+EPO n = 10, Stx+pHBSP n = 10) and (B) E-cadherin (sham n = 10, Stx+vehicle n = 14, Stx+EPO n = 14, Stx+pHBSP n = 14), in renal sections of sham mice and mice subjected to Stx. (A, B) Data are expressed as scatter dot plot with mean ± SD. *P < 0.05 vs. sham, $P < 0.05 vs. Stx+vehicle, §P < 0.05 vs. Stx+EPO (one-way ANOVA, Holm-Sidak’s multiple comparison test).





Effect of EPO and pHBSP treatment on microangiopathy in mice with HUS

GP1b was stained to highlight thrombocytes in the kidneys as indicators of microangiopathy (Figure 6A). An insignificant elevation of thrombocytes was observed in all Stx-challenged animals regardless of treatment, although it was weakest in the Stx+pHBSP group (Figure 6A). SFOG staining was performed to visualize fibrin deposits as indicators of microthrombi in renal sections (Figure 6B). Fibrin deposits were observed in all Stx-challenged groups compared with sham animals. There was an insignificant trend towards lower mean values of fibrin deposition in Stx+EPO and Stx+pHBSP mice compared with Stx+vehicle mice (Figure 6B).




Figure 6 | Effects of EPO and pHBSP treatment on microangiopathy in mice with HUS. Thrombocytes (indicated by glycoprotein 1b (GP1b) staining) and renal fibrin depositions (indicated by acid fuchsin orange G (SFOG) staining) were assessed on day 7 of HUS experiment. Quantification data and representative images of (A) immunohistochemical staining of thrombocytes (sham n = 10, Stx+vehicle n = 14, Stx+EPO n = 14, Stx+pHBSP n = 13) and (B) fibrin depositions (sham n = 10, Stx+vehicle n = 14, Stx+EPO n = 14, Stx+pHBSP n = 14) in kidney sections of sham mice and Stx-challenged mice. Quantitative data are expressed as scatter dot plot with mean ± SD. *P < 0.05 vs. sham (Kruskal-Wallis test, Dunn’s multiple comparison test), scale bar 100 µm.





Effects of EPO and pHBSP treatment on nitrosative and oxidative stress in mice with HUS

To further characterize the potential protective mechanism of EPO and pHBSP in HUS, surrogate parameters of nitrosative (nitrotyrosin formation) and oxidative (NOX-1 expression) stress were analyzed. Renal nitrotyrosine formation was elevated in all Stx-challenged groups compared with sham mice (Figure 7A). Compared with Stx+vehicle mice, formation of nitrotyrosine was decreased in the kidneys of Stx+EPO and Stx+pHBSP mice (Figure 7A). Compared with Stx+EPO mice, nitrotyrosine staining was even further decreased in Stx+pHBSP mice (Figure 7A). Of note, the predominantly glomerular staining of nitrotyrosine in Stx+vehicle mice was mitigated in Stx+EPO mice and attenuated in Stx+pHBSP mice (Figure 7A, arrowheads). NOX-1 expression was increased only in Stx+vehicle compared with sham mice, whereas Stx+pHBSP mice displayed lower NOX-1 expression compared with Stx+vehicle and Stx+EPO mice (Figure 7B).




Figure 7 | Effects of EPO and pHBSP treatment on nitrosative and oxidative stress in mice with HUS. Nitrosative and oxidative stress were assessed on day 7 of HUS experiment. Quantification data and representative images of immunohistochemical staining of (A) nitrotyrosine (sham n = 10, Stx+vehicle n = 14, Stx+EPO n = 10, Stx+pHBSP n = 10, arrowheads indicating glomeruli) and (B) NOX-1 (sham n = 10, Stx+vehicle n = 14, Stx+EPO n = 14, Stx+pHBSP n = 14) in kidney sections of sham mice and Stx-challenged mice. Quantitative data are expressed as scatter dot plot with mean ± SD. *P < 0.05 vs. sham, $P < 0.05 vs. Stx+vehicle, §P < 0.05 vs. Stx+EPO (A: one-way ANOVA, Holm-Sidak’s multiple comparison test, B: Kruskal-Wallis test, Dunn’s multiple comparison test), scale bar 100 µm.





Effect of EPO and pHBSP treatment on metabolome in mice with HUS

Oxidative stress and metabolism are closely interrelated and studies on the metabolome have not yet been reported in animal models of HUS. Therefore, we performed targeted metabolomics in the plasma of all four groups. Of the 630 metabolites analyzed in plasma, 426 were within the limit of detection. These 426 metabolites were analyzed using a linear regression model to test whether their abundance increases or decreases in the assigned order: sham–Stx+pHBSP–Stx+EPO–Stx+vehicle. 32 metabolites fitted this hypothesis, they are highlighted in heatmaps (Figures 8A, B) and assigned to the following substance classes: amino acids and derivatives (7/32), alkaloids (1/32), aminoxides (1/32, heatmap A) and lipids (23/32, triacylglycerides in heatmap B).




Figure 8 | Effect of EPO and pHBSP treatment on plasma metabolome in mice with HUS. Metabolites in plasma of sham mice and Stx-challenged mice were assessed on day 7 of HUS experiment. Statistic modelling was performed to test the hypothesis that their abundance either increases or decreases in the following order: sham–Stx+pHBSP–Stx+EPO–Stx+vehicle (A) Small metabolites in murine plasma showing a significant trend for the four groups under investigation. (B) Triacylglyceroles in murine plasma showing a significant trend for the four groups under investigation. Data are shown as heatmaps depicting z-scores for all samples. The analytes were hierarchically clustered using Ward’s minimum variance method (45) and an euclidian distance between z scores. Dendograms provide information about distances between clusters.






Discussion

To date, the role of EPO in HUS, a systemic orphan disease with occurrence of microangiopathic hemolytic anemia and AKI, has not been systematically investigated. We hypothesized that EPO treatment may be beneficial in patients with HUS-mediated hemolytic anemia and, targeting the IRR axis with EPO or non-hematopoietic EPO analogs, such as pHBSP, may convey nephroprotection in HUS.


The role of endogenous EPO levels in patients, piglets and mice with STEC-HUS

In response to cellular hypoxia (46), a regulatory increase in renal EPO secretion in patients with anemia would be expected. To our knowledge, there are no systematic studies on changes in endogenous EPO levels in adult patients with STEC-HUS and only one brief report in pediatric patients (32). We observed increased EPO serum levels in a small cohort of adult patients with STEC-HUS compared to healthy controls already at a reduced Hb level of about 11 g/dl. Our data showed no correlation between the degree of anemia and EPO levels. This observation is consistent with the above-mentioned report in children with STEC-HUS (32) and in critically ill patients with AKI of other origins (47–50). However, we cannot exclude a gender bias, as our patient cohort was mainly female as women were more frequently affected in the 2011 EHEC outbreak (51). Therefore, our observations should be validated in a larger, gender balanced cohort.

In the kidneys, EPO is produced by fibroblast-like type I interstitial cells located between peritubular capillaries and the proximal convoluted tubule (52). Thus, EPO expression is likely to be impaired when EPO-producing cells are damaged. Consistent with these considerations, patients with very high LDH or creatinine levels as surrogate parameters for tissue damage and renal dysfunction had the lowest EPO levels in our study. However, we found no correlation between LDH or creatinine levels and EPO levels in patients with HUS. We attribute this to the small number of patients studied. Nevertheless, clinical data suggests that EPO response appears to be impaired in STEC-HUS and EPO regulation may play an important role in the pathogenesis and disease resolution. Analyzing serum EPO levels in a larger cohort of patients with HUS and acute kidney injury of other origins may help to further elucidate whether the degree of renal dysfunction and/or injury correlates with the endogenous EPO production. Here, we pursued our line of thought by further conducting studies in animals with experimental HUS.

In gnotobiotic piglets with EHEC infection (9) and in mice after Stx challenge, we found an increase in EPO expression despite an absence of anemia in these animal models. We and others reported earlier that the extent of systemic hemolysis and subsequent anemia in experimental HUS is not as pronounced as in patients with HUS (9, 10, 14, 53, 54).

Based on pathophysiological considerations and evidence, these findings could imply that EPO expression in HUS does not increase proportionally to the extent of anemia but rather depends on the degree of renal hypoxia as first mechanistically described by Semenza et al. (55, 56). Microthrombotic occlusion in the kidneys can result in local hypoxia increasing the expression of the master regulator hypoxia-induced factor 1α (HIF-1α) and thereby EPO (57). However, direct damage to the EPO-expressing cells in the kidneys of HUS patients with hemolytic anemia may, especially in cases with severe renal injury, also result in insufficient EPO production to adequately stimulate hematopoiesis. Thus, patients with severe renal injury could benefit from treatment with exogenous EPO (58, 59).



EPO and pHBSP in the context of anemia correction and tissue protection

In our experimental setting, we observed a survival benefit in mice with HUS treated with either EPO or pHBSP. Tissue-protective effects of EPO and non-hematopoietic analogs have been the subject of discussion in the literature for nearly two decades (15, 16). Despite the observed beneficial effects of EPO in preclinical models of endotoxemia, sepsis, hemorrhagic shock and ischemia-reperfusion induced AKI (60–63), EPO failed to convey nephroprotection in several clinical trials that included patients following cardiac surgery (64, 65), cardiac arrest (66), kidney-transplantation (67) as well as ICU patients at risk for the development of AKI (EARLYARF trial) (68). However, in a small pilot trial with patients suffering from AKI after coronary artery bypass grafting surgery, treatment with EPO had a beneficial effect on all-cause mortality (69). Corwin et al. reported that administration of high-dose EPO (40,000 IU) to intensive care patients reduced the number of red blood cell transfusions without affecting mortality or clinical outcome (27). In a follow-up study of ICU patients, a subcohort of trauma patients treated with high-dose EPO showed no reduced need for red blood cell transfusions, however mortality was significantly reduced (18). Notably, an increase in thrombotic vascular events was noted in ICU patients who had not received thromboprophylaxis at baseline (18).

In the subset of mice surviving up to day 7 of the HUS experiments, we further investigated surrogate parameters for renal dysfunction and injury as well as barrier integrity, microangiopathy, oxidative and nitrosative stress and metabolome in plasma and/or renal tissue samples. As we have observed previously that AKI is accompanied by electrolyte imbalances, we propose that, in this model, mice die due to a severe AKI-induced hyperkalemia with subsequent cardiac arrhythmias and cardiac arrest (unpublished data). As fewer animals survived up to day 7 in the Stx+vehicle group (11/26, 42.3% survival) compared with the Stx+EPO (15/22, 68.2% survival) and Stx+pHBSP (16/21, 76.2% survival) group, the results need to be carefully interpreted in the light of a reverse survivorship bias, that might explain why we did not observe an effect of treatment with EPO or pHBSP on plasma creatinine, urea and NGAL, as surrogate parameters for AKI and renal dysfunction. However, we observed significant effects of EPO and/or pHBSP treatment on barrier integrity, oxidative and nitrosative stress and on selected metabolites in the samples studied.

Intact renal endothelial and epithelial barriers are important for the physiological function of the kidneys. We observed a pronounced Stx-induced damage of renal endothelial cells independent of treatment. Treatment with pHBSP, but not EPO led to a decrease in KIM-1 and an increase in E-cadherin expression in Stx-challenged mice in our setting. This could indicate less renal damage and enhanced epithelial barrier integrity, as tubular dedifferentiation – an important step in AKI progression – is characterised by a downregulation of E-cadherin (70). Although not resulting in amelioration of AKI in our model, this could have contributed to the increased survival observed after pHBSP treatment in Stx-challenged mice. In line with our results, the pharmaceutical upregulation of E-cadherin expression also proved nephroprotective in preclinical studies of cis-platin-induced AKI (71, 72).

In our recent study, we observed survival benefits in animals with reduced microangiopathy (11). Microangiopathy is a pathophysiological hallmark of HUS. As EPO can exert pro-thrombogenic effects, we consequently assessed the effects of EPO or pHBSP treatment on fibrin deposition and thrombocytes as surrogate parameters of microangiopathy to evaluate the potential of adverse treatment effects in HUS. Notably, we did not observe an aggravation of microthrombi formation or fibrin deposition in mice with HUS treated with either EPO or pHBSP.

Oxidative stress is involved in the pathogenesis of STEC-HUS (3–5). Nitrosative stress resembles a subtype of oxidative stress that has been shown to contribute to cell death (73). We observed an intense glomerular staining of nitrotyrosine in Stx+vehicle mice. Nitrotyrosine results from the reaction of the peroxynitrite radical – created when excess nitric oxide (NO) and superoxide radicals combine (74) – with accessible tyrosine residues (75). While basal NO plays a critical role in the regulation of the perfusion and vascular tone in glomeruli (74), it has been shown previously that inducible NO synthase (iNOS) induction and overproduction of NO had deleterious effects in ischemic AKI (76). In mice, iNOS is – among others – expressed in macrophages and glomerular mesangial cells and inducible by various pro-inflammatory stimuli (77). EPO and pHBSP have been demonstrated to reduce the expression of iNOS either on protein level in AKI of different etiologies (63, 78) or on mRNA level in lung and brain injury (79, 80). Thus, the reduction in renal nitrotyrosine staining in Stx+EPO and Stx+pHBSP mice could result from an inhibition of iNOS in the glomeruli of these mice.

Due to its critical role in the reabsorption of nutrients and maintenance of homeostasis, energy demand and metabolic activity are high in the kidneys (81). By analyzing the plasma metabolome, we observed an increase in triglycerides and cholesteryl esters in Stx-challenged mice that was consistently reported in HUS patients (82). Notably, we observed that alterations in some metabolites associated with kidney injury, e. g. trimethylamine N-oxide (83, 84) and trigonelline (85, 86) as well as lipid compounds were less distinct in mice with HUS after EPO or pHBSP treatment. In line with our results, a recent study demonstrated that EPO reduces lipidemia by stimulating lipid catabolism in peripheral adipose tissue (87). Further studies are required to examine the complex metabolic changes in animals and patients with HUS.

Taken together, we found that treatment with EPO or pHBSP positively affects several pathomechanisms of STEC-HUS which might explain the observed improvement in clinical outcome of mice with HUS. Further systematic studies in this context in animal models and even more importantly larger patient cohorts are needed to provide sufficient evidence to adjust clinical management.




Conclusion

We report here for the first time, that I) EPO levels in patients with STEC-HUS, STEC-infected piglets and Stx-challenged mice are elevated in a uniform manner, II) EPO or pHBSP treatment of mice with HUS improves survival and disease outcome, III) protective effects of pHBSP and EPO are associated with reduced renal oxidative stress, and IV) treatment with pHBSP in Stx-challenged mice is additionally associated with ameliorated nitrosative stress, less KIM-1 expression and tubular dedifferentiation. In the light of our results demonstrating favourable tissue-protective effects of EPO in a preclinical model, treatment of HUS-induced hemolytic anemia with EPO should be considered in patients. Further studies are needed to evaluate the effect of EPO and pHBSP treatment in clinical studies in patients with STEC-HUS.
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Acute lung injury (ALI) is the most common complication of sepsis. Intravenous injection of HUMSCs can regulate the level of circulating endothelial cytokines and alleviate lung injury in juvenile septic rats. In this study, we performed proteomic and phosphorylated proteomic analysis of lung tissue of juvenile septic rats after Human Umbilical Cord Mesenchymal Stem Cells (HUMSCs) intervention for the first time, and screened the potential proteins and pathways of HUMSCs for therapeutic effect. The 4D proteome quantitative technique was used to quantitatively analyze the lung tissues of septic rats 24 hours (3 biological samples) and 24 hours after HUMSCs intervention (3 biological samples). A total of 213 proteins were identified as differentially expressed proteins, and 971 phosphorylation sites changed significantly. Based on the public database, we analyzed the functional enrichment of these proteins and phosphorylated proteins. In addition, Tenascin-C may be the key differential protein and ECM receptor interaction pathway may be the main signal pathway by using various algorithms to analyze the protein-protein interaction network. Phosphorylation analysis showed that tight junction pathway was closely related to immune inflammatory reaction, and EGFR interacted most, which may be the key differential phosphorylated protein. Finally, 123 conserved motifs of serine phosphorylation site (pS) and 17 conserved motifs of threonine (pT) phosphorylation sites were identified by motif analysis of phosphorylation sites. Results from proteomics and phosphorylated proteomics, the potential new therapeutic targets of HUMSCs in alleviating lung injury in juvenile septic rats were revealed.
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Introduction

Lung is the main target organ of multiple organ dysfunction in sepsis (1). It has been reported in the literature that more than 50% of septic patients will have septic-induced acute lung injury (ALI) (2). At present, the main treatment for sepsis is still glucocorticoid, gamma globulin and symptomatic support treatment. There is no effective drug for septic lung injury except lung protective ventilation and fluid management strategy (3).

MSCs (Mesenchymal Stem Cells, MSCs) have immunomodulatory and paracrine functions (4, 5). In recent years, it has been reported that MSCs intervention can promote the repair of septic ALI and play a positive role (6–8). Studies have preliminarily confirmed that MSCs can effectively inhibit the secretion of cellular inflammatory factors and improve the prognosis of COVID-19 (9). The in-depth mechanism of MSCs-based therapy for septic lung injury is still not well defined. The therapeutic effect is affected by many factors, among which the interaction mechanism between MSCs and lung injury is an important factor (10).

Protein phosphorylation is the most common type of post-translational modification, and more than 30% of proteins in cells are phosphorylated, which is the most common and important mechanism to regulate protein function (11). Studies have found that MSCs can improve chronic inflammatory diseases such as chronic complications of diabetes, nerve cells and spinal cord injury by regulating key signaling pathways or protein phosphorylation (12–15).

It has been reported that the phosphorylation level of nuclear factor (NF) -κB p65 in the lung tissue of septic mice decreased after the intervention of bone marrow stromal cell conditioned medium (MSC-CM), and the mechanism may be related to the inhibition of phosphorylation of NF-κB pathway by MSC-CM (16). The results showed that the intervention of HUMSCs reduced the expression of MyD88 mRNA and protein in the liver tissue of septic mice induced by cecal ligation and puncture (CLP), as well as the proportion of NFκB phosphorylation, which was closely related to the phosphorylation of MyD88-NFκB pathway (17). Pedrazza et al. found that MSCs can inhibit the activation of MAPK (mitogen-activated protein kinase, MAPK) pathway and regulate the inflammatory response in sepsis, and its mechanism may be directly related to the ability of BMMSCs to inhibit the phosphorylation of ERK, RSK and p38 in the MAPK family (18). Chen et al. showed that MSC SEV (Small Extracellular Vesicles, SEV) could improve the pulmonary microvascular permeability of ALI induced by sepsis, inhibit the pathological changes of lung tissue and the infiltration of neutrophils into lung tissue, and found that the protective effect of MSC SEV on lung may be related to its inhibition of phosphorylation of MAPK/NF-κB pathway and degradation of IκB (19).

Our study initially confirmed that HUMSCs can regulate the expression of endothelial cytokines through its immunomodulatory function, reduce inflammatory injury, and thus improve the symptoms and survival rate of juvenile septic rats. However, whether HUMSCs treatment can improve lung injury in juvenile septic rats, and which key proteins or protein phosphorylation modifications play a role still need further study.

Therefore, this study will use 4D proteome quantitative technology to quantitatively analyze the lung tissue proteome and protein phosphorylation modification group of 24 hours after sepsis (SIRs24) and 24 hours after HUMSCs intervention (MS24) in juvenile septic rats. Constructing a lung tissue-specific protein database, annotating common functions of the identified proteins, performing quantitative analysis of phosphorylation modification sites, performing difference screening according to the quantitative analysis result, performing motif analysis on the modification sites based on the difference analysis result, and performing functional classification statistical analysis on the differentially modified proteins; Based on the statistical results of different classification methods, Fisher’s exact test was used for enrichment analysis, and enrichment cluster analysis was used to compare the functional links of differentially modified proteins after HUMSCs intervention; Finally, protein interaction network (PPI) analysis was used to screen out the potential key regulatory modification proteins and reveal the potential molecular mechanism of HUMSCs to alleviate septic lung injury.



Materials and methods


Preparation of juvenile septic rats

Forty-one SPF grade 3-week-old SD rats were fed adaptively for one week, including 2 cecal contents donor rats, 6 normal rats (including 3 for sampling and 3 for mortality study), and 36 rats in the sepsis group of intraperitoneal injection of cecal contents solution (including 18 for sampling at different time points and 15 for mortality study). The pediatric sepsis rat model was induced by intraperitoneal injection of cecal content. When sepsis symptoms appeared after intraperitoneal injection of cecal contents (0 hour), the general condition of rats were evaluated at 3 hours, 9 hours, 24 hours, 48 hours and 72 hours after symptoms appeared. 3 rats were sacrificed at each observation time point to evaluate the sepsis model from the aspects of blood routine, biochemical indexes, immune cells, endothelial cytokines, nonspecific inflammatory factors, mortality, and pathological morphology of important organs such as lung and liver.The animal experiment was approved by the Ethics Committee of Shenzhen Topu Biological Laboratory Animal Center (Ethics Approval No.: TOP-IACUC-2021-0003).



Preparation of HUMSCs

Primary culture of HUMSCs: The acquisition and culture of fetal umbilical cord has been approved by the Ethics Committee of the Second Affiliated Hospital of Shantou University School of Medicine (Ethical Approval No.: 2021-89). After the birth of a healthy full-term newborn by cesarean section, the fetal umbilical cord was obtained under aseptic operation, placed in a 50ml centrifuge tube containing sterile PBS, and quickly transported to the laboratory in ice cubes. Clean and disinfect the ultra-clean table operated by a single person for at least 30 min, move the umbilical cord to another 50ml centrifuge tube filled with iodophor, and soak completely for 2-3min. Rinse the umbilical cord twice with 0.9% sterile saline, peel off the two umbilical arteries, umbilical vein and amniotic membrane, tear off Walton gum (umbilical cord matrix) with tweezers, cut it into 1-3mm3 tissue pieces, then lay the plates evenly, add DMEM/F12 medium containing 10% FBS, and culture it in a 5% CO2 at 37 °C. After 7-14 days, cells can be observed under inverted phase contrast microscope, and cells can be changed or passaged according to the density of cell growth adherence.

Subculture of HUMSCs: When the primary cells of HUMSCs grow to 80-90% density in Petri dish under inverted phase contrast microscope, cell subculture can be carried out (taking 100 mm Petri dish as an example). Absorb and discard the old culture medium in a single-person ultra-clean table, gently wash it with sterile PBS preheated at 37 °C for 2 times, wash off dead cells, add 1 mL of EDTA trypsin containing 0.25%, shake well, put it at 37 °C, and incubate it in a 5% CO2 for 1-2 min. Blow with a pipette gun until the adherent cells separate and fall off to form cell suspension. The 4 mL cell suspension was transferred into a 15 mL sterile centrifuge tube and whipped evenly. The 2 mL cell suspension was sucked out and placed in a new 100 mm cell culture dish at a ratio of 1: 2 or 1: 3. Each dish was supplemented to 8-10 mL, and then placed in a CO2 culture dish to continue culture. When the cell density reached 90% again, cell passage could be carried out again. The third generation of HUMSCs (3×106/kg) was injected into juvenile septic rats via tail vein.



Experimental grouping

HUMSCs treatment group: The third generation HUMSCs (3×106/kg) were injected into juvenile septic rats through tail vein; Sepsis model group: The same amount of normal saline was injected into juvenile septic rats through tail vein. In this study, the lung tissue of septic rats 24 hours after sepsis (SIRs24) and 24 hours after HUMSCs intervention (MS24) were analyzed quantitatively in proteomic and phosphorylated groups.



Experimental materials and reagents

The materials and reagents required for sample preparation are shown in Supplementary Table 1.



Protein extraction

Take out the lung tissue sample to be tested from -80 °C, weigh a proper amount of lung tissue sample into a mortar precooled by liquid nitrogen, and add liquid nitrogen to fully grind it into powder. Samples in both groups were sonicated with four volumes of lysis buffer (8 M urea, 1% protease inhibitor, and 1% phosphatase inhibitor). Cell debris was removed by centrifugation at 12000 G for 10 min at 4 °C, and the supernatant was transferred to a new centrifuge tube for protein concentration determination by BCA kit.



Pancreatin enzymolysis

Take the same amount of protein from the lung tissue of the two groups for enzymolysis, and adjust to the same volume with the lysis solution. Slowly add TCA to a final concentration of 20%, vortex and mix, and precipitate at 4 °C for 2 hours. Then apply 4500 g, centrifuge for 5 min, discard the supernatant, and wash the precipitate 2-3 times with precooled acetone. After the precipitate was air-dried, TEAB with a final concentration of 200 mM was added, the precipitate was broken up by ultrasound, and trypsin was added at a ratio of 1:50 (protease: protein, m/m) for enzymolysis overnight. Dithiothreitol (DTT) was added to a final concentration of 5 mM and reduced at 56 °C for 30 min. Then iodoacetamide (IAA) was added to a final concentration of 11 mM and incubated at room temperature for 15 min in the dark.



Modification and enrichment

Dissolve the obtained peptide in the enrichment buffer solution (50% acetonitrile/6% trifluoroacetic acid), transfer the supernatant to the IMAC material washed in advance, and place it on a rotary shaker for incubation with mild shaking. After completion of the incubation, the resin was washed three times sequentially with the buffer solutions 50% acetonitrile/6% trifluoroacetic acid and 30% acetonitrile/0.1% trifluoroacetic acid. Finally, the modified peptide was eluted with 10% ammonia, and the eluate was collected and vacuum-frozen. Desalting was performed according to the instructions of C18 ZipTips after pumping, and the samples were subjected to liquid chromatography-mass spectrometry after vacuum freezing and pumping.



Liquid chromatography-mass spectrometry

Peptides were dissolved in the mobile phase A of liquid chromatography and separated by NanoElute UPLC (Ultra Performance Liquid Chromatography, UPLC) system. Mobile phase A was an aqueous solution containing 0.1% formic acid and 2% acetonitrile, and mobile phase B was a solution containing 0.1% formic acid and 100% acetonitrile. Liquid gradient setting: 0-78 min, 2% -22% B; 78-84 min, 22% -35% B; 84-87 min, 35% -90% B; 87-90 min, 90% B, flow rate maintained at 450 nL/min. Peptides were separated by UPLC and injected into Capillary ion source for ionization and then analyzed by timsTOF Pro mass spectrometry. The ion source voltage was set to 1.7 kV, and both the peptide parent ion and its secondary fragments were detected and analyzed using high-resolution TOFs. The scanning range of the secondary mass spectrum is set to be 100-1700. Data acquisition was performed using the Parallel Accumulation Serial Fragmentation (PASEF) mode. After a primary mass spectrum is collected, the secondary spectrum with the charge number of the parent ion in the range of 0-5 is collected in PASEF mode for 10 times, and the dynamic exclusion time of tandem mass spectrum scanning is set to 30 s to avoid repeated scanning of the parent ion.




Bioinformatics analysis methods


Annotation methods


GO annotation

The Gene Ontology, or GO, is a major bioinformatics initiative to unify the representation of gene and gene product attributes across all species. More specifically, the project aims to: 1. Maintain and develop its controlled vocabulary of gene and gene product attributes; 2. Annotate genes and gene products, and assimilate and disseminate annotation data; 3. Provide tools for easy access to all aspects of the data provided by the project. The ontology covers three domains: 1. Cellular component: A cellular component is just that, a component of a cell, but with the proviso that it is part of some larger object; this may be an anatomical structure (e.g. rough endoplasmic reticulum or nucleus) or a gene product group (e.g. ribosome, proteasome or a protein dimer). 2. Molecular function: Molecular function describes activities, such as catalytic or binding activities, that occur at the molecular level. GO molecular function terms represent activities rather than the entities (molecules or complexes) that perform the actions, and do not specify where or when, or in what context, the action takes place. 3. Biological process: A biological process is series of events accomplished by one or more ordered assemblies of molecular functions. It can be difficult to distinguish between a biological process and a molecular function, but the general rule is that a process must have more than one distinct steps. GO annotation proteome was derived from the UniProt-GOA database (http://www.ebi.ac.uk/GOA/). Firstly, Converting identified protein ID to UniProt ID and then mapping to GO IDs by protein ID. If some identified proteins were not annotated by UniProt-GOA database, the InterProScan soft would be used to annotated protein’s GO functional based on protein sequence alignment method. Then proteins were classified by GO annotation based on three categories: biological process, cellular component and molecular function.



