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Editorial on the Research Topic 


Immune Dysfunction: An Update of New Immune Cell Subsets and Cytokines in Sepsis


The still raging SARS-CoV-2/COVID-19 pandemic has understandably diverted the research attention from other important domains of medical sciences. This Research Topic partly fills the void of the justified neglect and re-focuses the attention on (beyond COVID-19) sepsis – also a globally widespread and burdening problem. Dysregulated host immune response is currently accepted as the major cause of multiple organ dysfunction syndrome (MODS) and subsequent death in septic patients (1, 2). Specifically the dysfunction of innate and adaptive immune systems appears to be responsible for the development of immune deregulation under microbial exposure both regarding the acute sepsis phenotypes as well as their long-term consequences. However, there is currently vague understanding of the pathogenesis of sepsis-induced immune depression, especially of the effects of new immune cell subsets and cytokines.

In recent years, advanced analytical technologies have enabled the discovery of new immune cell subsets and cytokines, which are shown to play various roles in modulating host immune response and initiating MODS secondary to sepsis. This particular Research Topic provides an overview of: i) selected newly discovered immune cell subsets and mediators in the development of sepsis-induced immunosuppression and multiple organ injury, and ii) new functions and modulatory signaling of classical/known immune cells and mediators. The Research Topic features a total of fourteen articles; nine original manuscripts, three review articles, and two mini-reviews. The journal and the Research Topic editors sincerely appreciate all outstanding works and their authors contributing to this collection.

The Sepsis-3 that is defined as life-threatening organ dysfunction caused by a dysregulated host response to infection highlights the importance of immune deregulation in the pathogenesis of sepsis. Darden et al. demonstrated, by using a novel single-cell RNA-sequencing analysis, that the circulating lymphoid cells of late septic patients maintained a transcriptomic profile that was predominantly immunosuppressive with low-grade proinflammatory characteristics. Interestingly, the lymphocyte transcriptomes differed due to various types of infecting organisms, hinting the need for personalized immunotherapy (Darden et al.). While a preliminary report, this analytical direction opens new monitoring frontiers regarding protracted follow-up of chronic sepsis. Using an elegant study-design, Skirecki et al. characterized a compartment-and outcome-dependent evolution of myelopoiesis in acute murine sepsis. Mice with cecal ligation and puncture (CLP) were stratified into predicted-to-die (P-DIE) and predicted to-survive (P-SUR) cohorts revealing a varying rate of depletion of the hematopoietic stem and progenitor cells subclasses depending on the analyzed compartment. These findings implicate the early impairment of myelopoiesis in sepsis outcomes and underline an importance of compartment-targeted monitoring.

Dysregulation of innate and adaptive immune system contributes to sepsis-induced immune deregulation. Several markers have been proposed regarding development of immune dysfunction in sepsis, e.g., a suppressed expression of human leukocyte antigen DR (HLA-DR) on monocytes and lymphocytes. Wang et al. observed a heterogeneous immune response in peripheral blood monocytes of septic patients by using high-dimensional flow cytometry. Furthermore, the authors identified two major monocyte subtypes (i.e., hypo- and hyper-responsive) by assessing the production of cytokines and the HLA-DR expression in response to lipopolysaccharide (LPS) stimulation. Such a diagnostic approach aligns well with the notion of the desired personalized therapy tailored based on immune status. The activation and function of neutrophils in sepsis are another noteworthy topic of this Research Topic. Seree-aphinan et al. screened and compared patients with septic shock versus non-septic infection founding that only C-X-C motif chemokine receptor 2 (CXCR2) was closely associated with the onset of sepsis and concentration-dependent relationship with the clinical severity. Platelet activating factor (PAF) plays an important role in rapid depolarization, intracellular alkalization, and increased cell size of neutrophils. Hug et al. reported that an ex-vivo LPS stimulation and porcine polymicrobial sepsis resulted in a diminished response of neutrophils to PAF. This abnormality was recorded at the onset of experimental sepsis as it might serve as an early hallmark of an innate immune dysfunction (Hug et al.). In the next original study, Ji and Fan systematically described a phenomenon of neutrophil reverse migration in sepsis – a potentially one of the major causes of organ injury due to an overexposure of neutrophils. Neutrophils that reversely-migrated from the inflammation/infection sites back into the circulation presented with a prolonged lifespan and delayed apoptosis, showing a positive correlation with sepsis-induced acute lung injury (ALI) (Ji and Fan).

Substantially altered innate immune response frequently has grave short-and long-term consequences. Using a novel technique for intracellular cytokine measurement in the whole blood, Fabri et al. reported the suppressed production of tumor necrosis factor-α (TNF-α) but increased interleukin-10 (IL-10) secretion, and the number of IL-10 producing CD4+ T lymphocytes was significantly elevated. An imbalanced responsiveness of both innate and adaptive immune cells undeniably contributes to the overall magnitude of the sepsis-induced immunosuppression. In another mechanistic work, Chen et al. found that activation of group 2 innate lymphoid cells (ILC2s) was able to augment IL-17A-producing γδT cell expansion and secretion of IL-17A by releasing IL-9 in CLP mice. Furthermore, the authors identified the effects of neuromedin U (NMU) on activation of ILC2s by directly binding with NMU receptor 1 (NMUR1), which might be a potential therapeutic target for reversing sepsis-induced ALI. The viability and function of both resident and circulating immune cell subsets are major factors that drive the development of immune dysfunction. Of note, a profound depletion of common myeloid progenitors in P-DIE CLP mice was owing to an increased apoptosis (Skirecki et al.). Other types of cell death, e.g., ferroptosis, could also constitute an essential part of uncontrolled inflammation and immune dysfunction in sepsis (Li et al.). Li et al. systematically reviewed the phenomenon of ferroptosis (characterized by excessive lipid peroxidation and overload ion) and illustrated its close association with a dysregulated immune response. In their pilot study, Lorente-Pozo et al. reported the importance of epigenetic alteration in an impaired immune response in neonatal sepsis. The authors demonstrated that the methylation level in premature septic infants was significant altered in genomic regions functionally associated with multiple inflammatory pathways and innate/adaptive immune responses. These observations suggest that the DNA methylation patterns can be successfully exploited to serve as efficient biomarkers predicting/detecting septic complications.

It is widely accepted that MODS constitutes the ultimate cause of death in septic patients. An excessive inflammation, coagulopathy and/or immune dysregulation are considered as the major mechanisms for the development of multiple organ injury in sepsis. As mentioned above, a delayed withdrawal of neutrophils was critically involved in respiratory tissue damage and the rate of circulating reverse-migrated neutrophils revealed a positive correlation with ALI (Ji and Fan). The IL-17A was observed to be significantly elevated in the lungs of septic mice, urging a further in-depth mechanistic exploration by NMU, ILC2s, and IL-17A-producing γδT cells (Chen et al.). Schulz et al. highlighted the significance of microcirculation and mitochondrial function in the development of gastrointestinal and liver damage during sepsis. The sepsis-induced immune, inflammatory and coagulation fluctuations constitute a complex interwoven network that trigger and drive MODS. Wu et al. discussed the activation of canonical and non-canonical inflammasomes in triggering the release of coagulation factors, such as factor III and tissue factors, from both monocytes and macrophages. This immune-coagulation can be transformed into a vicious cycle for organ damage. Additionally, the authors described a significant role of stimulator of interferon genes (STING) and high mobility group box-1 protein (HMGB1) in modulating the activation of inflammasomes and the immune-to-coagulation interaction (Wu et al.).

An immune suppression does not only contribute to the sepsis onset but it also critically weights upon poor outcomes and protracted post-septic consequences. A timely, efficient and personalized immune-modulation should achieve a high priority in the therapeutic management of sepsis. Bergmann et al. summarized the pathophysiology of the sepsis-induced immunosuppression and highlighted the importance of anti-inflammatory mediators, such as IL-10, transforming growth factor-β (TGF-β), and thymic stromal lymphopoietin (TSLP), in inducing a persistent immune-depression in sepsis. They concluded that modulation of those cytokines should be considered for reversing sepsis-induced immunosuppression once a precise stratification of septic patients is achievable (Bergmann et al.). Likewise, Royster et al. described the role of sialic acid-binding immunoglobulin-type lectin-G (Siglec-G) in immunomodulation by inhibiting activation of nuclear factor κB and damage associated molecular patterns-mediated inflammation. Though greatly desired, any specific drugs for a successful sepsis-induced immunomodulation remain to be added to the current clinical practice. Future pre-and clinical studies should be therefore prioritized on: i) expanding our understanding of the pathophysiological roles of the old and novel immune cell subsets and mediators by using advanced analytical technologies, ii) constructing personalized immuno-therapies based on the patients’ immune status, and iii) combined treatments covering both innate and adaptive immunity (rather than any “golden bullet” therapy) as well as re-balancing the pro- and anti-inflammatory dynamics.
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Sepsis is one of the well-established diseases with specific patterns of neutrophil dysfunctions. Previous studies demonstrated sepsis-related neutrophil dysfunctions in comparison with subjects without infection. Since sepsis and infection are recently recognized as distinctive processes, whether these neutrophil dysfunctions are associated with sepsis or infection are not known. Therefore, we longitudinally compared neutrophil functions, widely-cited as exhibiting sepsis-related changes, between patients with septic shock and infection. The surface level of cluster of differentiation 64 (CD64), C-C motif chemokine receptor 2 (CCR2), C-X-C motif chemokine receptor 2 (CXCR2); apoptosis; and NETosis were measured from peripheral blood neutrophils for seven consecutive days using flow cytometry. The between-group comparisons of neutrophil functions were made both on a day-by-day basis and as linear regression between time and measured neutrophil functions (sepsis status included as model predictors). Our study found that, among neutrophil functions studied, only CXCR2 surface level is associated with sepsis. At disease onset, CXCR2 level decrease, with a dose-response relationship with clinical severity. Its level reverts to resemble infected patients by the end of the week. The relationship between CD64 surface level, CCR2 surface level, NETosis, and sepsis are mediated through the effect of infection. Apoptosis activity between these groups are similar, hence, not sepsis-related.
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Introduction

Sepsis is a syndrome diagnosed by the presence of life-threatening organ dysfunctions triggered by infection (1); not all patients with infection develop sepsis. At present, physicians rely on clinical tools [e.g., Sequential Organ Failure Assessment (SOFA) score] to distinguish sepsis from infection, even though signs and symptoms of sepsis overlap considerably with other diseases. As part of an updated sepsis definition (1), it was proposed that dysregulated immunological responses could be the key to distinguish sepsis from an appropriate reaction to infection. Neutrophils could have great potential in this matter since it is considered to have an integral role in sepsis pathobiology; both qualitatively and quantitatively (2). Previous studies consistently identified specific alterations of neutrophil function in sepsis patients (3–5); some of them were linked to poor clinical outcomes (6, 7).

Currently, some knowledge gaps limit a clinical application of these sepsis-related neutrophil dysfunctions. Firstly, most studies demonstrated them in comparison with subjects with good health (8) or pre-existing sterile inflammation (9, 10). In the real clinical setting, however, all sepsis patients are infected. Hence, by using controls without infection, it is impossible to know whether these so-called sepsis-related neutrophil dysfunctions represent a state of infection, infection in conjunction with other inflammatory processes, or sepsis. Secondly, with an update of sepsis definition by the Third International Consensus Definitions for Sepsis and Septic shock (Sepsis-3) (1), neutrophil dysfunctions defined on the background of previous clinical definition may not be relevant to the current practice. Lastly, the paucity of longitudinal studies in this field makes it difficult to generalize the neutrophil dysfunctions demonstrated during one period to another during the clinical course.

Given the knowledge gaps above, our study aims to longitudinally compare neutrophil functions, widely-cited as exhibiting sepsis-related changes, between two groups of patients; clinically defined by Sepsis-3 definition as septic shock or infection. These include the surface level of cluster of differentiation 64 (CD64), C-C motif chemokine receptor 2 (CCR2), C-X-C motif chemokine receptor 2 (CXCR2); apoptosis; and NETosis. The associations between these neutrophil functions and clinical outcomes were also explored.



Materials and Methods


Study Design and Participants

This is a longitudinal observational study conducted in a tertiary university teaching hospital in Thailand. Patients who were diagnosed with acute infection and presented within 48 h of their symptom onset were recruited. We used Sepsis-3 definition (1) to classify patients’ sepsis status. Based on these clinical definitions, patients with infection, quick SOFA (qSOFA) score ≥ 2, and evidence of organ dysfunction (SOFA score ≥ 2) are diagnosed as sepsis. Sepsis patients are further categorized as septic shock if, despite adequate fluid resuscitation, they require vasopressor support to maintain mean arterial pressure ≥ 65 mmHg and had serum lactate level > 2 mmol/L. Patients with infection and qSOFA score < 2 are categorized as infection. In our study, only ones who could be classified into either septic shock or infection were included. We did not recruit sepsis patients without septic shock because their clinical signs often overlap with other conditions (e.g., acute heart failure precipitated by infection, acute pulmonary embolism); which potentially lead to misclassification. Patients with less than 18 years of age, prior diagnosis of sepsis within three months before the recruitment, autoimmune diseases, the use of immunosuppressive medications, prolonged steroid usage (> 2 weeks), active malignancy, HIV infection, and pregnancy were excluded. All patients with septic shock were admitted to a medical intensive care unit while patients with infection were admitted to general medical wards. qSOFA score was monitored regularly for patients with infection to ensure their non-sepsis status throughout the study period. All patients received appropriate treatment as outlined in the Surviving Sepsis Campaign Bundles (11). The patients or their legal guardians received verbal informed consent initially followed by written informed consent within 48 h of the study recruitment. Ethical clearance was approved by the Human Research Ethics Committee of the Faculty of Medicine, Prince of Songkla University, Thailand (REC. 61-090-14-1).



Sample Size Consideration

Our study employed multilevel analyses to explore the longitudinal trends of neutrophil functions and their associations with sepsis; repeated measurements of neutrophil functions were nested within each patient. Hence, group size for multilevel analysis is the number of patients. In medical research, a consensus method of selecting group size for this type of analysis is lacking, even though bigger group size is traditionally believed to give better estimates than the smaller one. Maas et al. (12) conducted a simulation study to evaluate the performance of two-level models, with one explanatory variable in each level, across different group sizes. They found that, compared to the group sizes of 50 and 100, a group size of 30 gives accurate regression coefficients and variance components with negligible bias and only 1.6% higher non-convergence rate. Therefore, we selected a sample size of 30 for our study. During the analysis, we did not encounter any convergence problem.



Measurement of Neutrophil Functions

For all study participants, two milliliters of fresh whole blood were collected once daily for seven consecutive days (Day 1 to Day 7). Since a clinical course of some septic shock patients may be longer than infected patients, we also collected one additional blood sample at Day 14 in septic shock patients. The surface level of CD64, CCR2, and CXCR2 receptors; apoptosis activity; and NETosis activity were measured from peripheral blood neutrophils using flow cytometry. The degree of CD64, CCR2, and CXCR2 surface level, were quantified by median fluorescent intensity (MFI) of the corresponding molecules in the overall neutrophil population. Additionally, for CD64, CCR2, and CXCR2 receptors, we also quantified the percentages of neutrophils which could be categorized as dysfunctional according to the current literature. Healthy neutrophils have a negligible level of CD64 and CCR2 surface receptors (13, 14) while having abundant CXCR2 surface receptors (15). Compared to normal neutrophils, previous studies have proposed the following neutrophil dysfunctions as sepsis-related: increased phagocytic activity through upregulation of CD64 receptors and transmigration abnormalities due to upregulation of CCR2 receptors or internalization of CXCR2 receptors (3–5). Therefore, gated using unstained neutrophils as negative control, we quantified the percentages of CD64-positive neutrophils, CCR2-positive neutrophils, and CXCR2-negative neutrophils and referred to them as “dysfunctional neutrophils”. Both MFI and the percentages of “dysfunction neutrophils” were used for analyses. Regarding apoptosis and NETosis, the percentages of neutrophils expressing features of apoptosis and NETosis were used to represent apoptosis and NETosis activity.


Specimen Collection and Preparation for Flow Cytometry

The blood samples, stored in ethylenediaminetetraacetic acid-coated tubes at room temperature, were processed within 4 h of collection. Neutrophils were isolated by negative selection immunomagnetic cell separation methods using EasySep™ Direct Human Neutrophil Isolation kit (STEMCELL™ Technologies, BC, CA). Fc receptor blockage was carried out as part of the cell separation process. The cell suspensions were separated for two assays, each resuspended in 50 µl of two different pre-mixed antibody cocktails; one cocktail used in the measurement of CD64, CCR2, and CXCR2 surface level and the other used for apoptosis and NETosis studies. Fluorescent-dye conjugated antibodies used in this study are anti-human CD45-Per-CP antibody (BD Pharmingen, NJ, US); anti-human CD16-PE-Cy™7 antibody (BD Pharmingen, NJ, US); anti-human CD64-PE antibody (BD Pharmingen, NJ, US); anti-human CCR2-Alexa Fluor®647 antibody (BD Pharmingen, NJ, US); anti-human CXCR2-FITC antibody (BD Pharmingen, NJ, US), Annexin V-FITC antibody (BD Pharmingen, NJ, US); Propidium iodide (PI) (BD Pharmingen, NJ, US); and anti-human myeloperoxidase (MPO)-PE antibody (Bio-Rad Laboratories, CA, US). The samples were incubated for 20 min in the dark at room temperature before fixing with 1% paraformaldehyde solution for 4 min. The cells were resuspended in Dulbecco’s phosphate-buffered saline and kept in the dark, waiting for data acquisition within 4 h of fixation. The purity of the neutrophil isolates was evaluated in all experimental specimens by CD45/Side scatter gating. All experiments conducted in this study achieved more than 95% of neutrophil purity.



Flow Cytometry Analysis

Data acquisition was performed with the Amnis® ImageStream®X Mk II Imaging Flow Cytometer (Luminex Corporation, TX, US). The fluidics was set at low flow with high sensitivity and 40X magnification objective. In addition, 488- and 642-nm lasers with an output power of 100 and 150 mW were used. We followed Maecker et al. (16) recommendations for the flow cytometry control set-up. We used background fluorescent intensities from unstained cells as negative control. Neutrophils from two septic shock patients were used for positive control experiments. The optimal antibody concentration which gave positivity while minimizing image oversaturation was titrated. The positivity was confirmed both by comparing the fluorescent intensity with unstained samples and the visualization of the surface staining on fluorescent cell images, which were simultaneously collected by the Imaging Flow Cytometer. For positive control of apoptosis, neutrophils were cultured in Roswell Park Memorial Institute 1640 Medium (ThermoFisher Scientific, MA, US), supplemented with 10% heat-inactivated fetal bovine serum (ThermoFisher Scientific, MA, US) and 1× Gibco® Antibiotic-Antimycotic (ThermoFisher Scientific, MA, US) at 37°C, CO2 5%, for 48 h before analysis to allow time for most of the cells to undergo apoptosis. For positive control of NETosis, we used 1× concentration of eBioscience™ Cell Stimulation Cocktail (ThermoFisher Scientific, MA, US), a mixture of phorbol 12-myristate 13-acetate (PMA) and ionomycin, to stimulate NETosis formation. Both PMA and ionomycin are well-known NETosis inducers (17).

Image Data Exploration and Analysis Software (IDEAS®) version 6.2 was used for flow cytometry analysis. Propriety software functions are italicized. Spectral overlap compensation was performed by using single stained controls to create a compensation matrix. Prior to analysis, the collected events underwent camera focusing quality assessment using the software’s function called Gradient RMS and included only events with good camera focus. For the assay which measured CD64, CCR2, and CXCR2 surface level, dead cell (i.e., PI-positive events) elimination was also performed. The selected events were firstly gated on brightfield (BF) Area and side scatter intensity to evaluate their size and granularity, respectively (Figure 1A). Single cells were separated from cell aggregates by objects’ size quantified by the software’s image-based analytic function called Area. This function measures the size of the object using image pixels. By applying this function to the BF images, this value represents the cross-sectional area of the object images (i.e., the size of the cell). Utility-wise, it is equivalent to forward scatter geometry in non-imaging flow cytometers. Among single cells, neutrophils were preliminarily identified based on their granularity. Subsequently, CD16 positivity was used to confirm the gated cells as neutrophils (Figure 1B); every experimental specimen yielded at least 10,000 neutrophils for further analyses. On CD16-positive neutrophils, we measured the MFI of CD64, CCR2, and CXCR2 receptors, as well as the percentages of CD64-positive cells, CCR2-positive cells, and CXCR2-negative cells (Figure 1C). Regarding apoptosis cell count (Figures 1D, E), we used a method described by Pietkiewicz et al. (18), which combines an image-based flow cytometry analysis and classical Annexin V/PI staining for apoptosis detection. The method distinguishes cell population into double-negative (healthy) cells, Annexin V-positive/PI-negative (early apoptotic) cells, and double-positive (late apoptotic and necroptotic) cells. Among the double-positive population, the software’s image-based analytic functions, namely Intensity threshold and Contrast morphology for the PI-channel, were employed to discriminate between late apoptotic and necroptotic cells. We collectively counted early and late apoptosis as apoptosis events. NETosis was identified by the presence of cell-appendant neutrophil extracellular traps components, including MPO and extracellular DNA. Extracellular DNA was detected by using the software masking features as previously described (19). These masking features identify cells with DNA contents located extracellularly and help exclude the cells stained by PI intracellularly (late apoptotic and necroptotic cells). In brief, a cell-impermeant DNA dye, PI in our experiment, was used to stain extracellular DNA. The software creates masks based on the fluorescent images of the cells stained by PI. The area of extracellular DNA was established by subtracting BF mask from PI-channel mask; since BF and PI-channel masks delineate cell boundaries and DNA extent, respectively. Neutrophils with high extracellular DNA area and MPO positivity were counted as NETosis events (Figure 1F).




Figure 1 | Representative diagrams showing the flow cytometry gating strategy. This analysis was performed on IDEAS® software version 6.2. Propriety software functions are italicized. Prior to analysis, the collected events underwent camera focusing quality assessment using Gradient RMS and, for the assay which measured CD64, CCR2, and CXCR2 surface level, dead cells elimination. The selected events were firstly gated on brightfield Area and side scatter intensity to evaluate their size and granularity, respectively (A). Single cells were separated from cell aggregates by brightfield Area (labeled as Area_BF) and preliminarily identified as neutrophils based on their granularity. CD16 positivity was used to confirm the gated cells as neutrophils (B). The MFI of CD64, CCR2, and CXCR2 surface receptors was measured from neutrophils; which were also gated as positive or negative population using unstained samples as negative control (C). Using Annexin-V and PI intensity, CD16-positive cells were distinguished into double-negative (healthy) cells, Annexin V-positive/PI-negative (early apoptotic) cells and double-positive (late apoptotic and necroptotic) cells (D). Intensity threshold and Contrast morphology for the PI-channel were employed to discriminate between late apoptotic and necroptotic cells (E). A co-staining of MPO and cell-appendant extracellular DNA was used to identify neutrophils undergoing NETosis (F). The area of extracellular DNA, labeled as exDNA (Area), was established by subtracting BF mask from PI-channel mask; since BF and PI-channel masks delineate cell boundaries and DNA extent, respectively. CCR2, C-C chemokine receptor 2; CD, cluster of differentiation; CXCR2, C-X-C chemokine receptor 2; DNA, Deoxyribonucleic acid; MFI, Median fluorescent intensity; MPO, myeloperoxidase; PI, propidium iodide; SSC, side scatter.