Domain annotation

A protein domain is a conserved part of a given protein sequence and structure that can evolve, function and exist independently of the rest of the protein chain. Each domain forms a compact three-dimensional structure and often can be independently stable and folded. Many proteins consist of several structural domains. One domain may appear in a variety of differentially expressed proteins. Molecular evolution uses domains as building blocks and these may be recombined in different arrangements to create proteins with different functions. Domains vary in length from between about 25 amino acids up to 500 amino acids in length. The shortest domains such as zinc fingers are stabilized by metal ions or disulfide bridges. Domains often form functional units, such as the calcium-binding EF hand domain of calmodulin. Because they are independently stable, domains can be “swapped” by genetic engineering between one protein and another to make chimeric proteins.Identified proteins domain functional description were annotated by InterProScan (a sequence analysis application) based on protein sequence alignment method, and the InterPro domain database was used. InterPro (http://www.ebi.ac.uk/interpro/) is a database that integrates diverse information about protein families, domains and functional sites, and makes it freely available to the public via Web-based interfaces and services. Central to the database are diagnostic models, known as signatures, against which protein sequences can be searched to determine their potential function. InterPro has utility in the large-scale analysis of whole genomes and meta-genomes, as well as in characterizing individual protein sequences.



KEGG pathway annotation

KEGG connects known information on molecular interaction networks, such as pathways and complexes (the “Pathway” database), information about genes and proteins generated by genome projects (including the gene database) and information about biochemical compounds and reactions (including compound and reaction databases). These databases are different networks, known as the “protein network”, and the “chemical universe” respectively. There are efforts in progress to add to the knowledge of KEGG, including information regarding ortholog clusters in the KEGG Orthology database. KEGG Pathways mainly including: Metabolism, Genetic Information Processing, Environmental Information Processing, Cellular Processes, Rat Diseases, Drug development. Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to annotate protein pathway. Firstly, using KEGG online service tools KAAS to annotated protein’s KEGG database description. Then mapping the annotation result on the KEGG pathway database using KEGG online service tools KEGG mapper.



Subcellular localization

The cells of eukaryotic organisms are elaborately subdivided into functionally distinct membrane bound compartments. Some major constituents of eukaryotic cells are: extracellular space, cytoplasm, nucleus, mitochondria, Golgi apparatus, endoplasmic reticulum (ER), peroxisome, vacuoles, cytoskeleton, nucleoplasm, nucleolus, nuclear matrix and ribosomes. Bacteria also have subcellular localizations that can be separated when the cell is fractionated. The most common localizations referred to include the cytoplasm, the cytoplasmic membrane (also referred to as the inner membrane in Gram-negative bacteria), the cell wall (which is usually thicker in Gram-positive bacteria) and the extracellular environment. Most Gram-negative bacteria also contain an outer membrane and periplasmic space. Unlike eukaryotes, most bacteria contain no membrane-bound organelles, however there are some exceptions. There, we used wolfpsort a subcellular localization predication soft to predict subcellular localization. Wolfpsort is an updated version of PSORT/PSORT II for the prediction of eukaryotic sequences. Special for protokaryon species, Subcellular localization prediction soft CELLO was used.



Functional enrichment


Enrichment of gene ontology analysis

Proteins were classified by GO annotation into three categories: biological process, cellular compartment and molecular function. For each category, a two-tailed Fisher’s exact test was employed to test the enrichment of the differentially expressed protein against all identified proteins. The GO with a corrected p-value < 0.05 is considered significant. Enrichment of pathway analysis: Encyclopedia of Genes and Genomes (KEGG) database was used to identify enriched pathways by a two-tailed Fisher’s exact test to test the enrichment of the differentially expressed protein against all identified proteins. The pathway with a corrected p-value < 0.05 was considered significant. These pathways were classified into hierarchical categories according to the KEGG website. Enrichment of protein domain analysis: For each category proteins, InterPro (a resource that provides functional analysis of protein sequences by classifying them into families and predicting the presence of domains and important sites) database was researched and a two-tailed Fisher’s exact test was employed to test the enrichment of the differentially expressed protein against all identified proteins. Protein domains with a corrected p-value < 0.05 were considered significant.



Enrichment-based clustering

For further hierarchical clustering based on differentially expressed protein functional classification (such as: GO, Domain, Pathway, Complex). We first collated all the categories obtained after enrichment along with their P values, and then filtered for those categories which were at least enriched in one of the clusters with P value <0.05. This filtered P value matrix was transformed by the function x = −log10 (P value). Finally these x values were z-transformed for each functional category. These z scores were then clustered by one-way hierarchical clustering (Euclidean distance, average linkage clustering) in Genesis. Cluster membership were visualized by a heat map using the “heatmap.2” function from the “gplots” R-package.



Protein-protein interaction network

All differentially expressed protein database accession or sequence were searched against the STRING database version 11.0 for protein-protein interactions. Only interactions between the proteins belonging to the searched data set were selected, thereby excluding external candidates. STRING defines a metric called “confidence score” to define interaction confidence; we fetched all interactions that had a confidence score ≥ 0.7 (high confidence). Interaction network form STRING was visualized in R package “networkD3”.






Results


Intraperitoneal injection of cecal contents to establish juvenile septic rat

About 4 hours after intraperitoneal injection of cecal content solution, 4-week-old SD rats have poor mental state, erect hair, accelerated breathing, curled up body, decreased vitality, reduced intake of water and slow response to stimulation, suggesting that pediatric rats have clinical manifestations of sepsis. Fifteen 4-week-old SD rats were intraperitoneally injected with cecal contents. 9 rats died within the observation time (72 hours), and the mortality was 60%. (Supplementary Figure 1A). Compared with the normal group, leukocytes, neutrophils and lymphocytes of rats with sepsis symptoms after intraperitoneal injection of cecal contents decreased significantly (P < 0.05), began to increase at 24 hours (P < 0.05), and monocytes decreased when pediatric rats had sepsis symptoms (P < 0.05), and began to rise at 9 hours. Platelets remained lower than normal level after the symptoms of sepsis in pediatric rats until the end of the observation period (P < 0.05) (Supplementary Figure 1B). Compared with the normal group, the expression of CRP, SAA, E-selectin, VEGFA, ICAM1 and NGAL at each time point after intraperitoneal injection of cecal content increased significantly (P < 0.05).and PGE2 decreased (P < 0.05) (Supplementary Figure 1C). After sepsis symptoms occurred in juvenile rats after intraperitoneal injection of cecal contents, HE staining of lung tissue showed thickening of alveolar wall, accompanied by granulocyte infiltration and falling cell fragments in local bronchus. 24 hours after the onset of sepsis symptoms occurred, HE staining of liver tissue showed that granular degeneration, loose cytoplasm and light staining of hepatocytes were widely seen around the central vein and portal area and in the liver parenchyma (Supplementary Figure 1D).



Culture, amplification and identification of HUMSCs

When human umbilical cord tissue mass was incubated in mesenchymal stem cell culture medium for 5-7 days, it can be seen that some tissue mass adhered to the wall and became round, and new cells crawled out around it, showing spindle shape and sparse distribution (Supplementary Figure 2A). After incubating for 7-10 days, the density of primary cells increased obviously, and tended to fuse. The cells were slender and enlarged in size, similar to fibroblasts. The growth rate of primary cells is slow, about 10-14 days, and the fusion degree of cells reaches 80%-90%, which can be passed. After passage, the cells grew rapidly, with 1: 3 passage. In this experiment, the third generation cells were used. At this stage, the cells were long spindle-shaped and had good growth vitality (Supplementary Figure 2B). Eight surface markers of MSCs were selected as the surface markers for detecting HUMSCs, which were CD 73, CD 90, CD 105, CD 11B, CD 34, CD 45 and HLA-DR. In this experiment, the surface markers of MSCs were selected from the third generation cells. The results showed that HUMACs stably expressed CD73 (99.01%), CD90 (95.6%) and CD105 (96.2%), and expressed CD11B (0.80%), CD19 (0.6%), CD34 (0.4%), CD45 (0.6%) and HLA-DR (0.6%) (Supplementary Figure 2C).



Proteomics dimension analysis of the mechanism of HUMSCs in the treatment of lung injury in juvenile septic rat


Difference of protein expression in lung tissue of juvenile septic rats treated with HUMSCs

In order to fully understand the mechanism of lung injury repair in juvenile septic rats after HUMSCs intervention, quantitative information was obtained by label-free quantitative proteomics. Based on the results of database search, the quality control analysis of peptides and modification sites was carried out on the lung tissues of juvenile septic rats 24 hours after HUMSCs intervention (MS24) and the lung tissues of juvenile septic rats without intervention (SIRs24). Most of the peptides were distributed in 7-20 amino acids, which was consistent with the general rules based on enzymatic digestion and mass spectrometry fragmentation. The distribution of peptide lengths identified by mass spectrometry met quality control requirements (Figure 1A); most proteins corresponded to more than two peptides. During quantification, one protein corresponding to multiple specific peptides (or corresponding to multiple spectra) is conducive to increasing the accuracy and credibility of the quantification results (Figure 1B); the coverage of most proteins is below 30% (Figure 1C); the molecular weight of the identified protein is present at different stages and is evenly distributed (Figure 1D). The peptide length distribution, peptide number distribution, protein coverage distribution and protein molecular weight distribution all meet the quality control requirements. Volcanogram showed the difference of protein expression between MS24 and SIRs24 group in lung tissue of juvenile septic rats(Figure 1E). A total of 213 proteins (3.3% of 6438 proteins) were identified as difference of protein expression (DEPS) after HUMSCs intervention, of which 82 proteins were up-regulated and 131 proteins were down-regulated (Figure 1F), the top 20 proteins up-regulated and the top 20 proteins down-regulated (Supplementary Table 2).




Figure 1 | Proteomic quality control and DEPS identification after HUMSCs intervention. Peptide length distribution: most of the peptides were distributed in 7-20 amino acids (A). Peptide number distribution: most proteins corresponded to more than two peptides (B). Protein coverage distribution: the coverage of most proteins is below 30% (C). Protein molecular weight distribution: the molecular weight of the identified protein is present at different stages and is evenly distributed (D). Volcanogram showed the difference of protein expression between MS24 and SIRs24 group in lung tissue of juvenile septic rats (E). The DEPS comparison between MS24 and SIRs24. 213 proteins were identified as DEPS (3.3% of 6438 proteins), of which 82 proteins were up-regulated and 131 proteins were down-regulated (F).





Main functional protein mechanism of HUMSCs in treating lung injury in juvenile septic rats


GO annotation classification

The analysis according to GO classification (Figure 2A) shows that in the classification of biological processes, most proteins are involved in cellular processes and biological regulation; cellular components are dominated by intracellular fluid and protein-containing complexes; and molecular functions are classified in the categories of binding, catalytic activity, and molecular regulators. The immune system process categories contained 42 DEPSs, Mx1 (ratio 4.5, up-regulated), Rap2c (ratio 2.9481, up-regulated), TNC (ratio 2.8903, up-regulated), Arrdc1 (ratio 2.8117, up-regulated), AIF1 (ratio 0.4886, Down-regulation), MIF (ratio 0.4862, down-regulation) and UBXN1 (ratio 0.4776, down-regulation) were involved in the process of immune inflammation.




Figure 2 | Functional classification of DEPS. GO classification, in the biological process classification, most proteins are involved in cellular processes and biological regulation; in the cellular component classification, most proteins are distributed in intracellular fluid and protein-containing complexes; in the molecular function classification, most of the proteins are in the categories of binding, catalytic activity and molecular regulators (A). The subcellular structure was dominated by cytoplasm and nucleus (B). COG functional classification showed that most of the proteins were in the signal transduction machinery category (C).





Subcellular structure annotation classification

In the subcellular structure annotation classification, the subcellular structure is dominated by cytoplasm (30.99%) and nucleus (29.11%) (Figure 2B).



COG functional classification

In the COG functional classification (Figure 2C), most of the proteins are in the signal transduction mechanism category (including 33 DEPS).




Main protein pathway mechanism and protein interaction network of HUMSCs in the treatment of lung injury in juvenile septic rats


Enrichment analysis of GO, KEGG pathways and protein domains of DEPs

GO classification, KEGG pathway and protein domain were used to analyze the differentially expressed proteins in the two groups.

The GO enrichment analysis showed (Figures 3A, B), based on the up-regulated protein enrichment in the biological process, the positive regulation of GTPase activity, pinocytosis, antigen-stimulated inflammatory response, regulation of GTPase activity, regulation of mesenchymal stem cell proliferation, and regulation of B cell activation involved in immune response were enriched after the intervention of HUMSCs. The enrichment of down-regulated proteins in biological processes, including extracellular matrix organization, positive regulation of cell-matrix adhesion, positive regulation of cell-matrix adhesion, negative regulation of signal transduction, negative regulation of transferase activity, blood coagulation, fibrin clot formation, etc. Enrichment of up-regulated proteins based on molecular functions, such as class four-way junction DNA binding, DNA secondary structure binding, non-sequence-specific DNA binding, bending supercoiled DNA binding, GTPase activator activity, DNA binding and bending GTPase regulatory activity, molecular function regulators were enriched; Down-regulated proteins including structural molecule activity, 5.8 S rRNA binding, extracellular matrix structural components, ion channel inhibitor activity, channel inhibitor activity, structural components of ribosomes, and integrin binding were significantly present. In the classification of cell components, the up-regulated proteins were mainly enriched in the circulating endoplast membrane, and the down-regulated proteins were enriched in the extracellular matrix, extracellular zone, collagen-containing extracellular matrix, basement membrane, supramolecular polymers, supramolecular complexes, cytoplasmic ribosomes, extracellular space and other categories.




Figure 3 | DEPS enrichment analysis. GO enrichment, up-regulated DEPS enrichmen (A). GO enrichment, down-regulated protein enrichment (B). KEGG enrichment of up-regulated DEPS (C). KEGG enrichment of down-regulated DEPS (D). Enrichment of important protein domains in upregulated DEPS (E). Enrichment of important protein domains in downregulated DEPs (F).



For KEGG enrichment of DEPS, we identified only 1 pathway from upregulated DEPS (Figure 3C) and 11 pathways from downregulated DEPs (Figure 3D). All of the significantly enriched pathways, ECM receptor interaction, PI3K-Akt signaling, and oxidative phosphorylation appear to be involved in the regulation of inflammatory responses.

Protein domain enrichment analysis, finding enrichment of important protein domains in upregulated DEPs, such as carboxylesterase family, HMG (High Mobility Group) box, trypsin, Dynamin family, homeobox domain (Figure 3E); The enrichment of important protein domains in down-regulated DEPs, It mainly includes von Willebrand factor type a domain, RNA recognition motif, C-terminal tandem repeat domain of type 4 procollagen, Lipocalin/cytoplasmic fatty acid-binding protein family, Cofilin/tropomyosin-type actin-binding protein, laminin-EGF-like domain (III and V), Laminin G domain (Figure 3F).



Cluster analysis of differentially expressed proteins

Go cluster analysis showed that DEPS was related to the positive regulation of cell-matrix adhesion, and the main cellular components were collagen-containing extracellular matrix, extracellular matrix and basement membrane. KEGG pathway cluster analysis showed that most proteins were related to ECM receptor interaction and PI3K-Akt signaling pathway; Cluster analysis of protein domains revealed a predominance of EFG-like laminin (Figure 4).




Figure 4 | Cluster analysis of DEPS. The biological process cluster analysis of GO (A). The cellular component analysis of GO (B). The molecular function analysis (C). The KEGG pathway cluster analysis (D). Tthe protein domain cluster analysis (E).





PPI of differentially expressed proteins

PPI networks can identify and characterize relevant protein complexes, which is essential for understanding the molecular events involved. In order to clearly show the interaction between proteins, we selected the top 50 proteins with the closest interaction, and selected the top 15 proteins as hub proteins according to the degree (Supplementary Table 3). We found that some proteins were involved in the regulation of immune inflammatory response.

To perform PPI topology analysis, we combined known biomarker DEPs and applied them to plug-ins in the Molecular Complex Detection (MCODE) cellular landscape. Separation of dense regions and prediction of protein complexes by PPI subnetworks. MCODE got 36 modules and extracted 1 up-regulated DEP module (Figure 5A) and 3 most significant down-regulated DEP modules (Figures 5B–D).




Figure 5 | PPI analysis of DEPS. MCODE obtained 36 modules and extracted 1 up-regulated DEP module (A) and 3 most significant down-regulated DEP modules (B–D).






Mechanism of HUMSCs in the treatment of lung injury in juvenile septic rats by phosphorylation modification omics dimension analysis


Difference of protein phosphorylation modification of HUMSCs in the treatment of lung injury in juvenile septic rats

Quality control evaluation is required for the data of mass spectrometry after the database search is completed. Most of the peptides are distributed in 7-20 amino acids, which is in line with the general law based on enzymolysis and mass spectrometry fragmentation. The distribution of peptide lengths identified by mass spectrometry met the quality control requirements (Figure 6A). Phosphorylation changes in lung injury of juvenile septic rats after HUMSCs intervention were analyzed by protein phosphoromics, and 4840 phosphorylation sites were identified, of which 1725 sites were quantified (Figure 6B). Among all the quantified phosphorylation sites, 971 phosphorylation sites were significantly changed, of which 101 sites were up-regulated and 870 sites were down-regulated (Figure 6C).




Figure 6 | Data quality control and quantitative analysis of phosphorylation sites. The distribution of peptide length identified by mass spectrometry meets the quality control requirements (A). 4840 phosphorylation sites were identified by protein phosphorylation analysis, of which 1725 were quantified (B). 971 phosphorylation sites were significantly changed among all the quantified phosphorylation sites, of which 101 sites were up-regulated and 870 sites were down-regulated (C).







Functional mechanism of DDPs in the treatment of lung injury in juvenile septic rats with HUMSCs

To investigate the protein phosphorylation modification group in the lung tissue of juvenile septic rats after HUMSCs intervention, we classified the phosphorylated proteins by GO, subcellular localization, and COG.


GO annotation classification

The two biological processes with the greatest changes in DPPs are cellular progression and biological regulation, the cellular components are mainly cells and intracellular fluids, and the molecular functions are mainly protein binding and catalytic activity (Figure 7A); The immune system process categories contained 95 DPPs, among which Rps17 (ratio 3.4465, up-regulated), ifitm3 (ratio 2.1523, up-regulated), Psme2 (ratio 2.2593, up-regulate), Snap29 (ratio 2.1905, up-regulate), Dync1i2 (ratio 0.2828, Down), Cd93 (ratio 0.2958, down), Cav1 (ratio 0.173, down), Pik3r4 (ratio 0.3905, down Down-regulation) and Lrrc8a (ratio 0.1174, down-regulation) were involved in the process of immune inflammation.




Figure 7 | Functional classification of DPPs. GO classification analysis, the two biological processes with the greatest changes in DPPs are cellular progression and biological regulation, the cellular components are mainly cells and intracellular fluids, and the molecular functions are mainly protein binding and catalytic activity (A). subcellular localization analysis, 571 phosphorylated proteins were quantitatively distributed in the nucleus (53.59%), cytoplasm (18.39%), and plasma membrane (13.13%) (B). COG functional classification, most of the phosphorylated proteins that can be quantified are mainly in the categories of signal transduction mechanism (121 DPPs), transcription (60 DPPs), and cytoskeleton (60 Dpps) (C).





Subcellular localization analysis 

Five hundred and seventy-one phosphorylated proteins were quantitatively distributed in the nucleus (53.59%), cytoplasm (18.39%), and plasma membrane (13.13%) (Figure 7B).



Functional classification of COG

Most of the phosphorylated proteins that can be quantified are mainly in the categories of signal transduction mechanism (containing 121 DPPs), transcription (containing 60 DPPs), and cytoskeleton (containing 60 Dpps) (Figure 7C).



Key differential phosphorylated protein pathway mechanism and protein interaction network of HUMSCs in the treatment of lung injury in juvenile septic rats


GO and KEGG pathway enrichment analysis of DPPS


GO enrichment analysis of DPPs (Figures 8A, B)

In the HUMSCs intervention group, according to the classification of biological process enrichment, the response to rapamycin, plasma membrane repair, assembly of protein-containing complexes, oxidative phosphorylation, cortical cytoskeleton organization, RNA metabolic process, striated muscle contraction, and modification of synaptic structure were all enriched in the up-regulated phosphorylated proteins. In contrast, the regulation of cytoskeletal organization, organelle organization, supramolecular fiber organization, actin cytoskeletal organization, organelle organization and cell-substrate junction assembly is largely enriched in down-regulated phosphorylated proteins. Molecular function enrichment analysis showed that the binding categories were significantly enriched, such as RNA binding, complex-containing binding proteins, mRNA binding, actin filament binding, actin binding and structural molecular activity, which were enriched in up-regulated phosphorylated proteins. The down-regulated phosphorylated proteins mainly include structural components of the cytoskeleton, structural molecular activity, cytoskeletal protein binding, actin filament binding, and intercellular adhesion mediator activity. In cell component enrichment classification analysis, highly enriched categories included protein-containing complexes of upregulated phosphorylated proteins, ribonucleoprotein complexes, actin-based cell projection clusters, erect cilia, spliceosome complexes, erect cilia bundles, plasma membrane regions and cell division sites. For down-regulated phosphorylated proteins, cell junctions, adherens junctions, anchor junctions, intercellular junctions, and plasma membrane regions were largely enriched.




Figure 8 | Functional enrichment analysis of DDPs. GO enrichment, up-regulated differentially phosphorylated protein enrichment (A). GO enrichment, down-regulated differentially phosphorylated protein enrichment (B). KEGG enrichment of up-regulated differently phosphorylated proteins (C). KEGG enrichment of down-regulated differently phosphorylated proteins (D). Enrichment of important protein domains in up-regulated differentially phospho-proteins (E). Enrichment of important protein domains in down-regulated DDPs (F).





KEGG pathway enrichment analysis of DPPs (Figures 8C, D)

KEGG pathway analysis was performed on DPPs, and 4 pathways were identified from the upregulated DPPs, including spliceosome, aldosterone-regulated sodium reabsorption, complement and coagulation cascade, and trap interaction pathway in vesicular transport. Phosphoproteome data showed that phosphorylation levels were down-regulated in focal adhesion pathway, RNA transport pathway, actin cytoskeleton regulation pathway, tight junction pathway, endocytosis pathway, endocrine and other factors regulating calcium reabsorption pathway and FcγR-mediated phagocytosis pathway. Tight junctions encode genes for epithelial intercellular connexins, indicating that there is interference in the permeability between epithelial barriers, which may be closely related to the regulation of intercellular barriers in septic lung injury (Supplementary Figure 4).



Protein domain enrichment analysis of DPPs

We found that only RNA recognition motifs (RNP domains) were enriched in upregulated DPPs (Figure 8E). Enrichment of important protein domains in down-regulated DPPs, mainly including complement CLR-like EGF-like, PDZ domain, SWIRM domain, FERM N-terminal domain, NOP5NT (NUC127) domain, Man1-Src1p-C-terminal domain, ATP-utilizing chromatin assembly, and N-terminal remodeling (Figure 8F).




Cluster analysis and protein interaction network (PPI) of DDPs

Go cluster analysis showed that DPPs were associated with the regulation of protein unwinding and polymerization, the regulation of cell motility, and the positive regulation of cell motility (Figure 9A). Cellular components are dominated by actin-based cell projection clusters, focal adhesions, cell-base junctions, apical junction complexes, nBAF complexes, anchored junctions, adherens junctions, intercellular junctions, etc. (Figure 9B). Molecular function analysis showed that most of the phosphorylated proteins were associated with mRNA binding, GTPase activating factor activity, translation factor activity, RNA banding, channel regulator activity, etc. (Figure 9C). Cluster analysis of the KEGG pathway revealed that most of the phosphorylated proteins were involved in RNA transport (Figure 9D). Cluster analysis of the protein structural domains showed that they were closely related to the PDZ domain, FerI domain, FerB domain, FerA domain, chromosome shadow domain, etc. (Figure 9E).




Figure 9 | Cluster Analysis and Protein interaction network (PPI) of DDPs. Biological process cluster analysis of GO (A). Cell component analysis of GO (B). Molecular function analysis (C). Cluster analysis of KEGG pathway (D). Cluster analysis of protein domains (E). The top 50 phosphorylated proteins with the closest interaction were selected, and a network containing a total of 173 related phosphorylated proteins was generated. G3V6K6 (EGFR) has 29 nodes (F).



We selected the top 50 phosphorylated proteins with the closest interaction and generated a network containing a total of 173 related phosphorylated proteins (Figure 9F). The Phosphorylated proteins with more interactions include Egfr, Sf3b1, U2af2, Srsf1, Srrm1, Arrb1, Hnrnpd, Igf2r, Srsf11 and Srrm2. Among them, G3V6K6 (EGFR) has 29 nodes, D4A9L2 (SRSF1) has 24 nodes, Q9JJ54 (Hnrnpd) has 21 nodes and G3V824 (Igf2r) has 21 nodes. It is also valuable for other analyses in this study. G3V6K6 (EGFR) interaction is the most (29 nodes), which may be involved in the repair process of septic lung injury.



Motif analysis of key phosphorylation sites of HUMSCs in the treatment of lung injury in juvenile septic rats

Protein phosphorylation is regulated by protein kinases (PKs), and different PKs prefer specific substrates with conserved motifs. We performed a bioinformatic analysis to identify novel phosphorylation motifs using a large number of phosphorylation sites found in this study. We performed intensive sequence analysis of hyperphosphorylated site motifs around the phosphate groups (10 amino acids upstream and 10 amino acids downstream of each phosphate group) of serine and threonine residues using the Motify-X program.

Among the 1316 phosphorylation sites, we identified 123 conserved motifs based on phosphorylated serine (pS) phosphorylation sites and 17 conserved motifs based on phosphorylated threonine (pT) phosphorylation sites.

We generated heat maps (Figure 10A) to show the enrichment or depletion of specific amino acids near the serine phosphorylation site. D, E, P, R and S have a tendency to move to the vicinity of serine phosphorylation sites. P, R, S are largely represented in the proximal region of the threonine phosphorylation site (Figure 10B). These amino acids close to the phosphorylation sites preferentially reflect the specific recognition of enzymes that catalyze phosphorylation in septic lung tissue after HUMSCs intervention. Further studies are needed to investigate whether different types of enzymes and kinases are active in regulating phosphorylation.




Figure 10 | Motif analysis of phosphorylation sites. Heat map showing enrichment or depletion of specific amino acids near the serine phosphorylation site. D, E, P, R, and S tend to be near the serine phosphorylation site (A). P, R, S are largely represented in the proximal region of the threonine phosphorylation site (B).








Discussion

Sepsis is a systemic inflammatory response syndrome caused by external pathogenic microorganism infection. The development of children’s immune system is still imperfect, which can easily lead to multiple organ failure. The most common complications of ALI (20, 21), which can lead to bronchial epithelial cell injury, inflammatory cell infiltration in alveolar wall, and severe damage of lung blood barrier-capillary barrier. Cause respiratory failure (22). Studies have shown that MSC can alleviate ALI in sepsis through direct or paracrine effects (23, 24). In recent years, studies have confirmed that HUMSCs have immunomodulatory properties (4), and have made progress in the treatment of sepsis preclinical research (25).

The results of our study showed that the swelling of bronchial epithelial cells and the inflammatory cells on the alveolar wall were reduced by he staining after 24 hours of HUMSCs intervention (Supplementary Figure 1); the damage of lung blood and air barrier-capillary was reduced by transmission electron microscopy (Supplementary Figure 4). Endothelial cytokines E-selectin, VEGFA, ICAM1, and NGAL were significantly decreased, and PGE2 was elevated (Supplemental Figure 5). In conclusion, HUMSCs intervention can significantly reduce the inflammation of endothelial cells in blood circulation and lung tissue, improve the lung gas-blood barrier, and promote the repair of lung injury in juvenile septic rats. However, its molecular mechanism still needs to be further studied and clarified.

Phosphorylation modification is the most basic, common and important mechanism to regulate protein activity and function (11). Phosphorylation modification is the most basic, common and important mechanism to regulate protein activity and function (11). In order to comprehensively understand the mechanism of lung injury repair after HUMSCs intervention in juvenile septic rats, we performed proteomics and phosphoromics analysis of lung tissues of juvenile septic rats 24 hours after HUMSCs intervention (MS24) and those of unintervened septic juvenile rats (SIRs24) to further clarify its molecular mechanism.

First, we analyzed the mechanism of HUMSCs in the treatment of lung injury in juvenile septic rats from the perspective of proteomics. The results showed that 213 proteins were identified as differentially expressed proteins after HUMSCs intervention, of which 82 proteins were up-regulated and 131 proteins were down-regulated compared with the lung tissues of juvenile septic rats without intervention. It may be a potential key protein for the intervention of HUMSCs to alleviate septic lung injury.