Data Collection

The following baseline clinical data were collected: age, gender, comorbidities, source of infection, presence or absence of bacteremia, initial absolute neutrophil count, Acute Physiology and Chronic Health Evaluation (APACHE) II score on admission, and patient’s status at Days 7, 14, and 28 (i.e., recovered, critically-ill, deceased). Patients were considered critically-ill if they still needed organ support (e.g., mechanical ventilation, vasopressors). Survivors, who did not fall into the critically-ill definition, were classified as recovered. Daily SOFA scores were collected as means to quantify clinical severity in septic shock patients.



Statistical Analysis

Data analysis was performed using STATA 16.1 (StataCorp LLC, TX, US). The graphical illustrations were created with the R program’s data visualization package (ggplot2). The baseline characteristics of patients between septic shock and infection groups were compared with Pearson’s chi-squared or Fisher’s exact tests as appropriate. The following measurements of neutrophil functions were used in the analyses: MFI of CD64, CCR2, and CXCR2 surface receptors; the percentages of “dysfunction neutrophils” (i.e., CD64-positive neutrophils, CCR2-positive neutrophils, and CXCR2-negative neutrophils); the percentages of apoptosis; and the percentages of NETosis. For measurements of CD64, CCR2, and CXCR2 surface receptors, pairwise correlation analyses were performed to determine the degree of correlations between MFI and the percentages of “dysfunction neutrophils”. The analyses of associations between each neutrophil function and sepsis status were divided into two parts as described below with p < 0.05 defined statistical significance of all tests.


Longitudinal Changes of Neutrophil Functions and Their Associations With Sepsis Status

The comparison of neutrophil functions between septic shock and infected patients was made both on a day-by-day basis and as linear regression between time (i.e., days after admission) and measured neutrophil functions. The measurements of neutrophil functions on specific days were compared with t-tests and Wilcoxon Rank Sum tests for normally and non-normally distributed variables, respectively. Additionally, the measurements of neutrophil functions on Day 7 and Day 14 in the septic shock group were compared using paired t-tests or Wilcoxon matched-pair signed-rank tests as appropriate.

Multilevel regression analyses were performed to examine associations between the longitudinal changes of each neutrophil function and sepsis status while simultaneously explore the degree of interindividual variation in the response patterns. We used two-level mixed linear models with repeated measurements of neutrophil functions (level-1 variable) nested within each patient (level-2 variable). Fixed portion of the models determined the relationship between time (i.e., days after admission) and the measurements of each neutrophil functions. Random portion of the model, also calculated as intraclass correlation coefficients conditioned on a level-2 group effect, represented the degree of interindividual variation of the response patterns. Associations between sepsis status and the longitudinal changes of each neutrophil function were assessed by adding patient’s sepsis status (i.e., septic shock, infection) and its interaction with time as model predictors. This model structure aimed to estimate the effect of patient’s sepsis status in predicting the changes of neutrophil functions after adjusting for effects of time and interindividual variation. We hypothesized that both infection and septic shock may exert effects on the neutrophil functions, neither one of them should be the base level of the other during regression analyses. Hence, we included both infection status and septic shock status into the model so that their regression coefficients can be compared. The models were executed on the restricted maximum likelihood and the Kenward-Roger degrees of freedom methods, and unstructured covariance between the model’s intercept and slope was allowed.



Associations Between Neutrophil Functions and Clinical Outcomes

The clinical outcomes of interest composed of Day 14 clinical status (i.e., recovered, critically-ill, deceased) and, in the subgroup of septic shock patients, SOFA score. Depending on data distribution, either one-way analysis of variance (ANOVA) tests or Kruskal Wallis tests with Dunn’s test of multiple comparison was employed to compare the measurements of each neutrophil function on specific days among patients stratified by Day 14 clinical status. Moreover, in septic shock patients, we used the multilevel analysis, structured as described above, to estimate the associations between the measurements of each neutrophil function and SOFA score.





Results


Patient Characteristics

We included 19 septic shock patients and 11 infected patients into the study (Table 1). Overall, our study population was elderly patients with many comorbidities. The study participants with septic shock and infection were similar in age, gender, and comorbidities. The difference between them was their clinical status; septic shock patients had a more severe clinical picture as demonstrated by APACHE II score and the percentages of patients who were critically-ill or deceased at Days 7, 14, and 28. Six patients were lost to follow-up toward the end of the specimen collection period resulting in 14 missing observations (6.5% of the expected number of observations). The number of longitudinal observations per patient ranged from 3 to 8, with a median of 7.


Table 1 | Characteristics of study participants† (n = 30).





Comparison of Neutrophil Functions Between Septic Shock and Infected Patients

Daily measurements of neutrophil functions stratified by sepsis status were shown in Tables 2 and 3. They were also illustrated in graphics (Figure 2). Regarding CD64, CCR2, and CXCR2 surface levels, pairwise correlation analyses demonstrated strong correlations between MFI and the percentages of dysfunctional neutrophils, defined by the corresponding molecules (correlation coefficients > 0.7). CD64 and CCR2 MFI positively correlated with the percentages of CD64-positive cells and CCR2-positive cells with correlation coefficients of 0.95 and 0.94, respectively. For CXCR2 receptors, there was a negative correlation between the percentages of CXCR2-negative neutrophils and CXCR2MFI with a correlation coefficient of −0.77.


Table 2 | The daily percentages of CD64-positive neutrophils, CCR2-positive neutrophils, CXCR2-negative neutrophils, apoptosis, and NETosis stratified by sepsis status† (n = 30: septic shock = 19, infection = 11).




Table 3 | MFI of CD64, CCR2, and CXCR2 surface receptors stratified by sepsis status† (n = 30: septic shock = 19, infection = 11).






Figure 2 | Daily measurements of CD64, CCR2, and CXCR2 surface level; apoptosis; and NETosis stratified by sepsis status (septic shock or infection). MFI of CD64, CCR2, and CXCR2 surface receptors; the percentages of “dysfunction neutrophils” (i.e., CD64-positive neutrophils, CCR2-positive neutrophils, and CXCR2-negative neutrophils); the percentages of apoptosis; and the percentages of NETosis were illustrated in line graphs with error bars grouped by sepsis status. The lines connected median value of the measurements on the specific days. Error bars delineated interquartile ranges. Depending on data distribution, either t-test or Wilcoxon Rank Sum test was employed to compare the measurements of each neutrophil function on specific days between groups. *p-value from t-tests or Wilcoxon Rank Sum tests < 0.05. CCR2, C-C chemokine receptor 2; CD64, cluster of differentiation 64; CXCR2, C-X-C chemokine receptor 2; MFI, median fluorescent intensity.



Averaged among patients with the same clinical diagnosis, there was a statistically significant difference of CD64 and CXCR2 surface levels as well as NETosis activity between septic shock and infection groups, although the differences could only be demonstrated in some specific days during the clinical course. Neutrophils from septic shock patients had a higher CD64MFI as well as the higher percentages of CD64-positive neutrophils during Day 2 to Day 5. They also showed a lower CXCR2MFI and the higher percentages of CXCR2-negative neutrophils on Day 1 and Day 2. On the contrary, NETosis activity in infected patients was greater than that of septic shock patients on Day 3. In septic shock patients, however, there was a significant increase in NETosis activity from Day 7 to Day 14 in contrast to other neutrophil functions in which the changes in their levels between Day 7 and Day 14 were non-significant. Interestingly, the percentages of NETosis on Day 14 in septic shock patients and Day 3 in infected patients were in a similar range, no statistically significant difference between them can be demonstrated using Wilcoxon Rank Sum tests. Also, no statistically significant difference in CCR2MFI, a percentage of CCR2-positive neutrophils, and apoptosis activity, between septic shock and infection groups was found.

The multilevel regression analyses assessing longitudinal changes of neutrophil functions and their associations with sepsis status were demonstrated in Table 4. For CD64, CCR2, and CXCR2 surface levels, since the percentages of dysfunctional neutrophils were highly correlated with MFI and their unit of measurement synchronizes with apoptosis and NETosis, we used the percentages of dysfunctional neutrophils for the regression analysis; so that the coefficients and variances derived from the model of each neutrophil function are comparable. All neutrophil functions studied, except for CCR2 surface level, changed dynamically over time (p-value from Wald’s tests for the model coefficient of time < 0.05). The percentages of CD64-positive neutrophils and CXCR2-negative neutrophils declined over time as opposed to apoptosis and NETosis, which increased over time. The percentages of CCR2-positive neutrophils, however, fluctuated throughout the study period. Some degree of interindividual variation of the magnitude of change existed for all neutrophil functions examined as demonstrated by the model variances and level-2 conditional ICCs. The degree of interindividual variation was largest for CCR2 surface level and smallest for apoptosis activity. Adjusting for the effect of time, septic shock status could predict the longitudinal trends of CD64, CCR2, and CXCR2 surface levels. Infection status could also predict CD64 and CCR2 surface levels over time; albeit lack of ability to predict that of CXCR2 receptors. In contrast, our analyses suggested that the changes in apoptosis and NETosis activity during the study period could only be predicted by time. Furthermore, for the longitudinal trends of CXCR2 surface level, there was a significant interaction between time and sepsis status in which an effect of sepsis status diminishes as time passes. In the regression models involving other neutrophil functions, no statistically significant interaction between time and sepsis status was demonstrated.


Table 4 | Multilevel mixed model analysis examining the longitudinal correlations between the percentages of CD64-positive neutrophils, CCR2-positive neutrophils, CXCR2-negative neutrophils, apoptotic, and NETosis and sepsis status† (n = 30).





Associations Between Neutrophil Functions and Clinical Outcomes

Daily measurements of neutrophil functions stratified by Day 14 clinical status were illustrated in Figure 3. The distinction between patients with varying clinical status can be best appreciated in the longitudinal trends of CXCR2MFI and the percentages of CXCR-negative neutrophils. The statistically significant difference in CXCR2MFI and the percentages of CXCR2-negative neutrophils among three groups (recovered, critically-ill, deceased) can be demonstrated on Day 1 and Day 2. During the first two days of admission, CXCR2MFI were lowest and the CXCR2-negative neutrophils were highest in patients who died within 14 days after admission. Also, the multilevel regression analysis assessing associations between the measurements of neutrophil functions and SOFA score found that, after adjusting for the effect of time, the percentages of CXCR2-negative neutrophils could predict SOFA score in patients with septic shock (p = 0.001). CD64MFI and the percentages of CD64-positive neutrophils seemed to be highest in deceased patients as opposed to NETosis activity which was highest in patients who recovered. Unfortunately, these trends of CD64 surface level and NETosis activity could not be proved statistically significant; either by between-groups comparisons or multilevel regression analysis assessing its association with SOFA score. The longitudinal trends of CCR2 surface level and apoptosis among patients with different Day 14 clinical status were similar.




Figure 3 | Daily measurements of CD64, CCR2, and CXCR2 surface level; apoptosis; and NETosis stratified by Day 14 clinical status (Recovered, Critically-ill, or Deceased). MFI of CD64, CCR2, and CXCR2 surface receptors; the percentages of “dysfunction neutrophils” (i.e., CD64-positive neutrophils, CCR2-positive neutrophils, and CXCR2-negative neutrophils); the percentages of apoptosis; and the percentages of NETosis were illustrated in line graphs with error bars grouped by Day 14 clinical status. The lines connected median value of the measurements on the specific days. Error bars delineated interquartile ranges. Depending on data distribution, either one-way ANOVA test or Kruskal Wallis test with Dunn’s test of multiple comparison was employed to compare the measurements of each neutrophil function on specific days between groups. *p-value from ANOVA or Kruskal Wallis tests < 0.05. ANOVA, analysis of variance; CCR2, C-C chemokine receptor 2; CD64, cluster of differentiation 64; CXCR2, C-X-C chemokine receptor 2, MFI, median fluorescent intensity.






Discussion

Numerous physiological and pathological stimuli could trigger changes in neutrophil functions. Various neutrophil phenotypes have been discovered, not only in healthy but also diseased states (20); some with potential for clinical applications (21, 22). Sepsis is one of the well-established diseases resulting in specific patterns of neutrophil dysfunctions; increased CD64 and CCR2 surface levels; decreased CXCR2 surface level; apoptosis delay; and increased NETosis are widely-cited sepsis-related neutrophil dysfunctions. However, the pattern that distinguishes sepsis from infection has not been mentioned; this is partly because sepsis and infection were first recognized and emphasized as distinctive processes in the newest update of sepsis definition (Sepsis-3). Therefore, literature, published before the release of this definition, has been employing non-uniform control settings to establish neutrophil dysfunctions as sepsis-related; none of them used infection as control. Therefore, previously-identified sepsis-related neutrophil dysfunctions are potentially a product of a combined effect between sepsis and infection rather than sepsis itself. However, we hypothesize that, on a background of infection, some of them might be genuinely sepsis-related, if we re-evaluate them in the desirable control setting.

In this study, we compared the neutrophil functions, with reported sepsis-related changes, between patients with septic shock and patients with infection who did not develop sepsis. Since sepsis is a time-dynamic disease, we observed these neutrophil functions longitudinally during the early phase of sepsis. We found that, during this period, each neutrophil function follows differing courses of changes and has a unique relationship with sepsis. Of all neutrophil functions examined by our study, we can only affirm a reduction of CXCR2 surface level as sepsis-related. CXCR2 receptors play a significant role in the normal regulation of neutrophil recruitment (15). Previous experimental studies have demonstrated reduced CXCR2 surface level due to CXCR2 receptor internalization induced by circulating chemokines (15, 23). The lack of CXCR2 surface receptors was also linked to severe neutrophil hyperplasia in the bone marrow and neutrophilia in sepsis mice model (24). In addition, our study found that a reduction of CXCR2 surface level is related to sepsis, even in the presence of infection. Compared to patients with infection, CXCR2 surface level decreases at the onset of the disease in septic shock patients. As shown by the regression models, septic shock status predicts CXCR2 surface level over time while infection status does not. As patients progress into the less dynamic phase of the disease, CXCR2 surface level increases so that, by the end of the week, the difference of CXCR2 surface level between sepsis and infected patients disappears. Additionally, during early sepsis, patients with more severe disease have a significantly lower CXCR2 surface level than those with milder disease. In fact, in infected patients, CXCR2 surface level is persistently high, closely resembled a response pattern of healthy volunteers (8). These findings suggest that a reduction of CXCR2 surface level occurs synchronously with the peak of disease activity; shows the ability to revert to normal state; and has a dose-response relationship with clinical outcomes. Based on our observation, abnormal neutrophil migration due to decreased CXCR2 surface receptors should be considered the immunopathological feature, which could act as a marker for distinguishing sepsis from infected patients at the onset of the disease. As a consequence of decreased CXCR2 surface level, appropriate neutrophil chemotaxis was disrupted, causing inappropriate extravasation of neutrophils into various organs. Tissue injury inflicted by this process leads to multiorgan failure (15); which is the salient clinical feature that differentiates sepsis from infection by Sepsis-3 definition (1).

In contrast to our findings on CXCR2 surface level, our study fails to demonstrate the changes of CD64 and CCR2 surface levels as sepsis-related. CD64 and CCR2 receptors are not constitutively expressed on neutrophils at resting state (15, 25); however, earlier studies showed that CD64 and CCR2 surface levels were increased during sepsis (3). The amount of CD64 mRNA elevates to a measurable level within 1–3 h of the inciting events leading to a significant increment of CD64 surface level within 4–6 h (13). The emergence of CD64 surface receptors was thought to enhance neutrophil phagocytic activity through its high affinity to Fcγ part of IgG (26). Our study found that, even though a significant difference in CD64 surface level between septic shock and infection groups were observed during Day 2 to Day 5, this is mainly because CD64 surface level in infected patients plummets after Day 1 as opposed to septic shock patients whose CD64 surface level gradually decrease. At the onset of the disease, however, CD64 surface level from septic shock and infected patients are within the same range. Also, as shown by the regression coefficients, both infection and septic shock status could predict the degree of CD64 surface level over time despite the stronger effect exerted by septic shock. These findings suggest that a between-group difference in CD64 surface level likely stems from a more rapid recovery in non-sepsis patients who have milder infection compared to septic shock patients who have a more severe infection. In other words, CD64 surface level is not explicitly altered by sepsis but rather have a dose-response relationship with infection. This hypothesis is also supported by many studies which showed the rise of CD64 surface level as a marker of bacterial infection on a background of various other conditions, such as critically-ill status (27, 28), postoperative period (10, 29), and autoimmune diseases (30). Furthermore, previous studies showed that peripheral blood neutrophils from mice, which developed sepsis from cecal ligation and puncture, express high amount of CCR2 mRNA and CCR2 surface level as well as marked chemotaxis in response to CCL2 (14, 31). Since these mice were also had multiple organ dysfunctions and neutrophil accumulations in heart, lung, and kidney, the presence of CCR2 surface receptors was implicated in driving neutrophil infiltration to distant organs during sepsis (14). Nonetheless, our study found that CCR2 surface levels were similar between septic shock and infection groups and, like CD64 receptors, both infection and septic shock status could predict CCR2 surface levels over time. These findings suggest that elevation of CCR2 surface level is likely to be related to infection rather than sepsis. Organ dysfunction found in the earlier study may be attributable to decreased CXCR2 surface level, which was also demonstrated in these mice (14). Besides, CCR2 surface expression on neutrophil is not specific to sepsis or infection and can be found in other conditions, such as rheumatoid arthritis (32), and ischemic liver injury (33).

With regard to apoptosis and NETosis, although current evidence associates apoptosis delay and increased NETosis activity with sepsis, our study cannot confirm that they are sepsis-related. We found that, even if apoptotic activity starts to rise toward the end of the week, apoptotic activity of neutrophils from septic shock and infected patients was similar throughout the study period. Neither infection nor septic shock status could predict the percentages of apoptosis over time. Hence, within the timeframe of this study, apoptosis is less likely to contribute to the sequelae of sepsis. Similar to apoptosis, NETosis activity increases later during the clinical course. If we compare NETosis activity in septic shock and infected patients on a day-by-day basis, we might have to conclude that NETosis is suppressed in septic shock patients on Day 3. In fact, a few earlier longitudinal studies in sepsis which examined peripherally-measured NETosis for seven days also suggested that NETosis was suppressed throughout the clinical course of sepsis compared to healthy controls (22, 34). Nonetheless, we believe the different between septic shock and infected patients may concern the day NETosis spikes rather than the level of NETosis activity between infected and septic shock patients on the same day. In infection group, NETosis activity peaks on Day 3 and gradually decline thereafter. In septic shock groups, NETosis activity is highest on Day 14. Possibly, we may find a peak-and-fall pattern of NETosis activity in septic shock patients as we observed in infected patients if we follow the patients for a longer period. Despite the absence of statistical significance, patients who recovered at Day 14 seems to have the highest NETosis activity compared to patients who are still critically-ill or deceased at Day 14. Thus, the rise of NETosis in peripheral blood may signify the recovery of from infection; infected patients who generally recover quicker than sepsis patients, therefore, experience the NETosis spike before sepsis patients.

In summary, by using infection as control, we demonstrated that the relationship between each neutrophil function and sepsis is unique and possibly reflects sepsis processes from different angles. CXCR2 surface level is related to sepsis activity while CD64 and CCR2 surface levels link to sepsis via infection. Peripherally-measured NETosis may signify the recovery from infection as it elevates during the less dynamic phase of the disease. Apoptosis during the study period may be equally affected by both sepsis and infection since its activity is indistinguishable between sepsis and infection. The strengths of our study are as follows. Firstly, data from our study can be applied to the current practice since we define septic shock and infection as per the latest clinical definition. Secondly, in contrast to previous studies which focused mainly on the magnitude of neutrophil functions, we provide data in a longitudinal fashion in relation to the clinical progression of the patients. Lastly, we examined the neutrophil functions not only by the group-averaged values but also with multilevel regression model which take into account the interindividual variation of the response pattern during analysis. We believe both methods should be used simultaneously since they serve different but equally important purposes. Group-averaged values give more insight on the neutrophil functions on the specific days in patients stratified by one characteristic (e.g., sepsis status, clinical status) and point out the one with the association which is strong enough to stand out even in the presence of unadjusted interindividual variation. However, multilevel model better highlight associations between neutrophil functions and variable of interest, especially in the neutrophil functions expressing a high degree of interindividual variation in the response pattern such as CCR2 surface level. Limitations of our study concern an inability to apply the result to patients with pre-existing immunological aberrations (e.g., cancer, autoimmune diseases, post-surgery). Further studies in a more immunologically heterogenous patients, especially for CXCR2 surface level, should be done to examine the generalizability of our observation. In addition, we measured these neutrophil functions from circulating pools of neutrophils; whether tissue neutrophils have the same or different phenotype is outside of the scope of our study.



Conclusion

With infection as control, a reduction of CXCR2 surface level is associated with sepsis; its level can be used to distinguish sepsis from infection at the onset of the disease. CD64 surface level, CCR2 surface level, and NETosis are not directly sepsis-related; their relationship with sepsis is instead mediated by the effect of infection. Apoptotic activity in septic shock patients does not found to be delayed compared to patients with infection.
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Sepsis is a worldwide health priority characterized by the occurrence of severe immunosuppression associated with increased risk of death and secondary infections. Interleukin 10 (IL-10) is a potent immunosuppressive cytokine which plasma concentration is increased in septic patients in association with deleterious outcomes. Despite studies evaluating IL-10 production in specific subpopulations of purified cells, the concomitant description of IL-10 production in monocytes and lymphocytes in septic patients’ whole blood has never been performed. In this pilot study, we characterized IL-10 producing leukocytes in septic shock patients through whole blood intracellular staining by flow cytometry. Twelve adult septic shock patients and 9 healthy volunteers were included. Intracellular tumor necrosis factor-α (TNFα) and IL-10 productions after lipopolysaccharide stimulation by monocytes and IL-10 production after PMA/Ionomycine stimulation by lymphocytes were evaluated. Standard immunomonitoring (HLA-DR expression on monocytes, CD4+ T lymphocyte count) of patients was also performed. TNFα expression by stimulated monocytes was reduced in patients compared with controls while IL-10 production was increased. This was correlated with a reduced monocyte HLA-DR expression. B cells, CD4+, and CD4- T lymphocytes were the three circulating IL-10 producing lymphocyte subsets in both patients and controls. No difference in IL-10 production between patients and controls was observed for B and CD4- T cells. However, IL-10 production by CD4+ T lymphocytes significantly increased in patients in parallel with reduced CD4+ T cells number. Parameters reflecting altered monocyte (increased IL-10 production, decreased HLA-DR expression and decreased TNFα synthesis) and CD4+ T lymphocyte (increased IL-10 production, decreased circulating number) responses were correlated. Using a novel technique for intracellular cytokine measurement in whole blood, our results identify monocytes and CD4+ T cells as the main IL-10 producers in septic patients’ whole blood and illustrate the development of a global immunosuppressive profile in septic shock. Overall, these preliminary results add to our understanding of the global increase in IL-10 production induced by septic shock. Further research is mandatory to determine the pathophysiological mechanisms leading to such increased IL-10 production in monocytes and CD4+ T cells.
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Introduction

In 2017, the World Health Assembly and the World Health Organization recognized sepsis as a global health priority (1). Indeed, the incidence of sepsis is high and every year sepsis is responsible for over 10 million deaths worldwide (2). While sepsis and septic shock are caused by an excessive activation of the immune system, current data indicate that after a short pro-inflammatory phase, septic shock patients develop negative regulatory mechanisms aimed at blocking initial hyper-immune activation. In some patients, this may lead to profound immunosuppression involving both innate and adaptive immunity (3).