According to GO classification analysis, in the classification of biological processes, most proteins are involved in cellular processes and biological regulation; they are mainly distributed in intracellular fluid and protein-containing complexes; their functions are mainly in the categories of binding and catalytic activity. It is worth noting that there are 42 DEPS in the immune system process category, among which the up-regulated differential proteins Mx1, Rap2c, TNC and Arrdc1 and the down-regulated differential proteins AIF1, MIF and UBXN1 are involved in the immune inflammatory response process. It has been reported that MX1 shows the key structural motif of GTPase family and is activated by rhabdovirus vaccination and bacterial RNA stimulation (26), and up-regulated with anti-inflammatory effect (27). Rap2c encodes a protein that is a member of the Ras-associated protein subfamily of the Ras-GTPase superfamily and acts as a molecular switch to regulate cell proliferation, differentiation, and apoptosis (28). TNC is an extracellular matrix (ECM) glycoprotein whose regulation is closely related to inflammation (29). Arrdc1 is involved in a variety of processes including cellular protein metabolism, extracellular vesicle biogenesis, and negative regulation of the Notch signaling pathway (30).The down-regulated differential protein AIF1 has been identified as an up-regulated protein of infection (31). The ubiquitin-regulated X (UbX) protein UbXN1, which contains a ubiquitin-associated domain, is a negative regulator of nuclear factor-κB (NF-κB) signaling (32, 33). It is suggested that the immune inflammatory response is important in the proteome of septic lung tissue. Our results showed that E-selectin, VEGFA, ICAM1 and NGAL were significantly decreased and PGE2 was increased after HUMSCs intervention (Supplementary Figure 5). It has been reported that TNC is an extracellular matrix (ECM) glycoprotein, and its upregulation can induce the expression of PGE2 (34), Macrophage migration inhibitory factor (MIF) is a multifunctional pro-inflammatory factor, and its overexpression can up-regulate the amount of ICAM-1, promote leukocyte adhesion to vascular endothelium, and mediate endothelial cell injury (35). After the intervention of HUMSCs, the content of ICAM-1 decreased and the content of PGE2 increased in juvenile septic rats, which participated in tissue repair, suggesting that HUMSCs may promote the repair of endothelial barrier injury in lung tissue by up-regulating the expression of TNC and PGE2, and (or) down-regulating the expression of MIF and ICAM-1. Studies have found that TNC is an ECM glycoprotein, and its regulation is closely related to inflammation. HUMSCs could significantly increase the level of PGE2 after intervention, while the up-regulation of TNC could induce the expression of PGE2. Therefore, we speculate that TNC may be the key protein for HUMSCs to promote the repair of lung injury in juvenile septic rats.

According to the results of go enrichment analysis, HUMSCs intervention participates in the regulation of antigen-stimulated inflammatory response and other biological processes, and is closely related to immune inflammatory response (36–38). For KEGG enrichment of differentially expressed proteins (DEPs), we identified only 1 pathway from upregulated DEPs and 11 pathways from downregulated DEPs. The main pathways related to immune inflammatory response are ECM receptor interaction pathway, focal adhesion pathway and other signaling pathways (39–41).

Protein domain refers to a specific component that appears repeatedly in different protein molecules, with similar sequence, structure and function, and is a conserved unit in the process of protein evolution (42). We found an enrichment of important protein domains, such as carboxylesterase family, HMG (high mobility group) box, in upregulated DEPs and an enrichment of important protein domains, mainly including von Willebrand factor type A domain, in downregulated DEPs. Studies have reported that the expression and activity of carboxylesterases (CEs) are down-regulated under inflammatory conditions (43). The high mobility group (HMG-Box) protein family is a class of nuclear proteins that are secreted from the nucleus to the outside of the cell during systemic inflammatory response and mediate the inflammatory response as a proinflammatory cytokine (44). Von Willebrand factor (von Willebrand factor, vWF) is a multi-domain synthesized by vascular endothelial cells and bone marrow megakaryocytes, which can be used as an important indicator of endothelial cell activation and endothelial dysfunction, and participate in the process of body inflammation, tissue injury and repair, and immune regulation (45). The results showed that CEs and HMG-Box were up-regulated and vWF domain was down-regulated after HUMSCs intervention, suggesting that HUMSCs played a regulatory role.

Cluster analysis showed that the DEPs were related to the positive regulation of cell-matrix adhesion.The KEGG pathway cluster analysis showed that most of the proteins were related to the ECM receptor interaction pathway and focal adhesion signaling pathway. The protein domain cluster analysis showed that EFG-like laminin was the main protein.

GO enrichment analysis showed that HUMSCs intervened in regulating GTPase activity and antigen-stimulated inflammatory response, and B cell activation participated in immune response, extracellular matrix tissue, cell-matrix adhesion and other biological processes, which were closely related to immune inflammatory response. The results of DEPs enrichment and cluster analysis suggested that HUMSCs may regulate the expression of CEs, HMG-Box and von Willebrand factor type a domains through ECM receptor interaction pathway signaling pathway, and regulate the immune inflammatory response in the lung tissue of juvenile septic rats.

PPI networks can identify and characterize relevant protein complexes, which is crucial for understanding the molecular events involved (46). We use the string to determine the relation for PPI (47). In order to clearly show the interaction between proteins, we selected the top 50 proteins with the closest interaction, and we selected the top 15 proteins as hub proteins according to the degree. These proteins, due to their high degree of interaction, separate dense regions and predict protein complexes through the PPI subnetwork. MCODE obtained 36 modules and found that one up-regulated DEP module was TNC and the three most significant down-regulated DEP modules were (Fga, Fbn1, Itih2). Therefore, we speculate that HUMSCs may activate TNC-mediated PGE2 release through ECM-receptor interaction pathway.

In addition, our study also analyzed the mechanism of HUMSCs intervention in reducing lung injury in juvenile septic rats from the perspective of protein phosphorylation. Protein phosphorylation plays an important role in the process of cell signal transduction and is the most common and important mechanism to regulate protein function (11). To investigate the phosphoproteome of lung tissue in juvenile septic rats after HUMSCs intervention, we performed GO, subcellular localization, and COG classification of phosphoproteins. The two biological processes with the greatest changes in DPPs are cellular progression and biological regulation, which are mainly distributed in intracellular fluid, and their molecular functions are mainly protein binding and catalytic activity. The up-regulated phosphorylated proteins ifitm3 and Snap29 and the down-regulated proteins Cd93, Mx1, Cmklr1, Adam17 and Lrrc8a are involved in the immune inflammatory response. Studies have reported that IFITM3 is involved in cell adhesion, apoptosis, immunity, and antiviral activity. In addition, the IFITM3 gene is considered to be a preferred marker for inflammatory diseases (48). SARS-CoV-2 infection hinders autophagic flux by upregulating GSK3B in lung cell lines or downregulating autophagic genes, SNAP29, and lysosomal acidification genes in human samples, resulting in increased viral replication, suggesting that SNAP29 upregulation after HUMSCs intervention contributes to the repair of lung tissue cells (49). DPPs such as Cd93, Mx1, Cmklr1, Adam17 and Lrrc8a were significantly down-regulated after HUMSCs intervention, suggesting that the repair of septic lung injury is also closely related to the down-regulation of Cd93, Mx1, Cmklr1, Adam17 and Lrrc8a after HUMSCs intervention (50–54). In this study, the down-regulated phosphorylated proteins were more obvious than the up-regulated ones. In the phosphoproteomic analysis, the above proteins may be potential phosphorylated proteins for intervention of HUMSCs to alleviate septic lung injury.

In order to better understand the function of the identified phosphorylated proteins, we performed enrichment analysis of DPPs in the two groups at three levels of GO classification, KEGG pathway, and protein domain, respectively. In the HUMSCs intervention group, regarding the enrichment of phosphorylated proteins based on biological processes, response to rapamycin (mTOR) was significantly enriched for up-regulated proteins and cytoskeletal organization was significantly enriched for down-regulated proteins. For the HUMSCs intervention group, phosphorylated proteins were enriched based on molecular function upregulation, such as RNA binding, complex-containing binding proteins, mRNA binding, etc. In cell component enrichment classification analysis, the highly enriched categories included protein-containing complexes of up-regulated phosphorylated proteins, ribonucleoprotein complexes, and for down-regulated phosphorylated proteins, cell junctions, adherens junctions, anchor knots, etc. Were significantly enriched.

Site occupancy of phosphorylation correlates with cell signaling status (55). KEGG pathway analysis was performed on DPPs to assess the pathways significantly represented in the intervention of HUMSCs in septic lung injury. We identified 4 pathways from upregulated DEPs and 14 pathways from downregulated DEPs. The down-regulated genes encoding epithelial intercellular connexin in the tight junction pathway and focal adhesion pathway indicate that there is interference in the permeability between epithelial barriers, which may be closely related to the regulation of intercellular barriers in septic lung injury (56–58).

Protein domain enrichment analysis found that only RNA recognition motif (RNP domain) was enriched in up-regulated DPPs, which was closely related to inflammatory regulation (59). As one of the important domains mediating the interaction between proteins, PDZ domain is enriched in down-regulated DPPs, participating in various biological processes such as intracellular transport, ion channels, and various signal transduction pathways, and its down-regulation can reduce the binding of inflammatory signals (60).

GO cluster analysis showed that DPPs were involved in the regulation of protein unfolding and polymerization. Cellular components are dominated by actin-based cell projection clusters, focal adhesions, cell-substrate junctions, etc. Analysis of molecular function revealed association with mRNA binding. Cluster analysis of KEGG pathway showed that most of the phosphorylated proteins were related to RNA transport, and the down-regulated proteins were related to the regulation of tight junction pathway and actin cytoskeleton. Our experimental results showed that E-selectin, VEGFA, ICAM1 and NGAL were significantly decreased after HUMSCs intervention (Supplementary Figure 5), and the expression of endothelial vascular growth factor VEGFA was closely related to tight junction pathway and focal adhesion pathway. VEGF is a key factor in the increased permeability of inflammation-related capillaries in patients with sepsis. VEGF can phosphorylate and dissociate intercellular connection-type molecules, such as vascular endothelial adhesion proteins, thereby promoting endothelial leakage. It is suggested that HUMSCs may regulate the phosphorylation of VEGFA through tight junction pathway or focal adhesion pathway, improve the permeability of endothelial barrier in lung tissue, and alleviate inflammatory injury.

We selected the top 50 phosphorylated proteins with the closest interaction and generated a network containing a total of 173 related phosphorylated proteins. There are many interactions between phosphorylated proteins, which can be considered as pivotal phosphorylated proteins according to the degree score. G3V6K6 (EGFR) found in this study has the most interactions (29 nodes), suggesting that it may be involved in the repair process of septic lung injury. EGFR is widely distributed on the cell surface, and this signaling pathway plays an important role in cell growth, proliferation, and differentiation (61). It has been reported that the inhibition of EGFR can improve the organ dysfunction induced by sepsis (62, 63). Therefore, it is suggested that G3V6K6 (EGFR) may be involved in the repair process of septic lung injury.

Protein phosphorylation is regulated by protein kinases (PKs), and different PKs prefer specific substrates with conserved motifs (64). We performed a bioinformatic analysis using the phosphorylation sites found in this study to identify novel phosphorylation motifs. We performed intensive sequence analysis of hyperphosphorylated site motifs around the phosphate groups of serine and threonine residues using the Motify-X program.

Among the 1316 phosphorylation sites, we identified 123 conserved motifs based on phosphorylated serine (pS) phosphorylation sites and 17 conserved motifs based on phosphorylated threonine (pT) phosphorylation sites. Heat maps were generated showing enrichment or depletion of specific amino acids near the serine phosphorylation site. D, E, P, R and S have a tendency to move to the vicinity of the serine phosphorylation site. P, R, S are largely represented in the proximal region of the threonine phosphorylation site. These amino acids near the phosphorylation sites preferentially reflect the specific recognition of the enzymes that catalyze phosphorylation in septic lung tissue after HUMSCs intervention. Further studies are needed to investigate whether different types of enzymes and kinases are active in regulating phosphorylation.In conclusion, from the perspective of protein phosphorylation modification, we speculate that HUMSCs may regulate the phosphorylation of VEGFA through EGFR-mediated tight junction pathway, improve the permeability of endothelial barrier in lung tissue and alleviate inflammatory injury.



Conclusion and prospect

Based on proteomics and phosphorylation modification analysis, it was confirmed that HUMSCs intervention could alleviate septic lung injury by regulating specific proteins or phosphorylation modification of proteins, and its basic molecular characteristics were described. Proteomic analysis revealed that TNC may be the key DEPs for HUMSCs to promote the repair of lung injury in juvenile septic rats. HUMSCs may activate TNC-mediated PGE2 release through ECM receptor interaction pathway, improve endothelial cell functional barrier, and promote the recovery of gas-blood barrier function in lung tissue. From the perspective of protein phosphorylation modification, it is suggested that HUMSCs may regulate the phosphorylation of VEGFA through EGFR tight junction pathway, improve the permeability of endothelial barrier in lung tissue, and alleviate inflammatory injury. Results from proteomics and phosphorylated proteomics, the potential new therapeutic targets of HUMSCs in alleviating lung injury in juvenile septic rats were revealed.

However, there are also limitations. Our study is limited to bioinformatics analysis, and the key differential proteins, signaling pathways and phosphorylation sites have not been further verified. In the next step, proteins with significant differences in protein expression or modification levels will be selected for validation and research.
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Sepsis, a complex clinical syndrome resulting from a serious infection, is a major healthcare problem associated with high mortality. Sex-related differences in the immune response to sepsis have been proposed but the mechanism is still unknown. Purinergic signaling is a sex-specific regulatory mechanism in immune cell physiology. Our studies have shown that blocking the ADP-receptor P2Y12 but not P2Y1 receptor was protective in male mice during sepsis, but not female. We now hypothesize that there are sex-related differences in modulating P2Y12 or P2Y1 signaling pathways during sepsis. Male and female wild-type (WT), P2Y12 knock-out (KO), and P2Y1 KO mice underwent sham surgery or cecal ligation and puncture (CLP) to induce sepsis. The P2Y12 antagonist ticagrelor or the P2Y1 antagonist MRS2279 were administered intra-peritoneally after surgery to septic male and female mice. Blood, lungs and kidneys were collected 24 hours post-surgery. Sepsis-induced changes in platelet activation, secretion and platelet interaction with immune cells were measured by flow cytometry. Neutrophil infiltration in the lung and kidney was determined by a myeloperoxidase (MPO) colorimetric assay kit. Sepsis-induced platelet activation, secretion and aggregate formation were reduced in male CLP P2Y12 KO and in female CLP P2Y1 KO mice compared with their CLP WT counterpart. Sepsis-induced MPO activity was reduced in male CLP P2Y12 KO and CLP P2Y1 KO female mice. CLP males treated with ticagrelor or MRS2279 showed a decrease in sepsis-induced MPO levels in lung and kidneys, aggregate formation, and platelet activation as compared to untreated male CLP mice. There were no differences in platelet activation, aggregate formation, and neutrophil infiltration in lung and kidney between female CLP mice and female CLP mice treated with ticagrelor or MRS2279. In human T lymphocytes, blocking P2Y1 or P2Y12 alters cell growth and secretion in vitro in a sex-dependent manner, supporting the data obtained in mice. In conclusion, targeting purinergic signaling represents a promising therapy for sepsis but drug targeting purinergic signaling is sex-specific and needs to be investigated to determine sex-related targeted therapies in sepsis.
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Introduction

Sepsis, a complex clinical syndrome resulting from a serious infection, is a major healthcare problem associated with high morbidity and mortality (1). Current sepsis treatments are limited to supportive therapies (2), and specific pharmacologic treatments that could greatly improve patient outcomes have not yet been developed (2, 3). With hospital mortality rates of affected patients reportedly as high as 50%, there is a critical need for improved methods for treating sepsis (1).

Sex-related differences in the morbidity and mortality of sepsis have been observed in animal models and human diseases (4–8). To date, females has shown decreased mortality and organ failure in mice and humans compared to their male counterpart (4, 7). However, the lack of studies comparing both sexes limit our capacity to evaluate the extent of sex-related differences. Hence sex should be taken into account when identifying the optimal pharmacological intervention for sepsis. Sex-related differences have been observed in other diseases, such as cardiovascular diseases (4), Alzheimer’s (9), cancer (10), and ulcerative colitis (11). In some cases, such as ulcerative colitis (11) and cardiovascular diseases (4) sex-specific treatment has been identified, improving the patient outcome. But there is a gap in knowledge for other diseases.

Purinergic signaling represents a novel regulatory mechanism in immune cell physiology (12). Cells respond to activation with the release of cellular ATP, which regulates cell functions (13). In sepsis, large amounts of ADP are released by tissue damage and immune cells. This leads to over-activation of purinergic signaling contributing to immune dysfunction (13). As a result, regulating purinergic signaling can reveal new avenues in the treatment of sepsis.

Changes in purinergic receptors has been investigated within sexes. For instance, changes in purinergic signaling response may be hormone-dependent (14–17) and they vary in the sex organs (18–20). Indeed, in a murine menopause model, ovarian protein levels of purinergic receptor P2X2 increased with ageing, suggesting that the P2X2 receptor is involved with menopause/ageing-related decline in ovarian function in females (21). Beaucage and coworkers revealed that the P2X7 receptor subtype might be involved in an age- and sex-dependent regulation of adipogenesis and lipid metabolism (14, 16).

Platelet ADP-induced activation is regulated by the P2Y12 and P2Y1 signaling pathways (22, 23). P2Y12 is a Gi protein coupled receptor (24), while P2Y1 is a Gq protein coupled receptor (23, 24). Activation of the P2Y12 signaling pathway leads to platelet aggregation and potentiation of platelet secretion (25) while P2Y1 activation leads to shape change and aggregation (23, 24). We have previously shown that blockade of the P2Y12 signaling pathway in a murine model of sepsis results in improved outcomes in male mice (26), through decreased α-granule secretion of inflammatory mediators and reduced mobilization of P-selectin to the plasma membrane of platelets (26). We have shown that by blocking specific signaling pathways in platelets, we can regulate inflammation without compromising platelet functions. However, P2Y1 deficiency did not alter inflammation levels or lung injury in a murine model of sepsis in male mice. However, there are sex-related differences in how platelet respond to activation. In fact, female platelets are more reactive to agonists, especially ADP than male (27, 28) suggesting sex-related differences in ADP- induced platelet activation. Sex-related differences in the expression of P2Y1 or P2Y12 have been shown to vary within sexes in the murine brain (29) but information about the expression of these receptors in other organs is limited.

In this study, we aim to investigate whether either deficiency or blocking the ADP-receptors P2Y1 or P2Y12 alters inflammation levels in sepsis in a sex-specific manner. To achieve this aim, we used a well-recognized murine model of sepsis (cecal ligation and double puncture) and compared male and female mice upon P2Y1 or P2Y12 deficiency or blockade. Our data show that P2Y12 but not P2Y1 deficiency, decreased the activity of MPO in lungs and kidneys, platelet-leukocyte interaction and platelet activation in male but not female mice. Either P2Y12 or P2Y1 blockade could decrease activity of MPO in lungs and kidneys and platelet-leukocyte interaction in male mice. On the other hand, P2Y1 deficiency but not blockade decreased activity of MPO in lungs and platelet-leukocyte interaction in female mice. In human T lymphocytes, blocking P2Y1 or P2Y12 alters cell growth and secretion in vitro in a sex-dependent manner, supporting the data obtained in mice. Thus, drug targeting purinergic signaling appears to be sex-specific and needs to be investigated to determine sex-related targeted therapies in sepsis.



Materials and methods


Materials

All reagents were of analytical grade and were obtained from Thermo Fisher Scientific (Waltham, MA) unless stated otherwise. Ficoll-Paque was from GE Healthcare Bio-Sciences AB (Uppsala, SE). FITC-conjugated anti-mouse CD11b (clone M1/70) was obtained from Invitrogen (Waltham, MA). PE-conjugated anti-mouse CD4 (clone GK 1.5), FITC- conjugated anti-mouse CD41 (clone MWreg30) and FITC-conjugated mouse anti p-selectin (clone RB40.34) were obtained from BD Bioscience (San Jose, CA). FITC-conjugated anti-mouse CD14 (clone MEM-18) were obtained from Sigma-Aldrich (St. Louis, MO). PE-conjugated anti-human CD4 (clone OKT4) was purchased from BioLegend (San Diego, CA) and APC- conjugated anti-human CD8 (clone HIT8a) antibodies was obtained from eBioscience (San Diego, CA) Invitrogen (Waltham, MA). Rat IgG2a κ isotype control FITC [clone eBR2a), rat IgG2b K isotype control PE (clone eB149/10H5)] were purchased from eBioscience (San Diego, CA). Ticagrelor and MRS2279 was obtained from TOCRIS (Pittsburgh, PA).



Animals and treatments

Animal procedures and handling adhered to the National Institutes of Health standards and were approved by the Institutional Animal Care and Use Committee Protocol #A21040 at North Dakota State University (Fargo, ND, USA). Male and female wild-type and P2Y12 deficient pathogen-free C57BL/6 mice (weight, 25-30 g; 8-10 weeks of age) were obtained from Schering-Plough Corporation (Kenilworth, NJ)1-4. P2Y1 deficient pathogen-free C57BL/6 male and female mice were generated by subcontract with Lexicon Genetics Inc. (Woodlands, TX) through knockout constructs as described previously (22, 25, 30). Only 8-10-week homozygote animals were included. Male and female mice were housed in a climate-controlled pathogen free environment and given free access to food and water.

The cecal ligation and double puncture (CLP) procedures were performed on under anesthesia with isoflurane (2 ± 4% induction in chamber and 1 ± 2% maintenance in mask) as described previously (26, 31–33). Following midline laparotomy, the cecum was identified, the mesentery trimmed, and the stalk joining the cecum to the large intestine ligated. Care was taken to assure the intestinal continuity was not interrupted. The cecum was punctured twice with a 24-gauge needle on the anti-mesenteric border, stool expressed, and the cecum returned to the abdomen. Sham control animals underwent a laparotomy without ligation or double puncture. Experiments were performed in P2Y12, P2Y1 KO, and wild-type (WT) male and female mice that were randomly assigned to one of four groups for wild-type or KO: wild-type and KO sham control group (6 animals per group); wild-type and KO undergoing CLP (CLP group, 6 animals per group).

Ticagrelor and MRS2279 were administrated intraperitoneally to WT male and female mice (6 animals per group) with a dose of 30 mg/kg (ticagrelor) (34–36) and 50mg/kg (MRS2279) (37, 38) at the time of surgery. Sham mice received the same doses of Ticagrelor and MRS2279. After the procedure but prior to emergence, sham and CLP mice were fluid-resuscitated (1 ml/mouse sterile saline, subcutaneously).

At 24 hours post-surgery, mice were anesthetized and blood samples were collected by cardiac puncture (10:1 in 3.8% sodium citrate) for hematology studies (Hemavet® Multispecies Hematology System, Drew Scientific, Inc. Oxford, CT). All mice were euthanized by cardiac puncture and exsanguination. Lungs and kidneys were collected and fixed or frozen immediately in liquid nitrogen.



Myeloperoxidase activity

Lungs and kidneys were homogenized and sonicated. After centrifugation (10,000 for 10 minutes at 4°C), myeloperoxidase (MPO) levels were detected using a MPO calorimetric assay kit (BioVision, USA). The assay was performed as described by the manufacturer. Briefly, perfused lung and kidney tissues were homogenized rapidly on ice upon addition of myeloperoxidase (MPO) Assay buffer and the supernatant collected after centrifugation (10,000 for 10 minutes at 4°C). Resorufin standard and MPO positive control were prepared. Standards, positive controls, and samples were transferred into different wells of the 96-well plate. Reaction mix prepared with MPO assay buffer, MPO peroxidation substrate, and hydrogen peroxidase (0.88M) was added to each well and thoroughly mixed after which fluorescence (Ex/Em=535/587 nm) was kinetically measured at 37°C for 10 minutes. A resorufin standard curve was plotted and the MPO activity of the test samples was calculated.



Blood urea nitrogen and creatinine measurement

Plasma aliquots from each animal were obtained by blood centrifugation (2,000 x g for 10 minutes) and immediately frozen. Blood urea nitrogen levels were measured using the urea nitrogen (BUN) colorimetric detection kit (ThermoFisher Scientific, USA). The assay was performed as described by the manufacturer. The plasma samples were diluted with deionized water (1:30) prior to use. The urea nitrogen standard (100 mg/dL urea nitrogen) was used. Samples and standards were added to a 96-well plate. Acidic solutions coded as color reagents A and B in the kit were each added to all wells and incubated for 30 minutes, and the absorbance was immediately read at 450 nm using a microplate reader. Plasma creatinine was determined by an enzymatic assay kit (Mouse Creatinine Assay Kit no. 80350, Crystal Chem, Downers Grove, IL). The assay was performed as described by the manufacturer. Samples were added to a 96-well plate and incubated with the sarcosine oxidase solution provided. Following a 5-minute incubation at 37°C, a peroxidase solution was added to the samples and the plate was incubated for 5 minutes. The absorbance was immediately read at 550 nm using a microplate reader.



Platelet-leukocyte aggregate formation and P-selectin expression in whole blood

Murine blood samples were diluted 1:2 in PBS and incubated with either FITC-conjugated anti-mouse CD11b (dilution 1:100 in PBS) or CD4 (dilution 1:100 in PBS) or CD14 (dilution 1:100 in PBS) and PE-conjugated anti-mouse CD41 (dilution 1:100 in PBS) or with FITC-conjugated anti-mouse P-selectin (dilution 1:100 in PBS) for 20 minutes at 25°C. The reaction was stopped by adding BD FACSTM lysing solution (1:10 in PBS). Samples were kept in the dark and at 4°C prior to analysis. Flow cytometry was performed using Accuri-C6 System and data were analyzed with FlowJo software. Platelet (CD41+) and leukocyte (CD11b+) or T lymphocyte (CD4+) or monocyte (CD14+) aggregates were discriminated by forward and side light scatter and identified by their positive staining for PE-CD41 or FITC-CD11b, or FITC-CD4, or FITC-CD14 respectively. Events double positive for PE and FITC were identified aggregates and were recorded as a percentage of a total of 20,000 gated neutrophils or monocytes or T lymphocytes. Gating strategies are shown in Supplemental Figures 1A–C.



Platelet factor 4 and soluble P-selectin measurement

Plasma aliquots from each animal were obtained by centrifugation (2,000g for 10 minutes) of the blood samples and the plasma was immediately frozen. To detect PF4 and soluble p-selectin concentrations, corresponding ELISA kits (Sigma) were used. The assay was performed as described by the manufacturer. Briefly, Standard protein of mouse PF4 and P-selectin were reconstituted and diluted accordingly to provide a standard stock solution. Samples and standard were added to a 96-well plate coated with either anti-human PF4 or anti-P-selectin antibody, covered and incubated at room temperature for 2.5 hours and overnight at 4°C respectively with gentle shaking. The plates were washed and biotinylated mouse P-selectin or biotinylated anti-mouse PF-4 detection antibodies was added to each well and incubated at room temperature for an hour with gentle shaking. After washing, HRP conjugated streptavidin was added to each well and incubated for 45 minutes at room temperature. Then 3,3,5,5’-tetramethylbenzidine (TMB) in buffer solution was added to each well and incubated in the dark at room temperature for 30 minutes. The reaction was stopped by adding stop solution (0.2M sulfuric acid) to each well and the absorbance immediately read at 450nm using a micro-plate reader.



Thromboxane generation assay

Plasma aliquots from each animal were obtained by blood centrifugation (2,000g for 10 minutes). Samples were used to evaluate thromboxane generation using a TXB2 EIA kit from Enzo Life Sciences (catalog no. ADI-901-002). The assay was performed as described by the manufacturer. Briefly, TXB2 standard was prepared using Assay Buffer (tris buffered saline solution supplemented with proteins and sodium azide). Standards and unknown samples were pipetted into the appropriate wells. Blue conjugate (alkaline phosphatase-conjugated with TXB2) and antibody solution (rabbit polyclonal antibody to TXB2) was pipetted into each well. The plate was incubated at room temperature for 2 hours and washed using a wash solution (tris buffered saline containing detergents). pNpp substrate solution (p-nitrophenyl phosphate in buffer) was added to each well and incubated at room temperature for 45 minutes. The reaction was stopped using trisodium phosphate in water and the optical density read immediately at 405nm.



Cytokine measurements

Plasma aliquots from each animal were obtained by blood centrifugation (2,000g for 10 minutes). Levels of RANTES, Il-1β, IL-17, TNF-α, and IFN-γ were determined using the high sensitivity mouse cytokine discovery array 32-plex (Eve Technologies, Calgary, Canada).



Human peripheral blood mononuclear cell isolation

Human blood was obtained from healthy volunteers following informed consent. The Institutional Review Board of North Dakota State University approved the study (#3735). The age of the donors is 39.4 ± 3.0 for females and 38.5 ± 3.6 for males. Blood was collected in 3.2% sodium citrate vacutainers. Blood was diluted with RPMI1640, added to 10 ml of Ficoll-Paque, and centrifuged at 300 g for 30 minutes at RT. Peripheral blood mononuclear cells (PBMC) were collected from the interphase and washed twice in PBS. Viable cell numbers were determined using Eve Automatic Cell counter (NanoEntek, Walthan, MA). Cells with viability higher than 85% were selected and viability was taken into account when the cell number was calculated. Cells (0.5x106 cells/mL) were then cultured at 37°C and 5% CO2 in RPMI 1640 media, fully supplemented with penicillin-streptomycin (each at 0.8 mM) and L-glutamine (2 mM).