Sepsis-induced immunosuppression prevents the efficient clearing of the primary infection, is associated with an increased risk of nosocomial infections and favors the reactivation of latent viruses (Cytomegalovirus or Herpes Simplex Virus) (3). In addition, it is reported that over 70% of total mortality after septic shock occurs in the immunosuppressive phase (i.e., after the first 3 days) (4). This is the rationale behind clinical trials based on adjunctive immunostimulation in sepsis (interferon gamma, human granulocyte-macrophage colony-stimulating factor, interleukin 7, anti-PD1/L1 checkpoint inhibitor antibodies) (5). However, a better description of sepsis-induced immune alterations is mandatory in order to improve the understanding of sepsis-induced immunosuppression pathophysiology and to identify innovative therapeutic targets and stratification biomarkers.

Interleukin 10 (IL-10) is a potent immunosuppressive cytokine which concentration is increased in the plasma of septic shock patients. IL-10 blood levels have been shown to correlate with inflammation severity and the development of organ failure in septic shock (6). Increased plasmatic IL-10 concentration has also been associated with an increase in nosocomial infections and mortality (7–9). IL-10 thus likely appears to play a major role in sepsis-induced immunosuppression.

The increased production of IL-10 by some specific cell subpopulations has only partially been described in sepsis (3–5). These data were based on ex vivo experiments with purified cells, which may not necessarily be representative of cytokine production status by circulating leukocytes. In addition, previous studies evaluated IL-10 production by one specific cell subset at a time and thus far, no data are available describing IL-10 production by leukocytes subpopulations simultaneously. In this context, the aim of this exploratory study was to characterize IL-10 producing cells in sepsis through a novel whole blood intracellular staining approach by flow cytometry.



Materials and Methods


Study Population

This pilot clinical study was conducted on twelve consecutive septic shock patients admitted to the intensive care unit of the Edouard Herriot Hospital (Hospices Civils de Lyon, Lyon, France). This project is part of a global study in sepsis-induced immune dysfunctions (IMMUNOSEPSIS cohort, #NCT04067674). Diagnostic criteria for septic shock was based on the Sepsis-3 definition (10). Exclusion criteria disqualified patients under 18 years of age and subjects with aplasia or pre-existent immunosuppression as defined by preexistent immunosuppressive treatment including corticosteroids at an immunosuppressive dosage (> 10 mg equivalent prednisone/day and cumulative dose >700 mg), ongoing hematological disease or within 5 years preceding inclusion, solid tumor under chemotherapy or in remission, innate immune deficit, extracorporeal circulation within one month before inclusion (cardiac surgery or ECMO). Samples of peripheral blood were collected at day 3–4 after the onset of septic shock in heparin coated tubes. The immunosuppressive state of septic patients was verified by measuring decreased HLA-DR expression on monocytes (mHLA-DR) expressed as a number of antibodies bound per cell (AB/C, see reference for standardized laboratory protocol) and CD4+ T lymphocyte count (11). Clinical parameters were collected during the follow-up period (until 28 days).

This non-interventional study was conducted in accordance with the Declaration of Helsinki, under terms of all relevant local legislation and was approved by our Institutional Review Board for Ethics [“Comité de Protection des Personnes Ouest II - Angers” – n° RCB: 2019-A00210-57, n° CPP: 19.01.23. 71857 (2019/11)], which waived the need for informed consent, as the study was observational and performed on residual blood after the completion of routine follow-up. Patients or next-of-kin were systematically informed of the study and non-opposition to inclusion in the study was systematically obtained and registered for each patient. Residual samples were stored within a blood collection registered at French Ministry of Research and Education (#DC-2008-509) and at the “Commission Nationale de l’Informatique et des Libertés”. Peripheral blood from healthy volunteers (HV) was provided by the “Etablissement Français du Sang” (EFS) from Lyon. According to EFS standardized procedures for blood donation and to provisions of the articles R.1243–49 and following ones of the French public health code, a written non-opposition to the use of donated blood for research purposes was obtained from HV. The blood donors’ personal data were anonymized before transfer to our research laboratory.



Intracellular Staining Procedure

Intracellular staining protocol was optimized by Beckman Coulter Immunotech (Marseille, France).

For monocytes, 100 μl of heparin anticoagulated whole blood was directly added to the stimulation tube (DurActive3® tube containing dry coated lipopolysaccharide (LPS) and Brefeldin A, Beckman Coulter, Brea, US) or to an empty control tube. After 3h incubation at 37°C, cells were labeled with cell surface antibodies: FITC-labeled anti-CD16, ECD-labeled anti-HLA-DR, PB-labeled anti-CD14, and KrO-labeled anti-CD45 (all from Beckman Coulter, Brea, US). Thereafter, samples were washed with PBS and treated with the IntraPrep Permeabilization Reagent set (Beckman Coulter, Brea, US) according to the manufacturer’s instructions. Samples were then stained for 45min at room temperature in the dark with intracellular antibodies: PE-labeled anti-IL10 (BioLegend, San Diego, US) or Rat IgG2a PE-labeled isotype control antibody (BioLegend, San Diego, US) and AF700-labeled anti-TNFα (Beckman Coulter, Brea, US) or mouse IgG1 AF700-labeled isotype control antibody (BioLegend, San Diego, US). Isotype controls of anti-IL-10 and anti-TNF antibodies were used in order to evaluate non-specific binding both in stimulated and non-stimulated conditions and thus to set-up threshold of positivity when markers were expressed as percentages of positive cells.

For lymphocytes, 100 μl of heparin anticoagulated whole blood was directly added to the stimulation tube (DurActive1® tube containing dry coated Phorbol 12-Myristate13 Acetate (PMA), Ionomycin and Brefeldin A, Beckman Coulter, Brea, US) or to an empty control tube. After 3h incubation at 37°C, cells were labeled with cell surface antibodies: PC7-labeled anti-CD19, KrO-labeled anti-CD45, PB-labeled anti-CD3 and APC-labeled anti-CD4 (all from Beckman Coulter, Brea, US). Thereafter, samples were washed with PBS and treated with the IntraPrep Permeabilization Reagent set (Beckman Coulter, Brea, US) according to the manufacturer’s instructions. Samples were then stained for 45min at room temperature in the dark with intracellular antibodies: PE-labeled anti-IL10 (BioLegend, San Diego, US) or Rat IgG2a PE-labeled isotype control antibody (BioLegend, San Diego, US).



Data Acquisition

Data acquisition was performed on a Navios Flow Cytometer (Beckman Coulter, Brea, US). Our instrument was daily calibrated with Flow Check (Beckman Coulter, Brea, US) and Flow Set (Beckman Coulter, Brea, US) calibration beads to control the optical and fluidic stability of the device and for a performance validation throughout the study. To minimize autofluorescence and the improper analysis of cell doublets, cells were first put through a forward scatter area and forward scatter height gate to identify single cells. Leukocytes were then gated out from dead cells and debris on the basis of labeling with CD45. For the monocyte panel, among the CD45+ cell population, monocytes were identified on a CD14/SS dot-plot. Intracellular tumor necrosis factor-α (TNFα) and mHLA-DR results were expressed as mean fluorescence intensity (MFI) of the entire monocyte subpopulation. For the lymphocyte panel, two complementary gating strategies were used. First, in order to phenotype IL-10 producing lymphocytes in stimulated tubes, on a IL-10 (x-axis) and SS (y-axis) dot-plot gated on in CD45+ leukocytes, we selected IL-10 producing lymphocytes (IL-10+SSClow cells). CD3, CD19, and CD4 expressions were then characterized on these cells based on CD4 (y-axis) and CD3 or CD19 (x-axis) dot-plots. Second, so as to evaluate the impact of sepsis on IL-10 production capacity on beforehand identified lymphocyte subpopulations, B cells were identified on a CD19/SS dot-plot and T cells on a CD3/SS dot-plot among the CD45+ cell population. Finally, CD4- and CD4+ T cells were gated among CD3+ cells on a CD3/CD4 dot-plot. The percentages of IL-10 expressing cells among these three lymphocyte subpopulations were then evaluated. Positivity threshold was defined based on isotype values set up at 1%. A minimum of 5,000 target cells (monocytes or lymphocytes) were systematically acquired to ensure robustness of results. Of note, both in patients and donors, the majority of monocytes were able to produce TNF-α; which was not the case for IL-10. Thus TNF- α results expressed as MFI possessed a better dynamic range compared with percentages which saturated at 100%. In addition, TNF-α results expressed as percentages and MFI were strongly correlated (Data not shown).



Statistical Analysis

Results are expressed as individual values and medians ± IQR (interquartile range). Comparisons between patients and HV were made using the non-parametric Mann-Whitney U test. Comparisons between stimulated and non-stimulated tubes were made using the Wilcoxon paired test. Correlations were made with the Spearman correlation test. Statistical significance was set at p < 0.05. Statistical analyses were performed with R Studio software (version 1.2.5001; R studio, Boston, Massachusetts).




Results


Clinical Characteristics of the Cohort

In total, 12 septic shock patients were included in this pilot study. Patients presented with usual demographic and clinical characteristics of septic shock patients (elderly patients and high severity scores, Table 1). These septic patients presented with signs of immunosuppression including decreased mHLA-DR and CD4+ T lymphopenia compared with reference values from the lab. In addition, nine healthy volunteers were included (median age = 53, five women - four men).


Table 1 | Demographic, clinical, and immunological data for septic shock patients.





Intracellular Cytokines in Monocytes

As reported previously, LPS stimulation induced a strong increase in intracellular TNFα expression in monocytes both from healthy volunteers and patients (12). However, this increase was statistically stronger in HV than in patients (MFI 61.6 [IQR: 58.0–74.5] vs 23.6 [IQR: 16.8–39.9], p=0.0013) (Figure 1A). We observed a good correlation between intracellular TNFα induction after stimulation and monocyte HLA-DR expression both in patients and controls, with individuals with high HLA-DR expression producing more TNFα than individuals with decreased HLA-DR expression (R= 0.79; p<0.001) (Figure 1B). This was also observed at the single cell level as, in septic patients, monocytes with high HLA-DR expression also had higher expression of TNFα compared with HLA-DRlow monocytes (MFI 27.5 [IQR: 15.3–45.7] vs 7.3 [IQR: 5.3–16.8], p=0.00049) (Figures 1C, D).




Figure 1 | Intracellular TNF-α expression in monocytes. (A) Monocyte intracellular TNFα expression (Mean fluorescence intensity – MFI) with (+LPS) and without (Non stimulated) LPS challenge. (B) Scatterplot showing the relationship between monocyte intracellular TNFα expression and HLA-DR MFI (measured in LPS stimulated tube). (C) One representative flow cytometry image of TNFα (x axis) and mHLA-DR (y axis) in monocytes (gated on CD14+ cells) following LPS challenge in one healthy donor and one septic shock patient. (D) Intracellular TNFα expression in mHLA-DR high and mHLA-DR low monocytes. Results are presented as individual values in septic patients (n = 12, red triangles) and healthy donors (n = 9, blue squares) and as medians ± IQR (A, D) and **p < 0.01 and ***p < 0.001 with Mann-Whitney U test (A) or Wilcoxon paired test. Correlations were analyzed using Spearman correlation coefficient.



LPS challenge also induced IL-10 expression in monocytes in both patients and controls (Figure 2A). However, in contrary to TNFα, the proportion of IL-10 positive monocytes was statistically higher in patients than HV (2.4% [IQR: 1.8–3.7] vs 1.2% [IQR: 0.9–1.6], p=0.0093) (Figure 2B). The proportion of IL-10 positive monocytes was negatively correlated with HLA-DR (Figure 2C) and intracellular TNFα expression (Figure 2D) in these cells. Correlation coefficients were -0.61 (p=0.0041) and -0.67 (p=0.0012) respectively.




Figure 2 | Intracellular IL-10 expression in monocytes. (A) One representative flow cytometry dot-plot and its respective isotype control of IL-10 (x-axis) and CD14 (y-axis) in monocytes (gated on CD14+ cells) following LPS challenge in a septic shock patient. Positivity threshold was defined based on isotype value below 1%. (B) Proportion of IL-10 positive monocytes among total monocytes with (+LPS) and without (Non stimulated) LPS challenge. Results are presented as individual values in healthy donors (n=9; blue squares) and septic patients (n = 12; red triangles) and medians ± IQR. **p < 0.01 with Mann-Whitney U test. (C) Scatterplot showing the relationship between monocyte intracellular IL-10 expression (% of positive monocytes, x-axis) and HLA-DR mean fluorescence intensity (MFI, y-axis). (D) Scatterplot showing the relationship between monocyte intracellular IL-10 expression and monocyte intracellular TNFα expression (MFI). Correlations were analyzed using Spearman correlation coefficient.





Intracellular IL-10 Expression in Lymphocytes

In order to identify circulating lymphocyte subsets producing IL-10, we evaluated CD4, CD3 and CD19 expressions on IL-10 expressing cells after stimulation. B lymphocytes, CD4+ T cells and CD4- T cells were the three main subsets of IL-10 producing lymphocytes in both patients and HV (Figure 3A). Among the three subsets, CD4+ T cells were the main IL-10 producing lymphocytes representing more than 60% of IL-10+ lymphocytes. No significant difference was found in the relative proportions of IL-10 producing lymphocyte subsets between patients and HV and we did not observe any appearance or disappearance of an IL-10 producing lymphocyte subset after septic shock (Figure 3B).




Figure 3 | Analysis of IL-10 producing lymphocytes. (A) One representative example of flow cytometry staining in a septic patient. First, on a IL-10 (x-axis) and SS (y-axis) dot-plot gated on in CD45+ leukocytes, we selected IL-10 producing lymphocytes (IL-10+SSClow cells). CD3, CD19, and CD4 expressions were then characterized on these cells based on CD4 (y-axis) and CD3 or CD19 (x-axis) dot-plots. Three populations of IL-10 producing cells were identified: CD19+CD3-CD4- cells (Green: B lymphocytes), CD19-CD3+CD4+ cells (purple: CD4+ T cells), CD19-CD3+CD4+ cells (red: CD4- T cells). (B) Proportions of lymphocyte subsets among IL-10 positive lymphocytes Results are presented as individual values in healthy donors (n=9; blue squares) and septic patients (n = 12; red triangles) and medians ± IQR.



When comparing IL-10 production between patients and controls, in these beforehand identified cells no significant difference was observed in the proportion of B lymphocytes and CD4- T cells expressing IL-10. However, the proportion of CD4+ T cells expressing IL-10 was significantly higher among septic shock patients than HV (median [IQR] 2.8% [1.8–3.4] vs 1.6% [1.3–1.9], p=0.0077) (Figure 4).




Figure 4 | Intracellular IL-10 expression in lymphocytes. Proportion of IL-10 positive B lymphocytes (A), CD4- T cells (B), and CD4+ T cells (C). lymphocytes presented as individual values in healthy donors (n=9; blue squares) and septic patients (n = 12; red triangles) and medians ± IQR, with (PMA/Iono) and without (Non stimulated) PMA/Iononmycin challenge. **p < 0.01 with Mann-Whitney U test.



In addition, intracellular IL-10 expression in CD4+ T cells was inversely correlated to CD4+ T cell counts in patients (R= -0.8, p=002) (Figure 5A). The proportion of IL-10 positive CD4+ T cells was also negatively correlated to mHLA-DR and intracellular TNFα expression (R= -0.62, p=0.0026, and -0.46, p=0.034 respectively) and positively correlated to the proportion of IL-10 positive monocytes (R=0.54, p=0.012) (Figures 5B–D).




Figure 5 | Correlations between IL-10 expressing CD4+ T lymphocytes and other immune parameters. Correlations between IL-10 producing CD4+ T cells (percentages among total CD4+ T cells, x-axis) and CD4+ cell counts (A, cells per µl, y-axis), monocyte HLA-DR expression (B, mean fluorescence intensity = MFI, y-axis), monocyte intracellular TNFα expression (C, MFI, y-axis) and monocyte intracellular IL-10 expression (D, percentages of positive cells among total monocytes, y-axis). Correlations were analyzed using Spearman correlation coefficient. Results from n = 9 controls (blue squares) and 12 patients (red triangles) are shown.






Discussion

Results from this study showed that IL-10 production was induced in circulating monocytes from septic shock patients in parallel with decreased TNFα production and reduced HLA-DR expression. Among circulating lymphocytes, CD4+ T cells were the main IL-10 producers in circulating blood and this cytokine production was increased after septic shock. Such increase was negatively correlated with CD4+ T cell lymphopenia and positively with increased IL-10 production by monocytes. The strong correlations between parameters reflecting altered monocyte (increased IL-10 production, decreased HLA-DR expression and decreased TNFα synthesis) and CD4+ T lymphocyte (increased IL-10 production, decreased circulating number) responses suggest a common regulation mechanism and illustrate the development of a global immunosuppressive profile in septic shock. Overall, these preliminary results add to our understanding of the global increase in IL-10 production induced by septic shock.

Findings in the present study are consistent with sepsis-induced monocyte anergy described in the literature and the concept of leukocyte reprogramming (3–5). We replicated in whole blood results observed on purified or frozen cells showing the decreased TNFα but increased IL-10 productions by monocytes in septic patients characteristic of the phenomenon of endotoxin tolerance (13–15). However, we completed these observations by showing at the single cell level the correlation between decreased HLA-DR expression, decreased TNFα but increased IL-10 productions. Similarly, a negative correlation between mHLA-DR and IL-10 plasmatic concentrations was described in burned patients with sepsis (16). Together, these results call for further investigation of the theory defended by different groups suggesting that IL-10 plays a role in decreased MHC class II expression in sepsis either through intracellular sequestration of mHLA-DR or via inhibition of its transcription (17–19).

Three subsets of IL-10 producing lymphocytes were identified in both patients and HV: a predominant population of CD4+ T cells and two smaller populations of B lymphocytes and CD4- T cells. This was expected as IL-10 production has been reported in the literature for nearly all lymphocyte subsets (including B lymphocytes, CD4+ T cells, and CD8+ T cells) (20). It has also been described that IL-10 produced by CD4+ T cells is critical to limit inflammation in many infections that trigger adaptive immune responses (21). In addition, no new IL-10 producing lymphocyte subset emerged in septic patients. Therefore, any difference in IL-10 production related to septic shock appears to be quantitative and not qualitative.

In other clinical contexts, IL-10 production by lymphocyte subsets such as T or B cells was proposed as a marker of regulatory cell subpopulations (22, 23). In sepsis, the issue of regulatory cells has recently grown in importance and a wide variety of regulatory cell subsets has been identified. Interestingly, different groups have reported an increase in the proportion of regulatory B cells (Breg) in septic shock patients (24, 25). In spite of the absence of consensus on the phenotype of Breg in the literature, there is consensus to attribute their immunosuppressive properties to their secretion of IL-10 (26). Contrary to data from the literature, our current results did not find a significant difference in the proportion of IL-10 positive B cells between septic shock patients and HV. This could be explained by the use of a whole blood approach or different stimulation conditions compared with previous studies. That said, our results should not contest the importance of Breg in sepsis-induced immunosuppression but encourage further research on IL-10 independent immunoregulatory mechanisms for Breg in sepsis such as IL-35 and adenosine production, checkpoint inhibitors expression, or activation of the Fas/Fas ligand apoptotic pathway (27).

IL-10 synthesis by CD8+ T cells has been described using intracellular flow cytometry protocols in so-called CD8+ T regulatory cells (28). The immunomodulatory role of CD8+ T regulatory cells is well documented in autoimmune diseases, cancer, human transplants and certain infections (Human Immunodeficiency Virus or Epstein-Barr Virus) (29). However, to the best of our knowledge, no study has been conducted on IL-10 production by CD8+ T cells in septic shock patients. Our results did not show a significant difference in the synthesis of IL-10 by CD8+ cells between patients and HV, although we cannot exclude that the possibility that CD4- T cells monitored in this study were double-negative. That said, CD8+ T cell exhaustion remains a hallmark of sepsis, as evidenced by the recently reported decrease in the synthesis of IL-2 and TNFα by CD8+ T cells (30).

Finally, we revealed an increase in IL-10 synthesis by CD4+ T cells in septic shock patients. This finding is consistent with a considerable amount of published literature on regulatory T CD4+ cells (Treg) in sepsis and septic shock (31). Immunosuppressive properties of Treg are mediated by cell-cell contact mechanisms and IL-10 synthesis (32). In sepsis, the percentage of Treg is increased without change in their absolute value due to a selective depletion of other lymphocyte subsets (33, 34). This could imply that the increase in IL-10 production observed in our study is due to CD4+ T regs. We suggest adding an anti-Foxp3 antibody to our panel to explore this hypothesis. In addition, the negative correlation between the absolute count of CD4+ T cells and IL-10 expression in the same cells confirms previous findings by Roth et al. showing that increased IL-10 concentrations in sepsis may be due a susceptibility of Th1 T cells to apoptosis, resulting in a prevalence of Th2 T cells, known for their IL-10 production (35, 36).

To note, some authors rather described a dual role for IL-10 in human endotoxemia (37) and in COVID-19 (38) with both pro and anti-inflammatory properties. This stresses the importance to develop robust and easy to use tools to investigate IL-10 production by leukocytes.

The main limitation of our study was the small sample size and the absence of a kinetic evaluation. As it was a proof-of-concept study, only 12 patients were included, and we could not investigate association with clinical outcomes as our study was not powered for such purposes. In addition, the evaluation of potential confounding factors such as plasma LPS levels could not be performed. Results are thus preliminary and should be assessed and validated in a larger cohort of patients. In addition, in the absence of any extended phenotyping with, for example, no specific marker of regulatory lymphocytes such as Foxp3 or of any functional test, we could not formally qualify IL-10 producing lymphocytes as regulatory cells. This specific aspect should be further confirmed in a dedicated physiopathological study.



Conclusion

We demonstrated the feasibility of a novel technique for intracellular cytokine measurement in whole blood to monitor IL-10 production by circulating leukocytes in sepsis. We described sepsis-induced increase in IL-10 production by monocytes and CD4+ T cells but not B cells and CD8+ T lymphocytes. In addition, increased monocyte IL-10 production negatively correlated with mHLA-DR expression and TNFα production and with increased IL-10 production in CD4+ T cells and their absolute count. We therefore described the development of a global immunosuppressive profile affecting monocytes and CD4+ T cells in septic shock. Further research is now required to assess clinical significance of this profile in larger cohorts of patients and to identify the pathophysiological mechanisms leading to its development in septic shock.
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Background: Neonatal sepsis is a systemic condition widely affecting preterm infants and characterized by pro-inflammatory and anti-inflammatory responses. However, its pathophysiology is not yet fully understood. Epigenetics regulates the immune system, and its alteration leads to the impaired immune response underlying sepsis. DNA methylation may contribute to sepsis-induced immunosuppression which, if persistent, will cause long-term adverse effects in neonates.

Objective: To analyze the methylome of preterm infants in order to determine whether there are DNA methylation marks that may shed light on the pathophysiology of neonatal sepsis.

Design: Prospective observational cohort study performed in the neonatal intensive care unit (NICU) of a tertiary care center.

Patients: Eligible infants were premature ≤32 weeks admitted to the NICU with clinical suspicion of sepsis. The methylome analysis was performed in DNA from blood using Infinium Human Methylation EPIC microarrays to uncover methylation marks.

Results: Methylation differential analysis revealed an alteration of methylation levels in genomic regions involved in inflammatory pathways which participate in both the innate and the adaptive immune response. Moreover, differences between early and late onset sepsis as compared to normal controls were assessed.

Conclusions: DNA methylation marks can serve as a biomarker for neonatal sepsis and even contribute to differentiating between early and late onset sepsis.

Keywords: neonatology and pediatric intensive care, DNA methylation, sepsis, inflammation, immunosuppression


INTRODUCTION

Neonatal sepsis is a leading cause of mortality and morbidity in the neonatal period, especially for preterm infants (1). Sepsis is defined as a dysregulated host response caused by infection which can trigger a life-threatening organ failure (2). However, neonatal sepsis lacks a consensus definition (3) and therefore a full understanding of the underlying mechanisms which are functionally distinct in children and adults is needed (3). The neonatal immune response depends mainly on the innate immune system, which is underdeveloped (4, 5); along with a predominant hypo-inflammatory response, this can lead to immunosuppression (6).

Diagnosis and prognosis of neonatal sepsis is a challenge because clinical signs and symptoms are often non-specific. In addition, the result of the blood culture for confirmation of the diagnosis is frequently delayed or provides no results (7). Moreover, given the effects of sepsis in preterm infants on long-term growth and development, efforts to reduce the rates of infection in the neonatal intensive care unit (NICU) are among the most important interventions in neonatal care (8). According to the onset of age, neonatal sepsis is divided into early-onset sepsis (EOS) and late-onset sepsis (LOS). EOS is defined as the onset of features of sepsis that appear within 72 h of life caused by microorganisms acquired from the mother's genital tract during delivery (9–11). In contrast, LOS is defined as onset of features of sepsis appear after 72 h of life due to nosocomial infections acquired during hospitalization (11, 12).

In this context, there is a growing interest in understanding the role of epigenetics in the maturation of the immune system during early life (13) and particularly in sepsis (14, 15). Epigenetics encompasses all the mechanisms that control the gene expression pattern without altering the DNA sequence itself (16–18). Changes in the epigenome can impair immune response to infections (14, 15), suggesting that the study of epigenetic traits through epigenome-wide association studies (EWAS) can improve our understanding of sepsis onset and progression, and even short- and long-term consequences of the disease (19).

In particular, DNA methylation (DNAm) is an important regulator of the immune system (20), maintaining fine-tuned immunological mechanisms needed for an adequate host defense. One of the major consequences of neonatal sepsis is long-term persistence of immunosuppression related to epigenetic dysregulation (6), leading to subsequent infections and increased risk of mortality (15, 21). Importantly, DNAm may drive sepsis-induced immunosuppression through the epigenetic reprogramming of hematopoietic progenitor cells (19). In line with this, although DNAm changes in adult sepsis have been described in some studies (22, 23), information on neonatal sepsis is lacking (24).

We aimed to detect changes in DNAm signatures in preterm neonates that might provide an insight into molecular events driving neonatal sepsis. Consequently, this could contribute to the identification of new biomarkers for the diagnosis and prognosis of neonatal sepsis.



MATERIALS AND METHODS


Experimental Design

The study was performed in the NICU of the Hospital Universitario y Politécnico La Fe (Valencia, Spain). Samples from neonates were obtained from the study approved by the Ethics Committee with registration number 2017/0470. Parents of all the patients signed the informed consent.

This is a prospective cohort study that included preterm neonates born at ≤32 weeks of gestation age. Inclusion and exclusion criteria for the study are shown in Supplementary Table 1.

Samples from 23 preterm infants were collected coincident with clinical suspicion of EOS or LOS. Preterm neonates with similar gestational and postnatal ages and perinatal characteristics but free of infection and without suspicion of sepsis acted as controls. EOS and LOS were diagnosed by attending staff neonatologists in the NICU. Patients who met EOS and LOS criteria were included in the study (21, 22). Six patients had confirmed EOS, nine patients confirmed LOS, and two patients suffered both types. Six non-septic preterm neonates were used as controls (Table 1). Although a positive blood culture is the golden standard for the diagnosis of sepsis including EOS and LOS, often blood culture renders negative due to the low blood volume available and contamination by peripheral colonizing bacteria. Therefore, in clinical neonatology there is a distinction between “culture positive sepsis” and “clinical sepsis” (Table 2). Culture positive sepsis is characterized by a positive bacterial growth in two blood samples taken under stringent aseptic conditions and is treated with specific antibiotics provided by the antibiogram. Clinical sepsis is characterized by the presence of evident of clinical signs that can be or not accompanied by changes in acute phase reactant biomarkers such as CRP, IL-6, or PCT, and or positive peripheral smears and is treated with an empirical combination of antibiotics according to the bacterial eco-system of the NICU. These criteria were not mutually exclusive, and some patients were identified as suffering from both EOS and LOS, being the blood sample taken for analysis after the second sepsis episode.


Table 1. Perinatal characteristics of preterm infants ≤32 weeks of gestation with suspicion or confirmed sepsis (EOS, LOS, and EOS+LOS) and neonates without sepsis as controls.
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Table 2. Summary of microbiological, clinical, and analytical results in patients with early and late onset sepsis.
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Blood Sampling and DNA Extraction

Blood (0.5 mL) was sampled from a peripheral vein or central catheter using a heparinized syringe. Blood was centrifuged (1,500 × g for 10 min) at 4°C to separate plasma from the cell pellet. Cell fractions were stored at −80°C until processing. Total DNA was isolated from the cell pellet with All-In-One DNA/RNA Miniprep Kit (BS88203, Bio Basic Canada Inc., Canada) following the manufacturer's instructions. Concentration and purity of DNA was determined with the fluorometric method (Quant-iT PicoGreen dsDNA Assay, Life Technologies, Carlsbad, CA, USA).



DNA Methylation Profiling Using Illumina EPIC 850K Array

The measurement of genome-wide methylation on the 23 samples was performed by means of the Infinium Human DNA Methylation EPIC 850K arrays (Illumina Inc, San Diego, CAL, USA) following the manufacturer's instructions.



Bioinformatic Analysis

The minfi R-package (27) was used to process and normalize the arrays (28, 29). The identification of differentially methylated CpGs (DMCs) was performed using limma (30) using an FDR cutoff of 0.05, which is the expected proportion of errors and controls for a low proportion of false positives (38). With the aim of discovering differentially methylated regions (DMRs), we employed two complementary bioinformatic tools: DMRcate (34) and mCSEA (39) R-packages. We performed the DNAm differential analysis between the groups of the study. Finally, we performed the overlap of both DMR sets.

DMRs were functionally enriched in both gene ontology (GO) terms and KEGG pathways by means of an over-representation analysis (ORA) using the clusterProfiler R-package (40). The selected FDR threshold was 0.05. Furthermore, the top 1,000 DMCs were analyzed for cell-type enrichment using eFORGE (35), which determines the cell type-specific regulatory component of a set of EWAS-identified differentially methylated positions to identify disease-relevant cell types in a specific disease.



Statistical Analysis

Quantitative variables were analyzed for normality using the Kolmogorov-Smirnov test, and an ordinary one-way ANOVA was performed for multiple comparisons using Tukey's test. Furthermore, qualitative variables were analyzed using Fisher's exact test.




RESULTS


Neonatal Characteristics and Microbiological Data

Twenty-three preterm infants (≤32 weeks of gestation age) were included. Out of these, 17 were diagnosed of neonatal sepsis cases and 6 pre-term neonates were selected as non-septic controls. Subjects' characteristics are shown in Table 1 and the criteria for “culture positive sepsis” and “clinical sepsis,” as well as inflammatory biomarkers, are shown in Table 2. Hence, 9 subjects developed LOS, 6 subjects developed EOS, 2 subjects developed EOS+LOS, and 6 subjects were considered healthy controls. In Table 1, we found statistical differences in the gestational age when comparing LOS [26 (25–29) weeks] and EOS+LOS [25 (25) weeks] to non-septic pre-term neonates [29.5 (28–30) weeks]. Moreover, we also found statistical differences in birth weight between neonates who developed LOS (797.8 ± 228.7 g) and pre-term neonates (1,253 ± 261 g), and in the antibiotic therapy to mother when comparing EOS to the other clinical groups (See Table 2).

The blood culture results are presented in Table 2 and Supplementary Figure 1. In one case of LOS and five cases of EOS, it was not possible to identify the microorganism.



Differential Methylation Profiles Between Neonatal Sepsis Subtypes and Control Subjects

Principal component analysis (PCA) of the processed data showed a slight separation between septic and control samples, with some overlap. Regarding subtypes, LOS samples showed greater separation from controls than did EOS (Figure 1A).


[image: Figure 1]
FIGURE 1. DNAm analysis. (A) Principal component analysis (PCA) of methylation data of control (light green), LOS (pink), EOS (light blue), and EOS plus LOS (purple) samples. (B) DNAm heatmap showing the significant top 1,000 differentially methylated CpGs between controls and neonates with sepsis, obtained with limma. The methylation metric used to obtain the heatmap is the beta values scaled by the median, shown at the top left color scale (where red represents higher methylation levels, and green lower methylation levels). This displays the clustering of sepsis samples separated from control samples with the exception of one LOS sample. (C) eFORGE analysis. Enrichment analysis of regulatory element classes in different blood cell types for the top 1,000 CpG sites between septic neonates and control neonates. Cell types are shown on the horizontal axis and the significance (–log10 binomial p-values) is shown on the vertical axis. Each dot represents an enrichment q-value for a given cell type, colored according to the enriched regulatory element class, as shown in the legend (where yellow points correspond to enhancers and red points correspond to transcription start sites).


The differential methylation analysis between septic and control neonates showed 77,380 differentially methylated CpGs (DMCs). The top 1,000 DMCs were plotted in a heatmap showing a similar methylation pattern in both clinical groups, EOS and LOS (Figure 1B). The eFORGE analysis of the top 1,000 DMCs revealed enrichment in blood enhancers, particularly primary hematopoietic stem cells (Figure 1C).

To identify DMRs, we used the mCSEA approach, testing 1,051 promoters and 119 genes with differential methylation levels in the neonatal sepsis condition vs. controls. In particular, we found 437 hypomethylated promoters, 26 of which exhibited a beta-value difference >10% (including the promoters for EGOT, IL10, CPT1B, PILRA, ELANE, TREM1, PRTN3, MIR145, S100A8, CSTA, MS4A3, ATP8B4, CPT1B, CMYA5, LRG1, and CD300LB) and 614 hypermethylated promoters, 6 of which exhibited a beta-value difference >10% for CD3G, CD3D, LTA, TXK, UBASH3A, and SIT1 genes (Figure 2A). Conversely, in contrast with the high number of promoters with differential hypomethylation, only 4 genes (MPO, LOC100131496, SPI1, and PLEK) showed a beta-value difference above 10%.


[image: Figure 2]
FIGURE 2. Volcano plots of the different contrasts performed with mCSEA. Volcano plots show the beta-value difference in the x-axis plotted vs. –log10 FDR in the y-axis. Black (not significant) and green (Mean beta diff.) dots were non-significant promoters, while blue (FDR) and red (FDR and mean beta diff.) dots correspond to the significant DMRs, below the selected FDR threshold of significance set at 0.05. Those with a mean beta difference >10% are represented as red and green dots. (A) Volcano plot of the sepsis vs. control contrast, (B) LOS vs. control contrast, (C) EOS vs. control comparison, and (D) LOS vs. EOS.


In addition, we used the DMRcate method and identified 14,846 genomic regions by fitting DMCs spatially. The vast majority of DMRs were hypomethylated regions, and only 1,577 were hypermethylated. Furthermore, those with a mean beta difference above 10% provided 1,474 DMRs with hypomethylation and 386 DMRs with hypermethylation.

After overlapping the DMR sets obtained with both methods (mCSEA and DMRcate), 302 promoters and 108 genes were found to be hypomethylated and 143 promoters hypermethylated. Table 3 shows the promoters with the greatest beta differences (>10%) obtained with the two methods for the comparisons between neonatal sepsis and control neonates.


Table 3. General overview of differentially methylated (hypomethylated and hypermethylated) promoters detected by both DMR detection methods (mCSEA and DMRcate) for the comparison between neonatal sepsis and control neonates, including mean beta-value difference, chromosome location, and a brief description.
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Differential Methylation in EOS and LOS to Identify Distinct Molecular Responses in Both Subtypes of Neonatal Sepsis

As shown in the results above, comparisons between EOS and controls and between LOS and EOS exhibited smaller differences in DNA methylation between conditions. Therefore, we used the mCSEA method which allows discovery of regions with high sensitivity and subtle differences in DNAm but with consistency across a genomic region.

Among the 1,433 promoters obtained with mCSEA, 50 had a difference >10%, and some of them were associated with relevant genes involved in immunological functions (Figure 2B). Nevertheless, the comparison between EOS and controls showed differential methylation in only 44 genes and 108 promoters, in which relevant genomic regions that showed significant changes in LOS—such as S100A8, TREM1, ELANE, CD3D, and CD3G—were not present. Importantly, promoters of CSTA, MIR145, PRTN3, and ATP8B4 genes were differentially methylated in EOS as well as in LOS when compared to controls (Figure 2C).

When we compared LOS with EOS, 803 differentially methylated promoters were obtained, most of them with small differences except for 4 hypomethylated promoters, which displayed large beta differences for gene promoters of DUSP22, PM20D1, MIR10A, and MIR886 (Figure 2D).



Pathways Related With Immune Response Are Altered by DNA Methylation in Neonatal Sepsis

DMR sets obtained using mCSEA and DMRcate methods for sepsis vs. control comparison were enriched to detect important functions, and as a result similar GO biological processes related with immune response were obtained using both methods (Figure 3).


[image: Figure 3]
FIGURE 3. Dotplots of the gene ontology-biological process terms (GO-BP) overrepresented with an FDR threshold of <0.05 in the sets of DMRs. The y axis represents the significant GO terms with the higher proportion of DMRs of the set involved, and the gene ratio in the x-axis represents these proportions (number of DMRs involved in each GO term over the total number of DMRs in the set). The size of each dot or gene cluster depends on the gene count that contributes to the enrichment of that pathway, and the adjusted p-value obtained for the terms with the Fisher's exact test in ORA determines the color of the dots. (A) Dotplot of the biological processes in which the DMRs (promoters) obtained with mCSEA are enriched. (B) Dotplot of the enrichment results of the DMR set (genes and promoters) obtained with DMRcate.


After the overlapping of the DMRs for genes and promoters, obtained with mCSEA and DMRcate approaches, an overrepresentation analysis (ORA) revealed the enrichment of hypermethylated regions in T-cell activation and T-cell differentiation to be the processes with the highest significance, among other relevant GO terms (Figure 4A), which demonstrates the scarce immunoreactivity of the cells in septic neonates. Moreover, a high proportion of hypomethylated regions were enriched in neutrophil degranulation and activation involved in immune response processes, as well as in mast cell activation and response to molecules of bacterial origin (Figure 4B). Regarding KEGG pathways, the most relevant pathways enriched in the set of hypermethylated DMRs were T-cell receptor signaling pathway, Th17 cell differentiation, and PD-L1 expression and PD-1 checkpoint pathway, which are related with immunosuppression processes (Figure 4C).
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FIGURE 4. Gene-concept network (cnetplot) of overlapping DMRs. It shows the enriched concepts, obtained with an FDR cut-off of 0.05 (GO biological processes or KEGG pathways) linked to the DMRs involved in each concept, and the relation between them when genes are involved in more than one process. The size of the concept nodes depends on the gene count involved in that pathway or process, while the color of the gene nodes depends on their methylation level according to the displayed color gradient. (A) Cnetplots of GO terms of hypermethylated regions in neonatal sepsis, (B) GO terms of hypomethylated regions in neonatal sepsis, and (C). KEGG pathways of hypermethylated regions.





DISCUSSION

Sepsis produces high mortality and morbidity and adverse long-term effects in neonates. The pathophysiology of neonatal sepsis is not yet fully understood (3). We propose that epigenetics is involved in the immunopathology of sepsis and can provide biomarkers for clinical management of early onset and late onset sepsis.

Neonatal immune development is complex and incompletely understood. Moreover, neonatal immune development is orchestrated by many factors including intra- and extra-uterine exposure to antigens and commensal organisms (6), which determine the susceptibility of the newborn to sepsis (6). Notably, our results reveal significant changes in the DNA methylation between septic and controls, indicating that sepsis produces epigenetic reprogramming in leukocytes. With sepsis both hyperinflammatory and immunosuppressive responses occur (6, 41). Our results reinforce this idea, since methylation changes occur simultaneously in both pro- and anti-inflammatory mediators.

Upon infection, the immune response relies primarily on the innate immune system, which is not fully mature in preterm infants. Changes in DNAm were greater in LOS than in EOS when compared to controls. Hence, the lower methylation levels observed in the promoters of genes involved in neutrophil activation (i.e., ATP8B4, LRG1, TREM1, PRTN3, S100A8, ELANE, and CD177) illustrates the role of DNAm in innate immunity in neonatal sepsis. In addition, TREM-1, which has been proposed as an early biomarker of neonatal sepsis, is involved in the amplification of neutrophil and monocyte inflammatory responses by stimulating pro-inflammatory cytokines (38). Furthermore, the hypomethylation found in the gene coding for neutrophil elastase (ELANE) and proteinase 3 (PRTN3) may alter the formation of NETs (neutrophil extracellular traps), which is an earlier mechanism used by neutrophils to fight infection (42).

In line with pro-inflammatory responses, previous studies revealed the involvement of CD300b in LPS-induced sepsis (37) as well as apoptotic cell phagocytosis mediated by macrophages (36). As the excessive inflammatory response in sepsis entails apoptosis of lymphocytes and epithelial cells, CD300b contributes to sepsis, so the hypomethylation of the CD300B promoter found in our study correlates with previous findings (36, 37). Another relevant pro-inflammatory gene is LTA (lymphotoxin alpha), which is a cytokine produced by lymphocytes. This member of the tumor necrosis factor family is associated with increased risk of sepsis in adults (43), so the hypermethylation we found in LTA also suggests its use as a predictive marker for risk of sepsis in neonates.

IL-10, together with IL-6 and IL-8, are initial markers with high specificity for neonatal sepsis (32). The upregulation of IL-10 in sepsis is concordant with the lower methylation levels we found in its promoter and may contribute to the immunosuppressive response in neonatal sepsis. In addition, the gene encoding for the inflammatory and immunosuppressive protein S100A8 (S100 calcium binding protein A8) showed low methylation. Interestingly, S100A8 is an alarmin related with immunosuppression, because it prevents the expansion of specific inflammatory monocyte populations in septic neonates (44). Of note, S100A8 participates in neutrophil chemotaxis and adhesion, and it is up-regulated in patients with sepsis (45), which is in agreement with the low methylation levels identified in its promoter found in our study.

Regarding the adaptive immune response, T-cell activation is known to be downregulated during the immunosuppressive state (6). Interestingly, we found that the promoters of genes involved in T-cell regulation (i.e., CD3D, CD3G, UBASH3A, SIT1, and TXK) were hypermethylated in neonatal sepsis compared to controls, thereby resulting in decreased expression. The CD3D and CD3G proteins are subunits of the TCR-CD3 complex (TCR, T-cell receptor). The TCR-CD3 complex is a multicomponent membrane receptor in mature T cells and in thymocytes, whose under-expression has been described in adult sepsis (46). UBASH3A (part of the T-cell ubiquitin ligand or TULA) and SIT1 participate in the regulation of the TCR-CD3, by negatively regulating TCR signaling (47, 48). The hypermethylation of these genes suggests modulation of the TCR-CD3 complex in neonatal sepsis as well.

Among other significant methylated genes of interest in the context of neonatal sepsis, we also found CALR, which codes for calreticulin, an endoplasmic reticulum resident protein, with functions in leukocyte migration and related with the severity of sepsis (49). In addition, our study further revealed the hypomethylation of MPO gene, coding for myeloperoxidase, which has previously been described as a potential marker of mortality in sepsis (50).

The overlapping of the DMRs for genes and promoters showed in Figure 4, obtained with mCSEA and DMRcate approaches, revealed the scarce immunoreactivity of T-cells in septic neonates. Interestingly, KEGG pathways demonstrate the enrichment of hypermethylated DMRs for T-cell receptor signaling pathway, Th17 cell differentiation, and PD-L1 expression and PD-1 checkpoint pathway, which has been related with immunosuppression processes (31, 51, 52).

Importantly, using mCSEA method we were able to identify 4 gene promoters in DUSP22, PM20D1, MIR10A, and MIR886 with significant differential DNAm when comparing LOS with EOS. Among these genes, DUSP22 codes for a JKAP, a JNK pathway-associated phosphatase expressed in various types of human immune cells (e.g., T cells, B cells, and natural killer cells) (33, 53). DUSP22 has been closely related to immune and inflammation response and negatively correlates with APACHE II score, SOFA score, TNF-α, IL-1β, IL-6, and IL-17 (54). It would explain, why IL-6 is found elevated in EOS and considered a clinical criterion to diagnose EOS (55, 56). Interestingly, a work by Khaertynov et al., suggest higher values for TNF-α, IL-1β, IL-6 in LOS than in EOS (57), which is in agreement with the observation of higher methylation of DUSP22 in LOS than in EOS. In addition, DUSP22 downregulation correlates with severity, higher level of systemic inflammation, and poor survival in adult septic patients (54). It would be interesting to measure DUSP22 methylation in a cohort of neonatal septic patients in order to evaluate its potential as prognostic biomarkers in neonatal sepsis. Regarding MIR10A, it has been shown that miR-10a levels in PBMC at admission were significantly lower in sepsis patients compared with non-septic patients with infection, and with healthy controls (58). Moreover, miR-10a levels were found to predict 28-day mortality and negatively correlate with disease severity as well as levels for C-reactive protein, procalcitonin, and inflammatory cytokines such as IL-6, TNF-α, and MCP-1 (58). Regarding MIR886, it has been shown that miR-886-5p is increased in human monocyte-derived macrophages as a response to mycobacterial infection at 48 h (59), and the isoform hsa-miR-886-3p was present at higher levels in PBMCs from critically ill patients infected with H1N1 influenza virus than PBMCs from healthy controls (60). Interestingly, miR-886-5p targets IRAK3, BAX, and TP53 transcripts (59), contributing to inhibiting apoptosis (61). In our study we found the hypomethylation of MIR886 in LOS compared to EOS, which may contribute to its upregulation, thereby inhibiting apoptosis in immune cells and setting the basis for an adaptive response in more mature immune cells. This is of special relevance because persistence of immunosuppression related to epigenetic dysregulation (6) may increase the susceptibility for future infections and increases the risk of mortality (11, 17).

Our study has some limitations, especially in the small number of newborns included in each group. Nonetheless our results importantly set the basis for further research aimed to validate our findings and provide novel biomarkers for neonatal sepsis based on DNA methylation.



CONCLUSIONS

DNAm profiles with differential methylation were observed between newborns with sepsis and control neonates in relevant genes and promoters involved in immune pathways. Our study demonstrates the potential use of DNAm to reveal relevant mechanisms underlying the inflammatory and immune dysregulation in neonatal sepsis, and particularly in EOS and LOS, which can help to clarify its physiopathology and therefore contribute to prevent life-threatening complications during neonatal sepsis.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The .idat files of the 23 samples were deposited on Gene Expression Omnibus (GEO) with the number GSE155952.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committee from Hospital Universitario y Politécnico la Fe (Valencia, Spain) with registration number 2017/0470. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

JG-G, MV, SM-M, PN, and FP: conception, study design, and coordination. MV, SL-P, and IL-C: wrote the ethics committee application, present the informed consent, and collect the samples. SL-P, PN, MG, IL-C, JB-G, RO-V, and SM-M: experiment performing and data acquisition. PN, MG, and EG-L: statistical analysis. JG-G, SL-P, SM-M, MV, PN, SL-P, EG-L, and FP: drafting manuscript. All authors approved the final version of the manuscript and agreed to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved. All persons designated as authors qualify for authorship, and all those who qualify for authorship are listed.