Peripheral blood mononuclear cell culture and treatments

PBMC were co-cultured for 3 days at 37°C in the presence or absence of LPS (1μM). To block the P2Y12 signaling pathway in vitro, we used Ticagrelor (100μg/mL), a well-established selective P2Y12 antagonist, which has been used in multiple in vitro studies (32, 33, 39, 40). To block the P2Y1 signaling pathway in vitro, we used MRS2279 (MRS, 100μg/mL), a well-established selective P2Y1 antagonist, which has been used in multiple in vitro studies (41–44). Negative control cells received an equivalent amount of vehicle (saline). Three-days after LPS exposure, cells were collected and analyzed using flow cytometry. The supernatant was collected and stored at -20°C prior to analysis.



CD4+ and CD8+ cell population

CD4 and CD8 phenotyping were measured via flow cytometry. Isolated PBMC (0.5 x 106 cells) were incubated with FITC-conjugated anti-human CD4 (1:100 dilution in saline) and PE-conjugated anti-human CD8 antibodies (1:100 dilution in saline) for 1 hour at room temperature. Cells were washed in PBS and kept in PBS at 4°C prior to analysis. Cells were then acquired using Accuri-C6 System and analyzed using the Flow Jo software. The total number of events acquired was 20,000 for each sample. Data are shown as a % of positive events as compared to the total number of events acquired (20,000) (Figure 1). Rat IgG2a κ isotype control FITC (clone eBR2a), rat IgG2b κ isotype control PE (clone eB149/10H5) were included as negative isotype controls. Gating strategies are shown now in Supplemental Figures 1D, E.




Figure 1 | Inflammation-induced elevation in circulating white blood cell counts is decreased in male P2Y12 and female P2Y1 KO mice. Blood samples were collected by cardiac puncture in 3.8% sodium citrate (10:1), and hematology studies were performed. Graphs show counts of White blood cells (WBC, A, B) lymphocytes (LY; C, D), and neutrophils (PMN; E, F). Sham and CLP in wild-type (WT) and P2Y12 KO and P2Y1 mice of male (A, C E) and female (B, D, F) mice. Values are expressed as 1x103cells/μL, mean ± S.E.M. n = 5). (*P < 0.05). No differences between WT, P2Y12 KO, and P2Y1 KO sham were noted in both male and female mice (data not shown).





TNF-α measurement

Supernatant from human cell samples were collected by centrifugation (5,000g for 10 minutes) at day 3. TNF-α levels were determined by ELISA (Invitrogen - Waltham, MA). The assay was performed following manufacturer instructions. Briefly, samples and standards were incubated with Biotin-conjugate antibody (anti-human TNF-α polyclonal antibody) at room temperature for 2 hours and washed with assay buffer (PBS with 1% Tween 20, 10% BSA). Then samples were incubated with Streptavidin-HRP for 1 hour at room temperature. The wells were washed using the assay buffer and TMB substrate solution (tetramethyl-benzidine) was added to all wells and incubated at room temperature for 10 minutes. The reaction was stopped using Phosphoric acid (1M) and the absorbance was read immediately at 450 nm using a spectrophotometer.



IFN- γ measurement

Supernatant from human cell samples were collected by centrifugation (5,000g for 10 minutes) at day 3. IFN-γ concentrations were determined by ELISA (Invitrogen - Waltham, MA). The assay was performed following manufacturer instructions. Standards and samples were added to the wells, and incubated overnight at 4°C with gentle shaking. The wells were washed with the wash buffer provided and standards and samples were incubated with biotin conjugate for 1 hour at room temperature. After washing the plate, standards and samples were incubated with streptavidin-HRP for 45 minutes at room temperature. After washing the plate, standards and samples were incubated with TMB substrate solution (tetramethyl-benzidine) in the dark at room temperature for about 30 minutes. The stop solution was added, and the absorbance read immediately at 450 nm.



Statistical analysis

Differences among groups were statistically analyzed using one-way ANOVA; Bonferroni’s Multiple Comparison Test was used as a post-hoc analysis. Each treatment group included four or more experiments (n ≥ 4), based on power calculations and work performed previously (45–47). For human cell experiments: each independent experiment was performed using platelets and PBMCs isolated from one donor. PBMCs and platelets from 4 donors were isolated, co-cultured, stimulated and analyzed. Differences among groups were analyzed using a one-way ANOVA test. The analysis was performed in an unpaired fashion. P < 0.05 was considered to be significant. Data are reported as mean ± standard error of the mean (S.E.M.) for each group.




Results


Inflammation-induced elevation in circulating white blood cells counts is decreased in male P2Y12 and female P2Y1 null mice

First, we analyzed the number of circulating white blood cells (WBC), lymphocytes (LY) and neutrophils (PMN) in blood samples (Figure 1) from WT, P2Y1 KO and P2Y12 KO male and female mice. Upon CLP surgery, we observed a significant increase in leukocyte count (white blood cells (A-B), lymphocytes (C-D) and neutrophils (E-F) in septic mice as compared with the Sham group in both male (A-C-E) and female (B-D-F) mice (Figure 1, P<0.05; male CLP vs male sham or CLP vs female CLP vs female sham). Interestingly, the increase was more pronounced in male septic mice as compared with the female counterpart (Figure 1, P<0.05; male CLP vs female CLP) for white blood cells, lymphocytes, and neutrophils. However, the sepsis-induced leukocyte count (white blood cells, lymphocytes, and neutrophils) was not increased in the CLP P2Y12 KO male mice compared to WT CLP male mice (Figures 1A, C, E P<0.05; male CLP vs male P2Y12 KO CLP) but no change in CLP P2Y1 KO male mice was noted (Figures 1A, C, E). In female mice, no difference was noted between CLP P2Y12 KO mice and WT CLP mice, while leukocyte count (lymphocytes and neutrophils) was not increased in the CLP P2Y1 KO female mice compared to WT CLP female (Figures 1B, D, F) P<0.05; female CLP vs female P2Y1 KO CLP. Platelet count did not change in all the groups analyzed (data not shown).



Sepsis-induced increase of MPO activity in the lungs is reduced in male septic P2Y12 and female septic P2Y1 KO mice

As the lung is one of the most affected organs during sepsis (48–50), we investigated MPO activity in lung tissue as an indication of neutrophil infiltration in the tissue (Figure 2). Lung samples from Sham and CLP mice were analyzed for male and female mice in WT, P2Y1, and P2Y12 KO. Although MPO activity was significantly increased in both male (Figure 2A) and female (Figure 2B) WT mice following CLP as compared with the Sham counterpart (Figure 2, P<0.05; male CLP vs male sham and female CLP vs female sham), a higher increase in MPO activity was noted in male WT CLP mice as compared with female WT CLP mice (Figure 2, P<0.05; male CLP vs female CLP). MPO activity was not elevated in the lungs of KO P2Y12 CLP mice as compared to the activity in CLP WT mice in males (Figure 2. A P<0.05; male CLP vs male P2Y12 KO CLP), while no difference between WT and P2Y12 KO was seen in female mice (Figure 2B). These data suggest that P2Y12 deficiency alter pulmonary inflammation and inflammatory cell recruitment in male but not in female mice during sepsis. In P2Y1 mice, we did not see any difference in MPO activity in male P2Y1 KO CLP mice as compared with male WT CLP mice (Figure 2A). However, in female mice, MPO activity is significantly reduced in female P2Y1 KO CLP compared with WT CLP mice (Figure 2B, P<0.05; female CLP vs female P2Y1 KO CLP). These data suggest that P2Y1 deficiency alter sepsis-induced pulmonary inflammation and inflammatory cell recruitment in female mice but not male mice.




Figure 2 | Sepsis-induced increase of activity of MPO in the lungs is reduced in male septic P2Y12 and female septic P2Y1 KO mice. MPO analysis was performed in lung samples of Sham and CLP in wild-type (WT) and P2Y12 KO and P2Y1 mice of male (A) and female (B) mice. Values are expressed as mUnits/mL, mean ± SEM. (*P < 0.05) (n = 5). No differences between WT, P2Y12 KO, and P2Y1 KO sham were noted in both male and female mice (data not shown).





Sepsis induced- platelet activation was decreased in male septic P2Y12 and female septic P2Y1 KO mice

To determine whether sepsis-induced platelet activation was sex-dependent or required P2Y12 or P2Y1 signaling, we measured p-selectin platelet surface expression in septic mice (WT, P2Y12 KO CLP and P2Y1 KO CLP) for both male (Figure 3A) and female (Figure 3B). P-selectin was increased in both WT CLP male and female mice as compared with Sham counterparts (Figure 3, P<0.05; male CLP vs male sham and female CLP vs female sham, P<0.05; male CLP vs female CLP). In P2Y12 KO CLP mice, sepsis-induced p-selectin values were lower than the WT CLP (Figure 3A P<0.05, male CLP vs male P2Y12 KO CLP) while no difference between WT CLP and P2Y12 KO CLP was noted in female mice. Similarly, to what was noted in Figures 1 and 2, no difference in p-selectin values was reported between WT CLP and P2Y1 KO CLP in male mice, but p-selectin was significantly reduced in P2Y1 KO CLP in female mice (Figure 3B, P<0.05, female CLP vs female P2Y1 KO CLP).




Figure 3 | Sepsis-induced platelet activation and CD41+/CD11b or CD41+/CD4+ aggregates were decreased in male septic P2Y12 and female septic P2Y1 KO mice. Blood samples were collected by cardiac puncture in 3.8% sodium citrate (10:1) (A, B) P-selectin expression on the platelet surface was evaluated using flow cytometry in whole blood. Data were collected from WT, P2Y12 KO, and P2Y1 mice of male (A) and female (B) mice. Both Sham and CLP were analyzed. (n=6) (*P<0.05) Values are expressed as Geometric Mean of fluorescence intensity (GMFI), mean ± S.E.M No differences between WT, P2Y12 KO, and P2Y1 KO sham were noted in both male and female mice. (C, D) Peripheral blood collected from WT, P2Y12 KO, and P2Y1 mice of male (C) and female (D) mice were incubated with antibodies against CD41 (platelet marker) and CD11B (leukocyte marker). Activated leukocytes were gated based on CD11b expression, and cell shape and data were analyzed as a percentage of aggregates expressing both CD41 and CD11b. Values are expressed as the percentage of CD41+/CD11b+ cells, mean ± SEM, n=5). No differences between WT, P2Y12 KO, and P2Y1 KO sham were noted in both male and female mice. (*P<0.05). (E, F) Peripheral blood collected from WT, P2Y12 KO, and P2Y1 mice of male (E) and female (F) mice was incubated with antibodies against CD41 (platelet marker) and CD4 (T cell marker). T cells were gated based on CD4 expression and cell shape, and data were analyzed based on the percentage of aggregates that express both CD41 and CD4 (n = 6). No differences between WT, P2Y12 KO, and P2Y1 KO sham were noted in both male and female mice (data not shown). (*P < 0.05).





Sepsis induced- platelet-leukocyte aggregate formation in whole blood was reduced in male septic P2Y12 and female septic P2Y1 KO mice

As platelet-leukocyte interaction is a key step in sepsis, we analyzed platelet-leukocyte aggregate formation in the whole blood and we investigated whether targeting the receptor P2Y12 or P2Y1 can modulate platelet-leukocyte interaction differently in male and female mice (Figures 3C, D). First, we measured interaction between platelets (CD41) and leukocyte (CD11b). The percentage of CD41+/CD11b+ aggregate was increased in male CLP and female CLP as compared with their Sham counterpart (Figures 3C, D, P<0.05, male CLP vs male Sham and female CLP vs female sham). Female CLP-induced platelet-leukocyte aggregates was lower than CLP males (Figures 3C, D, P<0.05, male CLP vs female CLP). In P2Y12 KO CLP mice, sepsis-induced platelet-leukocyte aggregates values were lower than the WT CLP (Figure 3C; P<0.05, male CLP vs male P2Y12 KO CLP) while no difference between WT CLP and P2Y12 KO CLP was noted in female mice (Figure 3D). However, no difference in platelet-leukocyte aggregates was reported between WT CLP and P2Y1 KO CLP in male mice (Figure 3C), but CD41+/CD11b+ aggregates were significantly reduced in P2Y1 KO CLP in female mice (Figure 3D, P<0.05, female CLP vs female P2Y1 KO CLP).

Second, we analyzed the aggregate formation of circulating platelets (CD41+) and T helper (CD4+) cells. The percent of platelet-CD4 lymphocytes aggregate was increased during sepsis as compared with the sham control group in male and female mice (Figure 3C P<0.05, male CLP vs male Sham and female CLP vs female sham), but in P2Y12 KO male mice platelets-CD4+ T cells aggregates were diminished, suggesting decreased platelets and CD4+ T cells interactions (Figure 3C P<0.05, male CLP vs male P2Y12 KO CLP). In female mice, no change was noted in platelets and CD4+ T cells interaction upon P2Y12 deficiency. No change in platelets-CD4+ T cells aggregate was noted in male CLP P2Y1 KO mice as compared with male CLP WT mice. But in female mice, platelets and CD4+ T cells aggregate is reduced in female CLP P2Y1 KO mice as compared with female CLP WT mice (Figure 3C P<0.05, female CLP vs female P2Y1 KO CLP). These data suggest that P2Y12 and P2Y1 deficiency reduce platelet-leukocyte and T cell-platelet interactions in a sex-dependent manner.



P2Y12 or P2Y1 antagonism attenuates lung and renal MPO activity in sepsis in a sex-related manner

Next, we investigated whether P2Y12 or P2Y1 antagonism alters sepsis-induced MPO activity similarly to receptor deficiency. Leukocyte trafficking to the lungs and kidneys are among the most affected organs during sepsis (51, 52). At 24 hours post-CLP, there is evidence of both lung and kidney damage associated with increased leukocyte influx (MPO activity) (31, 53, 54). Next, we determined whether blocking the P2Y12 or P2Y1 receptors alters MPO activity in the lung (Figures 4A, B) and kidney (Figures 4C, D) of septic male (4A and C) or female (4B and D) mice. Figure 4A shows that MPO activity was increased during sepsis in the lung (Figure 4A) in male mice as compared with the Sham group (P<0.05; male CLP vs male sham). However, when male mice were treated with either MRS2279 or ticagrelor, a significant reduction in MPO was noted in septic male mice as compared with untreated CLP mice (P<0.05; CLP vs CLP + MRS2279 or CLP vs CLP + ticagrelor). MPO activity was also increased during sepsis in the lung (Figure 4B) in female mice as compared with the Sham group (P<0.05; female CLP vs female sham). However, when female mice were treated with either MRS2279 or ticagrelor, no change was noted in MPO levels in the lung in septic female as compared with untreated female CLP (Figure 4B). Similarly in kidney samples (Figure 4C), when male mice were treated with either MRS2279 or ticagrelor, a significant reduction in MPO was noted in septic mice as compared with untreated mice (P<0.05; CLP vs CLP + MRS2279 or CLP vs CLP + ticagrelor). When female mice were treated with either MRS2279 or ticagrelor, no change was noted in MPO levels in the kidney in septic females as compared with untreated female CLP (Figure 4D). These data suggest that blocking either P2Y1 or P2Y12 receptors decreased activity of MPO in the lungs and kidneys of male, but not female mice.




Figure 4 | P2Y12 or P2Y1 antagonism attenuates lung and renal MPO activity in sepsis in a sex-related manner. (A–D) MPO analysis was performed in the lung (A, B) and kidney (C, D) samples of Sham, CLP, MRS2279-treated CLP, and ticagrelor-treated CLP in male (A, C) and female mice (B, D). Values are expressed as mUnits/mL, mean ± SEM. (n = 5). (*P < 0.05). (E, F) Blood urea nitrogen (BUN)/Creatinine ratios were determined 24 hours post-surgery in plasma samples of Sham, CLP + CLP, MRS2279-treated CLP, and ticagrelor-treated CLP in male (E) and female mice (F).



We also investigate a plasma indicator of kidney injury such as blood urea nitrogen (BUN)/creatinine ratios. The ratio was elevated in the CLP group in both males (Figure 4E) and females (Figure 4F) as compared to their sham control, demonstrating increased levels of blood urea nitrogen BUN/creatinine ratios upon sepsis. Importantly, in male mice (Figure 4E), exposure to ticagrelor and MRS2279 resulted in a significant decrease in BUN/creatinine ratios (P<0.05; CLP vs CLP + MRS2279 or CLP vs CLP + ticagrelor). No changes were noted in female mice upon treatments (Figure 4F).



P2Y12 or P2Y1 antagonism alters sepsis-induced platelet activation, and platelet–leukocyte aggregate formation in a sex-specific manner

We investigated whether P2Y12 or P2Y1 antagonism can influence platelet activation in male and female mice during sepsis. We analyzed P-selectin expression on the surface of circulating platelets (Figures 5A, B) and the levels of soluble p-selectin in the plasma (Figures 5C, D). In both male (Figure 5A) and female (Figure 5B) mice, sepsis augmented p-selectin expression on platelet surface as compared with their Sham control (P<0.05; male Sham vs male CLP or female Sham vs female CLP). P-selectin expression was higher in septic males as compared with septic female mice (P<0.05; male CLP vs female CLP). In male mice, treatment with MRS2279 p-selectin surface expression was not changed in response to CLP, while ticagrelor treatment significantly prevented the sepsis induced elevation of p-selectin surface expression as compared with untreated CLP (P<0.05; CLP vs CLP + ticagrelor). In female mice, no change was noted in p-selectin expression upon treatment with either MRS2279 or ticagrelor as compared with untreated CLP (Figure 5B). Similar results were noted for soluble p-selectin in the plasma of septic mice. (Figures 5C, D). Again, soluble p-selectin was higher in untreated septic male mice as compared with septic female mice (P<0.05; male CLP vs female CLP). In male mice, treatment with MRS2279 or ticagrelor lowered sepsis-elevated soluble p-selectin as compared with untreated CLP (Figure 5C; P<0.05; CLP vs CLP + MRS2279; CLP vs CLP + ticagrelor). In female mice, no change was noted in p-selectin expression upon treatment with either MRS2279 or ticagrelor as compared with untreated CLP (Figure 5D).




Figure 5 | P2Y12 or P2Y1 antagonism alters sepsis-induced platelet activation, and platelet–leukocyte aggregate formation in a sex-specific manner. (A, B)_Blood samples were collected by cardiac puncture in 3.8% sodium citrate (10:1) P-selectin expression on platelet surface was evaluated using flow cytometry in whole blood. Data were collected from Sham and CLP in male (A) and female mice (B). Mice were untreated or treated with MRS (50mg/kg) or ticagrelor (30 mg/kg). Values are expressed as % of platelets positive to p-selectin, mean ± S.E.M. (*P < 0.05). (C, D) Soluble p-selectin was analyzed in the plasma collected from Sham and CLP male (C) and female (D) mice using an ELISA kit. Mice were untreated or treated with MRS (10mg/kg) or ticagrelor (10mg/kg). Values are expressed as pg/mL, mean ± S.E.M. (*P < 0.05). (E-H) Samples were collected from Sham and CLP male (E–G) and female (F–H) mice. Samples were incubated with antibodies against CD41 (platelet marker) and CD4 (T cell marker, E, F) or CD14 (monocyte marker, G, H). T cells or monocytes were gated based on CD4 or CD14 expression respectively and cell shape. Data were analyzed based on the percentage of aggregates that express both CD41 and CD4 (E, F) or CD14 (G, H). Values are expressed as the percentage of CD41+/CD11b+ cells, mean ± SEM n = 7).



Aggregates of platelets and other immune cells have been observed in peripheral whole blood during other diseases [22, 23], including sepsis (26, 31). Hence, we investigated the aggregates of platelets and CD4+ T cells (Figures 5E, F) or CD14+ cells (Figures 5G, H) circulating in the whole blood of sham control, CLP mice, and CLP mice treated with MRS2179 or ticagrelor in both male and female (Figure 5). Aggregates were analyzed using flow cytometry. CD4+ or CD14+ cells were gated, and the percent of aggregates as events positive for both CD41 and CD4 Figures 5E, F) or CD41 and CD14 (Figures 5G, H) respectively was determined. Platelet-CD4+ T cell aggregate formation was increased during sepsis as compared with the sham control group in both male and female mice (Figures 5E, F, P<0.05; male Sham vs male CLP, female Sham vs female CLP). The % of platelet-CD4+ T cell aggregate was significantly higher in male CLP mice as compared with CLP female mice (P<0.05; male CLP vs female CLP). Treatment with either MRS2279 or ticagrelor dramatically diminished aggregate formation in male mice (Figure 5E; P<0.05; CLP vs CLP + MRS2279; CLP vs CLP + ticagrelor), suggesting that blockade of either P2Y12 or P2Y1 signaling pathway contribute to decrease platelets and CD4+ T cells interactions in male mice. No change was noted in female mice when either P2Y12 or P2Y1 were blocked (Figure 5H).



P2Y12 or P2Y1 antagonism decreased sepsis-induced platelet secretion in both male and female mice

We and other groups have previously observed an increase in platelet secretion during sepsis in animal models and patient samples (26, 31, 55, 56). Hence, we determined platelet secretion in septic male and female mice with and without blockade of either P2Y12 or P2Y1 signaling pathway (Figure 6). We measured plasma levels of platelet-factor 4 (PF-4) and Thromboxane (TBX-B2). As previously observed, both PF-4 and Thromboxane were elevated in male or female septic mice as compared with Sham control (Figure 6) P<0.05; Sham vs CLP in male and female). Interestingly, in contrast with the data obtained in KO mice (Figure 4), levels of both PF-4 and Thromboxane upon sepsis were comparable between male and female mice. Septic-induced Thromboxane increase was not noted in CLP male mice when mice were treated with either MRS2279 or ticagrelor as compared with untreated male CLP mice (Figure 6A, P<0.05; CLP vs CLP + MRS2279; CLP vs CLP + ticagrelor). Similar data were noted in female mice (Figure 6B), where either MRS2279 or ticagrelor treatment prevented the sepsis- elevated level of Thromboxane (P<0.05; CLP vs CLP + MRS2279; CLP vs CLP + ticagrelor). Similarly, PF-4 levels were not elevated in CLP male mice when mice were treated with either MRS2279 or ticagrelor as compared with untreated male CLP mice (Figure 6C; P<0.05; CLP vs CLP + MRS2279; CLP vs CLP + ticagrelor). Similar data were noted in female mice, where either MRS2279 or ticagrelor treatment prevented the elevated level of PF-4 (Figure 6D; P<0.05; CLP vs CLP + MRS2279; CLP vs CLP + ticagrelor). These data suggest that blocking either P2Y12 or P2Y1 signaling pathway prevents sepsis-elevated platelet secretion in a sex-independent manner.




Figure 6 | P2Y12 or P2Y1 antagonism decreased sepsis-induced platelet secretion in both male and female mice. Plasma levels of Thromboxane (TBX-B2) (A, B) or PF4 (C, D) were evaluated in female (left) and male (right) mice that underwent Sham or CLP surgery. Mice were treated with MRS2279 (MRS) or ticagrelor. Values are expressed as pmol/mL (*p < 0.05, n = 6).





P2Y12 or P2Y1 antagonism selectively alter cytokine levels in the plasma in a sex-specific manner

As an increase in circulating cytokines has been observed in patient samples (49, 57) and it has been related to the severity of the disease (58, 59), we investigated levels of RANTES, IL-10, IL-1β, IL-17, TNF-α and IFN-γ in plasma samples (Figure 7). As expected, all cytokines’ levels were significantly higher in septic mice as compared with their Sham counterpart for males (Figures 7A, C, E, G, I, K) and female (Figures 7B, D, F, H, J, L) mice.




Figure 7 | P2Y12 or P2Y1 antagonism selectively alters cytokine plasma levels in a sex-specific manner. Plasma samples obtained from each animal were used for detection levels of RANTES (A, B), IL-10 (C, D), IL-1β (E, F), IL-17 (G, H), TNF-α (I,J), and IFN-γ (K, L). Both Sham and CLP samples were analyzed for male and female mice. Mice were treated with MRS2279 (MRS) or ticagrelor. Values are expressed as pg/mL (*P < 0.05; **P < 0.01; n = 5).



For male mice, the sepsis-induced increase in RANTES plasma levels was decreased in mice treated with ticagrelor (Figure7A, P<0.05; CLP vs CLP + ticagrelor), while no change was noted when septic male mice were exposed to MRS2279. On the other hand, in female mice, the sepsis-induced increase in RANTES plasma levels was decreased when mice were exposed to MRS2279 (Figure 7B, P<0.05; CLP vs CLP MRS2279), while no change between septic mice was noted when mice were exposed to ticagrelor. Similar data were observed for IL-10 (Figures 7C, D) and IL-1β (E-F).

On the contrary, IL-17 levels were non increased in septic male mice treated with either ticagrelor or MRS2279 (Figure 7G, P<0.05; CLP vs CLP MRS2279 and CLP vs CLP + ticagrelor). On the other hand, in female mice, the sepsis-induced increase in IL-1β plasma levels was noted while mice were exposed to MRS2279 (Figure 7F, P<0.05; CLP vs CLP MRS2279), while an increase in IL-17 was noted in septic female mice exposed to ticagrelor as compared with septic untreated female mice (Figure 7H, P<0.05; CLP vs CLP MRS2279 and CLP vs CLP + ticagrelor).

No change was noted in both male and female mice in TNF-α levels in any of the treated groups as compared with septic males and females (Figures 7I, J).

Similarly, for male mice, the sepsis-induced increase in IFN-γ plasma levels were noted while mice were exposed to ticagrelor (Figure 7K, P<0.05; CLP vs CLP + ticagrelor), while no change between septic mice was noted when mice were exposed to MRS2279. On the other hand, in female mice, no change between treated septic mice and their treated counterpart was noted (Figure 7L).



P2Y1 antagonism selectively alters CD4 and CD8 cell populations in female but not male human PBMCs

To determine whether the sex-specific effects of purinergic signaling blockage that we noted in mice during sepsis is also observed in human cells, we investigated whether blocking P2Y1 or P2Y12 signaling pathways influence CD4 and CD8 differentiation when PBMCs cells are stimulated with LPS (Figure 8). PBMCs were isolated from male and female donors and P2Y1 or P2Y12 signaling pathways were blocked using MRS2179 and ticagrelor respectively (Figure 8, 100μg/mL). PBMCs were incubated with LPS (1μM) for 72 hours. Percentage of CD4 and CD8 cells (Figures 8A, B) was determined using flow cytometry and cytokine secretion was determined by ELISA (Figures 8C, D).




Figure 8 | P2Y12 or P2Y1 antagonism selectively alter CD4 and CD8 cell populations and cytokine secretion in human PBMCs. Cells isolated from female (black) and male (white) donors were stimulated with LPS (right panel) or left unstimulated (left panel) for 72 h. Cells isolated from male (A-C-E-G) and female (B-D-F-H) donors were stimulated with LPS (right panel) or left unstimulated (left panel) for 72 hours.  Unstimulated cells were cultured without stimuli. Cells were exposed MRS2279 (100μg/mL) or ticagrelor (100μg/mL). Negative control did not receive any treatment. Cell populations positive to CD8 (A-B) or CD4 (C-D) were determined using flow cytometry. Data are expressed as % of expression ± S.E.M. (*p < 0.05, n=6). Cytokine levels in the culture supernatants were determined for TNF-alpha (E-F) and IFN-γ (G-H). The groups analyzed were: negative control, MR2279-treated, and ticagrelor-treated cells. Cells were stimulated with LPS (right panel) or left unstimulated (left panel) for 72 h. Values are expressed in pg/ml; means ± S.E.M. are plotted (*p < 0.05, n = 6).



In PBMCs isolated from male donors, in unstimulated PBMCs the % of CD8+ cells increased in unstimulated cells when treated with either MRS2179 or ticagrelor as compared with untreated unstimulated cells (Figure 8A, P<0.05; Unstim vs Unstim + MRS2279; Unstim vs Unstim + ticagrelor). No changes were noted in LPS-stimulated PBMCs isolated from male donors. Interestingly in unstimulated PBMC from female subjects, exposure to MRS2279 increased the % of CD8+ cells as compared with untreated cells (Figure 8B, P<0.05; Unstim vs Unstim + MRS2279; LPS vs LPS + MRS2279). No change was noted when unstimulated cells from female donors were incubated with ticagrelor (Figure 8B). Similar results were noted in LPS-stimulated PBMC from female donors (Figure 8B). Indeed, exposure to MRS2279 increased the % of CD8+ cells as compared with untreated cells (Figure 8B, P<0.05; LPS vs LPS + MRS2279). No change was noted when LPS-stimulated cells from female donors were incubated with ticagrelor (Figure 8B).