FUNDING

This work was supported by AES from Spanish Institute of Health Carlos III grant numbers [AES2019, PI19/00994; PFIS grant FI18/0131] co-financed by the European Regional Development Fund (ERDF); by RETICS grant number [PN 2018-2021]; by ISCIII- Sub-Directorate General for Research Assessment and Promotion and the European Regional Development Fund (FEDER) grant number [RD16/0022] and Spanish Institute of Health Carlos III through CIBERer (Biomedical Network Research Center on Rare Diseases) grant number [ACCI2018-09] and Fundación Mútua Madrileña (AP174352020). MG was supported by the Competitiveness Programme for the Promotion of Talent and its Employability in R+D+I Torres Quevedo grant from Spanish Ministerio de Ciencia e Innovación (PTQ2019-010552). RO-V is a fellowship supported by Fundación Mutua Madrileña.



ACKNOWLEDGMENTS

The authors would like to thank Dr. Juan Sandoval and the Epigenomics Unit of the Instituto de Investigación Sanitaria La Fe for their support in performing Infinium Human DNA Methylation EPIC 850K arrays.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.622599/full#supplementary-material



REFERENCES

 1. Shane AL, Sánchez PJ, Stoll BJ. Neonatal Sepsis. Lancet. (2017) 390:1770–80. doi: 10.1016/S0140-6736(17)31002-4

 2. Singer M, Deutschman CS, Seymour C, Shankar-Hari M, Annane D, et al. The third international consensus definitions for sepsis and septic shock (sepsis-3). J Am Med Assoc. (2016) 315:801–10. doi: 10.1001/jama.2016.0287

 3. McGovern M, Giannoni E, Kuester H, Turner MA, van den Hoogen A, Bliss JM, et al. Challenges in developing a consensus definition of neonatal sepsis. Pediatr Res. (2020) 88:14–26. doi: 10.1038/s41390-020-0785-x

 4. Maddux AB, Douglas IS. Is the developmentally immature immune response in paediatric sepsis a recapitulation of immune tolerance? Immunology. (2015) 145:1–10. doi: 10.1111/imm.12454

 5. Raymond SL, Stortz JA, Mira JC, Larson SD, Wynn JL, Moldawer LL. Immunological defects in neonatal sepsis and potential therapeutic approaches. Front Pediatr. (2017) 5:14. doi: 10.3389/fped.2017.00014

 6. Hibbert JE, Currie A, Strunk T. Sepsis-induced immunosuppression in neonates. Front Pediatr. (2018) 6:357. doi: 10.3389/fped.2018.00357

 7. Cernada M, Serna E, Bauerl C, Collado MC, Pérez-Martínez G, Vento M. Genome-wide expression profiles in very low birth weight infants with neonatal sepsis. Pediatrics. (2014) 133:e1203–11. doi: 10.1542/peds.2013-2552

 8. Zea-Vera A, Ochoa TJ. Challenges in the diagnosis and management of neonatal sepsis. J Trop Pediatr. (2015) 61:1–13. doi: 10.1093/tropej/fmu079

 9. Klinger G, Levy I, Sirota L, Boyko V, Reichman B, Lerner-Geva L. Epidemiology and risk factors for early onset sepsis among very-low-birthweight infants. Am J Obstet Gynecol. (2009) 201:38.e1-6. doi: 10.1016/j.ajog.2009.03.006

 10. Benitz WE, Achten NB. Technical assessment of the neonatal early-onset sepsis risk calculator. Lancet Infect Dis. (2020) S1473-3099(20) 30490-4. doi: 10.1016/S1473-3099(20)30490-4

 11. Hedegaard SS, Wisborg K, Hvas A-M. Diagnostic utility of biomarkers for neonatal sepsis—a systematic review. Infect Dis. (2015) 47:117–24. doi: 10.3109/00365548.2014.971053

 12. Dong Y, Speer CP. Late-onset neonatal sepsis: recent developments. Arch Dis Child Fetal Neonatal Ed. (2015) 100:F257–63. doi: 10.1136/archdischild-2014-306213

 13. Strunk T, Jamieson SE, Burgner D. Genetic and epigenetic susceptibility to early life infection. Curr Opin Infect Dis. (2013) 26:241–7. doi: 10.1097/QCO.0b013e32835fb8d9

 14. Cross D, Drury R, Hill J, Pollard AJ. Epigenetics in sepsis: understanding Its role in endothelial dysfunction, immunosuppression, and potential therapeutics. Front Immunol. (2019) 10:1363. doi: 10.3389/fimmu.2019.01363

 15. Carson WF, Cavassani KA, Dou Y, Kunkel SL. Epigenetic regulation of immune cell functions during post-septic immunosuppression. Epigenetics. (2011) 6:273–83. doi: 10.4161/epi.6.3.14017

 16. Goldberg AD, Allis CD, Bernstein E. Epigenetics: a landscape takes shape. Cell. (2007) 128:635–8. doi: 10.1016/j.cell.2007.02.006

 17. Berger SL, Kouzarides T, Shiekhattar R, Shilatifard A. An operational definition of epigenetics. Genes Dev. (2009) 23:781–3. doi: 10.1101/gad.1787609

 18. Bernstein BE, Stamatoyannopoulos JA, Costello JF, Ren B, Milosavljevic A, Meissner A, et al. The NIH roadmap epigenomics mapping consortium. Nat Biotechnol. (2010) 28:1045–48. doi: 10.1038/nbt1010-1045

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

 20. Morales-Nebreda L, McLafferty FS, Singer BD. DNA methylation as a transcriptional regulator of the immune system. Transl Res. (2019) 204:1–18. doi: 10.1016/j.trsl.2018.08.001

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

 22. Lorente-Sorolla C, Garcia-Gomez A, Català-Moll F, Toledano V, Ciudad L, Avendaño-Ortiz J, et al. Inflammatory cytokines and organ dysfunction associate with the aberrant DNA methylome of monocytes in sepsis. Genome Med. (2019) 11:66. doi: 10.1186/s13073-019-0674-2

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

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

 25. Töllner U. Early diagnosis of septicemia in the newborn—Clinical studies and sepsis score. Eur J Pediatr. (1982) 138:331–7. doi: 10.1007/BF00442511

 26. Goldstein B, Giroir B, Randolph A. International pediatric sepsis consensus conference: definitions for sepsis and organ dysfunction in pediatrics. Pediatr Crit Care Med. (2005) 6:2–8. doi: 10.1097/01.PCC.0000149131.72248.E6

 27. Aryee MJ, Jaffe AE, Corrada-Bravo H, Ladd-Acosta C, Feinberg AP, Hansen KD, et al. Minfi: a flexible and comprehensive bioconductor package for the analysis of infinium DNA methylation microarrays. Bioinformatics. (2014) 30:1363–69. doi: 10.1093/bioinformatics/btu049

 28. Fortin JP, Labbe A, Lemire M, Zanke BW, Hudson TJ, Fertig EJ, et al. Functional normalization of 450k methylation array data improves replication in large cancer studies. Genome Biol. (2014) 15:503. doi: 10.1186/s13059-014-0503-2

 29. Pidsley R, Zotenko E, Peters TJ, Lawrence MG, Risbridger GP, Molloy P, et al. Critical evaluation of the illumina MethylationEPIC BeadChip microarray for whole-genome DNA methylation profiling. Genome Biol. (2016) 17:208. doi: 10.1186/s13059-016-1066-1

 30. Ritchie M, Phipson, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. (2015) 43:e47. doi: 10.1093/nar/gkv007

 31. Chen X, Oppenheim JJ. Th17 cells and Tregs : unlikely allies. J Leukoc Biol. (2014) 95:723–31. doi: 10.1189/jlb.1213633

 32. Boskabadi Ha, Zakerihamidi M. Evaluate the diagnosis of neonatal sepsis by measuring interleukins: a systematic review. Pediatr Neonatol. (2018) 59:329–38. doi: 10.1016/j.pedneo.2017.10.004

 33. Zhou R, Chang Y, Liu J, Chen M, Wang H, Huang M, et al. JNK pathway-associated phosphatase/DUSP22 suppresses CD4+ T-cell activation and Th1/Th17-cell differentiation and negatively correlates with clinical activity in inflammatory bowel disease. Front Immunol. (2017) 8:781. doi: 10.3389/fimmu.2017.00781

 34. Peters TJ, Buckley MJ, Statham AL, Pidsley R, Samaras K, V Lord R, et al. De novo identification of differentially methylated regions in the human genome. Epigenetics Chromatin. (2015) 8:6. doi: 10.1186/1756-8935-8-6

 35. Breeze CE, Reynolds AP, Van Dongen J, Dunham I, Lazar J, Neph S, et al. EFORGE v2.0: updated analysis of cell type-specific signal in epigenomic data. Bioinformatics. (2019) 35:4767–69. doi: 10.1093/bioinformatics/btz456

 36. Murakami Y, Tian L, Voss OH, Margulies DH, Krzewski K, Coligan JE. CD300b regulates the phagocytosis of apoptotic cells via phosphatidylserine recognition. Cell Death Differ. (2014) 21:1746–57. doi: 10.1038/cdd.2014.86

 37. Yamanishi Y, Takahashi M, Izawa K, Isobe M, Ito S, Tsuchiya A, et al. A soluble form of LMIR5/CD300b amplifies lipopolysaccharide-induced lethal inflammation in sepsis. J Immunol. (2012) 189:1773–79. doi: 10.4049/jimmunol.1201139

 38. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to multiple testing. J R Stat Soc Ser B. (1995) 57:289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

 39. Martorell-Marugán J, González-Rumayor V, Carmona-Sáez P. mCSEA: detecting subtle differentially methylated regions. Bioinformatics. (2019) 35:3257–62. doi: 10.1093/bioinformatics/btz096

 40. Yu G, Wang L-G, Han Y, He Q-Y. clusterProfiler: an R package for comparing biological themes among gene clusters. Omi A J Integr Biol. (2012) 16:284–7. doi: 10.1089/omi.2011.0118

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

 42. Delano MJ, Ward PA. The immune system's role in sepsis progression, resolution, and long-term outcome. Immunol Rev. (2016) 274:330–53. doi: 10.1111/imr.12499

 43. Watanabe E, Buchman TG, Hirasawa H, Zehnbauer BA. Association between lymphotoxin-α (tumor necrosis factor-β) intron polymorphism and predisposition to severe sepsis is modified by gender and age. Crit Care Med. (2010) 38:181–93. doi: 10.1097/CCM.0b013e3181bc805d

 44. Heinemann AS, Pirr S, Fehlhaber B, Mellinger L, Burgmann J, Mandy B. In neonates S100A8/S100A9 alarmins prevent the expansion of a specific inflammatory monocyte population promoting septic shock. FASEB J. (2017) 31:1153–64. doi: 10.1096/fj.201601083R

 45. Lu X, Xue L, Sun W, Ye J, Zhu Z, Mei H. Identification of key pathogenic genes of sepsis based on the gene expression omnibus database. Mol Med Rep. (2017) 17:3042–54. doi: 10.3892/mmr.2017.8258

 46. Cazalis M-A, Lepape A, Venet F, Frager F, Mougin B, Vallin H, et al. Early and dynamic changes in gene expression in septic shock patients: a genome-wide approach. Intensive Care Med Exp. (2014) 2:20. doi: 10.1186/s40635-014-0020-3

 47. Ge Y, Paisie TK, Chen S, Concannon P. UBASH3A regulates the synthesis and dynamics of TCR–CD3 complexes. J Immunol. (2019) 203:2827–36. doi: 10.4049/jimmunol.1801338

 48. Marie-Cardine A, Kirchgessner H, Bruyns E, Shevchenko A, Mann M, Autschbach F, et al. SHP2-interacting transmembrane adaptor protein (SIT), a novel disulfide- linked dimer regulating human T cell activation. J Exp Med. (1999) 189:1181–94. doi: 10.1084/jem.189.8.1181

 49. Xu Z, Yang Y, Zhou J, Huang Y, Wang Y, Zhang Y, et al. Role of plasma calreticulin in the prediction of severity in septic patients. Dis Markers. (2019) 2019:8792640. doi: 10.1155/2019/8792640

 50. Schrijver IT, Kemperman H, Roest M, Kesecioglu J, de Lange DW. Myeloperoxidase can differentiate between sepsis and non-infectious SIRS and predicts mortality in intensive care patients with SIRS. Intensive Care Med Exp. (2017) 5:43. doi: 10.1186/s40635-017-0157-y

 51. Chen G, Huang AC, Zhang W, Zhang G, Wu M, Xu W, et al. Exosomal PD-L1 contributes to immunosuppression and is associated with anti-PD-1 response. Nature. (2018) 560:382–6. doi: 10.1038/s41586-018-0392-8

 52. Patil N, Guo Y, Luan L, Sherwood E. Targeting immune cell checkpoints during sepsis. Int J Mol Sci. (2017) 18:2413. doi: 10.3390/ijms18112413

 53. Chuang H-C, Chen Y-M, Hung W-T, Li J-P, Chen D-Y, Lan J-L, et al. Downregulation of the phosphatase JKAP/DUSP22 in T cells as a potential new biomarker of systemic lupus erythematosus nephritis. Oncotarget. (2016) 7:57593–605. doi: 10.18632/oncotarget.11419

 54. Zhao M, Huang X. Downregulation of JKAP is correlated with elevated disease risk, advanced disease severity, higher inflammation, and poor survival in sepsis. J Clin Lab Anal. (2019) 33:e22945. doi: 10.1002/jcla.22945

 55. Mirzarahimi M, Barak M, Eslami A, Enteshari-Moghaddam A. The role of interleukin-6 in the early diagnosis of sepsis in premature infants. Pediatr Rep. (2017) 9:7305. doi: 10.4081/pr.2017.7305

 56. Krueger M, Nauck MS, Sang S, Hentschel R, Wieland H, Berner R. Cord blood levels of interleukin-6 and interleukin-8 for the immediate diagnosis of early-onset infection in premature infants. Neonatology. (2001) 80:118–23. doi: 10.1159/000047130

 57. Khaertynov KS, Boichuk S V., Khaiboullina SF, Anokhin VA, Andreeva AA, Lombardi VC, et al. Comparative assessment of cytokine pattern in early and late onset of neonatal sepsis. J Immunol Res. (2017) 2017:1–8. doi: 10.1155/2017/8601063

 58. Zheng G, Qiu G, Ge M, Meng J, Zhang G, Wang J, et al. miR-10a in peripheral blood mononuclear cells is a biomarker for sepsis and has anti-inflammatory function. Mediat Inflamm. (2020) 2020:1–10. doi: 10.1155/2020/4370983

 59. Sharbati J, Lewin A, Kutz-Lohroff B, Kamal E, Einspanier R, Sharbati S. Integrated MicroRNA-mRNA-analysis of human monocyte derived macrophages upon Mycobacterium avium subsp. hominissuis Infection. PLoS ONE. (2011) 6:e20258. doi: 10.1371/journal.pone.0020258

 60. Song H, Wang Q, Guo Y, Liu S, Song R, Gao X, et al. Microarray analysis of MicroRNA expression in peripheral blood mononuclear cells of critically ill patients with influenza A (H1N1). BMC Infect Dis. (2013) 13:257. doi: 10.1186/1471-2334-13-257

 61. Li J-H, Xiao X, Zhang Y-N, Wang Y-M, Feng L-M, Wu Y-M, et al. MicroRNA miR-886-5p inhibits apoptosis by down-regulating Bax expression in human cervical carcinoma cells. Gynecol Oncol. (2011) 120:145–51. doi: 10.1016/j.ygyno.2010.09.009

Conflict of Interest: JG-G, FP, and SM-M are owners of EpiDisease's shares. JG-G and SM-M are currently the C.E.O. and C.S.O. of 1446 EpiDisease S.L., respectively. EpiDisease is a Spin-Off of the Consortium Centre for Biomedical Network Research on Rare Diseases (Spanish Institute of Health- Instituto de Salud Carlos III), the Biomedical Research Centre INCLIVA and the University of Valencia. There are no patents, products in development or marketed products associated with this research to declare.

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

Copyright © 2021 Lorente-Pozo, Navarrete, Garzón, Lara-Cantón, Beltrán-García, Osca-Verdegal, Mena-Mollá, García-López, Vento, Pallardó and García-Giménez. 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.





REVIEW

published: 23 February 2021

doi: 10.3389/fimmu.2021.621627

[image: image2]


The Role of Siglec-G on Immune Cells in Sepsis


William Royster 1,2,3, Ping Wang 1,2,3*† and Monowar Aziz 1,2*†


1 Center for Immunology and Inflammation, The Feinstein Institutes for Medical Research, Manhasset, NY, United States, 2 Elmezzi Graduate School of Molecular Medicine, Manhasset, NY, United States, 3 Department of Surgery, Donald and Barbara Zucker School of Medicine at Hofstra/Northwell, Manhasset, NY, United States




Edited by: 
Zhixing Kevin Pan, University of Toledo Medical Center, United States

Reviewed by: James Frederick Burrows, Queen’s University Belfast, United Kingdom

Samithamby Jey Jeyaseelan, Louisiana State University, United States

*Correspondence: 
Monowar Aziz
 Maziz1@northwell.edu
 Ping Wang
 pwang@northwell.edu


†These authors have contributed equally to this work and share senior authorship


Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology







Received: 26 October 2020

Accepted: 13 January 2021

Published: 23 February 2021

Citation:
Royster W, Wang P and Aziz M (2021) The Role of Siglec-G on Immune Cells in Sepsis. Front. Immunol. 12:621627. doi: 10.3389/fimmu.2021.621627



Sepsis is a life-threatening clinical syndrome that results from an overwhelming immune response to infection. During sepsis, immune cells are activated by sensing pathogen-associated molecular patterns and damage-associated molecular patterns (DAMPs) through pattern recognizing receptors (PRRs). Regulation of the immune response is essential to preventing or managing sepsis. Sialic acid-binding immunoglobulin-type lectin-G (Siglec-G), a CD33 group of Siglec expressed in B-1a cells and other hematopoietic cells, plays an important immunoregulatory role. B-1a cells, a subtype of B lymphocytes, spontaneously produce natural IgM which confers protection against infection. B-1a cells also produce IL-10, GM-CSF, and IL-35 to control inflammation. Sialic acids are present on cell membranes, receptors, and glycoproteins. Siglec-G binds to the sialic acid residues on the B cell receptor (BCR) and controls BCR-mediated signal transduction, thereby maintaining homeostasis of Ca++ influx and NFATc1 expression. Siglec-G inhibits NF-κB activation in B-1a cells and regulates B-1a cell proliferation. In myeloid cells, Siglec-G inhibits DAMP-mediated inflammation by forming a ternary complex with DAMP and CD24. Thus, preserving Siglec-G’s function could be a novel therapeutic approach in sepsis. Here, we review the immunoregulatory functions of Siglec-G in B-1a cells and myeloid cells in sepsis. A clear understanding of Siglec-G is important to developing novel therapeutics in treating sepsis.
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Introduction

Inflammation refers to the body’s immune response to foreign particles. Sepsis is characterized as life threatening organ dysfunction caused by a dysregulated host response to infection (1). Sepsis will afflict 1.7 million adults in America, and result in 270,000 each year, attributing a huge economic burden to the US health care system (2). The activation of pattern recognizing receptors (PRRs) of immune cells by pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), results in an immune response to intruders (3, 4). Initiation of inflammation following infection is important to eradicate infection, while excessive inflammation can cause tissue injury, multi-organ dysfunction, and death in sepsis. A clear understanding of this pathophysiology will assist in removing the barriers of developing effective medications to treat sepsis.

Sialic acid-binding immunoglobulin-type lectins (Siglecs) are a group of receptors expressed on multiple types of immune cells. Siglecs are classified into two groups. The first group of Siglecs conserved in human and mouse are Siglec-1, -2, and -4 known as sialoadhesin, CD22, and myelin-associated glycoprotein (MAG) respectively. Siglec-15 is also a member of this group. The second group of Siglecs are known as CD33-related Siglecs. This group is rapidly evolving and comprises 11 members in humans, and 5 members in the mouse (5, 6). The CD33 family of human Siglecs includes CD33 or Siglec-3, -5, -6, -7, -8, -9, -10, -11, -12, -14, and -16. The mouse CD33 orthologs are designated by letters, which include CD33 (Siglec-3), Siglec-E, -F, -G, and -H. The number of extracellular immunoglobulin (Ig) domains in Siglecs varies among different Siglecs, for example Siglec-1 has 17 Ig domains, while Siglec-3 (CD33) and -H, each having only 2 Ig domains (5). Murine Siglec-G’s human ortholog is Siglec-10. Here, we focus on the immunoregulatory functions of Siglec-G during sepsis, because of the ubiquitous presence of sialic acid, the ligand of Siglec-G, on cell membranes, membrane receptors, and glycoproteins. Siglec-G is most highly expressed in B-1a cells, but is also present on conventional B-2 cells, where Siglec-2 is predominantly expressed (6, 7). Dendritic cells (DC), macrophages, and T lymphocytes also express Siglec-G (6, 7). It contains five extracellular Ig-like domains. The N-terminal Ig-like domain, which is similar to the variable domain of Ig (V-set domain), contains the sialic acid binding motif. The other parts of Siglec-G include a transmembrane region as well as an intracellular tail with three different tyrosine-based motifs: i) one immunoreceptor tyrosine-based inhibitory motif (ITIM), ii) one ITIM-like domain, and iii) a Grb-2-binding site (6, 8). Siglec-G binds to sialic acid moieties on B cell receptor (BCR), thereby controlling BCR-mediated signal transduction. Deficiency of Siglec-G causes altered BCR signaling which leads to increased Ca++ influx, increased nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1) expression, and decreased Src homology region 2 domain-containing phosphatase 1 (SHP1) levels in B-1a cells (7, 8). Siglec-G knockout mice have been found to have expanded populations of B-1a cells in the peritoneal cavity as well as elevated circulatory natural IgM. Overall, a skewed repertoire of secreted natural IgM implicating an altered IgM function has been detected in Siglec-G knockout mice (9, 10). Siglec-G also downregulates NF-κB activation in B-1a cells, which influences B-1a cell proliferation and survival (10, 11). Thus, Siglec-G is a crucial component of B-1a cell signaling and development. In myeloid cells, Siglec-G acts as a negative regulator of DAMPs. CD24 directly binds multiple different DAMPs, which then in turn binds to Siglec-G forming a trimeric assembly, serving to repress the inflammatory responses to DAMPs (12). Thus, preserving Siglec-G’s function protects mice from inflammation. The expression of Siglec-G at its mRNA level was increased in LPS-induced sepsis, although the protein level of Siglec-G and its expression in various immune cells during sepsis are unknown (13). By contrast, a recent report has shown that irradiation can cause reduced expression of Siglec-G at its protein level in antigen presenting cells (APCs), which leads to DAMP-mediated inflammatory responses (14). Since irradiation often causes sepsis by disrupting the intestinal barrier resulting in a leak of intestinal flora into the circulation, the findings of deceased expression of Siglec-G in APCs in the irradiation model could be mimicked with a polymicrobial sepsis model. Given the importance of Siglec-G in regulating the immune response, the expression of Siglec-G in various immune cells under inflammatory conditions should be studied.

B-1a cells are a unique subpopulation of B cells with profound immunoregulatory properties. B-1a cells have innate-like functions, playing a critical role in the initial defense against invading pathogens by secreting natural Abs (IgM) that help to protect the host from acute infection as well as lower bacterial load (15). B-1a cells either spontaneously or following infection produce the anti-inflammatory cytokine IL-10 in bulk amounts (16). B-1a cells also release granulocyte-monocyte colony-stimulating factor (GM-CSF) (17), which governs emergency myelopoiesis as well as causing B-1a cells to release more IgM in an both an autocrine and paracrine manner to protect the host against infection (17, 18). Conversely, B-1a cells also produce IL-3, IL-17, and TNF-α, which exhibit pro-inflammatory roles in sepsis (15, 19). B-1a cell-mediated protective outcomes have been reported in bacterial sepsis, pneumonia, and viral infection (15). In this review, we discuss the role of Siglec-G in B-1a cells and other cells to regulate BCR- and PRR-mediated pathways to control inflammation in sepsis. We also discuss the therapeutic interventions by targeting Siglec-G in sepsis. Unveiling the potential role of Siglec-G in B-1a cells and other cells is important for understanding the pathobiology of sepsis and its therapy.



Rationale

Siglec-G is expressed in a wide range of immune cells such as B-1a cells, myeloid cells, and T cells (6, 8, 14). B-1a cells have been shown to provide a survival benefit as well as ameliorate end organ damage in sepsis (15, 16). Although the role of Siglec-G in B-1a cells in the context of sepsis has not been studied before, given the evidence of Siglec-G-mediated anti-inflammatory role in CD24 expressing myeloid cells (20), it is speculated that B-1a cells which also express CD24 and Siglec-G could play similar anti-inflammatory role in sepsis (21). Myeloid cells play a pivotal role in innate-immunity in sepsis. Following infection, these cells respond to PAMPs and become activated to release pro-inflammatory cytokines and DAMPs including high-mobility group box 1 (HMGB1), extracellular cold-inducible RNA-binding protein (eCIRP), and histones (4). The transcription factor NF-κB induces the expression of these pro-inflammatory molecules (22). Given the importance of Siglec-G in controlling DAMP-mediated inflammation by inhibiting NF-κB, the immunoregulatory role of Siglec-G in sepsis is prominent and needs to be further discussed to dissect its mechanism of action in sepsis. Sialic acids are nine-carbon sugars attached to glycopeptides and glycolipids found in the circulation and on cell surfaces. N-glycolylneuraminic acid (Neu5Gc) and N-acetylneuraminic acid (Neu5Ac) are the two sialic acids most commonly found in mammalian cells. Sialic acids are attached to glycans via α2-3, α2-6 or α2-8 linkages (5, 6). The specific orientation of these linkages is often crucial for recognition by the sialic acid binding proteins expressed on mammalian cells. Siglec-G binds sialic acid moieties in a cis (same cell) or trans (adjacent cells) acting manner (9), which widens the scope of Siglec-G’s role in sepsis as increased cell to cell interaction is evident in sepsis. Given the increased expression of several glycoproteins which are enriched in sialic acids in inflammatory diseases (23), there seems to be a possibility that sialic acid contents could be increased in sepsis. This in turn may serve to activate Siglec-G to turn on the immunoregulatory mechanism in sepsis. The expression of Siglec-G was shown to be significantly upregulated in immune cells upon stimulation with lipopolysaccharide (LPS) (13), implicating Siglec-G’s impact in sepsis. Since the deficiency of Siglec-G could play a beneficial role in sepsis, here the increase of Siglec-G in their model could exhibit detrimental outcomes in sepsis (13). Since the sepsis pathophysiology and etiologies are complex and diverse, relying on a particular study finding may not reflect real clinical scenarios. Collectively, these strong scientific premises led us to focus on Siglec-G’s role in B-1a cells and beyond in sepsis.



Sialic Acid-Binding Immunoglobulin-Type Lectin-G Contributes to Host Protection in Sepsis

Siglec-G is expressed in B-1a cells, as well as in myeloid and lymphoid cells to play immunoregulatory functions (6, 12). Since these cells play a crucial role in sepsis, Siglec-G’s role in sepsis is critical. There exists a large body of evidence demonstrating the key role of NF-κB activation in sepsis. Studies have demonstrated that NF-κB inhibitors protect animals from sepsis (24, 25). NF-κB is constitutively activated in Siglec-G-/- B-1a cells (11). In DCs, Siglec-G hinders DAMPs effects on NF-κB activation (12). In myeloid cells, Siglec-G causes SHP2 and Cbl-dependent ubiquitylation and proteasomal degradation of RIG-I resulting in a dampening of the type I IFN response (26). Given the decreased activation of NF-κB and type-I IFN by Siglec-G, sepsis-induced hyperinflammation can be controlled. The direct role of Siglec-G in polymicrobial sepsis was first identified by using Siglec-G-/- mice, which showed increased susceptibility to sepsis-induced death (20). Similarly, the Siglec-G’s interacting molecule CD24-/- mice showed increased mortality in sepsis. Corresponding to the increased mortality in the mutant mice, the levels of IL-6, MCP-1, and TNF-α were sharply elevated. Compared to wild-type counterparts, the lung, kidney, and liver of CD24-/- and Siglec-G-/- mice showed severe hemorrhage, venous congestion, and necrosis (20). The CD24-Siglec-G interaction has been shown to be a crucial negative regulator of inflammation in sepsis. Sialidases are a potent virulence factor produced by many different invading pathogens, and sialic acid-based pattern recognition is a cardinal feature of Siglec-G. Therefore, bacterial sialidases may exacerbate sepsis by CD24 desialylation. Treatment of CD24 protein with recombinant sialidases from three different bacteria, S. pneumoniae, C. perfringens, and V. cholerae dramatically reduced Siglec-G’s binding with CD24 and therefore exacerbated HMGB1 and HSP70 induced inflammation in sepsis (20). Following sepsis, there is a marked increase in sialidase activity, which disrupts CD24-binding to Siglec-G leading to uncontrolled inflammation (Figure 1A). CD24 is not the only molecule that contains sialic acids and also the Siglec-G is not the only receptor that binds to sialic acids to become affected by the bacterial sialidases, there could be a number of molecules which contain sialic acids, binding to other Siglecs, and also become desialylated by bacterial sialidase. As such, the strategy and the findings as made by Chen et al. (20) focuses only on the CD24 and Siglec-G, given the fact that the deficiency of either CD24 or Siglec-G causes detrimental outcomes in sepsis. These findings further shed light on the avenues of identifying other sialic acid containing ligands and Siglecs that become affected by bacterial sialidase to exacerbate sepsis.




Figure 1 | The role of Siglec-G in sepsis. (A) Damage-associated molecular patterns (DAMPs) are released from damaged cells during sepsis and recognized by TLR4, fueling inflammation. DAMPs also bind to CD24, and this di-molecular complex further binds to Siglec-G through CD24’s sialic acid moiety to form a tri-molecular complex. Siglec-G leads to SHP1 activation which downregulates NF-κB activity and pro-inflammatory cytokine production. In polymicrobial sepsis, bacterial sialidases remove sialic acid residue from CD24, abrogating the CD24-Siglec-G interaction, thus enhancing the inflammatory process. (B) Siglec-G regulates PAMPs-TLR4-mediated signaling during sepsis. Siglec-G inhibits Src activation through the activation of SHP1 via Siglec-G’s ITIM domain. Src inhibits TLR4-induced inflammatory cytokines and increases the expression of IL-10 by activating STAT3. In Siglec-G deficient macrophages due to less recruitment of SHP1, Src is activated at its optimal level possibly through TLR4 pathway. Src then promotes HIF1α degradation through activating GSK3β. HIF1α is critical in inducing LPS-induced inflammatory response. As such, Src-induced degradation of HIF1α results in less pro-inflammatory cytokines production upon LPS stimulation in Siglec-G deficient immune cells. Thus, Siglec-G coordinates TLR4-induced pro- and anti-inflammatory cascades in sepsis.



Siglec-G-/- B-1a cells possess a constitutively active BCR-mediated intracellular signal transduction pathway, leading to an increase in B-1a cell number as well as elevated levels of natural IgM (7). In context of B-1a cell produced natural IgM’s role, the protective outcomes of Siglec-G-/- mice have been demonstrated in atherosclerosis (27). Natural IgM capable of binding OxLDL are significantly increased in the plasma and peritoneal cavities of Siglec-G-/- mice (27). Consistent with the neutralizing functions of OxLDL-specific IgM, Siglec-G-/- mice were shown to have protection from OxLDL-induced sterile inflammation. Despite the increased blood IgM levels, the Siglec-G-/- mice are more susceptible to peritoneal bacterial infections as noticed in CLP-induced sepsis (20). Blood and peritoneal lavage fluid cultures yielded more bacterial colonies in Siglec-G-/- mice than wild-type controls. Although bacterial load in WT and Siglec-G-/- was unaffected, the sialidase activity in the serum of Siglec-G-/- mice after sepsis was increased compared to WT mice in sepsis, which might lead to detrimental outcomes in septic Siglec-G-/- mice (20).

The immunoregulatory function of B-1a cells is altered by the presence of various bacterial proteins. Porin of Shigella dysenteriae type 1, an enteric bacteria, induces the proliferation of B-1a cells, but it dramatically reduces Siglec-G on B-1a cells (28). The porin-induced reduction of Siglec-G expression by B-1a cells is characterized by marked elevation of CD69 and CD40 expression, indicating activation of these cells subsequent to the down regulation of Siglec-G. As a result of cell activation, porin skews IL-10 producing/competent B-1a cells toward pro-inflammatory cytokines producing/responsive cells (28). Thus, bacterial infection shifts B-1a cell phenotype towards pro-inflammatory through a decreased expression of Siglec-G.



Human Sialic Acid-Binding Immunoglobulin-Type Lectin-10 Mimics the Function of Murine Sialic Acid-Binding Immunoglobulin-Type Lectin-G

To describe how the findings of murine Siglec-G can be matched with its human orthologue Siglec-10 during inflammation, at first the interaction of human CD24 and human Siglec-10 was determined. Sialidase treated recombinant human CD24 when combined with recombinant human Siglec-10 did not interact with each other, confirming the importance of sialic acid on CD24 for binding to Siglec-10 to transduce the downstream immunoregulatory signal, controlling DAMP-mediated inflammation (20). This result with human Siglec-10 suggests that the findings on murine Siglec-G to ameliorate inflammation can be transferable to human sepsis. In addition to this study, murine Siglec-G’s function was shown to be connected with its human orthologue Siglec-10 in a microbial sepsis model (29). In their study, Stephenson et al. showed that C. jejuni flagella can promote an anti-inflammatory axis via glycan-Siglec-10 engagement. They revealed that pseudaminic acid residues on the flagella contributed to IL-10 expression in dendritic cells. They also identified the ability of both viable C. jejuni and purified flagellum to bind to Siglec-10. In vitro infection of Siglec-10 overexpressing cells with pseudaminic acid residues containing flagella resulted in increased IL-10 expression in a p38-dependent manner. Detection of Siglec-10 on intestinal dendritic cells added further credence to the notion that this novel interaction may contribute to immune outcome during human infection.



Contradictory Role of Sialic Acid-Binding Immunoglobulin-Type Lectin-G in Pamp-Mediated Sepsis

A recent study explained Siglec-G’s role in endotoxemia in a different angle, where they suggested that Siglec-G deficiency attenuated the LPS-TLR4-induction of pro-inflammatory cytokines, and augmented the expression of anti-inflammatory cytokine IL-10 at both acute and immunosuppressive phases of sepsis (13). This study explains the impact of Siglec-G on PAMPs-induced inflammation, as our previous discussion mainly explained Siglec-G’s role in DAMPs-mediated inflammation. This non-classical function of Siglec-G was mediated though its regulation of activation of proto-oncogene tyrosine-protein kinase (Src). Src activation is inhibited by Siglec-G through the recruitment and activation of the tyrosine phosphatase SHP1. Src inhibits TLR4-induced inflammatory cytokines and promotes anti-inflammatory cytokine IL-10 production. In Siglec-G-/- macrophages due to less recruitment of SHP1, Src is activated at its optimal level. Src then promotes hypoxia inducible factor 1α (HIF1α) degradation through activating GSK3β. HIF1α is critical in inducing LPS-induced inflammatory response. As such, in Siglec-G-/- macrophages, Src-induced degradation of HIF1α results in less pro-inflammatory cytokines production upon LPS stimulation. Conversely, it has been shown that Src interacts with and phosphorylates STAT3, which leads to increased expression of IL-10, given the fact that STAT3 positively regulates IL-10 expression. Thus, Siglec-G orchestrates TLR-induced inflammation, which leads to the conclusion that the treatment of acute and chronic inflammatory diseases may be achievable through the blockade of Siglec-G or the activation of Src by inhibiting pro-inflammatory cytokines and inducing anti-inflammatory cytokine production (Figure 1B). Treatment of septic patients with anti-inflammatory therapy may result in a protracted immunosuppressive phase. However, the blockade of Siglec-G (activation of Src) while the patient is in the hyper-inflammatory phase or the activation of Siglec-G (blockade of Src) while in the hypo-inflammatory phase of sepsis may prove a useful treatment adjunct.

By comparing the findings of two contradictory studies with Siglec-G-deficient mice in sepsis, we found Li et al. showed that Siglec-G deficiency ameliorates hyperinflammation and immune collapse in endotoxemia (13), on the other hand, Chen’s study revealed that Siglec-G-/- mice showed detrimental outcomes in CLP-induced sepsis (20). Towards delineating the mechanism, Chen et al. determined the role of Siglec-G in attenuating DAMP-mediated inflammatory responses in sepsis, while Li et al. demonstrated that after LPS challenge, Siglec-G−/− mice produced less IL-6 and TNFα, more IL-10, and had an improved survival rate compared to Siglec-G+/− mice. However, in contrast to Li et al’s findings, another study demonstrated Siglec-G’s immunomodulatory role in DAMP-mediated, but not PAMP-mediated inflammation (12). They showed that the survival rates between WT and Siglec-G-/- mice in endotoxemia model did not differ between WT and Siglec-G-/- mice (12). Considering these two opposite findings with Siglec-G in DAMP- and PAMP-mediated inflammation, targeting Siglec-G for its activation or modulation may not always be beneficial in sepsis. Thus, additional studies may be required to prove Siglec-G’s definitive role in DAMP- and PAMP-mediated inflammation.



Sialic Acid-Binding Immunoglobulin-Type Lectin-G-Mediated Signal Transduction in B-1A Cells

Mature murine B lymphocytes are broadly categorized into three subsets. Follicular (FO) B cells, marginal zone (MZ) B cells, and B-1 cells. Follicular B cells, which are also called B-2 cells, are the most prevalent subset. B2 cells are found in the lymphoid follicles of the spleen and lymph nodes. FO B cells, upon interaction with CD4+ T helper cells, can differentiate into short lived plasma cells, or can form a germinal center (GC) and become long lived plasma cells or memory B cells (30). MZ B cells possess attributes of both naïve and memory B cells. They are located in the marginal sinus of the spleen where they are exposed to pathogens and particulate antigens (31).

B-1 cells were first described in 1983 by Hayakawa et al. (32). These cells are found in the peritoneal and pleural cavities, as well as the spleen. B-1 cells are characterized as B220lo, CD19+, CD23-, CD43+ (15, 33). B-1 cells were first termed Ly-1+ (murine) or Leu-1+ (human) due to their expression of the aforementioned surface markers (32). These surface markers have since been renamed CD5. Further research has determined that the presence of CD5 has come to distinguish B-1a (CD5+) cells from B-1b cells (CD5-). B-1 cells originate from distinct hematopoietic progenitor cells. B-1a cells are unique in their ability to release repertoire skewed polyreactive natural antibodies. These natural antibodies serve as a first line of defense by eliminating many different types of pathogens (15, 34). Whereas the B-1b cells exhibit adaptive antibody responses to pneumococcal polysaccharide type 3 (PPS-3) and are essential for long-term protection against S. pneumoniae infection (35). B-1a cells are the most prolific producers of IL-10 by B lymphocytes (16, 36). The first phase of B-1 cell development occurs in fetal development and continues into neonatal life. These early B-1 cells largely contributes to the adult B-1 cell compartment, as B-1 cells are capable of self-renew throughout the lifetime of the organism (34).

Siglec-G serves as a negative regulator of BCR (7, 8, 10). Siglec-G is associated, to some extent, with membrane-bound (m)IgM through binding to its sialic acid motif. The binding of antigen to mIgM results in the recruitment of more Siglec-G to the activated receptor. This interaction takes place via α2-3 or α2-6-linked sialic acids present on mIgM. The recruitment of Siglec-G to the antigen-activated mIgM, results in tyrosine phosphorylation of ITIMs on Siglec-G, most likely by Lyn. The phosphorylation of ITIMs results in the recruitment of the tyrosine phosphatase SHP1, which inhibits both mIgM-induced Ca++ signaling and NFATc1 expression (7, 10). Despite having some disputes, Siglec-G has also been shown to regulate NF-κB activation in B-1a cells through BCR, as Siglec-G deficiency causes activation of this transcription factor (11). Siglec-G-deficient mice have been found to express significantly higher amounts of cytosolic phosphorylated IκB as well as nuclear accumulation of P65 in peritoneal lavage samples. Since NF-κB governs the expression of a number of pro- and anti-inflammatory cytokines in sepsis (24), Siglec-G’s regulation on NF-κB activation may have an impact on these cytokines production by B-1a cells in sepsis. Thus, in B-1a cells Siglec-G works mainly on BCR signaling to regulate NFATc1 and NF-κB pathway (Figure 2A).




Figure 2 | The role of Siglec-G in various immune cells. (A) Antigen recognition by the B cell receptor (BCR) on B-1a cells triggers a Ca++ influx and activates NFATc1 via calcineurin. This leads to the survival, proliferation, and activation of B-1a cells. Siglec-G is recruited to the antigen-activated mIgM, where it binds sialic acid moieties on the mIgM. The ITIM domain of Siglec-G is phosphorylated by Lyn kinase, resulting in the recruitment of the tyrosine phosphatase SHP1, inhibiting both mIgM-induced Ca++ signaling and NFATc1 expression. Siglec-G also inhibits NF-κB activation and regulates NF-κB-dependent B-1a cells activation, proliferation, and survival. (B) Damage-associated molecular patterns (DAMPs) like HMGB1, HSP70, and HSP90 are released from damaged cells during sterile or infectious inflammation. DAMPs are recognized by TLRs, which subsequently activates NF-κB and increases the expression of proinflammatory cytokines. CD24 expressed on the surface of dendritic cells (DCs) binds DAMPs. CD24 also binds to Siglec-G, thereby forming a tri-molecular complex. This leads to the activation of SHP1 through Siglec-G-mediated signaling. SHP1 inhibits DAMPs-mediated activation of NF-κB, ultimately leading to the decreased production of pro-inflammatory cytokines. (C) In macrophages, double-stranded RNA viruses enter into the cells and recognize RIG-1 coupled with MAVS receptors and activate the transcription factors NF-κB and IRF3. NF-κB increases the expression of Siglec-G as a positive feedback loop mechanism, and increases the expression of pro-inflammatory cytokines. IRF3 increases the expression of type I IFNs. RNA viruses also bind to Siglec-G and activates its associated SHP2, which causes Cbl-dependent ubiquitylation and proteasomal degradation of RIG-I, leading to the suppression of IFNβ expression through a negative feedback loop. (D) HMGB1 induces TCR-, and CD28-mediated T cell activation, proliferation, and cytokine production through TLR4-NF-κB- and STAT3-dependent pathway. HMGB1 increases Siglec-G expression through TLR4-NF-κB pathway. HMGB1 binds to CD24, and CD24 binds to Siglec-G. This tri-molecular complex activates SHP1 and SHP2 to inhibit NF-κB and STAT3 activation, leading to the decreased cellular activation and proliferation.





Sialic Acid-Binding Immunoglobulin-Type Lectin-G Deficiency on B-1A Cells

Signal transduction of the BCR is crucial for initiating B-cell response. Siglec-G knockout mice were found to have extensively enlarged B-1a cell populations (7, 8). Interestingly, the B-1b and B-2 cells were not affected by the loss of Siglec-G in these mice, suggesting the inhibitory role of Siglec-G is much more crucial in B-1a cells. The absence of Siglec-G resulted in higher calcium mobilization by B-1a cells upon BCR stimulation. This increase in calcium signaling has been attributed to the lack of SHP1 recruitment resulting in increased BCR signaling (7). Siglec-G deficient B-1a cells were noted to undergo lower rates of apoptosis and found to have an extended life span (10, 37, 38). This decrease in apoptosis could be a result of greater expression of NFATc1 in Siglec-G-deficient B-1a cells. In addition to NFATc1 activation, studies have also showed that activation of Siglec-G results in the down regulation of NF-κB, which limits the size of B-1a cell lineage (11). Activation of NF-κB is required for the self-renewal of the B-1a cells in the peritoneal cavity and spleen of the Siglec-G-/- mice. Despite the fact that NF-κB plays an important role in B-1a cells and as opposed to this data by Ding et al. (11), Jellusova et al. did not find and difference in the activation of NF-κB in Siglec-G deficient mice (37). The discrepancies between these two studies could be due to the fact that Ding et al. mostly performed experiments with lysates from total unseparated cell populations from peritoneal washouts; whereas Jellusova et al. chose to study purified B-1a cells (11, 37). In addition, the possibility that the genetic background plays a role in these two studies may not be excluded because one group used BALB/c background, while the other group used C57BL/6. In addition to these facts, the Siglec-G’s impact on NF-kB in B-1a cells may be not as promising as myeloid cells, as a recent study demonstrate the atypical response of B-1 cells to BCR ligation (39). In this report it is mentioned that peritoneal B-1a cells manifest unusual signaling characteristics that distinguish them from B-2 cells (39). These include the failure of BCR engagement to trigger NF-κB activation and DNA replication given the central role for phosphatase activity. B-1a cells are unable to induce NF-κB or proliferate after BCR cross-linking due to increased phosphatase abundance or activity. This phosphatase abundance and/or activity may be the result of unique B-1a cell characteristics such as increased levels of HSP70 and/or constitutive secretion of IL-10. Furthermore, constitutively active Lyn also plays a negative regulatory role in B-1a cells.

B-1a cells have been shown to secrete natural antibodies in mice. These antibodies are primarily IgM isotype (40, 41). As Siglec-G-/- mice had more B-1a cells, their IgM titers in serum were also higher than WT mice (7, 27). Interestingly, there were no differences in the production of other isotypes of Ig when compared to WT controls. Moreover, the Siglec-G−/− mice had a greater number of IgM-secreting cells both in the bone marrow and in the spleen. The number of IgG-secreting cells was not found to be different. No differences were found in the numbers and structure of B cell follicles in Siglec-G−/− spleen and in WT spleen when stained for sialoadhesin and anti-IgM. Normal B cell numbers were noted in the marginal zone as well. However, Siglec-G−/− sections were noted to show greater extrafollicular IgM-secreting plasma cells compared to WT sections (7, 42, 43).

Intriguingly, the Siglec-G−/− B-1a cells were noted to have an altered BCR repertoire compared with wild-type B-1a cells (37). The BCR repertoire and the VDJ composition of Igs of Siglec-G−/− B-1a cells is similar to the Abs produced by adult bone marrow-derived B cells rather than canonical fetal liver-derived B-1a cells. This suggests that differentiation of precursors into the B-1a cell population is altered in Siglec-G-deficient mice. Holodick et al. showed that B-1a cells from older mice have higher amounts of N-region additions compared to B-1a cells from younger mice (44), which could cause altered naïve B-1a cells- and natural IgM-mediated protective outcomes during infection. Further studies are needed to define the phenotypic and functional aspects of B-1a cells derived from wild-type vs Siglec-G-deficient mice.