In PBMC isolated from male donors, no change was noted in the CD4+ population in unstimulated PBMCs cells when the cells were incubated with MRS2279 or ticagrelor (Figure 8C). However, in LPS-stimulated male PBMCs, the % of CD4+ cells decreased in LPS-stimulated cells when treated with MRS2179 but not ticagrelor compared with untreated LPS-stimulated cells (Figure 8C, P<0.05; LPS vs LPS + MRS2279). When female PBMCs were incubated with MRS2279, the % of CD4+ cells increased in unstimulated cells as compared with untreated cells (Figure 8D, P<0.05; Unstim vs Unstim + MRS2279). In contrast, in LPS-stimulated PBMCs the % of CD4+ cells decreased in LPS-stimulated cells when treated with either MRS2179 or ticagrelor as compared with untreated LPS-stimulated cells (Figure 8D, P<0.05; LPS vs LPS + MRS2279; LPS vs LPS + ticagrelor). These data indicate that blocking purinergic signaling alters the % of the CD8 and CD4 population depending on LPS stimulation in a sex-specific manner.



P2Y1 antagonism selectively alters IFN-γ and TNF-α levels in female but not male PBMCs

Next, we measured the concentration of TNF-α (Figure 8C) and IFN-γ (Figure 8D) in the supernatant of PBMCs cultured in the presence and absence of LPS (1μM - 72 hours) (Figures 8E–H). In male unstimulated cells, TNF-α content was significantly increased when PBMCs were exposed to either MRS or ticagrelor (Figure 8E). In female unstimulated cells, we noted a significant increase TNF-α when cells were treated with MRS, but not ticagrelor (Figure 8E, P<0.05; Unstim vs Unstim + MRS; Unstim vs Unstim + ticagrelor). In male LPS-stimulated cells, a significant decrease was noted when cells were incubated with either MRS or ticagrelor (Figure 8E, P<0.05; LPS vs LPS + MRS; LPS vs LPS + ticagrelor). In female LPS-stimulated cells, no change was noted in TNF-α in the supernatant when cells were treated with MRS, but a significant decrease was noted when cells were incubated with ticagrelor (Figure 8F, P<0.05; LPS vs LPS + ticagrelor). In unstimulated cells from male donors, INF-γ content was significantly increased when PBMCs were exposed to either MRS or ticagrelor (Figure 8G, P<0.05; Unstim vs Unstim + MRS, Unstim vs Unstim + ticagrelor). In unstimulated cells from female donors, no change was noted in INF-γ content between the supernatant collected from unstimulated cells as compared with unstimulated cells treated with either MRS or ticagrelor (Figure 8H). In LPS-stimulated cells from male donors, a significant increase was noted when cells were incubated with MRS but not ticagrelor as compared with the LPS-treated control (Figure 8G, P<0.05; LPS vs LPS + MRS). In LPS-stimulated cells from female donors, INF-γ was significantly decreased in cells treated with either MRS or ticagrelor as compared with untreated LPS control (Figure 7H, P<0.05; LPS vs LPS + MRS; LPS vs LPS + ticagrelor).




Discussion

Sex differences in the morbidity and mortality of sepsis have been observed in animal models and human diseases (4–8). To date, females have shown decreased mortality and organ failure in mice and humans compared to their male counterparts (4, 7). However, the lack of studies comparing both sexes limits our capacity to evaluate the extent of sex-related differences and to determine a sex-specific treatment as a result. Our previous studies revealed that platelets are important in sepsis and blocking purinergic signaling in platelets alters the outcome of sepsis in male mice (23, 26, 31). However, we are aware of sex-related differences in purinergic signaling responses (41, 60–63) and in platelet activation (20). Hence, it is essential to investigate how female mice respond to sepsis and whether blocking purinergic signaling alters platelets’ response in a sex-dependent manner. Our data suggest for the first time that the purinergic receptor P2Y12 and P2Y1 influence sepsis-induced activity of MPO in lungs and kidneys, circulating cytokines, platelet activation and platelet-leukocyte interaction differently in male and female mice. Hence targeting platelets and the purinergic receptor P2Y12 and P2Y1 may be an appropriate therapeutic strategy that is sex dependent.

In our previous studies in male mice using a CLP model of sepsis (19, 21), P2Y12 but not P2Y1 deficiency diminished platelet activation and ameliorated the outcome of sepsis (26). When we compared these data with data obtained from female mice, we noted that P2Y1 but not P2Y12 deficiency could improve the outcome of sepsis, in terms of neutrophil infiltration in the lungs and kidney, platelet activation, and platelet interaction with other immune cells. Previous data have also shown that purinergic signaling is activated differently in male and female mice (27, 28), and the expression of P2Y1 and P2Y12 receptor varies between sexes (29). Ticagrelor is currently used as anti-platelet therapy (64–66) and clinical studies have confirmed that the effects of ticagrelor in preventing cardio-vascular diseases in patients were comparable between men and women (67–69), hence a sex-related therapy may not be required for cardiovascular disease treatment. However, other studies identified significant changes between male and female patients suggesting a discrepancy in the literature that needs to be clarified (70, 71). The effects of ticagrelor on inflammatory conditions have been studied in a variety of animal models (35, 72–75), although most of the studies were performed exclusively on male mice (36, 73–75). Moreover, clinical trials investigating the effects of ticagrelor in patients during inflammatory conditions, such as inflammatory factors during myocardial infarction (76) or pneumonia (75) has started but they have not provided definitive answers. So far, our data suggest that targeting P2Y12 may not be the most appropriate approach to treating females in sepsis, and more data are required to determine whether there is any sex-specificity.

Interestingly, in male mice, blocking P2Y1 shows a decrease in activity of MPO in lungs and kidney and platelet-leukocyte interaction, similarly, to blocking P2Y12. This was observed in animal models of other diseases, such as colitis (38), Alzheimer (42) and multiple sclerosis (44) when blocking P2Y1 improved the outcome of the disease. However, the data are different from what we observed upon P2Y1 deficiency. In previous studies, P2Y1 blockade and P2Y1 deficiency did show comparable results (38, 77, 78), suggesting that the discrepancy we have observed now could be due to sepsis in general or the CLP model. As previous studies investigating either P2Y1 deficiency or antagonism were performed almost exclusively in male mice (37, 38, 44, 77), our experiments were the first to investigate changes in inflammation levels in sepsis in female mice upon P2Y1 blockade and compare them with the male counterpart. In this model of sepsis, P2Y1 blockade did not improve activity of MPO in lungs and kidneys nor altered platelet interaction with other cells. Surprisingly, this is different from what we observed upon P2Y1 deficiency. This discrepancy could be due to the dose of MRS2279 used or the off-target effects of MRS2279. We have previously noted P2Y12-independent effects upon P2Y12 antagonism in vivo (26) and in vitro (79, 80) but so far, no studies have reported similar results when targeting P2Y1. Moreover, the discrepancy could be due to the fact that the P2Y1 antagonist is administered at surgery, while P2Y1 deficiency may alter organ and/or tissue during development. However, it is interesting to notice that the data appear to be sex-specific as we noted the opposite in male mice. Sex-related differences in the immune response have been reported, indicating that some sex-related differences may be germline encoded. Sex-related differences in purinergic signaling expression and responses in female mice as compared with male mice have been reported (41, 60–63). Cytokine secretion upon inflammation has shown to vary between sexes (81). Indeed, we have observed that cytokine levels such as RANTES, IL-1β, IL-10, and IL-17 are altered by blocking P2Y1 or P2Y12 differently in septic male and female mice. Hence, purinergic signaling may regulate cytokine secretion in sepsis in a sex-related manner. Blocking P2Y12 or P2Y1 has shown to change cytokine secretion in several previous studies (26, 31, 74, 82, 83) but changes between male and female mice have not been measured. It would be interesting to investigate thoroughly whether P2Y1 and P2Y12 are expressed differently in the immune system of males and females. One study investigated LPS-induced lung injury in female mice that revealed platelet activation and neutrophil infiltration is dependent on P2Y1 (41). This is a different sepsis model than the one used in this study, but it may suggest that modulating the P2Y1 receptor alters platelet response during LPS-induced inflammation. Furthermore, changes in purinergic signaling may be hormonal-dependent. Indeed, other purinergic receptors such as a P2X7 appeared to be hormonal-dependent (14, 16), hence it would be interesting to determine whether the expression of P2Y1 or P2Y12 is related to hormone secretion.

To determine whether this sex-specificity of P2Y1 and P2Y12 activation was observed in human cells, we investigated whether PBMCs respond to purinergic signaling blockade in vitro when stimulated to LPS. We have previously investigated P2Y12 signaling pathways in human T cells and reported that human T cells express P2Y12 and P2Y12 receptors and blockade altered T cell proliferation and activation in a stimuli-dependent manner (80). However, no experiments have compared P2Y1 or P2Y12 blockade in LPS-activated PBMCs obtained from male and female donors. Our data exhibited that PBMCs obtained from male donors blocked by either P2Y1 or P2Y12 inhibitors similarly altered CD4+ and CD8+ populations, and these changes depended on whether the cells had been activated with LPS. These observations are supportive of our in vivo data, where blocking either P2Y1 or P2Y12 improved the outcome of sepsis similarly. However, in PBMCs obtained from female donors, the CD8+ population growth was altered only when P2Y1 was blocked. This is in line with the data we obtained in septic female P2Y1 deficient mice. Data on female mice have shown that P2Y1 blockade but not P2Y12 could decrease leukocyte chemotaxis and platelet-leukocyte interaction (41). Taken together the data support that blocking P2Y1 could be a more effective strategy to modulate the immune response in female mice. In future studies, it will be important to evaluate whether these changes are due to sex-related differences in P2Y1 and P2Y12 receptor expression. There are studies investigating how P2Y1 can regulate CD4+ differentiation in vivo and in vitro. P2Y1 deficiency decreased CD4+ population growth and in particular Th17 differentiation during colonic inflammation (77). In vitro experiments in human PBMCs have shown that blocking P2Y1 could modulate CD4+ cell activation (84). Indeed, mRNA levels of P2Y1 are higher than P2Y12 (84). In all the studies, no differentiation between male and female cells was analyzed so more data are required before we can identify the most appropriate therapeutic strategy for treating sepsis in both sexes.

The current study has several limitations. First, we have selected the time point of 24 hours post-CLP. It has been shown that at 24 hours organ injury (such as lungs, kidneys, and heart) (48, 50, 85–87), and cytokine levels increase in blood samples of CLP mice (48, 85) are comparable to that noted in septic patients (49, 57). However, to deepen our understanding of sex-related differences in sepsis, exploring a variety of time points is essential. Second, it is true that sepsis can occur at any age, but infants, people with chronic conditions, people with weakened immune systems, and older adults are at high risk (as stated by the Center for Disease Control and Prevention). Indeed, the incidence of sepsis increases with age and is associated with extremely high mortality rates (88, 89). Here, we have selected 8-10-week-old mice, which is comparable to a fertile adult in humans, however, it would be interesting to investigate older or younger male and female mice. These experiments could also investigate whether hormonal changes could be related to P2Y1 and P2Y12 expression. Finally, exploring a range of doses for both antagonists will also be an essential future study to determine whether the sex-related effects are dose-dependent.

In conclusion, modulating P2Y12 or P2Y1 receptors can be effective in improving sepsis outcomes, depending on the sex. Targeting purinergic signaling represents a promising therapy for sepsis and identifying sex-specific purinergic signaling may lead to more sex-related targeted therapies in sepsis.
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There is current need for new approaches to assess/measure organ-level immunoreactivity and ensuing dysfunction in systemic inflammatory response syndrome (SIRS) and sepsis, in order to protect or recover organ function. Using a rat model of systemic sterile inflammatory shock (intravenous LPS administration), we performed PET imaging with a translocator protein (TSPO) tracer, [18F]DPA-714, as a biomarker for reactive immunoreactive changes in the brain and peripheral organs. In vivo dynamic PET/CT scans showed increased [18F]DPA-714 binding in the brain, lungs, liver and bone marrow, 4 hours after LPS injection. Post-LPS mean standard uptake values (SUVmean) at equilibrium were significantly higher in those organs compared to baseline. Changes in spleen [18F]DPA-714 binding were variable but generally decreased after LPS. SUVmean values in all organs, except the spleen, positively correlated with several serum cytokines/chemokines. In vitro measures of TSPO expression and immunofluorescent staining validated the imaging results. Noninvasive molecular imaging with [18F]DPA-714 PET in a rat model of systemic sterile inflammatory shock, along with in vitro measures of TSPO expression, showed brain, liver and lung inflammation, spleen monocytic efflux/lymphocytic activation and suggested increased bone marrow hematopoiesis. TSPO PET imaging can potentially be used to quantify SIRS and sepsis-associated organ-level immunoreactivity and assess the effectiveness of therapeutic and preventative approaches for associated organ failures, in vivo.
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Introduction

Sepsis is an abnormal response by the host immune system to microbial infections which frequently results in multi-organ dysfunction and death. As reported by the CDC, 1.7 million adults develop sepsis and more than 200,000 die in the USA every year in addition to millions of adults and children around the world (1, 2). Globally, sepsis is responsible for 20% of all-cause deaths and since 2017 it has been recognized by the World Health Organization as a global health concern (3, 4). Despite the vast improvement in septic patient outcomes over the last few decades, physical and psychological post-sepsis symptoms persist and remain a major problem affecting the quality of life of recovered patients (5, 6). The exact etiologies underlying neurocognitive and other systems’ dysfunctions in this patient population, including more recently, the survivors of moderate to severe COVID-19 infection, have been difficult to pinpoint (7).

Although an inflammatory circulatory process is an established manifestation of systemic inflammatory response syndrome (SIRS) and sepsis, the degree of direct organ-level inflammation is not easily inferred until late in the disease process when irreversible organ failure is impending (8). In 2016, the society of Critical Care Medicine and the European Society of Intensive Care Medicine prioritized organ dysfunction in their new definition of sepsis (Sepsis-3) which uses a sequential organ failure assessment (SOFA) score as an index (9). This led to calls for a new direction of research where assessing organ level inflammation and ensuing dysfunction becomes a priority along with attempts to protect or recover organ function (10). In this context, imaging studies using pre-clinical models of sepsis and biomarkers of peripheral immunoreactivity can be used to detect and gauge organ-level inflammation and consequently the effectiveness of various therapeutic and preventative approaches for SIRS/sepsis in vivo.

The 18kDa translocator protein (TSPO), formerly known as peripheral benzodiazepine receptor (PBR), is an outer mitochondrial membrane receptor expressed in many cell types, but especially known to be expressed in brain microglia (11, 12). Due to increased expression in activated microglia, TSPO is widely used as a PET imaging target in the detection and in vivo quantification of neuroinflammation in a variety of neuropathologies, and as therapeutics (13–20). However, as we have recently shown, TSPO is expressed not just in microglia, monocytes, and macrophages but also in dendritic cells, neutrophils, B- and T-cells, both in humans and macaques (21, 22). Extracranially, TSPO is also expressed in various cell types in the bone marrow (23) and other peripheral tissues (24) including heart (25), colon (26), liver (27), and lungs (28). Nevertheless, TSPO targeting in PET has been sparsely used to evaluate peripheral inflammation in preclinical and clinical models, with only a handful of published studies (26, 28–32), none of which focus on sepsis-induced inflammation in peripheral organs, beyond the lungs.

In this study, we evaluated the well-known TSPO PET ligand [18F]DPA-714 to quantify organ level immunoreactivity in vivo, after intravenous LPS injection. We corroborated our imaging findings with ex-vivo assessment of TSPO gene expression and correlated binding with various biomarkers of disease and inflammatory changes. Tissue sections of the brain, lung, and spleen were also assessed by immunofluorescence staining to explain our in vivo findings. Only one time point after LPS injection was used since our study is meant as a proof of concept.



Methods


Animals

Male Fisher rats were purchased from Charles River Laboratory (Wilmington, MA) and were housed in a temperature-controlled environment with free access to food and water with a 12-hour dark/light cycle. A total of 13 animals (Age range: 3.7-4.2 months, mean age: 3.96 ± 0.17 months; Weight range: 0.29-0.36 kg, mean weight 0.32 ± 0.01 kg) were used for all PET imaging experiments. An additional set of 15 animals (5 controls and 10 LPS-treated) were used to increase sample size for molecular experiments including cytokines/chemokines panels, qPCR, and immunohistochemistry (IHC).



LPS administration

The LPS was extracted from E. coli serotype O111:B4 and purified by gel filtration (Sigma Aldrich #L3012). This serotype can stimulate B-cells and other cells of the immune system mainly via activation of Toll-like receptor 4 (TLR4), a receptor that recognizes Pathogen-associated molecular patterns (PAMPs).

The administration of either intraperitoneal (IP) or intravenous (IV) injection of LPS in rodents is commonly used to induce a systemic sterile inflammatory shock and organ failure that simulates sepsis. Although IP injections are easier and more convenient, IV injections allow for more consistent levels of LPS in the blood as well as faster induction of an immune response and neuroinflammation (33). Acute LPS injections in rats have shown to induce significant systemic and central inflammation, including different regions of the brain, as early as 2 hours after inoculation (34, 35). In human studies, the typical route of LPS injection is IV as well. In our study, we used the IV injection method in rats as described by others (36, 37), using 5mg/kg LPS dose. Since the main focus of our study was to evaluate organ level inflammation, LPS injection of rats via the IV route was deemed a suitable model to induce an immune response with increased cytokine levels in serum and tissues. In our hands, this resulted in all animals developing a measurable systemic and organ-level inflammatory syndrome within 4 hours.



[18F]DPA-714 radioligand synthesis

[18F]DPA-714 was synthesized as previously reported (38). In a typical reaction, starting with 9600 MBq of fluorine-18, we obtained 3100 MBq of the product with a radiochemical purity > 99%. The molar activity was 125000 MBq/µmol.



[18F]DPA-714 PET imaging

Prior to each scan, the animal was anesthetized (3-4% isoflurane) and the lateral tail vein was cannulated with a butterfly catheter connected to a heparin lock. Once the animal was properly positioned, [18F]DPA-714 was injected slowly through the tail vein catheter (mean dose 1.13 ± 0.1 mCi) over a period of 30 seconds as a bolus followed by a quick saline flush (300 µL). PET imaging using Inveon PET/CT scanner (Siemens Medical Solutions, USA) with a transaxial and axial field of view (FOV) of 10 and 12.7 cm, full width at half maximum spatial resolution at 1.4 mm center FOV, was initiated immediately after the injection. Dynamic PET scans were performed for 60 minutes.

Baseline [18F]DPA-714 scans were obtained for each animal. Two days following the baseline scan, animals received a prophylactic subcutaneous injection of buprenorphine (0.1 mg/kg) one hour before LPS was administered via intravenous tail vein (5mg/kg). After a 4-hour waiting period, [18F]DPA-714 PET/CT imaging was performed. Whole blood was also collected before and 4 hours after LPS injections. After completion of the baseline PET imaging session, the animals were allowed to recover whereas following the post-LPS scans, the animals were immediately euthanized and perfused with saline for whole blood and organ collection. Following this, various organs were collected and immediately snap frozen in liquid nitrogen. The tissues were stored at -80°C until further use for downstream procedures such as RNA extraction and lysate preparation. A separate group of animals (control n=4; LPS n=4) were used for immunohistochemistry. The detailed procedures for organ collection and tissue treatments prior to staining are mentioned below under “multiplex fluorescence immunohistochemistry”.



[18F]DPA-714 PET image analysis

The images were reconstructed using OSEM-3D and were analyzed using PMOD 3.8 (PMOD Technologies, Ltd., Zurich, Switzerland). The PET images were co-registered to the CT image, and volumes of interest (VOIs) were drawn for the whole brain, liver, lungs, spleen, and bone marrow. Time activity curves (TACs) were derived from the dynamic images for each VOI. The mean standardized uptake at equilibrium was averaged from 26-40 min and reported as the SUVmean.

It is known that TSPO is expressed in the kidneys and can be upregulated in inflammatory conditions. These changes can usually be quantified by PET when kidney function is otherwise intact. In our study, however, we did not assess kidney binding, mainly because many of our animals showed decreased kidney function after LPS administration, a commonly seen phenomenon in SIRS and sepsis patients (sepsis-induced acute kidney injury (AKI)) (39). As a result of the secondary reduced glomerular filtration rate and tubular dysfunction in the kidneys, the effective excretion of our ligand and its metabolites was delayed, resulting in ligand retention in the parenchyma of the kidneys, as has been described with 99mTc-Mag3 scans (40). We thus assumed that the increased radioactivity in the kidneys four hours post-LPS likely reflects a combination of upregulated TSPO expression (due to inflammatory changes) and ligand retention within the renal parenchyma, and as such is unreliable as a measure of immune activation after LPS administration.



Serum and lysate preparation

Serum from whole blood, as well as liver, brain, spleen, and lung lysates were collected from 13 LPS injected rats and 5 control rats. Pre- and post-LPS inoculation serum was collected for 8 animals and only post-LPS serum was collected for 10 animals. Sectional tissues with a total weight of 50 mg were obtained from each organ (lung, liver, spleen, and basal ganglia of the brain) and homogenized to perform RNA and protein extraction. Total cellular RNA from LPS treated rats and controls were isolated using the Zymo ZR-Duet DNA/RNA MiniPrep Plus Kit (Catalog No. D7003) according to the manufacturer’s instructions. The RNase-Free DNase Set (Qiagen No.79254) was used to remove genomic DNA from the RNA samples. The protein lysates were obtained by homogenizing the tissues in a protein extraction buffer and then collecting the supernatants after centrifugation. Total protein concentrations of the lysates were measured using the BCA assay (Pierce cat#23225) prior to performing enzyme-linked immunoassay (ELISA).



Enzyme-linked immunoassay

Cytokine/chemokine levels were measured in the brain, liver, spleen, lung lysates, and in the serum of LPS treated and control rats. A multiplex ELISA kit (Millipore Sigma #RECYMAG65K27PMX) for 27 analytes was used following the manufacturer’s instructions. The panel included G-CSF, Eotaxin, GM-CSF, IL-1α, Leptin, MIP-1α, IL-4, IL-1B, IL-2, IL-6, EGF, IL-13, IL-10, IL-12p70, IFNγ, IL-5, IL-17, IL-18, MCP-1, IP-10, GRO/KC, VEGF, Fractalkine, LIX, MIP-2, TNFα, and RANTES analytes. The protein concentrations for the organ lysates were adjusted to 2mg/ml before analysis by ELISA. The serum samples were not diluted before the run. The plates were read on Bioplex 200™ (Bio-Rad) and the analyte concentrations were determined for all the organs and serum.



Quantitative polymerase chain reaction of organ tissues

Synthesis of first-strand cDNA from total RNA was performed using RT2 First Strand Kit and the cDNA was amplified with RT² SYBR®Green qPCR Mastermix (Qiagen, Hilden, Germany). The housekeeping gene for the ribosomal protein lateral stalk subunit P1, Rplp1 (Qiagen #PPR42363C-200) was used as an internal control. Samples for the gene of interest, Tspo (Qiagen #PPR06787A-200), were run in triplicates. Using CFX96 Real-time qPCR System (Bio-Rad, Hercules, CA), relative changes in mRNA expression levels were quantified. The Ct values were normalized to the housekeeping gene.



Multiplex fluorescence immunohistochemistry

Animals were perfused with saline followed by 4% PFA. Tissues were cryoprotected using 10-30% sucrose gradient before being embedded in optimal cutting temperature compound (OCT), frozen, and cut in 10 μm-thick sections. Tissue slices from the brain, spleen, and lungs of a group of LPS injected animals (n=4) and control animals (n=3) were stained using different combinations of up to 5 primary antibodies to detect specific immunoinflammatory cell types using MF-IHC. These antibodies respectively included CD3 for T-cells (Thermo Fisher Scientific # MA1-7630), B220 for B-cells (Thermo Fisher Scientific # 14-0460-82), granulocyte marker for neutrophils (Thermo Fisher Scientific # 14-0570-82), CD68 for monocytes/macrophages (Abcam # ab125212), MHCII for dendritic cells (Thermo Fisher Scientific # 14-0920-82), and Iba1 for microglia (Cedarlane Labs # 234006(SY)). TSPO antibody (Abcam #ab109497) was used to stain for the protein. Each of the above primary immunoreactions was visualized using appropriate fluorophore-conjugated secondary antibodies obtained either from Jackson ImmunoResearch (DyLight 405 # 115-475-075) or Thermo Fisher Scientific/Invitrogen (Alexa Fluor 546 # A21123, Alexa Fluor 594 # A21145, Alexa Fluor 488 # A21151, Alexa Fluor 430 # A11064, Alexa Fluor 555 # A21435, Pacific Orange # P31584) and all antibodies were diluted based on the manufacturer’s recommendation. The cell nuclei were counterstained using 1 μg/ml DAPI to facilitate cell counting. All fluorescence signals were imaged using an Axio Imager.Z2 upright scanning wide field fluorescence microscope (Zeiss) equipped with Orca Flash 4.0 high resolution sCMOS camera (Hamamatsu), 200W X-cite 200DC broadband light source (Lumen Dynamics) and standard DAPI, and various Alexa Fluor filter sets (Semrock). After imaging, the multichannel image datasets were processed for image stitching, illumination correction, and the images were imported into Adobe Photoshop CS6 to produce pseudo-colored multi-channel composites.



Staining quantification

Quantification of percent fluorescence intensities was performed using NIH ImageJ 1.53a software. For the lungs, a single ROI encompassing the whole tissue region was drawn. For the spleen, the white pulp and red pulp were analyzed with four ROIs drawn on each region and then combined. In the brain, ROIs were also drawn by region, including either the striatum, cortex, or corpus callosum; with multiple small ROIs drawn in each region. Liver IHC could not be performed due to high levels of autofluorescence prohibiting meaningful staining of different cell markers.

ImageJ was also used to quantify microglial length using the free hand lines tool to measure 80 ramifications per animal and the free hand selections tool to delineate 20 somas per animal from different ROIs of brain tissues.



Statistics

Paired t-test was used to evaluate the differences in average [18F]DPA-714 binding (SUVmean) at baseline and post LPS administration for each organ. Unpaired t-test was used to compare TSPO mRNA expression between controls and LPS groups and to analyze the differences in TSPO and various cell marker stains by IHC. For those tests, p-values <0.05 were considered statistically significant. Even though we found colocalization of TSPO with different cell markers, we felt that our histopathology sample size was too small (controls n=3, LPS n=4) for an accurate and reliable Pearson analysis of TSPO binding.

Non-parametric Mann Whitney test was used to compare cytokine expression in serum and organ lysates between controls and LPS groups since many datasets were not normally distributed. p-values <0.01 were considered statistically significant.

Repeated measures correlations between SUV values and serum cytokine levels were performed using the rmcorr program in R (version 3.5.1). In order to account for multiple comparisons in this analysis, correlations with p-values < 0.01 were considered to reflect positive or negative associations.



Study approval

All procedures were approved by the Animal Care and Use Committee (ACUC) of the Clinical Center (CC) at the National Institutes of Health (NIH) and were performed in an AAALAC International accredited facility in accordance with relevant NIH policies and the Animal Welfare Act and Regulations.




Results


Assessment of whole body TSPO distribution by [18F]DPA-714 PET imaging

The animals underwent PET/CT scans at baseline and 4 hours post-LPS injection. Post-LPS inoculation, the rats displayed reduced physical activity and slower respiratory rate (avg 30-35 breaths per minute) during the scan compared to baseline scans (breath rate 40-50 breaths per minute) under similar levels of anesthesia (1.5- 2% isoflurane-O2 mixture). Some of the animals also had diarrhea after LPS treatment.

The post-LPS scans showed increased [18F]DPA-714 binding in the brain, lungs, liver, and bone marrow as demonstrated in the time activity curves (TACs) (Figure 1). In the spleen, most animals (10 out of 13) showed decreased binding rather than increased binding. On average, binding was decreased compared to baseline on the mean TAC. Mean TACs for whole brain, liver, lungs, and bone marrow showed higher [18F]DPA-714 binding in the post-LPS rats when compared to baseline. Post-LPS SUVmean were significantly higher for brain (p =0.007), lungs (p=0.023), liver (p<0.0001), and bone marrow (p=0.002) with an average of 2-3-fold increase. There were no significant differences in spleen SUVmean values with most animals instead showing decreased SUVmean compared to baseline (Figures 1A-C).




Figure 1 | [18F]DPA-714 binding in the brain and peripheral organs of LPS-treated rats. Representative PET/CT scans (top), average time activity curves (TACs) (bottom left) and mean standardized uptake values (SUVs) of [18F]DPA-714 averaged from 26-40 minutes (bottom right) are shown in the brain (A), bone marrow (B), and peripheral organs- lungs, liver and spleen (C). Representative PET images and mean TACs show increased binding in brain, lungs, liver, and bone marrow, but not in spleen, compared to baseline (n=13). Statistical analysis was performed using paired t-test to evaluate the differences in average [18F]DPA-714 binding by PET at baseline and post-LPS for each organ. p-values <0.05 are considered statistically significant. *p<0.05, **p<0.01, ****p<0.0001.