Upon BCR stimulation, B-1 cells generally do not have as robust of a response as B-2 cells (45, 46). Anti-IgM antibodies cause weakened Ca++ signaling and cellular proliferation in B-1a cells as compared to B-2 cells (8, 46). On the other hand, B-1a cells have a pre-activated phenotype demonstrating increased expression of cell surface activation markers and show pre-activation of signaling pathways such as the ERK and NFATc1 (46, 47). Therefore, besides BCR-mediated signaling as it is weakly responsive in B-1a cells, studying other pathways in B-1a cells needs to be further emphasized. A growing body of literature has elucidated the function of Siglec-G on the regulation of BCR signaling, while the studies on Siglec-G’s effects on innate immune sensors like PRRs were mostly overlooked. Since B-1a cells produce both anti- as well as pro-inflammatory mediators (15), studies on the impact of Siglec-G on the expression of pro- and anti-inflammatory mediators in B-1a cells in sepsis would be of great interest.



Sialic Acid-Binding Immunoglobulin-Type Lectin-G-Mediated Signal Transduction in Myeloid Cells

Siglec-G is expressed in myeloid cells, i.e., DCs and macrophages (6, 48), where it plays an essential role. The first report of the effects of Siglec-G in myeloid cells was determined in DCs, in which it was shown to attenuate DAMPs-, but not PAMPs-mediated inflammation in sterile liver injury (12). This addresses the pivotal question of how our immune system distinguishes between DAMPs and PAMPs signals (49). The glycoprotein receptor CD24 is expressed at high levels in hematopoietic cells and plays a critical role in Siglec-G mediated immunoregulatory function (12). It is unlikely that CD24 and Siglec-G act directly on hepatocytes as there is currently no evidence showing these cells express Siglec-G. DCs respond to HMGB1, a putative DAMP, and express both CD24 and Siglec-G. In sterile liver injury, HMGB1 levels are elevated in the liver to further aggravate inflammation and liver injury. However, HMGB1-mediated liver injury was greatly reduced and the mice were protected from lethal injury by the presence of Siglec-G in hematopoietic cells (12). CD24 has been found to only bind with Siglec-G or -10, but not with other Siglecs. CD24 also binds to the B-box motif of HMGB1. As such, CD24, Siglec-G and HMGB1 form a tri-molecular complex. This generates a downstream signaling through the ITIM motif of Siglec-G to activate SHP1, a known negative regulator of NF-κB, thereby inhibiting HMGB1-mediated pro-inflammatory cytokine production (12). Both LPS and HMGB1 induce nuclear translocation of NF-κB p65 in wild-type DCs; however, in CD24 or Siglec-G-deficient DCs, HMGB1 can induce higher levels of p65 nuclear translocation compared to LPS. They also provided survival data to mimic clinical outcomes which showed worse outcomes in CD24-/- mice in the liver ischemia model, while the survival rates were not affected between WT and CD24-/- or Siglec-G-/- mice after LPS injection. This reflects the fact that CD24 and Siglec-G negatively regulate immune responses to HMGB1, HSP70, and HSP90, but not to LPS and poly I:C (12). These findings suggest that the CD24-Siglec-G pathway will preferentially dampen the response to DAMPs without having an impact on PAMP signaling by selective repression of NF-κB activation. In addition to a nuclear DAMP like HMGB1, DCs also respond to cytoplasmic DAMPs such as HSP70 and HSP90 through a TLR-dependent pathway (12, 49). CD24 has been found to bind both HSP70 and HSP90. Similar to HMGB1, the association of Siglec-G with HSP70 and HSP90 requires CD24. CD24-/- and Siglec-G-/- DCs have been shown to produce significantly higher amounts of IL-6 and TNF-α in response to recombinant HSP70 and HSP90 compared to wild-type DCs. These data show that CD24 and Siglec-G are crucial surface proteins involved in the negative regulation of DCs response to several different DAMPs (Figure 2B).

Besides DCs, the effects of Siglec-G-CD24 pathway in macrophages for inhibiting DAMPs-mediated inflammation is also evident. Siglec-G expression is upregulated on macrophages in an NF-κB- or retinoic acid-inducible gene-I (RIG-1)-dependent manner following infection by RNA viruses such as vesicular stomatitis virus (VSV), but not DNA viruses or bacteria (26). The upregulation of Siglec-G results in SHP2 and Cbl-dependent ubiquitylation and subsequent proteasomal degradation of RIG-I as well as the suppression of the interferon β (IFNβ) response (Figure 2C). Due to the detrimental effects of type I IFN in murine polymicrobial sepsis, Siglec-G-mediated inhibition of the production of type I IFN by macrophages in sepsis could be beneficial. Interestingly, the suppression of VSV-triggered IFNβ via Siglec-G does not require CD24 nor is it affected by sialidase treatment of the macrophages, suggesting it is sialic acid-independent. Degradation of sialic acid moieties may not be required as the Siglec-G receptors appear to retain phosphorylation of their ITIM domains and subsequently recruit SHP2 after VSV infection (26).

Prior reports reveled that Siglec-G attenuates DAMPs, but not PAMPs induced inflammatory responses. However, a recent study determined the direct interactions between various Siglecs and PRRs (50). Human Siglec-5/9 and mouse Siglec-3/E/F have been shown to bind to some TLRs. Mouse Siglec-G was not shown to interact directly with any TLRs tested. Correspondingly, the deletion of Siglec-E resulted in an augmented dendritic cell response to all microbial TLR ligands tested, while Siglec-G deletion did not show evidence of an altered response. TLR4 activation results in the translocation of neuraminidase 1 (Neu1) to the cell surface, disrupting the interaction between TLR4 and Siglec-E. Conversely, treatment with the sialidase inhibitor Neu5Gc2en resulted in preservation of TLR4-Siglec E/F interactions. Preservation of the sialic acid-TLR-Siglec interaction in mice lacking Neu1 or treated with the sialidase inhibitor Neu5Gc2en resulted in protection from endotoxemia (50). These findings suggest that sialidase mediated de-repression or Siglec mediated repression of TLR function could result in positive feedback of TLR activation. During bacterial infection, both PAMPs and DAMPs fuel inflammation. At first, PAMPs induce tissue damage, causing a release of DAMPs to further exaggerate inflammation. Even though Siglec-G does not exhibit direct interaction with PAMPs, it recognizes DAMPs through a tri-molecular complex with CD24 and inhibits inflammation (12).



The Role of Sialic Acid-Binding Immunoglobulin-Type Lectin-G in T Cells

T cells express Siglec-G, and its expression is increased upon stimulation with HMGB1 (51). While Siglec-G plays a pivotal role in B cell development and proliferation, it has no influence on T cell development or differentiation at homeostasis. Under normal conditions, Siglec-G-/- mice demonstrate no difference in numbers or distribution of naive, central memory, effector memory, or Treg cells. Nonetheless, Siglec-G–/– T cells demonstrated significantly augmented rates of cellular proliferation in the presence of HMGB1 and anti-CD3/CD28 Abs when compared with Siglec-G–/– T cells lacking stimulation from DAMPs (51). Siglec-G regulates the HMGB1’s effects on T cells through ITIM and SHP1 and SHP2 pathways (Figure 2D). STAT3 is activated in HMGB1 treated Siglec-G-/- T cells, while the lymphocyte-specific protein tyrosine kinase is not. Interestingly, in the presence of HMGB1, Siglec-G–/– T cells had elevated markers of activation, but had no difference in the expression of exhaustion markers such as programmed cell death protein-1 (PD-1), T cell immunoreceptor with Ig and ITIM domains (TIGIT), or lymphocyte-activation gene 3 (Lag3) when compared with wild-type T cells (51). Therefore, Siglec-G/ITIM signaling is required to control DAMP-mediated increase of the activation signaling or the exhaustion markers. These findings shed light on the pathobiology of graft-versus-host disease (GVHD) in which a T cell-autonomous role is critical for modulating the severity of the T cell-mediated immunopathology (51). GVHD was ameliorated by treatment with the CD24Fc fusion protein, enhancing the Siglec-G signaling in donor T. As such, Siglec-G may serve as a potential therapeutic target in the treatment of GVHD (14, 51, 52).

Siglec-G inhibits antigen-presenting cells (APC) and cytotoxic T lymphocytes (CTL) interaction, thereby inhibiting CTL proliferation by inhibiting the formation of MHC class I peptides (53). In APC such as DCs, phagosome-expressed Siglec-G recruits the phosphatase SHP1, which dephosphorylates the NADPH oxidase component p47(phox) and inhibits the activation of NOX2 on phagosomes. The inhibition of NOX2 results in reduced cross-presentation to CTLs by hydrolyzing foreign antigens and diminishing antigen presentation via MHC class-I peptides (53). Therefore, Siglec-G inhibits DC cross-presentation by impairing such complex formation, and this finding adds insight into the regulation of cross-presentation in adaptive immunity.



The Role of Sialic Acid-Binding Immunoglobulin-Type Lectin-G on Leukocyte Migration During Inflammation

During sepsis, leukocytes are recruited to inflamed tissues through their interaction with adhesion molecules present on endothelial cells (3, 54). Vascular adhesion protein-1 (VAP-1) is a glycoprotein expressed on inflamed endothelium with two crucial roles role: it has enzymatic activity resulting in the oxidation of primary amines and also serves as an adhesion molecule that is involved in leukocyte trafficking to sites of inflammation. Siglec-10 (the human homologue of murine Siglec-G) serves as a leukocyte ligand for VAP-1 (55). The interaction between Siglec-10 and VAP-1 results in a greater production of hydrogen peroxide, indicating that Siglec-10 serves as a substrate for VAP-1. Moreover, Siglec-10-VAP-1 interaction seems to mediate lymphocyte adhesion to the endothelium. This interaction may serve to modify the inflammatory microenvironment via production of various enzymatic end products (55). Since myeloid cells express Siglec-10 in human or -G in mice, elucidation of its role in enhancing the migration and infiltration of mononuclear cells in the inflamed tissues during sepsis is of interest.

Sepsis often causes acute kidney injury (AKI), which is characterized by excess accumulation of leukocytes (neutrophils and monocytes) into the kidneys to cause inflammation and tissue damage (56). As opposed to the above reports on VAP-1-Siglec-10-mediated lymphocyte migration during inflammation, a recent study demonstrates an indirect effect of Siglec-G as a negative regulator of leukocyte migration into the kidney tissues during AKI (57). After AKI, there is an increase in circulating and kidney B cells, particularly a B220low subset. These B220low B cells, presumably B-1 cells, produce the chemokine CCL7, which promotes infiltration of neutrophils and monocytes into the injured kidney parenchyma. Siglec-G-/- mice, which have increased numbers of B220low innate B cells, had increased levels of CCL7, augmented recruitment of neutrophils and monocytes to the kidney, and more severe AKI. A reduction in myeloid cell infiltration into the was noted after CCL7 blockade in AKI (57). These finding suggest that B cells may play a crucial role in the early sterile inflammation in AKI by producing leukocyte-recruiting chemokines. Siglec-G, by regulating the production of CCL7 by B-1 cells, inhibits leukocyte accumulation in kidneys in sepsis. As a result of the effects of Siglec-G in augmenting or inhibiting leukocyte migration, additional studies should be undertaken to gain a more detailed understanding of the mechanism of leukocyte migration during sepsis.



Modulating Sialic Acid-Binding Immunoglobulin-Type Lectin-G for Therapeutic Approaches in Sepsis

It has been shown that bacterial sialidases can remove sialic acid residues from CD24, resulting in an abrogation of the CD24-Siglec-G interaction in mice or CD24-Siglec-10 interaction in humans, leading to an augmentation of the inflammatory process (20). Therefore, inhibition of sialidase will result in a protection in mice from bacterial sepsis in a CD24-Siglec-G-dependent fashion. Studies on bacterial mutants lacking sialidase have confirmed the importance of this enzyme as a virulence factor in sepsis and demonstrate the importance of Siglec-G in controlling the inflammatory responses (20). Siglec-G participates in the attenuation of inflammatory responses for both pathogen and non-pathogen mediated signals. Two sialidase inhibitors, 2,3-dehydro-2-deoxy-N-acetylneuraminic acid (Neu5Ac2en) and 2,3-dehydro-2-deoxy-N-glycolylneuraminic acid (NeuGc2en) have been synthesized and their efficacy in treating polymicrobial sepsis has been tested (20). A combination of the two inhibitors resulted in complete inhibition of the sialidase activity in the sera of septic mice. This ultimately reflected decreased levels of multiple inflammatory cytokines and significantly reduced mortality in sepsis. The dependence on the CD24 and Siglec-G genes demonstrates a specificity of the inhibitors and suggests that the protection is likely achieved by preserving Siglec-G-CD24 interaction. Since septic patients are often treated with antibiotics, sialidase inhibitor therapy was administrated in conjunction with antibiotics. While antibiotic treatment alone had some impact on survival, the addition of sialidase inhibitors resulted in significantly increased survival in septic mice. These results indicate that treatment with sialidase inhibitors in conjunction with antibiotics have cellular implications exceeding potential inhibition of bacterial growth (20).

In light of the above promising finding of the treatment with the sialidase inhibitors in sepsis, a recent study developed a nanoparticle coated with di(α2→8) N-acetylneuraminic acid (NANA), which mimics sialic acid, the natural ligand for Siglec-E, which is predominantly expressed in hematopoietic cells such as macrophages and neutrophils (58). Treatment with the nanoparticle resulted in an augmentation of anti-inflammatory activity in culture as well as improving survival in multiple different mouse models, two generalized septic and one pulmonary injury. This nanoparticle has been shown to be effective in human macrophages and in an ex vivo model of human lung injury. In this study, we noticed that these NANA-coated NP provided protection in both LPS- and CLP-driven sepsis models, which was mediated through the Siglec-E pathway (58). However, two prior reports showed opposing outcomes with Siglec-G, in which Siglec-G-/- mice provided protection against CLP (20), but did not in LPS-induced model (13). These contradictory results in Siglec-G-/- mice may raise the possibility that since these NPs blocked both the CLP- and LPS-driven models of sepsis, promoting Siglec-G’s function with sialic acid mimics may not be involved in the action of sialic acid mimics as Siglec-G deficiency has opposing impacts upon these two models. Spence et al. identified that IL-10 induced Siglec-E expression and α2,8 NANA-NP further augmented the expression of IL-10 (58). Indeed, the effectiveness of the nanoparticle depended on IL-10. However, in the report by Li et al. showed that Siglec-G deficient mice or the macrophages had less TNFα and IL-6, but more IL-10 levels in the serum or supernatants compared to WT mice after treatment of mice or cells with LPS (13). Considering IL-10 as the key player in NANA-NP treated and Siglec-G deficient conditions to control LPS induced inflammation, further studies should be performed in mice strains and their age and gender matched conditions, because Li et al’s findings on the beneficial outcomes of Siglec-G-/- mice in LPS induced survival did not correlate with the findings of Chen et al. (12), which showed no statistically significant beneficial outcomes in the survival rates between WT and Siglec-G-/- mice following LPS treatment. Moreover, prior studies have shown that HMGB1, CD24 and Siglec-G form a trimolecular complex that induces Siglec-G-mediated Shp1 activation to downregulate TLR4-mediated inflammation (20). Therefore, the treatment with NANA-containing NPs may bind Siglec-G and block the interaction of CD24 with Siglec-G, which may exhibit altered function other than that of Siglec-G-CD24-HMGB-1-mediated regulatory function.

Given the fact that Siglec-G binds to α2,3-linked or α2,6-linked sialic acid (α2,3Sia or α2,6Sia), the α2,8 NANA-NP may not bind to Siglec-G as efficiently as Siglec-E. But, this novel strategy can be further implemented to create α2,3Sia or α2,6Sia NP to specifically target Siglec-G in sepsis. These findings encourage further research to identify sialic acid containing endogenous peptides or glycoproteins to confer protection in microbial sepsis and cell damage-induced sterile inflammation. Potential therapeutic approaches and outcomes by modulating Siglec-G in sepsis are shown in Table 1.


Table 1 | Therapeutic outcomes by modulating Siglec-G in sepsis.





Conclusion and Future Directions

Siglec-G-mediated immunoregulatory functions in sepsis have been extensively studied in the context of myeloid cells. Given the significance of B-1a cells in sepsis, elucidation of Siglec-G’s role in B-1a cells altering its phenotype and function in sepsis is vital. Recently, the phenotype, ontogeny, and function of human B-1a cells have been discovered (21). Therefore, determining the expression and function of Siglec-10, the human orthologue of murine Siglec-G in human B-1a cells in sepsis patients are important. The outbreak of COVID-19 in the US and worldwide has resulted in fatal outcomes for these patients. A recent perspective proposed treating COVID-19 with B-1a cells to mitigate the cytokine storm and eliminate viral loads by B-1a cell-produced IL-10 and natural IgM, respectively (59). Considering Siglec-G’s immunomodulatory functions in B-1a cells and myeloid cells, studies on Siglec-G could be a promising area to elucidate the pathophysiology and therapeutic interventions of COVID-19.

Genetic polymorphism studies in humans provide unique opportunities to understand human biology and the mechanisms of diseases. These genetic studies have shown correlations between various human diseases and Siglec genes, for example the CD33 polymorphism is associated with Alzheimer’s disease (5). Therefore, studying the genetic polymorphism of human Siglec-10 may benefit reinforcement by independent genetic replication or mechanistic studies in disease pathogenesis. Sialic acid is crucial in maximizing the phagocytic activity of cells (60). Treatment of polymorphonuclear cells with bacterial neuraminidases completely abolishes stimulation of phagocytic activity. Given the importance of membrane sialic acid for stimulation of phagocytosis, Siglec-G’s role as a cis- and trans-acting receptor to enhance phagocytosis should be elucidated in sepsis, because impaired efferocytosis is a hallmark of sepsis (3). In chronic inflammatory and autoimmune diseases, B-1a cells are found to be detrimental (61). Studies have shown that peritoneal B-1a cells proliferate and collect in inflamed joint tissue with upregulated receptor activator of nuclear factor kappa-β ligand (RANKL) expression during collagen-induced arthritis development in mice (62). Since Siglec-G regulates BCR signaling and helps maintain a normal B-1a cell pool, its role in B-1a cell mediated chronic inflammatory diseases could be promising. The impact of Siglec-G in immune cells with a wide range of DAMPs stimulation should be assessed. Extracellular CIRP was recently described as a novel DAMP (63). Identification of the role of eCIRP on Siglec-G in B-1a cells and beyond, in terms of the production of pro-inflammatory mediators in sepsis, will help broaden our understanding of the pathophysiology of sepsis. This review demonstrates the immunoregulatory functions of Siglec-G in B-1a cells, myeloid, and lymphoid cells in sepsis, which ultimately improves our understanding of the pathophysiology of sepsis for developing novel therapeutics against this deadly disease.
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In sepsis and trauma, pathogens and injured tissue provoke a systemic inflammatory reaction which can lead to overwhelming inflammation. Concurrent with the innate hyperinflammatory response is adaptive immune suppression that can become chronic. A current key issue today is that patients who undergo intensive medical care after sepsis or trauma have a high mortality rate after being discharged. This high mortality is thought to be associated with persistent immunosuppression. Knowledge about the pathophysiology leading to this state remains fragmented. Immunosuppressive cytokines play an essential role in mediating and upholding immunosuppression in these patients. Specifically, the cytokines Interleukin-10 (IL-10), Transforming Growth Factor-β (TGF-β) and Thymic stromal lymphopoietin (TSLP) are reported to have potent immunosuppressive capacities. Here, we review their ability to suppress inflammation, their dynamics in sepsis and trauma and what drives the pathologic release of these cytokines. They do exert paradoxical effects under certain conditions, which makes it necessary to evaluate their functions in the context of dynamic changes post-sepsis and trauma. Several drugs modulating their functions are currently in clinical trials in the treatment of other pathologies. We provide an overview of the current literature on the effects of IL-10, TGF-β and TSLP in sepsis and trauma and suggest therapeutic approaches for their modulation.
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Immune Perturbation in Sepsis and Trauma

Infection and injury can lead to an increase of alarm signals that signal the presence of invading pathogens or injured tissue. The so called `danger hypothesis` was developed by Matzinger et al. stating that alarmins are either Pathogen-Associated Molecular Patterns (PAMPs) or Damage-Associated Molecular Patterns (DAMPs) (1). Either may trigger inflammation by recognition through Pattern Recognition Receptors (PPRs) on innate and adaptive immune cells (2). Within these cells, the nuclear translocation of the transcription factor Nuclear Factor kappa beta (NF-κB) promotes pro-inflammatory cytokine production to include IL-1 and TNF-α (3). These cytokines act upon a variety of target cells (4) that can begin a cascade of increasing pro-inflammatory cytokines, such as IL-6, IL-8, and MIF (5). Increased production of these cytokines can result in the induction of fever (6), the upregulation of adhesion receptors like ICAM-1 on endothelial cells (7), increased L-selectin (CD62L) on lymphocyte cells (8) and neutrophil mobilization. Excessive inflammation can lead to excessive damage tissue and organs, e.g. by the release of radicals by neutrophils (9) to include the lungs, heart, kidney, liver and brain (10). In addition, disseminated intravascular coagulation (DIC) and thrombocytopenia (11) can occur, which are known to contribute to multiple organ dysfunction syndrome (MODS) (12). This cytokine driven initial inflammation can lead to early death if not compensated (13).

Concurrent with the pro-inflammatory response, there is evidence of a number of immune suppressive events occurring. These include the loss of conventional T lymphocytes (14) simultaneous with the lack of regulatory T cell apoptosis (15), the increased number of myeloid suppressor cells (16) coupled with the down regulation of monocyte HLA-Dr (17), and a loss of dendritic cells (18). Additionally, there are increases in immune suppressive cytokines such as IL-10, TGF-ß, and TSLP. Significant immune suppression can impair the proper clearance of pathogens leading to higher bacterial loads both systemically and in tissues. According to a recent clinical observational cohort study, septic patients can develop chronic critical illness, with a 6-month survival of 63%, and continue to demonstrate cytokine profiles of chronic inflammation, as well as biomarker profiles characteristic for persistent immunosuppression (19). Additionally, these patients very often require treatment in long term acute care facilities, and by one year after hospital discharge half of them have died and another quarter remains bedridden (20). Elder patients are more likely to develop these immune disbalances (21). It is therefore key to better understand these pathophysiologies as they become an increasing problem for aging societies (22). It is beyond the scope of this review to detail the entire host response to sepsis and this topic is covered in a number of other reviews (23–25). Here, this review focuses upon release, impact, and potential therapy of a limited number of potent anti-inflammatory cytokines.