Changes in blood cell counts and cytokine levels reflect systemic inflammation

In our animals, there were significant decreases in platelets, white blood cells counts as well as monocytes, eosinophils and lymphocyte counts (Supplementary Figure 1).

It has been demonstrated that both pro- and anti-inflammatory cytokines play an important role during sepsis and that serum levels increase in patients with sepsis. In our model, serum cytokine levels increased in the LPS group when compared to controls (Figure 2). The following list of serum cytokines showed significantly increased expression after LPS exposure: IL-1β, IL-4, IL-6, MIP-1α, MIP-2, IL-10, IL-17A, IL-18, GRO/KC, IFNγ, Fractalkine, VEGF, TNFα, MCP-1, RANTES, and IP-10 (all p<0.0001). Rats that did not have baseline measures also showed increased cytokine levels when compared to controls. At the organ level, increased expression of various cytokines in organ lysates from brain, lungs, liver, and spleen was also observed in the LPS group when compared to controls (Figure 3).




Figure 2 | Expression of serum cytokines and chemokines. Increased expression (pg/mL) of various cytokines and chemokines is seen after LPS treatment (Control n=12, LPS n=17). Statistical analysis was performed using unpaired Mann Whitney test to evaluate changes in serum cytokines and chemokines between controls and LPS groups. Mean with SEM are shown. p-values <0.01 are considered statistically significant. ****p<0.0001, not significant (ns).






Figure 3 | Expression of cytokines and chemokines in organ lysates. Changes in the expression (pg/mL) of various cytokines and chemokines in brain, lung, liver, and spleen lysates due to LPS treatment is shown (Control n=4, LPS n=14). Statistical analysis was performed using Mann-Whitney test to evaluate changes in tissue cytokines and chemokines between controls and LPS groups. p-values <0.01 are considered statistically significant. *p<0.05, **p<0.01, ***p<0.001, not significant (ns).



Multiple serum cytokine levels positively correlated with SUVmean of the brain, lungs, liver, and bone marrow (Figure 4). Some of the most relevant and frequently expressed cytokines that showed significant associations include IL-2, IL-17A, TNFα, IL-6, IL-1β, MCP-1, and IL-4. These cytokines have been associated with severity of sepsis, organ dysfunction, and mortality in septic shock patients (41). Additional serum cytokines that correlated with SUVs in specific organs included EGF (brain); GM-CSF, IL-10, IL-18, VEGF (lungs); IL-1α, Leptin, MIP-1α, IL-12p70, IFNγ, IP-10, GRO/KC, Fractalkine, LIX, MIP-2, and RANTES (liver); and MIP-1α, MIP-2, IL-5, IL-10, IFNγ, IP-10, GRO/KC, VEGF, and Fractalkine (bone marrow). No correlations were observed between cytokine levels in serum and spleen SUVmean values.




Figure 4 | Correlation between organ SUVmean with serum cytokines and chemokines. Repeated measures correlations analysis shows positive correlations between cytokines in serum and SUVmean values from brain, lungs, liver, and bone marrow (n=8). No correlations were seen with the spleen. Statistical analysis was performed using the rmcorr package in R. In order to account for multiple comparisons in this analysis, correlations with p-values < 0.01 were considered to reflect positive or negative association.





Ex-vivo assessment of organ level changes in TSPO expression

Real time PCR performed to assess the changes in TSPO expression at the transcriptional level showed one to two-fold upregulation of TSPO mRNA expression in the lung (p=0.0497), liver (p=0.0121), and brain (p=0.0462) when compared to controls, but not in the spleen (p=0.5529), which is consistent with the PET imaging results (Figure 5).




Figure 5 | TSPO gene expression in organ lysates. Increased TSPO mRNA levels in the lung. (A) (p=0.0497), liver (B) (p=0.0121), and brain (D) (0.0462) from LPS treated rats (n=15), but not in the spleen (C) (p=0.5529), when compared to controls (n=3). Statistical analysis was performed using unpaired t-test. Mean with SEM are shown. p-values <0.05 are considered statistically significant. Tspo is target gene and ribosomal protein lateral stalk subunit P1 (Rplp1) is the housekeeping gene used for normalization. *p<0.05; not significant (ns).



Based on immunohistochemistry, there was significantly increased expression of TSPO (p=0.0361), CD68 (macrophage marker) (p=0.001) and CD3 (T cell marker) (p=0.0305) in the lungs of LPS treated animals when compared to controls (Figure 6). Additionally, the expression of B cells -B220 (p=0.1510), neutrophils -granulocytes (p=0.0626), and dendritic cells -MHCII (p=0.1018) was also higher compared to controls, although the differences did not reach statistical significance (Figure 6). While co-localization of TSPO staining with macrophages was the most noticeable, we also found co-localization of TSPO staining with dendritic cells, neutrophils (Supplementary Figure 2) and lymphocytes (Supplementary Figure 3).




Figure 6 | Immunohistochemistry in lung tissue sections. Representative MF-IHC images of a single lung section from control (top panels) and LPS treated rat (bottom panels). Quantification of the various stains was obtained by measuring whole lung section using Image J. Percentage area values are shown under each panel for TSPO, CD68 (macrophages), MHCII (dendritic cells), Granulocytes (neutrophils), CD3 (T cells), and B220 (B cells). There is increased TSPO (p=0.0361), CD68-monocytes/macrophages (p=0.001), and CD3-T cells (p=0.0305) staining in the lungs of LPS-treated rats (n=4) compared to controls (n=3). In this specific animal, staining for TSPO, macrophages, MHCII, granulocytes and lymphocytes was increased. Statistical analysis was performed using unpaired t-test. Mean with SEM are shown. p-values <0.05 are considered statistically significant. *p<0.05, **p<0.01, not significant (ns.)



We also analyzed the spleen by IHC using combined ROIs equally distributed between the red pulp and white pulp. There was decreased expression of monocytes/macrophages -CD68 (p=0.0121) and increased expression of B cells -B220 (p=0.0256) (Figure 7). Due to mixed response patterns, there were no statistically significant differences in the expression of TSPO, neutrophils -granulocytes, or T cells -CD3 in the spleen of LPS rats when compared to controls (Figure 7). Increased proliferating B cells in the lymphoid white pulp most likely represents the initiation of immune responses. This increase could have offset the loss of monocytes, resulting in no appreciable change in total TSPO expression in two out of four animals. The other two animals showed increased TSPO staining despite decreased CD68 staining. At the same time, they showed increased granulocyte and lymphocyte staining, possibly offsetting the decreased monocyte staining (Figure 7).




Figure 7 | Immunohistochemistry in spleen tissue sections. Representative MF-IHC images of a single spleen section from control (top panels) and LPS-treated rat (bottom panels). The regions shown here include both the red pulp (RP) and white pulp (WP) areas as indicated in the brightfield images. Quantification of the various stains was obtained by measuring multiple ROIs in the red and white pulp spleen section using Image J. Percentage area values are shown under each panel for TSPO, CD68 (macrophages), MHCII (dendritic cells), Granulocytes (neutrophils), CD3 (T cells), and B220 (B-cells). No significant statistical difference in TSPO expression between groups is seen with two out of four animals showing increased staining, as shown. This is seen despite significant decreased immunoreactivity for CD68-monocytes/macrophages (p=0.0003), likely due to increased lymphocytic expression in the LPS group (n=4) compared to controls (n=3). Statistical analysis was performed using unpaired t-test. Mean with SEM are shown. p-values <0.05 are considered statistically significant. *p<0.05, not significant (ns).



In the brain, while there was generally higher expression of TSPO protein in the LPS treated animals when compared to controls in the striatum (mean 2.334 vs 0.6130) and corpus callosum (mean 1.783 vs 0.54) regions, it did not achieve statistical significance possibly due to the limited sample size. However, we observed distinct changes in the morphological characteristics of the microglia such as the length of the glial processes and the size of the soma (Figure 8). The microglial processes were shorter and the cell bodies were larger in LPS treated rats (p<0.0001) indicating there was early microglial activation in these animals.




Figure 8 | Morphological changes in microglia. (A) Representative images of microglia (Iba1 in red) in the corpus callosum of control and LPS treated rats. (B) Animals with systemic inflammation (LPS) show shorter microglial processes and thicker cell body compared to controls. Quantification was performed using the free hand selection tool from Image J to measure the length of 80 microglial processes and to delineate 20 somas from several ROIs in brain sections for each animal (control n=3; LPS-treated n=4). Statistical analysis was performed using unpaired t-test. Mean with SEM are shown. ****p <0.0001.






Discussion

The sequential organ failure assessment (SOFA) or the shorter bedside clinical tool quickSOFA, have been implemented to evaluate groups of patients with SIRS/sepsis and better predict the severity of resulting organ dysfunction, morbidity, and mortality (42, 43). However, these tools are still limited in sensitivity and performance (44, 45), creating the need for more accurate measures of organ-level inflammation in septic patients. The effectiveness of [18F]DPA-714 as a biomarker of peripheral inflammation has previously been validated in different diseases (46–49). In this study, we used [18F]DPA-714 in a rat model of LPS-induced systemic inflammation, showing that in vivo whole-body PET imaging with the TSPO biomarker [18F]DPA-714 can be used to quantify organ-level immunoreactivity. As expected, [18F]DPA-714 PET imaging indicated increased expression of TSPO in the brain, lungs, bone marrow, and liver, and a variable change in TSPO expression in the spleen when compared to baseline (prior to LPS treatment) (Figure 1).

Sepsis is initially associated with an overwhelming release of cytokines and later on a phase of immune suppression with substantial immune cell depletion as a result of constant exposure to pro- and anti-inflammatory cytokines (50, 51). The production of IL-6, TNFα, IL-18, and IL-1 pro-inflammatory cytokines along with IL-10 (anti-inflammatory cytokine) is a hallmark response to sepsis. Our model of systemic sterile inflammatory shock follows this characteristic cytokine profile of sepsis showing increased expression of cytokines in the serum (Figure 2) and organ lysates (Figure 3). More importantly, we found a significant positive correlation between TSPO SUVmean values in brain, lungs, bone marrow, and liver with the expression of these inflammatory cytokines in serum (Figure 4).

Our findings in the lungs are consistent with the current understanding of acute respiratory distress syndrome (ARDS) in severe SIRS and sepsis. In these patients, higher plasma levels of anti-inflammatory IL-10 during early course of disease correlate with severity of illness regardless of the use of oxygen support (52, 53) while higher expression of pro-inflammatory cytokines IL-1 and IL-6 at the onset of ARDS predicts unfavorable outcomes (54). After initial recovery from sepsis, continuous deployment of functionally impaired macrophages from lymphoid reservoirs to the lungs can further prevent lung recovery and increase negative outcomes during secondary infections (55, 56). In a previous study, [18F]FDG PET lung uptake was found to precede increased CT attenuation (lung edema) in a model of sepsis and ARDS, which was accompanied by neutrophil influx reflected by increased myeloperoxidase activity (57). In our model, we showed increased [18F]DPA-714 binding in the lungs of the LPS rats when compared to controls (Figure 1C) which correlated with systemic cytokines and was accompanied by increased staining for immune cell markers, namely macrophages, neutrophils, dendritic cells and lymphocytes (Figure 6), even though some of the differences in staining did not reach statistical significance. The latter however could be attributed to the small sample number used for IHC staining. As expected, TSPO staining colocalized mainly with macrophages (CD68), and to a lesser extent with other activated myeloid and lymphoid immune cells (Supplementary Figures 2, 3). Our imaging findings thus support an inflammatory reaction induced in the lungs through the systemic administration of LPS, similar to what occurs in sepsis, that is measurable using [18F]DPA-714.

SIRS and sepsis can also affect the cell components of the bone marrow in the early stages, making it susceptible to inflammation, and showing increased proliferating cells in response to peripheral immune cell depletion (58). Using a repeated measures correlation to analyze bone marrow SUVmean with serum cytokines, we showed a positive correlation with IL-6, IL-10, IL-1β, and VEGF, among others (Figure 4). The correlation between SUV and VEGF is most relevant as increased expression of this cytokine mediates morbidity and mortality in patients with severe sepsis. IL-18 shares similar characteristics with IL-1β and is increased in septic patients, particularly in those with thrombocytopenia (59, 60). In addition, we found negative correlations between bone marrow SUVmean values and white blood counts (WBC (K/uL r= -0.86, p= 0.003), platelets (K/uL; r= -0.97, p= 0.00001) and lymphocytes (K/uL; r= -0.87, p= 0.002). Increased TSPO expression in the bone marrow is thus likely to reflect a combination of inflammation and increased hematopoiesis in response to peripheral leukopenia and thrombocytopenia, which were seen in our animal model and are commonly encountered in septic patients (Supplementary Figure 1).

Another peripheral organ evaluated in this study was the liver where we found an agreement between the PET imaging results and TSPO gene expression changes (Figures 1, 5). Similarly, the imaging data correlated with increased Leptin and MIP-2 in serum which is an important finding since increased levels of Leptin and MIP-2 in septic patients also correlate with disease severity (61, 62). We did not assess liver enzyme levels in our study due to logistical limitations, however liver dysfunction is a well-known complication of sepsis. The association between the degree of liver inflammation and acute/chronic dysfunction is thus an important potential use for our quantitative noninvasive in vivo imaging approach.

When assessing the spleen, our PET data showed generally mixed change in binding of [18F]DPA-714 in the LPS group, with most animals showing decreased binding and some animals showing increased binding (Figure 1). No significant difference in TSPO gene expression (Figure 5C) were observed in the spleens of the LPS injected rats when compared to controls. Similar to PET imaging, IHC showed a mixed picture where two out of four animals showed increased TSPO staining. In one animal with increased TSPO staining despite decreased CD68 staining (Figure 7) we found increased B220+ cells and mixed changes of granulocytes and CD3+ cells. Increased TSPO staining in this case could be explained by lymphocytic proliferation despite migration of monocytes to other organs such as the lungs.

[18F]DPA-714 PET imaging of TSPO in the brain has been very well characterized in different models of neuroinflammation (17, 63–72). Our study shows a significant positive correlation between [18F]DPA-714 brain binding and levels of MCP-1, IL-2, EGF, IL-17A, and TNFα in serum. These cytokines are neuroregulatory molecules that penetrate the blood brain barrier and regulate interactions between peripheral tissues and the CNS (73, 74). They promote neutrophil mobilization to sites of inflammation and are increased in septic encephalopathy (75–77). Furthermore, IL-17A has been described as a main player in the immunological dysfunction during sepsis, with increased levels in serum of pediatric and adult patients during early stage of sepsis, making it an attractive biomarker and therapeutic target (78). When staining microglia with Iba1, we did not find differences in staining intensity between controls and LPS animals. We are aware that, despite being commonly used as a marker of microglial activation, Iba1 protein is not always specific enough to discriminate between activated and non-activated microglia, or to distinguish microglia from macrophages. Instead, we relied on the detection of subtle morphological changes in Iba1 stained microglia which are generally believed to specifically reflect stages of microglial activation. Our LPS animal model shows the morphological transformation of resting microglia into cells with less complex ramifications, thickening of the cell body, and presentation of an amoebic phenotype which are characteristic of microglial activation and phagocytic stage (Figure 8). This is similar to findings of microglial activation in the white matter of patients with systemic sepsis (enlarged and amoebic microglial phenotypes) when compared to non-septic controls (79). Sepsis survivors also can show clinical manifestations of delirium or long-term cognitive decline (5, 80), and other studies correlate these manifestations with white matter disruption (81). Neuroinflammatory changes in association with LPS administration and increased cytokine levels in the serum in our model could thus simulate brain-specific inflammatory changes in the setting of SIRS and sepsis. Whether those changes are associated with permanent damage, however, remains unclear and requires further evaluation.

In three animals who were imaged with [18F] DPA-714, we noted that responses were different from the rest of the cohort: one animal showed decreased TSPO binding both in the brain and lungs after LPS administration compared to baseline, and manifested only mild immune activation based on serum cytokines, one animal had mildly decreased binding in the brain and one animal showed lower binding in the lungs. The immune response of those last two animals, however, were within the range or on the higher end of cytokine expression levels. We thus believe these findings are due to natural variability in the immune response to LPS as well as variability in organ response to inflammatory signals, a phenomenon that has been previously described (82–84). By using a relatively larger sample number, we have confidence we have encompassed the whole spectrum of immune activation.

It is important to clarify here that although LPS can induce a systemic sterile inflammatory shock that can be similar in some aspects to what happens in SIRS and sepsis, direct translation of rodent findings into human findings in the setting of bacterial sepsis is not straightforward. LPS is an endotoxin present in the outer membrane of Gram-negative bacteria and extracted LPS has been broadly used in animal models and human studies to mimic the systemic inflammation caused by bacterial infections. There are however still differences in innate and adaptive responses between LPS and bacterial induced shock, including variability in serum cytokines and primary type of circulating leukocytes (85). To this end, however, our study is meant as a proof of concept that TSPO imaging can be useful in assessing organ-level inflammation, irrespective of the type of systemic inflammation.

One limitation of this study is that collection of tissues at baseline and after LPS administration for further biological analyses from the same animal is not possible. This forced us to use another set of animals for additional biological studies to support the PET data. Also, the small sample size (controls=3, LPS=4) used for immunohistochemistry could have limited the statistical analysis. However, with the promising results presented herein, additional studies with a larger sample size are warranted. Although [18F]DPA-714 has shown better affinity and specificity to TSPO than previous ligands, assessment of TSPO gene polymorphisms and binding status (86) should be performed in human studies for accurate quantitative analysis. This will allow further evaluation of correlations between [18F]DPA-714 uptake (or other TSPO ligands) and other molecular and clinical scores.

In conclusion, while the use of blood biomarkers and scoring systems can help predict organ dysfunction and mortality in patients with sepsis (87, 88), our study demonstrated that immunoreactivity in different organs (lung, liver, bone marrow, brain, and spleen) can be measured in vivo using the PET radiotracer [18F]DPA-714. Inflammatory changes in the lungs, liver, brain, and bone marrow correlated with peripheral inflammation (increased pro- and anti-inflammatory cytokines in serum such as TNFα, IL-1, IL-6, IL-17A, IL-18, and IL-10). Our study is a proof of concept of the feasibility of using PET to assess organ level immunoreactivity in systemic sterile inflammatory response and the same approach could potentially be used in sepsis to evaluate the effectiveness of preventative and therapeutic approaches in decreasing/controlling organ-level inflammation.
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Purpose

Sepsis, with life-threatening organ failure, is caused by the uncontrolled host response to infection. Immune response plays an important role in the pathophysiology of sepsis. Immune-related genes (IRGs) are promising novel biomarkers that have been used to construct the diagnostic and prognostic model. However, an IRG prognostic model used to predict the 28-day mortality in sepsis was still limited. Therefore, the study aimed to develop a prognostic model based on IRGs to identify patients with high risk and predict the 28-day mortality in sepsis. Then, we further explore the circulating immune cell and immunosuppression state in sepsis.



Materials and methods

The differentially expressed genes (DEGs), differentially expressed immune-related genes (DEIRGs), and differentially expressed transcription factors (DETFs) were obtained from the GEO, ImmPort, and Cistrome databases. Then, the TFs-DEIRGs regulatory network and prognostic prediction model were constructed by Cox regression analysis and Pearson correlation analysis. The external datasets also validated the reliability of the prognostic model. Based on the prognostic DEIRGs, we developed a nomogram and conducted an independent prognosis analysis to explore the relationship between DEIRGs in the prognostic model and clinical features in sepsis. Besides, we further evaluate the circulating immune cells state in sepsis.



Results

A total of seven datasets were included in our study. Among them, GSE65682 was identified as a discovery cohort. The results of GSEA showed that there is a significant correlation between sepsis and immune response. Then, based on a P value <0.01, 69 prognostic DEIRGs were obtained and the potential molecular mechanisms of DEIRGs were also clarified. According to multivariate Cox regression analysis, 22 DEIRGs were further identified to construct the prognostic model and identify patients with high risk. The Kaplan–Meier survival analysis showed that high-risk groups have higher 28-day mortality than low-risk groups (P=1.105e-13). The AUC value was 0.879 which symbolized that the prognostic model had a better accuracy to predict the 28-day mortality. The external datasets also prove that the prognostic model had an excellent prediction value. Furthermore, the results of correlation analysis showed that patients with Mars1 might have higher risk scores than Mars2-4 (P=0.002). According to the previous study, Mars1 endotype was characterized by immunoparalysis. Thus, the sepsis patients in high-risk groups might exist the immunosuppression. Between the high-risk and low-risk groups, circulating immune cells types were significantly different, and risk score was significantly negatively correlated with naive CD4+ T cells (P=0.019), activated NK cells (P=0.0045), monocytes (P=0.0134), and M1 macrophages (P=0.0002).



Conclusions

Our study provides a robust prognostic model based on 22 DEIRGs which can predict 28-day mortality and immunosuppression status in sepsis. The higher risk score was positively associated with 28-day mortality and the development of immunosuppression. IRGs are a promising biomarker that might facilitate personalized treatments for sepsis.





Keywords: sepsis, immune, prognostic model, 28-day mortality, immunosuppression



Introduction

Sepsis is a complex disorder that develops as a severe systemic inflammatory response to infection, and is associated with high mortality (1). According to the US report, there were 48.9 (38.9-62.9) million incident cases of sepsis in the world annually and 11.0 (10·1-12·0) million patients died with sepsis (2). Sepsis was recognized as the most expensive burden and threat to human health. Increased mortality was associated with delay in initiating early treatments. The previous study estimated that the survival rate decreases by roughly 10% every hour that appropriate antimicrobial medication is delayed, emphasizing the urgent need for early identification and precise treatments to improve clinical outcomes (1, 3, 4). In 2017, World Health Organization (WHO) also declared that the improvement of sepsis early prevention, early recognition, and treatment is a global health priority (5). Therefore, the identification of septic patients at high risk may help clinicians to screen and identify individuals who are most likely to have poor prognosis, or to detect immunosuppressed states which could benefit from targeted immunostimulating therapies, and eventually improve patients’ prognosis.

Sepsis is an uncontrolled inflammatory response to invasive infection which can disturb homeostasis. After infection, the immune response can eliminate the pathogens but sometimes the host will release damage-associated molecular patterns (DAMPs) to damage organs. However, in late sepsis, sepsis patients have immune suppression which is characterized the lymphocyte exhaustion and the reprogramming of antigen−presenting cells (6, 7). In face of the complex pathophysiology of sepsis and its often challenging clinical evaluation, promising diagnostic biomarkers in sepsis are emerging with the application of blood genomics. Scicluna et al. (8) established endotypes for patients with sepsis through genome-wide blood gene expression profiles. The study provided a method to classify sepsis patients into four different endotypes and the detection of sepsis endotypes may assist in the precise treatments. Besides, increasing studies have identified novel immune biomarkers for early diagnosis and guide immunotherapies in oncology research. The immune related-genes (IRGs) model had been successfully applied in oncology to identify patients at high risk and estimate overall survival (9, 10). However, a robust IRGs model to identify high-risk patients and predict prognosis for adult patients with all-cause sepsis is still lacking.

The primary objective of this study was to construct an IRGs model to predict the prognosis of adult patients with all-cause sepsis. To achieve this aim, we obtain the differentially expressed IRGs (DEIRGs) that we can establish the Cox prediction model based on DEIRGs to predict the patients at high risk and the prognosis for patients with sepsis. Then, we construct a regulatory network between differentially expressed transcription factors (DETFs) and DEIRGs to explore the underlying molecular mechanisms. Besides, we further analyze the immune microenvironment in sepsis patients. Finally, we tested the robustness of the predictive model across the other datasets, and we provided a quantitative tool for predicting the individual probability of death.



Materials and methods


Datasets selection, data acquisition, and processing

A workflow is shown in Figure 1. The Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/) and ArrayExpress (https://www.ebi.ac.uk/arrayexpress/) databases were comprehensively searched from inception to April 2022 to obtain the relevant datasets. The inclusion criteria of datasets were: (1) diagnosis of patients with sepsis; (2) sample size more than 50; (3) age ≥18 years; (4) the endpoints included 28-day mortality; (5) the patient’s specimens were collected before 24h on ICU admission and anti-inflammation treatments. Therefore, the 7 datasets were included in the study. Among them, GSE65682 was recognized as a training set because it was a large cohort study, and the other datasets were retained for model validation. The details of these datasets are shown in Table 1. To identify IRGs, we downloaded 2,483 IRGs from the Immunology Database and Analysis Portal (ImmPort) (http://www.immport.org/). Moreover, to construct the regulatory network, we obtained the transcription factors (TFs) from Cistrome Project (http://www.cistrome.org/).




Figure 1 | Flowchart of data analysis and validation.




Table 1 | Basic information of the datasets included in this study.





Differential expression analysis in sepsis

All the genes in GSE65682 were differentially analyzed by using limma R packages (http://www.bioconductor.org/packages/release/bioc/html/limma.html) (11). The parameter for DEGs screened was│Log2Foldchange│≥0.5 and P-value < 0.05. The Volcano plots were drawn by 'ggplot2' R package. Then, the IRGs that were overlapping with DEGs were identified as DEIRGs. Similarly, DETFs were obtained by matching TFs with DEGs.



DEGs and gene set enrichment analysis

GSEA was used to assess related pathways and molecular mechanisms in sepsis. We performed the GSEA by the R package ‘clusterProfiler’. Normalized enrichment score (NES) and false discovery rate (FDR) were used to quantify enrichment magnitude and statistical significance, respectively (12, 13).



Identification of prognostic DEIRGs and construction of the regulatory network

To identify the prognostic DEIRGs (P <0.01), R package ‘survival R’ was used to perform univariate Cox regression analysis. Then, it is important to further explore the mechanisms of TFs to regulate the prognostic DEIRGs. Thus, we further analyzed the coexpression relationship between TFs and prognostic DEIRGs by calculating Pearson’s correlation coefficient. A regulatory network was constructed based on the filter thresholds (P value <0.001 and |cor| > 0.5). The network was visualized by using Cytoscape software.



Construction of the prognostic prediction model in sepsis and development of nomogram

Based on the univariate Cox regression analysis, prognostic DEIRGs were recognized as the biomarkers for multivariate Cox regression analysis. According to the median risk score value, conducted between low-risk and high-risk groups by using ‘survival’ R package. To evaluate the sensitivity and specificity of the prediction model, the receiver operating characteristics (ROC) curve was calculated using the ‘survivalROC’ package. The area under the ROC curve (AUC) was used to evaluate the prognostic model: 0.5-0.7 (moderate), 0.7-0.8 (better), and >0.9 (excellent).

To provide a quantitative tool for predicting probability of 28-day mortality  in septic patients, we construct a nomogram according to the DEIRGs in the prognostic model and clinic features. The patients' clinic features are shown in Supplementary Table 1.



Validation in multiple external datasets

To evaluate the predictive performance of the prognostic model, 6 datasets (GSE63062, GSE95233, GSE106878, E-MTAB-4451, E-MTAB-5273, and E-MTAB-5274) were included according to the inclusion criteria. The prognostic model was used to predict the 28-day mortality of external datasets. Furthermore, the ROC curve was generated to determine sensitivity and specificity in the prognostic model.



Gene ontology and pathway enrichment analysis for DEIRGs in the prognostic model

To explore the mechanisms and functions of DEIRGs in the prognostic model, we performed Gene Ontology (GO) and Pathway Enrichment Analysis (KEGG) through the DAVID database (https://david.ncifcrf.gov/). Upon GO analysis and KEGG analysis, a P value <0.05 was recognized as statistical significance. The results of GO analysis were classified into three functional groups: biological process (BP), molecular function (MF), and cellular component (CC).



Correlation analysis between clinical features and DEIRGs in prognostic model

The correlation between risk score, gene expression value, and clinical features (age, gender, diabetes, ICU acquired infection (ICUA), and endotype class) were analyzed by using the ‘beeswarm’ R package. A P value <0.05 indicated statistical significance.



Exploration of circulating immune cells between low-risk and high-risk groups

CIBERSORTx (https://cibersort.stanford.edu/), an online analytical tool based on a kind of deconvolution algorithm iterated 1000 times, was available to provide an estimation of the abundances of member cell types in a mixed cell population by using gene expression data (14). Then, the content of 22 types of circulating immune cells in each sample was visualized by a vertical stack bar. Furthermore, the difference analysis of immune cells between low-risk and high-risk groups was shown by drawing barplot diagrams. Additionally, we explored the correlation between immune cells and risk score by Spearman correlation analyses. A P value <0.05 was considered statistical significance.



Statistical analysis

All statistical analyses were performed using R software and Grapad prism 9.0. The ‘limma R’ package was used to conduct differential expression analysis. The R package ‘clusterProfiler’ was adopted for assessing related pathways and molecular mechanisms in sepsis. The prognostic prediction model was constructed by univariate and multivariate Cox regression analysis. Besides, the ‘survival’, ‘survival ROC’, and ‘risk Plot’ R packages were applied to evaluate the survival difference between the high-risk and low-risk groups and assess the sensitivity and specificity in the prognostic model. Then, the ‘beeswarm’ R package was used to explore the correlation between clinical features and DEIRGs in the prognostic model. P value < 0.05 was considered statistically significant.




Results


DEGs, DEIRGs, DETFs and GSEA analysis

After the differential expression analysis of GSE65682, we obtained 3,648 DEGs (FDR <0.05, │Log2FC│≥0.5) (Figure 2A; Supplementary Table 2). To identify the DEIRGs, we downloaded all 2,483 immune genes from the ImmPORT database. Then, we matched IRGs with DEGs and obtained 278 DEIRGs (Figures 2B, D; Supplementary Table 3). Similarly, we searched and downloaded all 1,560 TFs from the Cistrome database. We matched TFs with DEGs and obtained 348 DETFs (Figures 2C, E; Supplementary Table 4).




Figure 2 | Screening DEGs, DEIRGs and DETFs. (A) Volcano plot showing DEGs in GSE66890; (B) Venn diagram showed DEIRGs; (C) Venn diagram showed DETFs; (D) Volcano plot showing DEIRGs; (E) Volcano plot showing DETFs. Based on the |fold change|>0.5 and FDR<0.05, the red points represent upregulated genes and the green points represent downregulated genes. No significant differences are showed in black.



In order to explore the immune response in sepsis, we downloaded the KEGG gene sets and all GO gene sets from MsigDB. Then, the changes of these pathways and functions in gene sets were analyzed, namely Healthy vs Sepsis. According to our analysis, we found that immune response played an important role in the development of sepsis. In GO gene sets, we found that adaptive immune response was significantly upregulated in sepsis. However, cell activation involved in immune response, immune effector process, and myeloid leukocyte activation were upregulated in healthy and sepsis (Figures 3A, B). In KEGG gene sets, antigen processing and presentation, natural killer cell-mediated cytotoxicity, and primary immunodeficiency were most significantly increased (Figures 3C, D). Our results showed that there is a significant correlation between sepsis and immune response, and provide a theoretical basis for the construction of immune genes model to predict the prognosis of sepsis patients.




Figure 3 | Exploring the difference of immune response between sepsis and healthy by using GSEA. (A) The enriched gene sets in GO collection; (B) The results of GO analysis from GSEA; (C) The enriched gene sets in KEGG collection; (D) The results of KEGG analysis from GSEA. The enrichment score of curve above 0 points indicates that the gene sets were activated in healthy. The curve below 0 points indicates that the gene sets were activated in sepsis. p.adjust, adjusted p-value; NES, normalized enrichment score.





Identification of prognostic DEIRGs and construction of regulatory network

Univariate Cox regression analysis was applied to screen and identify the prognostic genes in sepsis. According to P value <0.01, 69 prognostic DEIRGs were obtained (Figure 4A; Supplementary Table 5). Among them, 11 prognostic DEIRGs were high-risk and the others were low-risk. Then, to explore the molecular mechanisms between DETFs and prognostic DEIRGs, a regulatory network between DETFs and prognostic DEIRGs was constructed (Figure 4B; Supplementary Table 6). A total of 69 prognostic DEIRGs and 10 TFs were shown in the regulatory network (Figure 4B). As shown in the regulatory network, almost all expression level of high-risk DEIRGs (MPO, PTX3, DEFA4, CTSG, AZU1, ELANE, and RNASE3) were upregulated by CEBPE. Additionally, IL1R2 was upregulated by BCL11B, and FURIN was regulated by KLF1, TFDP1, and MX11. Besides, most low-risk DEIRGs had a positive relationship with BCL11B, MYC, POLB, STAT1, RUNX2, and KLF10. The other low-risk DEIRGs (HCK, IL17RA, ISG20L2, and ITGAL) were negatively regulated by KLF1, TFDP1, and MX11. The coefficient filter >0.5 and the P value <0.001 were set as the threshold to indicate statistical significance.




Figure 4 | Prognostic DEIRGs and regulatory network between DETFs and prognostic DEIRGs. (A) Forest plot for prognostic DEIRGs in sepsis. Red and green dots were recognized as high-risk and low-risk, respectively; (B) Regulatory network between prognostic DEIRGs and DETFs. The red and green circles indicate high-risk DEIRGs and low-risk DEIRGs, respectively. The yellow triangles were applied to symbolize the DETFs. Moreover, the red and green lines were used to indicate a positive and negative correlation between prognostic DEIRGs and DETFs.





Construction of prognostic prediction model in sepsis

The 69 prognostic DEIRGs were obtained by univariate Cox regression analysis. Then, these prognostic DEIRGs were further incorporated into multivariate Cox regression analysis. Finally, 22 DEIRGs might serve to be the prognostic factors to independently predict the prognosis of sepsis patients (Table 2). Thus, the expression profiles of 22 DEIRGs were applied to construct the prognostic model to predict the 28-day mortality in sepsis patients. To obtain the survival risk score, the expression value and relative coefficients of 22 DEIRGs were used to calculate. The formulas was shown in Supplementary Table 7. Based on the median risk score value, 479 septic patients  were classified into a high-risk group (n= 239) and a low-risk group (n=240) (Supplementary Table 7).


Table 2 | Multivariate Cox regression analyses of 22 IRGs of risk model in sepsis.



Then, Kaplan–Meier survival analysis was performed to analyze the 28-day mortality of high-risk groups (n= 239) and low-risk groups (n=240). As expected, the 28-day mortality of high-risk groups was significantly higher than low-risk group (Figure 5A; Supplementary Table 8). Furthermore, we drew an ROC curve to evaluate the sensitivity and specificity of the prognostic model. The results showed that the AUC value was 0.879 which symbolized that the prognostic model had a better accuracy to predict the 28-day mortality of high-risk and low-risk groups (Figure 5B). Additionally, the riskscope curve was constructed (Figure 5C) and the survival status of the two groups is shown in Figure 5D. The differential expression analysis of 22 DEIRGs are shown in Figure 5E.




Figure 5 | Construction of prognostic model based on 22 DEGs. (A) Kaplan–Meier survival analysis of 28-day mortality between high-risk groups (red) and low-risk groups (blue). The color of each survival line indicated the 95% CI of probability of survival at each time point. (B) The ROC curve showed the AUC value of prognostic model. (C) The risk score analysis between high-risk and low-risk groups. (D) The survival status analysis between high-risk and low-risk groups. (E) The differentially expression analysis of 22 DEIRGs in prognostic model from 479 sepsis patients.





Validation of prognostic model by external datasets

To further evaluate the accuracy and reliability of the prognostic model, six datasets in line with the inclusion criteria were chosen to perform external validation. ROC analysis was performed to investigate the prognostic value of the prediction model. The AUC was 0.805 in E-MTAB-4451 (Figure 6A), AUC was 0.783 in E-MTAB-5273 (Figure 6B), AUC was 0.913 in E-MTAB-5274 (Figure 6C), AUC was 0.917 in GSE95233 (Figure 6D), AUC was 0.796 in GSE106878 (Figure 6E) and AUC was 0.915 in GSE63042 (Figure 6F), respectively. Therefore, the IRGs prognostic model had an excellent prediction value.




Figure 6 | The prognostic efficacy of IRGs prognostic model. (A) The ROC curve of E-MTAB-4451 dataset. (B) The ROC curve of E-MTAB-5273 dataset. (C) The ROC curve of E-MTAB-5274 dataset. (D) The ROC curve of GSE95233 dataset. (E) The ROC curve of GSE106878 dataset. (F) The ROC curve of GSE63042 dataset.





Independent prognosis analysis and exploring the relationships between DEIRGs in prognostic model and clinical features in sepsis

The 22 DEIRGs in the prognostic model had a better predictive ability to investigate the 28-day mortality in sepsis. Then, we further conducted the univariate independent prognostic analysis and multivariate independent prognostic analysis to explore the correlation between clinical features and 28-day mortality in sepsis. The results of the univariate independent prognostic analysis showed that age (P = 0.019) and risk score (P <0.001) were related to the 28-day mortality, respectively (Supplementary Table 9; Figure 7A). The results of the multivariate independent prognostic analysis also showed that age (P = 0.005) and risk score (P <0.001) were the independent prognostic factors to predict the 28-day mortality in sepsis (Supplementary Table 10; Figure 7B).




Figure 7 | The results of univariate independent prognostic analysis and multivariate independent prognostic analysis. (A) Univariate independent prognostic analysis. (B) Multivariate independent prognostic analysis. The red dots and green dots in the forest map indicated that the clinical feature was a high-risk factor and low-risk factor, respectively. ICUA, ICU acquired infection.



Then, the correlation between clinical features and DEIRGs in the prognostic model was further explored (Supplementary Material 11). Among the clinical features, the endotype class was classified into four classes, including Mars1, Mars2, Mars3, and Mars4 (8). According to the research, the Mars1 endotype was characterized by a pronounced decrease in the expression of genes corresponding to key innate and adaptive immune cell functions such as Toll-like receptor, nuclear factor κB (NFκB1) signaling, antigen presentation, and T-cell receptor signaling, which might be characterized by immune paralysis. The other endotypes (Mars2-4) were characterized by high expression of genes involved in pro-inflammatory (eg, NF-κB signaling) and innate (eg, interferon signaling) immune reactions, which are characterized as pro-inflammatory and innate immune response. As shown in Figure 8, the expression level of CD1D was higher in ICU-acquired infection (ICUA). Besides, the expression levels of ADRB2, CD1D, CD74, FYN, GNLY, IL16, IL17RA, PLXNC1, PSME1, TAP2, TNFRSF10B and TNFSF12 in Mars2-4 were significantly higher than Mars1. The expression levels of DEFA4, ELANE, MPO, and TFRC were significantly lower in Mars1 compared to those in Mars2-4. Therefore, DEFA4, ELANE, MPO, and TFRC might be related to immune paralysis in sepsis. Additionally, patients with Mars1 might have higher risk scores than Mars2-4 (Figure 8R) which was consistent with the results of Scicluna et al. (8).




Figure 8 | Relationships between clinical features and DEIRGs in prognostic model. (A) Different expression of CD1D between the ICUA/NICUA in sepsis. (B–R) Different expression of DEIRGs in prognostic model between Mars1 and Mars2-4 in sepsis. ICUA, ICU acquired infection; NICUA, No ICU acquired infection; Mars, molecular diagnosis and risk stratification of sepsis.





Development of nomogram to predict the 28-day mortality in sepsis

We constructed a nomogram to predict the 28-day mortality in sepsis according to clinical features and DEIRGs in the prognostic model (Figure 9). The value of each of the variables was given a score based on the points scale axis. The total score was calculated by adding each single score. Then, the total points were projected to the 28-day mortality probability scale axis to estimate the probability of death in sepsis.




Figure 9 | A constructed nomogram for 28-day mortality prediction of a patients with sepsis. ICUA, ICU acquired infection; Mars, molecular diagnosis and risk stratification of sepsis.





Functional analysis for DEIRGs in prognostic model

To explore the functional changes for DEIRGs in the prognostic model, we performed the functional enrichment analysis. The GO terms were divided into three functional groups, including biological process (BP), cell component (CC), and molecular function (MF). The top 10 significant enrichment results are shown in Figure 10. In BP groups, DEIRGs were mainly enriched in antigen processing and presentation, positive regulation of cytokine production and positive regulation of leukocyte cell−cell adhesion (Figure 10A). In CC groups, DEIRGs were mainly involved in MHC class II protein complex, MHC protein complex and phagocytic vesicle (Figure 10B). In MF groups, DEIRGs mainly enriched in cytokine binding, cytokine receptor activity and immune receptor activity (Figure 10C). As for the KEGG analysis, DEIRGs were mainly involved in antigen processing and presentation, cytokine−cytokine receptor interaction and hematopoietic cell lineage (Figure 10D).




Figure 10 | The functional enrichment analysis for DEIRGs in prognostic model. (A) Biological process. (B) Cell component. (C) Molecular function. (D) KEGG pathway enrichment analysis.





Correlation analysis between DEIRGs and circulating immune cells

Numerous studies had demonstrated that circulating immune cells levels were associated with the prognosis of patients (15, 16). Therefore, we wanted to explore the different status of circulating immune cells between low-risk and high-risk groups. As shown in Supplementary Figure 1, the status of immune cells was significantly different in low-risk groups compared to the high-risk groups. Then, we further analyzed the composition of immune cells between low-risk and high-risk groups. The results of CIBERSORTx demonstrated that compared to the high-risk groups, CD8+ T cells (P=0.0135), resting (P=0.0005), and activated NK cells (P<0.0001), monocytes (P<0.0001), and M1 macrophages (P<0.0001) were more abundant in low-risk groups, while naive CD4+ T cells (P=0.0257), follicular helper T cells (P=0.0489) and activated dendritic cells (P<0.0001) were significantly enriched in high-risk groups (Figure 11A). Besides, we also analyzed the correlation of risk score and 22 immune cell types via Spearman correlation analyses. The results showed that risk scores were significantly positively correlated with follicular helper T cells (P=0.0437), gamma delta T cells (P=0.0004), resting NK cells (P=0.0259), activated dendritic cells (P<0.0001), and activated mast cells (P<0.0001), whereas were significantly negatively correlated with naive CD4+ T cells (P=0.019), activated NK cells (P=0.0045), monocytes (P=0.0134) and M1 macrophages (P=0.0002).




Figure 11 | Comparison and correlation of circulating immune cells between low-risk and high-risk groups. (A) Comparison of circulating immune cells between low-risk and high-risk groups via CIBERSORTx. (B–J) Correlation between risk scores and circulating immune cells via Spearman correlation analysis.  *p < 0.05.






Discussion

Sepsis, with high heterogeneity, is characterized by aberrant immune responses, including hyperinflammation and immune suppression (17). Increasingly, studies have pointed out that IRGs are promising novel biomarkers that may have important predictive and prognostic value (8, 18, 19). Thus, our research demonstrates that immune response played an important role in the development of sepsis. Then, the Cox prediction model obtained the 22 DEIRGs to classify the patients into low-risk and high-risk groups and construct the prognostic model. The regulatory network between TFs and prognostic DEIRGs was constructed to reveal the potential novel molecular mechanisms in sepsis. In this study, the prognostic model had a better accuracy to predict the 28-day mortality in sepsis. The external datasets also validated that the prognostic model had an excellent prediction value. Besides, we further developed a nomogram to provide a tool for predicting the probability of 28-day mortality in sepsis. We further explore the functional changes via functional enrichment analysis. Finally, the circulating immune cells were evaluated by CIBERSORTx.

As we know, the biomarkers to diagnose and predict the prognosis of sepsis were lacking due to the complex pathogenesis and high heterogeneity in sepsis. The unbalanced immune response of sepsis was initially activated to release tremendous damage-associated molecular patterns (DAMPs) such as cytokines. The cytokine storm will further lead to organ damage and even death (20). However, longitudinal analyses of immune response showed that patients developed persistent inflammation and immunosuppression in the late stage of sepsis (21). Therefore, the aberrant immune responses during sepsis might reflect the disease progression. The results of GSEA in this study also showed that immune responses were significantly related to the development of sepsis (Figure 3).

IRGs, promising novel biomarkers, had been used to predict the prognosis in many diseases (22). Even in sepsis, Lu et al. demonstrated the immune genes exhibited superior diagnostic and predictive efficacy in mortality than clinical characteristics (18). However, the molecular mechanisms of prognostic DEIRGs in sepsis were still unclear. In our study, we have identified 11 prognostic DEIRGs with high risk and 58 prognostic DEIRGs with low risk via univariate Cox regression analysis (Figure 4A). TFs, as an enhancer or promoter, could regulate the genes’ expression by binding to a particular DNA region. The regulatory network was constructed between TFs and prognostic DEIRGs (Figure 4B). We found key TFs (CEBPE, BCL11B, MYC, POLB, and STAT1) which had the most downstream DEIRGs and relatively high correlation coefficients. CEBPE has been demonstrated to be involved in the generation and proliferation of neutrophils (23). Besides, CEBPE was an important target to promote the innate immune system (e.g. neutrophil) to kill the bacteria (24). In this study, almost high-risk DEIRGs (MPO, PTX3, DEFA4, CTSG, AZU1, ELANE, and RNASE3) were upregulated by CEBPE which indicated that these high-risk DEIRGs might promote the inflammation and innate immune responses. Additionally, the BCL11B gene was essential for T cell and NK cell development and function (25). MYC, POLB, and STAT1 have also been described as having a strong relationship to the functions of the immune system and the clearance of pathogens (26–28). Therefore, most low-risk DEIRGs had a positive relationship with BCL11B, MYC, POLB and STAT1 might have an important role in regulating immune responses and defending against pathogens.

To construct the prognostic model, we further conducted the multivariate Cox regression analysis to identify the prognostic DEIRGs (Table 2). Then, the prognostic model could predict the 28-day mortality in sepsis with better accuracy (Figures 5B, 6). Among them, we obtained 4 high-risk genes (ELANE, IL1R2, MPO, and DEFA4) and 18 low-risk genes. ELANE and MPO had been demonstrated to involve in neutrophil protease activity. The expression levels of ELANE and MPO were correlated directly with organ failure and mortality which was in line with our results (29, 30). Besides, IL1R2, a decoy receptor for IL-1, has been implicated in sepsis (31). Previous studies have proven that IL1R2 was a biomarker to distinguish septic shock from non-septic shock postsurgical patients. The high expression of IL1R2 was significantly correlated to death in patients with postsurgical shock (32, 33). Interestingly, Liang et al. (34) pointed out that IL1R2 could distinguish gram-negative/gram-positive bacterial infection. The elevation of serum IL1R2 could be a biomarker to diagnose septic patients infected by gram-negative bacteria.

As we know, numerous studies have provided prognostic models/biomarkers for predicting overall survival in sepsis. However, these predictive factors were not applied to all sepsis patients due to the high heterogeneity. Thus, it is critical to stratify patients to guide treatments. A VANISH randomized trial categorized patients into SRS (sepsis response signatures) 1 and SRS2 according to transcriptomic profile. Patients with the immunocompetent SRS2 endotype might have significantly higher mortality when treated with corticosteroids than with placebo (35). Additionally, Scicluna et al. (8) classified patients with sepsis into four different endotypes (Mars1, Mars2, Mars3 and Mars4) upon ICU admission. According to the research, Mars1, with TAP2 transcripts denoting, was characterized by immune paralysis and poor prognosis, whereas Mars2-4 were characterized by high expression of pro-inflammatory genes. Our research also demonstrated that TAP2 was significantly downregulated in Mars1 compared to Mars2-4 (Figure 8N). TAP2 was a subunit of major histocompatibility complex class I (MHC-I) molecules involved in antigen processing (36). TAP2 has the potential to inhibit lipopolysaccharide-induced proinflammation by negative regulation of toll-like receptor-4 (TLR4) (37). Besides, our research also showed that most sepsis patients with high risk might have the Mars1 endotype which indicated the poor prognosis of patients with the Mars1 endotype (Figure 8R). This result was also in line with the previous study. Therefore, patients with sepsis in immunosuppression might be associated with an increased risk of mortality.

As we know, patients who survive early sepsis often develop a hypoinflammatory state and nosocomial infections which lead to high mortality (7, 17). Immune suppression in patients with sepsis is characterized by enhanced apoptosis of immune cells, T cell exhaustion, and reduced expression of activating cell surface molecules. Previous studies have proven that T cell exhaustion in immunosuppression was related to poor outcomes (38). The apoptosis of T cells (CD4+, CD8+, and Th17) will result in immunosuppression and is associated with higher mortality (39). Besides, nature killer (NK) cells could clear the pathogens and promote inflammation through the production of IFN-γ. However, NK cells will become tolerant and cytokine production of IFN-γ and TNF-α will be impaired in the late stage of sepsis. The proportion of NK cells in lymphocytes was negatively associated with 28-day mortality in septic patients (40, 41). Monocytes and macrophages are important components of the immune system that can remove pathogens and contribute to the immune response by antigen presentation. The M1 macrophages were characterized by the production of proinflammatory cytokines and antimicrobial activity. However, the polarization of M1 macrophages will be inhibited in immunosuppression. The M1 macrophage reprogramming will develop a pathological anti-inflammatory response to sepsis and increase the risk of immunosuppression (42, 43). In our research, CD8+ T cells (P=0.0135), resting (P=0.0005) and activated NK cells (P<0.0001), monocytes (P<0.0001), and M1 macrophages (P<0.0001) were more abundant in low-risk groups which indicated a hyperinflammatory state in low-risk groups (Figure 11A). Besides, the results of correlation analyses also showed that risk scores were significantly negatively correlated with naive CD4+ T cells (P=0.019), activated NK cells (P=0.0045), monocytes (P=0.0134), and M1 macrophages (P=0.0002) (Figure 11). In toto, the patients with high risk scores might be associated with immunosuppression. The risk score was positively associated with the development of immunosuppression in sepsis. The risk score might provide assistance for distinguishing sepsis patients with immunosuppression.

However, in spite of the remarkable results, there are several limitations that we could not ignore. First, a lot of publicly available sepsis datasets were excluded for lacking the mortality outcome. These datasets might concentrate on the differential diagnosis or other poor outcomes. The exclusion of these datasets might cause potential selection bias. Second, our prognostic model had a better performance in distinguishing patients with high risk, evaluating 28-day mortality in sepsis, and identifying sepsis patients with immunosuppression. However, it still needs large prospective cohorts to validate the performance before the prognostic model was applied to general use. Third, the datasets we included did not provide the details of comorbidities or other diseases. Therefore, we can’t exclude the impact of these factors on the prognostic model. Fourth, it may not accurately identify the immune cell types in sepsis according to bulk RNA-Seq data and the CIBERSORTx deconvolution algorithm. It still required further experiments (e.g. Flow Cytometry) to validate the results. Finally, the vivo and vitro experiments may help us identify the hub genes to predict the prognosis of sepsis and identify the patients with immunosuppression.



Conclusion

Our study demonstrated that immune response played an important role in the development of sepsis. IRGs, as promising novel biomarkers, were used to construct the TFs-DEIRGs regulatory network and prognostic prediction model, respectively. The TF-DEIRGs regulatory network has revealed the potential molecular mechanisms for DEIRGs in sepsis. The prognostic model, with great performance, could identify the patients with high risk and predict the 28-day mortality in patients with sepsis. Besides, the prognostic DEIRGs were also related to the immune cell circulating and immunosuppression state, which might promote individualized therapy for sepsis patients.
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A Corrigendum on: 


Construction and validation of a robust prognostic model based on immune features in sepsis. 
By Zheng Y, Liu B, Deng X, Chen Y, Huang Y, Zhang Y, Xu Y, Sang L, Liu X and Li Y (2022) Front. Immunol. 13:994295. doi: 10.3389/fimmu.2022.994295


In the published article, there was an error. The ‘pheatmap’ R package should be corrected to ‘ggplot2’ R package; false discovery rate (FDR) should be corrected to P-value.

A correction has been made to Materials and Methods, Differential expression analysis in sepsis. This sentence previously stated:

“All the genes in GSE65682 were differentially analyzed by using limma R packages (http://www.bioconductor.org/packages/release/bioc/html/limma.html) (11). The parameter for DEGs screened was│Log2Foldchange│≥0.5 and false discovery rate (FDR) < 0.05. The Volcano plots were drawn by ‘pheatmap’ R package. Then, the IRGs that were overlapping with DEGs were identified as DEIRGs. Similarly, DETFs were obtained by matching TFs with DEGs.”

The corrected sentence appears below:

“All the genes in GSE65682 were differentially analyzed by using limma R packages (http://www.bioconductor.org/packages/release/bioc/html/limma.html) (11). The parameter for DEGs screened was│Log2Foldchange│≥0.5 and P-value <0.05. The Volcano plots were drawn by ‘ggplot2’ R package. Then, the IRGs that were overlapping with DEGs were identified as DEIRGs. Similarly, DETFs were obtained by matching TFs with DEGs.”

In the published article, there was an error. The ‘survival R’ package should be corrected to ‘survival’ R package.

A further correction has been made to Materials and Methods, Construction of the prognostic prediction model in sepsis and development of nomogram, paragraph 1. This section previously stated:

“Based on the univariate Cox regression analysis, prognostic DEIRGs were recognized as the biomarkers for multivariate Cox regression analysis. According to the median risk score value, conducted between low-risk and high-risk groups by using ‘survival R’ package. To evaluate the sensitivity and specificity of the prediction model, the receiver operating characteristics (ROC) curve was calculated using the ‘survivalROC’ package. The area under the ROC curve (AUC) was used to evaluate the prognostic model: 0.5-0.7 (moderate), 0.7-0.8 (better), and >0.9 (excellent).”

The corrected sentence appears below:

“Based on the univariate Cox regression analysis, prognostic DEIRGs were recognized as the biomarkers for multivariate Cox regression analysis. According to the median risk score value, conducted between low-risk and high-risk groups by using ‘survival’ R package. To evaluate the sensitivity and specificity of the prediction model, the receiver operating characteristics (ROC) curve was calculated using the ‘survivalROC’ package. The area under the ROC curve (AUC) was used to evaluate the prognostic model: 0.5-0.7 (moderate), 0.7-0.8 (better), and >0.9 (excellent).”

In the published article, there was an error in Table 1 as published. The name of dataset “GSE63062” was wrong, and it should be changed to “GSE63042”. The corrected Table 1 and its caption “Basic information of the datasets included in this study.” appear below.


Table 1 | Basic information of the datasets included in this study.



The authors apologize for these errors and state that they do not change the scientific conclusions of the article in any way. The original article has been updated.
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  Hemolytic-uremic syndrome (HUS) can occur as a complication of an infection with Shiga-toxin (Stx)-producing Escherichia coli. Patients typically present with acute kidney injury, microangiopathic hemolytic anemia and thrombocytopenia. There is evidence that Stx-induced renal damage propagates a pro-inflammatory response. To date, therapy is limited to organ-supportive strategies. Bruton’s tyrosine kinase (BTK) plays a pivotal role in recruitment and function of immune cells and its inhibition was recently shown to improve renal function in experimental sepsis and lupus nephritis. We hypothesized that attenuating the evoked immune response by BTK-inhibitors (BTKi) ameliorates outcome in HUS. We investigated the effect of daily oral administration of the BTKi ibrutinib (30 mg/kg) and acalabrutinib (3 mg/kg) in mice with Stx-induced HUS at day 7. After BTKi administration, we observed attenuated disease progression in mice with HUS. These findings were associated with less BTK and downstream phospholipase-C-gamma-2 activation in the spleen and, subsequently, a reduced renal invasion of BTK-positive cells including neutrophils. Only ibrutinib treatment diminished renal invasion of macrophages, improved acute kidney injury and dysfunction (plasma levels of NGAL and urea) and reduced hemolysis (plasma levels of bilirubin and LDH activity). In conclusion, we report here for the first time that BTK inhibition attenuates the course of disease in murine HUS. We suggest that the observed reduction of renal immune cell invasion contributes – at least in part – to this effect. Further translational studies are needed to evaluate BTK as a potential target for HUS therapy to overcome currently limited treatment options.
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  1. Introduction.

Food-borne infections with Shiga-toxin (Stx)-producing Escherichia coli (STEC) are the major cause of hemolytic-uremic syndrome (HUS). In 2020, 4446 cases of STEC infections were registered in 36 European countries of which 320 patients suffered from HUS (1). Thereby, HUS is a rare, but acute, renal disorder and clinically presents with a triad of acute kidney injury (AKI), microangiopathic hemolytic anemia and thrombocytopenia. With a mortality rate of 3% in young children, HUS survivors can suffer from persisting end-stage renal disease (ESRD) as well as frequently occurring long-term neurological sequelae (2, 3). After translocation of Stx across the human intestinal epithelium, Stx is transferred mainly by immune cells via extracellular vesicles to renal endothelial cells, which express the Stx receptor globotriasylceramide (Gb3) (4, 5). Following internalization, Stx exerts ribotoxic effects resulting in an apoptotic and proinflammatory environment. The profound renal injury and tissue destruction caused by Stx results in immune cell migration to kidney, originating from natural reservoirs such as spleen, leading to an amplification of the local and systemic inflammation (5). A specific disease-modifying therapy for HUS is not available and, hence, therapy is currently limited to supportive options including fluid resuscitation and renal replacement therapy (6). Moreover, prospective randomized clinical trials are not feasible due to generally low incidences and unpredictable epidemic HUS outbreaks.

Bruton’s tyrosine kinase (BTK) is a cytoplasmic and non-receptor binding protein tyrosine kinase belonging to the TEC family of kinases. Although the function of the BTK was first described in B-cell development, all cells of hematopoietic origin, excluding T-cells, express BTK indicating its important role in innate and adaptive immunity (7–9). The pivotal role of BTK in the development, recruitment and function of innate immune cells is further highlighted by the fact that BTK-deficient mice or mice treated with BTK inhibitors (BTKi) present with a reduced number of macrophages and migration of immature neutrophil granulocytes to inflamed tissue (10–12).

As BTK takes an intermediary role in diverse signaling pathways via downstream targets such as phospholipase-C-gamma-2 (PLCγ2), that influences cell survival, proliferation, differentiation and activation, excessive activation of BTK has been linked to pathophysiological processes in many B-cell-mediated cancers (13). Therefore, intense efforts have been made to design reversible and irreversible BTKi of which the CYS-481-binding inhibitors ibrutinib and second-generation acalabrutinib have been approved by the FDA (14). Interestingly, BTKi also reduce the local and/or systemic inflammation, the associated renal injury and dysfunction in animal models of sepsis, metabolic inflammation and lupus nephritis as well as in patients with COVID-19 (12, 15–17).

The role of BTK in the pathophysiology of STEC-HUS remains unknown. However, the promising results in preclinical studies of inflammatory diseases as well as the findings of the gene expression analysis performed in our well-characterized model of murine HUS (Gene Expression Online - GSE99229) (18) led us to the hypothesis that BTK plays a pivotal role in the inflammatory response and the resulting disease progression in STEC-HUS. Therefore, we investigated the effect of the two FDA-approved, irreversible BTKi ibrutinib and acalabrutinib in a murine model of HUS.


 2. Material and methods.

 2.1. Animal experiments and study design.

The induction of murine HUS by repetitive doses of Stx purified from an O157:H7 EHEC strain 86-24 patient isolate was performed as described previously (18). Male C57BL/6J wild-type mice aged 10-14 weeks were randomly assigned to one of six groups (sham + vehicle; HUS + vehicle; sham + ibrutinib; HUS + ibrutinib; sham + acalabrutinib; HUS + acalabrutinib) (n = 16 per group). Briefly, mice received low doses of Stx (25 ng/kg BW in 0.9% NaCl; HUS groups) or 0.9% NaCl (sham groups) i.v. on day 0, 3 and 6 and BTKi treatment (ibrutinib, acalabrutinib or vehicle) every 24 h p.o. starting immediately after initial Stx injection. For fluid resuscitation, mice received 800 µl Ringer’s Lactate solution subcutaneously three times daily. Body weight was monitored daily and disease progression was evaluated three times daily using an established HUS score ( Supplementary Table S1 ), in which the disease severity was categorized from 1 = no signs of illness to 5 = dead. Survival was monitored up to day 7 using humane endpoints (18, 19). Animals were exsanguinated in deep anesthesia (100 mg/kg ketamine; 10 mg/kg xylazine) and perfused with 0.9% NaCl. All in vivo experiments were approved by the regional animal welfare committee and the Thuringian State Office for Consumer Protection (registration number UKJ-20-018) and were performed in accordance with German legislation and the approved guidelines.


 2.2. BTK inhibitors.

Ibrutinib and acalabrutinib (MedChemExpress) were diluted to 30 mg/kg BW or 3 mg/kg BW in vehicle, respectively. The vehicle was composed of 5% mannitol (Carl Roth), 0.5% gelantine (Sigma Aldrich) and 2.5% dimethyl sulfoxide (DMSO; Carl Roth) dissolved in injection-grade water (Fresenius Kabi).


 2.3. Blood and plasma sample analysis.

Blood withdrawal and plasma preparation (at 4°C) were performed as described previously (18). Plasma neutrophil gelatinase associated lipocalin (NGAL), urea, bilirubin and plasma activity of lactate dehydrogenase (LDH) were analyzed with commercial kits according to manufacturer’s instructions ( Supplementary Table S2 ). Hemograms were determined using scil Vet abc Plus+ (scil animal care company GmbH).


 2.4. Tissue preparation, histopathology, and immunohistochemical staining.

Renal tissue was fixed for at least 72 h in 5% buffered formaldehyde solution (Fischar), before dehydration in descending alcohol solution and embedding in paraffin (Thermo Fisher Scientific) were performed as described previously (18). For all histological staining procedures, 2 µm renal sections were prepared. Histopathological evaluation of renal and splenic tissue using periodic acid Schiff (PAS) staining were performed as described previously (18). Staining for kidney injury molecule-1 (KIM-1), BTK, lymphocyte antigen 6 complex (Ly6g), F4-80, CD3, Ki67 and cleaved caspase-3 (CC-3) were used to evaluate renal sections immunohistochemically. Generally, sections were deparaffinized and hydrated as described previously (18). Blocking of endogenous peroxidase was performed using 3% H2O2 (Carl Roth) and target retrieval solution (pH 6; Dako) was utilized for antigen retrieval in a pressure cooker. Bovine serum albumin (BSA; Sigma Aldrich) or 20% serum (PAA Laboratories) as well as avidin and biotin solution (15 min each; Vector Laboratories) were used each to block unspecific binding sites ( Supplementary Table S3 ). Renal sections were incubated with primary antibody ( Supplementary Table S4 ) overnight at 4°C. Sections were further incubated with secondary antibody ( Supplementary Table S5 ) and with VectaStain ABC kit (Vector Laboratories) for 30 min each ( Supplementary Table S3  for detailed information). As substrate, 3,3-diaminobenzidine (DAB; Vector Laboratories) was used and sections were counterstained with hemalaun (Carl Roth). Finally, renal sections were dehydrated and mounted for observation. Tris(hydroxymethyl)aminomethan (TRIS) buffer (pH 7.6) containing 50 mM TRIS (Carl Roth), 300 mM sodium chloride (Carl Roth), 0.04% Tween® 20 (Sigma Aldrich) was used to wash renal sections between the staining processes. Staining of thrombocytes (glycoprotein-1b (GP1b)) and fibrin deposition (acid fuchsin–Orange G stain (SFOG)) was performed as described previously (18, 19).


 2.5. Quantification of histopathology and immunohistochemical staining.

PAS staining was used for evaluation of vacuolization of splenic cells. Splenic vacuolization was quantified by counting the number of vacuoles in a grid area (10 x 10 caskets; grid area: 0.0156 mm²) for 20 adjacent areas (magnification 1000x). Quantification and evaluation for staining of KIM-1, F4-80, CD3, Ki67 and CC-3 with a grid area of 0.0977 mm² and 400x magnification was performed as described previously (18). Staining of BTK positive cells was quantified by counting the number of intersections overlapping the positive brown staining in a grid area (10 x 10 caskets; grid area: 0.0977 mm²) for 20 adjacent cortical areas (magnification 400x). Staining of Ly6g was quantified by counting the number of caskets with positive brown staining in a grid area (10 x 10 caskets; grid area: 0.0977 mm²) for 20 adjacent cortical areas (magnification 400x). Images were taken using KEYENCE BZ-X800 microscope and BZ-X800 viewer after performing white balance and auto exposure at magnification of 400x (1000x for spleen). Quantification of thrombocytes and fibrin deposition was performed as described previously (18, 19).


 2.6. Immunoblot analysis.

15 mg of frozen spleen were homogenized in 10 µl/mg lysis buffer as described previously (20). Concentration of proteins was assessed as described previously (20). 15 µg (for pBTK/BTK, NLRP3, pro-IL-1β) and 60 µg (for pPLCγ2/PLCγ2) of protein were reduced in Laemmli buffer at 95°C for 5 min and 300 rpm shaking, loaded onto 10% TGX Stain-Free FastCast gels (Bio-Rad Laboratories) and transferred as described previously (20). Membranes were blocked using 5% BSA in TRIS buffered saline with Tween-20 (TBS-T) at room temperature for 1 h. Membranes were incubated in primary antibody diluted in 5% BSA in TBS-T overnight at 4°C ( Supplementary Table S6 ). Membranes were washed 5 times for 5 min each in TBS-T followed by the incubation in HRP-coupled secondary antibodies, diluted in 5% BSA in TBS-T, at room temperature for 1 h ( Supplementary Table S6 ). Again, membranes were washed 5 times for 5 min each in TBS-T. Clarity Western ECL substrate (Bio-Rad Laboratories) and the ChemiDoc MP Imaging System (Bio-Rad Laboratories) were used for signal detection. Image Lab software (Bio-Rad Laboratories) was used for analysis of relative protein expression as described previously (20). Bands with normalization factors between 0.7 and 1.3 were considered for evaluation (21). Phosphorylation levels were determined by the division of relative phosphorylated protein by relative pan protein and subsequent normalization to vehicle-treated HUS group.


 2.7. Statistics.

Data were analyzed using GraphPad Prism 7.05 (GraphPad Software) and are depicted as mean + SD for n observations, where n represents the number of animals studied. Survival was analyzed generating Kaplan-Meier curves. Kruskal-Wallis test (non-parametric test) or ordinary one-way ANOVA (parametric test) was used to compare sham groups to their corresponding HUS groups, as well as HUS + vehicle compared with HUS + BTKi. Gaussian distribution was verified using Shapiro-Wilk normality test at 0.05 significance level. If necessary, values were converted to logarithmic values to achieve normality. For immunoblotting, Mann-Whitney-U test was used for comparison between two groups. A P-value < 0.05 was considered significant.



 3. Results.

 3.1. Disease severity is improved in BTKi-treated mice with HUS.

Seven-day survival of vehicle-treated mice with HUS (81.25%) was decreased compared with vehicle-treated sham mice (100%) ( Figure 1A ). Mice with HUS treated with ibrutinib (87.5%) or acalabrutinib (93.75%) showed an increased, but not significantly altered, survival rate compared with vehicle-treated mice with HUS. During the experiment, all mice with HUS showed increasing disease progression (i.e. increase in morbidity), indicated by the clinical HUS score ( Figure 1B ). However, the HUS score on day 7 was only significantly increased in vehicle-treated mice with HUS compared with their corresponding sham group ( Figure 1C ). Mice with HUS of all groups lost a significant amount of weight during the 7-day experimental period ( Figure 1D ) compared with their corresponding sham group. Weight loss was highest in vehicle-treated mice with HUS (20.6%), followed by mice with HUS treated with acalabrutinib (17.2%) ( Figure 1E ). Comparison of the HUS groups revealed that mice with HUS treated with acalabrutinib lost significantly less weight compared with the vehicle-treated mice with HUS, while weight loss of ibrutinib-treated mice with HUS was reduced (P = 0.05), but not significantly altered, compared with the vehicle-treated HUS group.

 

Figure 1 | Clinical presentation of mice with HUS treated with ibrutinib or acalabrutinib. HUS followed up for 7 days in sham mice and mice subjected to HUS with daily oral application of vehicle, ibrutinib or acalabrutinib. (A) Survival by Kaplan-Meier survival analysis + post hoc test, analysis of (B) progression of HUS score in the course of the experiment (ranging from 1 = no signs of illness to 5 = dead), (C) HUS score on day 7, (D) progression of weight loss in the course of the experiment, (E) weight loss on humane endpoints or day 7 (n = 16 per group). Data are expressed as (B, D) dot blot and (C, E) scatter dot blot with mean + SD. (C) Kruskal-Wallis test + Dunn’s multiple comparison test, (E) ordinary one-way ANOVA + Holm-Sidak’s multiple comparison test. *P < 0.05. HUS, hemolytic uremic syndrome. 




 3.2. Kidney injury, proliferation and apoptosis are partly ameliorated by BTKi treatment in mice with HUS.

Mice with HUS treated with vehicle or acalabrutinib showed severe renal injury, indicated by significantly increased plasma NGAL compared with their corresponding sham group ( Figure 2A ). In contrast, ibrutinib-treated mice with HUS showed elevated, but not significantly altered, plasma NGAL compared with their corresponding sham group as well as significantly less plasma NGAL compared with vehicle-treated mice with HUS. Mice with HUS of all groups showed significantly increased plasma urea compared with their corresponding sham group ( Figure 2B ). However, ibrutinib-treated mice with HUS showed significantly less plasma urea when compared with mice with HUS of the vehicle group. For further evaluation of tissue damage, PAS staining and analysis of KIM-1 expression was performed. Mice with HUS of all groups showed a significantly higher PAS score ( Figure 2C ) and KIM-1 ( Figure 2D ) score compared with their corresponding sham group. However, the highest PAS and KIM-1 scores were measured in vehicle-treated mice with HUS, while ibrutinib- and acalabrutinib-treated mice with HUS tended to have lower PAS and KIM-1 scores. Proliferation and apoptosis in renal tissue was evaluated using Ki67 and CC-3 staining, respectively. Mice with HUS of all groups showed significantly increased cell proliferation compared with their corresponding sham group ( Figure 2E ;  Supplementary Figure 1A ). Notably, treatment with ibrutinib or acalabrutinib significantly reduced the amount of proliferated cells in renal tissue compared with vehicle-treated mice with HUS. Similarly, mice with HUS of all groups showed significantly increased number of apoptotic cells compared with their corresponding sham group irrespective of their treatment ( Figure 2F ;  Supplementary Figure 1B ).

 

Figure 2 | Parameters of kidney injury, proliferation and apoptosis of mice with HUS treated with ibrutinib or acalabrutinib. Determination of plasma (A) NGAL and (B) urea (n = 16 per group) on humane endpoint or day 7. Quantification and representative images of (C) PAS reaction and (D) relative KIM-1 expression in renal sections (n = 16 per group) on humane endpoint or day 7. Bars = 50 µm (400x magnification). Quantification of renal (E) Ki67 and (F) CC-3 expression (n = 16 per group) on humane endpoint or day 7. Data are expressed as scatter dot plot with mean + SD. (A, B, E) ordinary one-way ANOVA + Holm-Sidak’s multiple comparison test, (C, D, F) Kruskal-Wallis test + Dunn’s multiple comparison test. *P < 0.05. NGAL, neutrophil gelatinase-associated lipocalin; PAS, periodic acid Schiff; KIM-1, kidney injury molecule-1; HUS, hemolytic-uremic syndrome. 




 3.3. Surrogate parameters of hemolysis and fibrin deposition are reduced in ibrutinib-treated mice with HUS.

As indirect hemolysis markers, plasma bilirubin and plasma LDH activity were measured. Mice with HUS of all groups showed significantly higher bilirubin levels compared with their corresponding sham group ( Figure 3A ). However, ibrutinib-treated mice with HUS showed significantly reduced plasma bilirubin when compared with the mice with HUS of the vehicle group. Similar results were seen for measurement of LDH activity in plasma. Mice with HUS treated with vehicle or acalabrutinib showed increased plasma LDH activity compared with their corresponding sham group ( Figure 3B ), while ibrutinib-treated mice with HUS showed LDH activity equal to those seen in the corresponding sham animals. All mice with HUS showed significantly increased erythrocyte count ( Figure 3C ), hematocrit ( Figure 3D ) and hemoglobin ( Figure 3E ) in whole blood compared with their corresponding sham group, indicating the development of hemoconcentration as described previously (18). An insignificant trend towards lower mean values of hemoconcentration indicators was observed in ibrutinib-treated mice with HUS compared with vehicle-treated mice with HUS. Significant thrombocytopenia was not observed in mice with experimental HUS regardless of treatment ( Supplementary Figure S2A ). Surrogate parameters of red blood indices (mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration) did not show any differences between vehicle-treated groups and BTKi-treated groups, indicating that treatment with BTKi in mice did not influence characteristics of erythrocytes in mice ( Supplementary Figures S2B–D ). To analyze thrombotic microangiopathy in the kidneys, thrombocytes counts in renal sections of all groups were assessed by GP1b staining, and fibrin deposition was assessed by SFOG staining. Renal thrombocyte counts were significantly increased in the kidney sections of all mice with HUS compared with the corresponding sham mice, regardless of treatment ( Supplementary Figure S3A ). Fibrin deposits were significantly increased in the kidney sections of vehicle- or acalabrutinib-treated mice with HUS compared with the corresponding sham mice, however not in ibrutinib-treated mice ( Supplementary Figure S3B ).

 

Figure 3 | Surrogate parameters of hemolysis of mice with HUS treated with ibrutinib or acalabrutinib. Determination of plasma (A) bilirubin; (B) LDH activity and whole blood (C) erythrocytes, (D) hematocrit and (E) hemoglobin (n = 16 per group) on humane endpoint or day 7. Data are expressed as scatter dot plot with mean + SD. (A) ordinary one-way ANOVA + Holm-Sidak’s multiple comparison test, (B–E) Kruskal-Wallis test + Dunn’s multiple comparison test. *P < 0.05. RBC, erythrocytes; HCT, hematocrit; HGB, hemoglobin; LDH, lactate dehydrogenase; HUS, hemolytic-uremic syndrome. 




 3.4. Dampened renal immune cell invasion by treatment with BTKi in mice with HUS.

BTK is mainly expressed in infiltrating immune cells. Therefore, histological analysis for renal immune cell invasion was performed. In all stainings, mice with HUS of all groups showed significant increase of the evaluated immune cells compared with their corresponding sham group. However, histological staining for BTK revealed a significant reduction of BTK-positive cells in ibrutinib- and acalabrutinib-treated mice with HUS compared with mice with HUS of the vehicle group ( Figure 4A ). Moreover, the same effect was detected for the invasion of neutrophil granulocytes, indicated by Ly6g staining ( Figure 4B ). Quantification of F4-80 (surface marker for macrophages) revealed significantly reduced accumulation of macrophages only in ibrutinib-treated mice with HUS compared with vehicle-treated mice with HUS, while this effect was not seen for acalabrutinib treatment ( Figure 4C ). By contrast, the invasion of CD3-positive cells (surface marker for T-lymphocytes) remained unaffectedly high in mice with HUS of all groups irrespective of their treatment ( Figure 4D ).

 

Figure 4 | Renal immune response of mice with HUS treated with ibrutinib or acalabrutinib. Quantification and representative images of (A) BTK, (B) Ly6g, (C) F4-80 and (D) CD3 expression in renal sections (n = 16 per group) on humane endpoint or day 7. Bars = 50 µm (400x magnification). Data are expressed as scatter dot plot with mean + SD. (A, C, D) ordinary one-way ANOVA + Holm-Sidak’s multiple comparison test. (B) Kruskal-Wallis test + Dunn’s multiple comparison test. *P < 0.05. BTK, Bruton’s tyrosine kinase; Ly6g, lymphocyte antigen 6 complex, locus G; HUS, hemolytic-uremic syndrome. 




 3.5. Alternated BTK-downstream signaling and grade of vacuolization by BTKi treatment in mice with HUS.

As the spleen is described as a natural reservoir of immune cells and BTK is known to have a major impact in the activation of immune cells (9, 22–24), the phosphorylation level of BTK was analyzed in whole-cell protein lysates. BTK phosphorylation was significantly reduced in mice with HUS treated with ibrutinib or acalabrutinib compared with vehicle-treated mice with HUS ( Figure 5A ). As a direct downstream target of BTK, phosphorylation level of PLCγ2 was analyzed in spleen. Ibrutinib-treated mice with HUS showed reduced, but not significantly altered, PLCγ2 phosphorylation compared with vehicle-treated mice with HUS ( Figure 5B ). In contrast, only acalabrutinib treatment in mice with HUS led to significantly reduced phosphorylation of PLCγ2 compared with the vehicle-treated mice with HUS. Since BTK has been described as an activator of the NLRP3 inflammasome, the relative protein expression of NLRP3 and pro-IL-1β in spleen tissue was analyzed. In the spleen, ibrutinib-treated mice with HUS showed a trend towards decreased NLRP3 ( Figure 5C ) and pro-IL-1β ( Figure 5D ) expression, while acalabrutinib-treated mice with HUS showed a significantly decreased protein expression of NLRP3 ( Figure 5C ) and pro-IL-1β ( Figure 5D ) compared with vehicle-treated mice with HUS. For analysis of spleen morphology, PAS staining was performed and vacuolization of cells was counted. Vehicle- and acalabrutinib-treated mice with HUS showed significantly increased vacuolization of cells compared with their corresponding sham group ( Figure 5E ). Moreover, treatment with ibrutinib and acalabrutinib lead to significantly reduced vacuolization of cells in mice with HUS compared with vehicle-treated mice with HUS.

 

Figure 5 | BTK-downstream signaling as well as vacuolization of cells in spleen of mice with HUS treated with ibrutinib or acalabrutinib. Ratio of relative phosphorylated protein expression to relative pan protein expression of (A) BTK and (B) PLCγ2 as well as relative protein expression of (C) NLRP3 and (D) pro-IL-1β in spleen (n = 4 per HUS group) in whole splenic protein lysates on humane endpoint or day 7. Quantification and representative images of (E) vacuolization of cells in splenic sections (n = 7 - 8 per group) on humane endpoint or day 7. Bars = 20 µm (1000x magnification). Arrows indicate sites of vacuolization. Data are expressed as scatter dot plot with mean + SD. (A–D) Mann-Whitney-U test. (E) ordinary one-way ANOVA + Holm-Sidak’s multiple comparison test. *P < 0.05. BTK, Bruton’s tyrosine kinase; PLCγ2, phospholipase-C-gamma2; HUS, hemolytic-uremic syndrome; NLRP3, NLR family pyrin domain containing 3; IL-1β, Interleukin-1beta. 





 4. Discussion.

STEC-HUS is a rare, but life-threatening, disease causing acute kidney injury often followed by long-term sequelae. Hitherto, supportive therapy during acute phase of this disease is the mainstay and targeted therapy is still missing. In the present study, we report for the first time that the two FDA-approved BTKi ibrutinib and acalabrutinib attenuate disease progression seen by a reduction of renal immune cell infiltration in a murine model of HUS.

Critical steps in HUS pathophysiology, caused by Stx, are acute kidney injury, microangiopathic hemolytic anemia and thrombocytopenia as well as the evoked immune response. As the kidneys are the main target of Stx in HUS, we investigated the impact of the BTKi ibrutinib and acalabrutinib on renal pathology in our murine HUS model. Ibrutinib-treatment in mice with HUS slightly alleviated renal injury by reducing plasma NGAL and urea as well as proliferation of cells in renal tissue. Nevertheless, a profound improvement in renal tissue damage and dysfunction has not been observed for both inhibitors in the present study. Conversely, ibrutinib and acalabrutinib have already been proven to ameliorate renal dysfunction in murine models of cecal ligation and puncture (CLP)-induced sepsis, sepsis-induced acute kidney injury as well as lupus nephritis (15, 16, 25). In the light of these studies, we hypothesize that inhibition of BTK in the pathophysiology of HUS does not primarily affect the ribotoxic function and subsequent destruction of renal tissue by Stx. Therefore, we analyzed the influence of BTKi on the aspect of hemolysis in the pathophysiology of HUS. In our HUS model, mice suffer from profound dehydration, indicated by increased hemoglobin and hematocrit, and show elevated hemolysis markers, which have been described before (18). In the present study, ibrutinib-treated mice with HUS showed positive impact on hemolysis while intervention with acalabrutinib did not. Interestingly, both inhibitors have already been described as therapeutic option for autoimmune hemolytic anemia and are currently tested in clinical stage 2 trials (ibrutinib: NCT03827603, NCT04398459; acalabrutinib: NCT-04657094) (26, 27). These contradicting results might be explained by different application regimes of ibrutinib (30 mg/kg BW) and acalabrutinib (3 mg/kg BW) in our study. Moreover, potential off-target activity of ibrutinib cannot be excluded. Ibrutinib has been shown to block other TEC family kinases such as epidermal growth factor receptor (EGFR), targeting interleukin-2 inducible T-cell kinase (ITK) and TEC. In contrast, acalabrutinib possesses a much higher selectivity, but reduced potency, for BTK compared with ibrutinib (27–29). Thrombocytopenia is another hallmark of HUS and we already previously described that mice with HUS did not develop a pronounced thrombocytopenia in the employed model. We hypothesized earlier that thrombocytopenia might be masked by hypovolemia and consecutive hemoconcentration (18). Recently published studies have reported antithrombotic properties of low doses of BTKi in mouse models and human volunteers (30–32). Therefore, we investigated the effects of BTKi on thrombotic microangiopathy in HUS by staining platelets and fibrin deposition. In our model acalabrutinib had no effect on surrogate parameters of thrombotic events. However, in ibrutinib-treated mice with HUS, we observed a trend towards less fibrin deposition. Taken together, we observed an advantage for ibrutinib over acalabrutinib in the analysis of renal injury, hemolysis and fibrin deposition in our murine HUS model. However, the improvement of disease progression of HUS by BTKi, seen by decreased morbidity and lowered mortality, was observed for both inhibitors. As BTK is mainly expressed in cells of hematopoietic origin, we assume that treatment with ibrutinib and acalabrutinib mostly affects the evoked immune response after initial renal injury.

In the last decade, intense research has been performed to demonstrate that inflammation is a central part in the pathophysiology of HUS and not just an epiphenomenon (33). Renal destruction, induced by Stx, not only causes vascular damage but also the induction of cytokine and chemokine expression. Thereby, the secretion of interleukin-8 or monocyte chemotactic protein 1 of the Stx-affected cells generates an inflammatory environment, while simultaneously enhancing immune cell adhesion and their migration into renal tissue (33–35). Therefore, it is not surprising that recruitment of macrophages, neutrophils and other immune cells is well documented in murine kidneys of our HUS model as well as in HUS patients (18, 19, 36). Interestingly, binding of Stx to neutrophils prolongs their lifespan, increases reactive oxygen species production and neutrophil extracellular trap formation and thereby intensifying the inflammatory process, indicating neutrophils are an important player in HUS pathophysiology (37). In the present study, we observed that treatment with the BTKi ibrutinib and acalabrutinib significantly reduced the general amount of BTK-positive cells in renal tissue. Further analysis showed that especially neutrophils and macrophages (ibrutinib only) were affected by BTKi treatment in HUS, matching the fact that expression of BTK in both cell types was proven to play an important part in their maturation and function. Matching this, BTK deficiency has been associated with reduced number of monocytes, macrophages as well as granulocytes arresting in a pre-mature stage causing neutropenia in different studies (9, 11, 38, 39). We hypothesize that especially the reduced amount of neutrophils migrating into renal tissue through BTKi is the reason for the improved morbidity and mortality observed in the present study. Underlining this, Lill et al. recently observed that in mice with HUS, tissue-resident renal macrophages produce TNF-α, which is a crucial chemotactic molecule for recruitment of neutrophils (40). TNF-α depletion of these macrophages significantly reduced neutrophil migration into the kidney and significantly improved disease outcome (40). In addition, the functional state of neutrophils has been correlated with renal dysfunction and disease outcome in children with HUS, emphasizing a crucial role of neutrophils in the progression of this disease (36). Besides the role of BTK in the physiological function of immune cells, BTK has also a profound impact on the recruitment process of neutrophils and macrophages from the bloodstream or natural reservoirs into injured tissue, as BTK has been found to play a key role in E-selectin-mediated slow rolling and transmigration of neutrophils into tissue (41, 42). The concept of the spleen as a natural reservoir of immune cells is well established. Neutrophils can contribute to the marginating pool of granulocytes through localization in the spleen in absence of infection or injury (23). Especially the mobilization of splenic monocytes to injured tissue after coronary ligation highlights the ability of the spleen to make immune cells available after tissue destruction (24). To examine, whether inhibition of BTK affects other organs involved in the triggered immune cell activation and recruitment, we analyzed the activation status of splenic BTK and its direct downstream target PLCγ2 (43, 44) and observed a reduced activation of both proteins in splenic tissue by BTKi in mice with HUS. Furthermore, BTK has previously been described as a positive and direct regulator of the NLRP3 inflammasome and the production of pro-inflammatory IL-1β (45–48). We analyzed the protein expression of NLRP3 and pro-IL-1β and observed reduced expression of these proteins in spleen tissue of BTKi-treated mice with HUS. Therefore, we hypothesize that the BTK-downstream signaling, which leads to activation and recruitment of immune cells to the kidney and generation of pro-inflammatory stimuli, is blocked by the employed BTKi, particularly in the spleen of mice with HUS. Moreover, we observed vacuolization of cells in the red pulp of the spleen after HUS induction, which is significantly reduced by BTKi. To our knowledge, this phenomenon has not been described before in the pathophysiology of HUS. Extensive vacuolization in the red pulp has already been negatively associated with the outcome in studies analyzing murine infections with Plasmodium berghei or toxicity testing of elmiron (49, 50). Concluding this, we hypothesize that an improved outcome of HUS progression through BTKi could be achieved by a reduced immune cell recruitment from spleen to kidney and a reduced alternation of splenic tissue.

Hitherto, HUS therapy is limited to organ-supportive strategies. We report here for the first time that the commercially available BTKi ibrutinib and acalabrutinib alleviate disease progression in murine HUS by reducing renal immune cell invasion. Moreover, our results indicate less BTK-induced immune cell activation in spleen as potential explanation. The promising results of BTK as a new target in HUS therapy in our study are worth to be further validated.
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