Mediators of Immunosuppression

The initial upregulation of inflammation after onset of infection or injury results in the activation of the innate immune system, mostly of neutrophils and macrophages via Toll like receptors (TLRs) (26, 27). Orchestrated by T cells, they maintain inflammation by the release of pro-inflammatory cytokines such as TNF-α, IL-6, IL-8, MCP-1, MIP-1α (28, 29), among which IL-6 plays a prominent role as it is associated with injury severity (30), MODS and death (31). At the same time, immunosuppression is induced (13), which is strongly driven by anti-inflammatory cytokine release (32). Immunosuppression is characterized by the induction of immunosuppressive functions and partial impairment of pro-inflammatory functions of innate and adaptive immune cells: lymphopenia occurs as the number of circulating lymphocytes decreases due to apoptosis of CD4 and CD8 T cells, B cells, and NK cells (33), Regulatory T cells numbers increase after sepsis or trauma (34, 35), T cells become exhausted and anergic (36, 37), monocytes, macrophages and dendritic cells become impaired in their ability to mount a proinflammatory response (22, 38, 39), neutrophil dysfunction ensues (40) and increased release and activation of immunosuppressive Myeloid Derived Suppressor Cells (MDSCs) is triggered (41). These cells, along with other tissue cells, such as endothelial cells, potently mediate immunosuppression by the release of anti-inflammatory cytokines. The cytokines IL-10, TGF-β and TSLP all exert potent anti-inflammatory functions (42–44). In trauma and sepsis, IL-10 is considered a key immunosuppressive cytokine and correlates with injury severity and outcomes (45) and is widely examined in sepsis and trauma studies. However, it has been demonstrated that all three cytokines also exert pro-inflammatory functions under certain conditions (46–48). This seems contradictory as they are considered key regulators of immunity. In the following chapters, we will review their immunosuppressive mechanisms and dynamics in sepsis and trauma. Finally, the pathological conditions in sepsis and trauma that may drive a detrimental release of these cytokines will be examined.



Immunosuppressive Cytokines: Il-10, TGF-β, and TSLP


IL-10


How Does IL-10 Affect Immune Cells?

With its potent anti-inflammatory functions IL-10 is considered an important regulatory cytokine protecting the host from exaggerated inflammation, autoimmunity and allergy (49, 50). It is a V-shaped homodimer and has a molecular weight of 37 kDa (51) and it is a key member of the IL-10 superfamily which consists of IL-19, IL-20, IL-22, IL-24, IL-26 and the type III IFN-γ subfamily (51).

In sepsis and trauma, IL-10 mainly affects immune cells rather than tissue cells, which do not express the IL-10-receptor (IL-10R) to the same extent. Tissue cells are more affected by other member of the IL-10 super family, particularly IL-22 (50). Many variants of the IL-10 gene exist, and an increasing body of literature suggests that IL-10 gene polymorphisms play an important role in different pathological conditions (52). Tumor cells can also produce IL-10 and it is thought that this allows the tumor to mitigate an effective immune response (51).

The IL-10 receptor is a composition of the IL-10R2 and IL-10R1 subunits, with the latter being expressed mainly on immune cells. The expression of the receptor differs from cell type to cell type. For example, some monocytes and macrophages express very high amounts of the receptor, and the expression in memory T cells is higher than in naïve CD4 T cells (53). The IL-10 cytokine binds to IL-10R1, which subsequently forms a complex with IL-10R2. It is of note that IL-10 can bind to IL-10R1 alone but not to IL-10R2. However, the affinity for the complex is much higher than for IL-10R1 alone (54). The IL-10 receptor complex then phosphorylates STAT3 via Jak1 and Tyk2 activation but also STAT1 and STAT5. Among these, STAT3 seems to be most important for modulating the downstream transcription of target genes (42, 51, 54). It is of importance that STAT3 also acts downstream from IL-6, so the resulting modulation depends on A) the cell type, B) the competing stimuli the cell receives and C) the duration of the stimuli (42, 51, 54). Inflammation is potently suppressed by IL-10 through inhibition of NF-κB DNA binding activity (53). IL-10 also hinders TLR signaling through induction of inhibitory miRNAs targeting MyD88-dependent TLR4 signaling and through promoting the ubiquitin-mediated degradation of IRAK1/4 and TRAF6. MyD88-independent attenuation was also reported (55). On a translational level, IL-10 leads to an increase of tristetrapoline, a protein which downregulates mRNA of pro-inflammatory cytokines and can be down-regulated itself in TLR-dependent pathways (55). However, IL-10R binding also limits its own effect by inducing suppressor of cytokine signaling (SOCS)3, which forms a negative feedback loop by inhibiting, amongst others, STAT3 phosphorylation (56). IL-10 also suppresses the production of pro-inflammatory cytokines TNF-α, IL-1, IL-5, IL-8, IL-12, GM-CSF, MIP-1α and MIP-2α in monocytes, macrophages, neutrophils and NK cells (57).

A wide range of immune cells can produce IL-10, such as dendritic cells (DCs), macrophages, mast cells, natural killer cells (NK), eosinophils, neutrophils, B cells, CD8 T cells, type 1 T-helper cells (Th1), Th2, and Th17 CD4 T cells, regulatory T cells, TCRαβ+ double negative (CD4- CD8-) T cells (DN T cells), and myeloid derived suppressor cells (MDSCs) (49, 50, 58).

The effect of IL-10 on innate and adaptive immune cells differs. Macrophages and monocytes are suppressed by IL-10 through the down regulation of MHC II and costimulatory molecule expression (CD80, CD86, and CD40), both constitutively and in response to IFN-γ (49, 51, 59, 60). This prevents macrophages and monocytes from presenting their respective antigens to Th1 T cells, which in turn do not become activated to orchestrate an immune response. Additionally, the NO production of macrophages is reduced, adhesion to endothelial cells is hindered and the immunosuppressive M2-type is induced (51, 54). Interestingly, IL-10 promotes macrophage phagocytosis of cell debris (54).

Unlike macrophages, neutrophils need to be primed in order to become responsive to IL-10. Neutrophils express IL-10R2 constitutively but can only form the IL-10R complex when IL-10R1 gets upregulated after stimulation. Experimentally, this was determined to take about 4 h (61). Therefore, an immediate response to IL-10 is not possible in non-primed circulating neutrophils. Another important effect that can be seen upon local administration of IL-10 in inflammatory models is that IL-10 prevents the recruitment of neutrophils to the site of injury. Neutrophil migration was not directly hindered by IL-10, but the production of chemoattractants by macrophages or the affected organ tissue was decreased (61, 62). The inhibition of neutrophil apoptosis has been shown to be counter-regulated by IL-10 in severe sepsis (63). Further, it has been demonstrated that IL-10 can inhibit the production of TNF-α and IL-1β in neutrophils when stimulated with LPS or by the phagocytosis of bacteria (64). Further, ROS production seems to be diminished by IL-10 (54). However, further experiments are needed to systematically elucidate the impact of IL-10 on neutrophil functionality. Interestingly, under certain conditions IL-10 induces its own production in neutrophils and macrophages, which is thought to be a positive feedback loop in innate immunosuppression (65). This is of interest as neutrophils themselves are contributing significantly to IL-10 production as shown in a murine model of abdominal sepsis (66).

In dendritic cells, MHC II expression and therefore antigen presentation and activation of naïve CD4 T cells is impaired by IL-10 (54). This potently inhibits CD4 T cell functions. It also diminishes the production of T cell pro-inflammatory cytokines, such as IL-2 and IFN-γ (51). Further, IL-10 blocks proliferation of Th17 cells and inhibits Th2 cells (42, 67). It also promotes the proliferation and function of Regulatory T cell subsets. The generation of Type-1 regulatory T cells (Tr1 T cells) from naïve T cells is induced by IL-10 and it promotes survival and function of CD4+ FoxP3+ Tregs (49, 67). For example, Treg expression of FoxP3 appears to be IL-10 dependent (68). Interestingly, IL-10 suppresses thymic lymphocyte apoptosis in sepsis (69) and has stimulatory effects on CD8 T cells. When stimulated with IL-4 and/or IL-2, CD8 T cells showed increased proliferation (51). Recent murine studies showed increased IFN-γ production by CD8 T cells upon IL-10 administration (53, 70). In clinical trials it could even be shown that modified IL-10 reduces tumor burden in renal cell cancer (71). The application of modified IL-10 enhanced intratumoral CD8 T cell expression of IFN-γ and Granzyme B (42, 71) and thereby promoted anti-tumor cytolysis. However, a final conclusion cannot be drawn yet as IL-10 does also have tumor-supportive functions, i.e., enabling tumor cells to escape an effective immune response (51).

Another pro-inflammatory function of IL-10 can be seen in B cells, as it promotes their survival, proliferation and differentiation into plasma cells (51, 53). Conflicting data exists about the effect of IL-10 on NK cells. It has been shown that IL-10 suppresses TNF-α and IFN-γ production by NK cells, but promotion of IFN-γ production has also been reported in in vivo and in vitro models (51, 53, 72). Most likely, the predominant conditions, timing and dose in the respective organ or tissue lead to increased or diminished functionality.

Different effects following systemic or local administration of IL-10 could also be utilized therapeutically. Two murine trauma studies showed that IL-10 locally administered via inhalation in systemic inflammation attenuated pulmonary inflammation with little or no systemic side effects (62, 73). Altogether, additional research will be needed to elucidate the seemingly paradoxical findings regarding the effect of IL-10 on multiple types of immune cells. The effects of IL-10 depending on the mode of administration are highlighted in Figure 1.




Figure 1 | The effect of therapeutic IL-10 modulation depends on the mode of administration and dynamics. The systemic or local application of recombinant IL-10 have experimentally shown beneficial effects. (A) Inhaled IL-10 attenuated pulmonary inflammation by preventing detrimental neutrophil recruitment into the lung (61, 62, 73). (B) Moreover, IL-10 suppresses thymic lymphocyte apoptosis in sepsis (69) and has stimulatory effects on CD8 T cells (53, 70) and B cells (51, 53). Both modes of application might represent future therapeutic approaches in humans. (C) The dynamics of the immune perturbation in trauma and sepsis was modeled in recent literature (74). In general a time dependent modulation of IL-10 levels might restore immune hemostasis (75–77). Animal models suggest a beneficial effect of early IL-10 application (76) and the correlation of elevated IL-10 levels and injury severity suggests beneficial effects by IL-10-blockage in later phases (31, 45, 78). The figure contains adapted graphics from Les Laboratoirs Servier - Medical Art under the terms of the Creative Commons Attribution License (CC BY) for non-commercial use. The use, distribution or reproduction in other forums is permitted: https://creativecommons.org/licenses/by/3.0/legalcode, last accessed July 30th, 2020.





Dynamics in Trauma and Sepsis

The immune perturbation in trauma and sepsis is characterized by the dichotomy of a potent pro-inflammatory upregulation of immunity and immunosuppression (13). During immunosuppression, anti-inflammatory cytokines including IL-10 are released. In search for a marker predicting the severity and outcome of the systemic inflammation, IL-10 has been studied in many animal and clinical studies. There are three broad categories that have been investigated: 1) traumatic injury (mostly burn) 2) sepsis and 3) major surgery, which all lead to a systemic inflammation.

Although studies examining trauma and sepsis do not examine the same clinical conditions leading to systemic inflammation, they share many similarities in the expression of IL-10. Some studies did not show significant differences in IL-10 serum expression between healthy controls, septic patients and patients with septic shock (75, 79). However, the major body of clinical studies examining sepsis does demonstrate this phenomenon.

Huang et al. quantified IL-10 levels in 106 burn patients and showed increased IL-10 levels in septic vs non-septic patients (45). In another study Stensballe et al. examined 265 trauma patients. They found a significant increase of IL-10 levels in patients not surviving 30 days and a positive correlation of IL-10 levels and the injury severity score (ISS) (78). A further multicenter study including 54 polytrauma patients found that elevated IL-10 levels and an elevated IL-6/IL-10 ratio were directly proportional with MODS and mortality (31). In a clinical trial, Chen et al. studied 37 thermally injured patients with a total burn surface area >20% and found increased IL-10 levels in patients who developed sepsis versus those that did not (80).

The team around Gogos et al. included 65 patients with severe sepsis in their trial and found a positive association between serum IL-10 levels, and a high IL-10 to TNF-α ratio and death (81). In another large clinical study of 153 patients with severe sepsis and septic shock, the levels of IL-10 were significantly higher in patients that died within 48h but not for patients that died between 48h and 28 days or after 28 days (82). A separate clinical study by Frencken et al. included 708 patients with severe sepsis or septic shock in the ICU and demonstrated that higher IL-10 levels were positively associated with mortality (83). Another sizable study from Van Vught et al. in 2016 found overexpression of IL-10 signaling genes in septic patients admitted to the ICU. They did not find differences in the gene expression of IL-10 signaling between patients who later developed ICU-acquired infection compared to those who did not (84). Serum IL-10 levels were not measured, and translational and post-translational regulation of IL-10 expression was observed (85). From these results we extrapolate that sepsis appears to increase IL-10 production and signaling. Whether this indicates adverse outcomes in terms of secondary infection in septic patients has to be examined by assessment of their serum levels.

In cases of sterile trauma associated with major surgery, 28 out of 40 studies found increased systemic IL-10 levels in patients (28). An additional review by Easton and Balogh found a similar conclusion (86).

Together, these studies overwhelmingly suggest that detrimental outcome and elevated IL-10 production are associated. Further, some studies provide interesting additional findings. First, IL-10 levels correlate with the severity of the injury: elevated IL-10 serum levels correlated with the ISS of trauma patients (78), were directly proportional with MODS and mortality in a trauma population (31), showed linear correlation with the increasing percentage of burned total body surface area (45) and the IL-10/lymphocyte ratio was even correlated with the APACHE II score in severe septic patients (87). Secondly, the increase in IL-10 can be seen almost immediately after the onset of trauma, sepsis or surgery. Blood draws of the aforementioned studies were conducted either at admission to the ER or ICU (78, 83) or within 24 h after onset of the trauma, disease or surgery (45, 82, 87). This is of clinical relevance if IL-10 is used to assess the immunological disturbance in a patient at admittance in the ER or the ICU.



Effects and Drivers of Pathological Release in Trauma and Sepsis

The regulatory anti-inflammatory functions are considered a protective counter-regulation to prevent excessive inflammation in the balance of immune hemostasis. However, IL-10 does make the host more susceptible to overwhelming infection if it impairs a proper immune response, and thus has been associated with worse outcomes in infection and cancer (54, 88). It is currently unclear when and how supportive stimulating functions and protective anti-inflammatory regulation deteriorate under pathologic conditions. Therefore, three major questions should be addressed in future studies. A) Which stimuli drive IL-10 expression and how are these signals transmitted in the cells? B) What are the dynamics of IL-10 expression and when does IL-10 become detrimental to an orchestrated clearance of bacteria and cell debris? C) Which cell type drives IL-10 expression in which diseases?

It is known that DAMPs and PAMPs induce IL-10 production by a variety of receptors, that different bacterial pathogens provoke different expression patterns and that IL-10 regulating transcription factors differ in different T cells subsets, macrophages and neutrophils (54). In addition, IL-10 expression is also regulated post-transcriptionally (51). In myeloid cells, TLR-induction, including 2, 4, 5, 7 and 9, drives IL-10 production (54, 89). It is important to differentiate between macrophages and neutrophils in the downstream signaling as they differ. A study conducted by Tamassia et al. found that the MyD88-independent pathway is not mobilized after TLR4 stimulation in human neutrophils (90).

Further, the understanding the dynamics of IL-10 expression is essential. Several studies showed time-dependent effects of IL-10 administration or inhibition in sepsis models (75–77). Given the fact that IL-10 expression is upregulated quickly after trauma and sepsis, as described in the previous section, it seems likely that in the beginning, lower levels of IL-10 may stimulate bacterial clearance but impair functions when the serum levels exceed a certain threshold. A murine study showed increased survival in septic mice when treated with IL-10 up to 6h after the onset of sepsis, which extended the therapeutic window to conduct surgical infectious site control until 30 h after the commencement of sepsis (76).

CD4+FoxP3+Tregs are considered an important source of IL-10 in certain sepsis models (45). It is likely that the dynamic of the apoptosis of T cells in general, and the corresponding proportional changes in the T cell population affect proper IL-10 production and distribution of IL-10 (91). It is important to know which cell type contributes the most to IL-10 production in different diseases. As CD4+FoxP3+Tregs reveal an increase in frequency after trauma it is likely that they significantly contribute to IL-10 production (45). However, T cell apoptosis and murine sepsis models question this assumption. In murine abdominal sepsis, neutrophils are significant producers of IL-10 (66, 92). Of note, in murine burn models, a significant number of IL-10 producing neutrophils were found in the spleen post-injury (54). It has been shown that not only murine- but also human neutrophils can produce IL-10 (65).

Besides CD4+FoxP3+Tregs and neutrophils, also macrophages can produce IL-10 (93) and TGF-β (94) after phagocyting apoptotic antigen presenting cells (APC’s), a process coined efferocytosis (95). In this process APC’s, such as neutrophils clear bacteria via phagocytosis, become apoptotic and then are ingested by macrophages (96). This serves to resolve the inflammation, tissue repair and restores immune homeostasis (94, 97). Efferocytosis has been shown be impaired in sepsis, and if promoted seems to improve outcome in sepsis (98, 99) and trauma (100). In some (98, 101) but not all (99) sepsis and infection models an increase of IL-10 was shown. What remains to elucidate is whether macrophage efferocytosis contributes to chronic immunosuppression by the release of IL-10 and TGF-β. To our knowledge no studies have yet been conducted examining their role in long term (>7 days) immunosuppression after trauma or sepsis.

To assess which cell type contributes the most to IL-10 production is technically difficult. However, this should be addressed when assessing IL-10 mediated effects in the respective pathological condition, as it is necessary for evaluating any potential therapeutic approaches. Modulation of IL-10 has shown promising results in several clinical trials on autoimmune diseases (42). However, the chronic nature of these diseases and the steadier production of IL-10 varies from the highly dynamic and heterogenous pathology in systemic inflammation due to sepsis or trauma. This may provide some understanding on why past attempts to modulate IL-10 in murine sepsis models did provide conflicting results regarding their outcome (69, 102, 103). Human interventional experimental endotoxemia trials (104, 105) and in vitro functional assessment of the innate and adaptive immune system of sepsis patients (46), both modulating IL-10 levels, could not yet provide a clear rationale for IL-10 modulation in a specific inflammatory disease that would allow clinical trials modulating IL-10 production in sepsis and trauma. A better understanding of the dynamics and the producing cell types would significantly improve diagnostics and therapeutic advances.



Potential Therapeutic Modulation of IL-10

Regarding the dynamics and functionality of IL-10, we conclude that two therapeutic modulations of IL-10 in trauma and sepsis seem promising: First, inhalation of IL-10 to treat Acute Respiratory Distress Syndrome (ARDS). This pathology occurs from pulmonary infection or systemic insults such as systemic inflammation in trauma and sepsis (106). Neutrophil infiltration potently contributes to pulmonary inflammation in ARDS and leads to significant pulmonary damage (106). In two different murine trauma models inhaled IL-10 attenuated pulmonary inflammation without systemic immunosuppression by preventing the recruitment of neutrophils to the site of injury through reducing the production of chemoattractants by macrophages or the affected organ tissue (61, 62, 73)

Secondly, systemic administration of recombinant IL-10 for the treatment of sepsis can be considered. However, this approach must be carefully executed as the systemic effects are not yet fully understood. Animal studies show that the effects of IL-10 modulation depend on the injury dynamic in sepsis (75–77, 102). Murine abdominal sepsis studies suggest that the administration of IL-10 within hours after septic onset may have beneficial effects (76, 102). An endotoxemia model in primates seem to support these findings, as early intravenous injection of recombinant human IL-10 significantly decreased TNF-α, IL-6, IL-8 and IL-12 release (107). If this results in a better outcome still has to be examined in further studies, as another murine abdominal sepsis model did not find a beneficial effect of IL-10 administration on mortality (108). In the acute phase IL-10 is suggested to promote protective immunosuppressive effects, whereas in later phases of sepsis increased IL-10 is depicted as a marker for detrimental outcome in many human studies (45, 78, 81, 83). Blockage of IL-10 production or function might constitute a therapeutic approach at this point, as some animal models suggest (102). Pharmaceutic drugs for IL-10 modulation are already in clinical trials. An overview of current IL-10 modulating drugs is provided in Table 1. These might be considered to use to augment IL-10 function in very acute sepsis phases (Pegilodecakin: PEGylated recombinant human IL-10 (LY3500518 or AM0010); Phase 3 NCT02923921: pancreatic cancer) or to impair its function in later phases (AS101: tellurium based small compound with immune-modulating characteristics attributed to direct inhibition of IL-10; Phase 2 NCT00926354: treatment of thrombo-cytopenia in solid tumor patients). How a potential dynamic modulation of IL-10 might look like is outlined in Figure 1.


Table 1 | Clinical Trials targeting IL-10.



Before application of any kind of IL-10 modulation, a very detailed and dynamic assessment of the individual’s immune status must be conducted.




TGF-β


How Does TGF-β Affect Immune Cells?

The TGF-β cytokine exits in three isoforms (β1, β2 and β3) and steers multiple immune processes such as immunosuppression and peripheral homeostasis in autoimmunity and infection (109, 110). Leukocytes mainly express the TGF-β1 isoform (48). It regulates a number of different immune cells and importantly T cells. Their function is mediated by the TGF-β receptor complexes type I and II with TGF-β binding first to type II, then I. Signals of these receptors are mediated by the SMAD transcription factors (43).

Many genetic knockout studies in the past have shown that TGF-β has an important influence on T cells. It can impair T cell proliferation and differentiation, except for Tregs whose proliferation is paradoxically stimulated by TGF-β. It inhibits the proliferation and differentiation of Th1, Th2 and cytotoxic T cells by suppressing, amongst others, the transcription factors T-bet, Gata-3 and c-myc. Further, IL-2 expression as a crucial stimulus for T cell proliferation is suppressed by TGF-β as well (48). TGF-β also promotes the development of Th17, Th9 and T follicular helper cells in conjunction with other Interleukins, but blocks the development of Th1 and Th2 cells (109). The ability of TGF-β to suppress T cell proliferation depends on the activation status of the T cell, which was demonstrated in a study by Cottrez and Groux (111). The proliferation and cytokine secretion in resting, but not in activated T cells is inhibited by TGF-β1. The latter down regulate TGF-β receptor type II, which interestingly could be upregulated again by IL-10 restoring their responsiveness to TGF-β1 (111). TGF-β regulation of T cell survival appears to be dependent on CD28 co-stimulation. In the presence of CD28 agonist TGF-β inhibits T cell apoptosis and enhances their expansion. In its absence, TGF-β inhibits the TCR-stimulated proliferation of naïve T cells (48). Moreover, TGF-β1 supports survival of T cells with memory and effector functions (48), although this seems to contradict its role in the above-mentioned regulation of T cell differentiation.

The role of TGF-β in the regulation of Tregs cells appears to be less contradictory. TGF-β is necessary for the induction of thymic (109) and peripheral Tregs, which develop by antigen-specific stimulation in the presence of TGF-β (112). TGF-β induces the expression of FoxP3 and the production of IL-10 in Tregs (113, 114). Tregs themselves secrete TGF-β forming a positive feedback-loop (50, 115).

Additionally, dendritic cells mediate the induction of peripheral Tregs via TGF-β (116). If dendritic cells themselves are exposed to TGF-β in a pro-inflammatory setting, they show impaired production of pro-inflammatory mediators (117). Similar to dendritic cells, TGF-β strongly influences monocytes and macrophages by downregulating their pro-inflammatory functions when activated (48). However, the effect of TGF-β on monocytes and macrophages strongly depends on their activation. In general, TGF-β promotes monocyte function when resting. For example, adhesion molecules, matrix metalloproteinases and IL-6 production is promoted by TGF-β in monocytes (48). In contrast, when activated monocytes become macrophages, TGF-β can have a dampening effect on their pro-inflammatory functions in that it impairs their ability to produce LPS-induced TNF-α, MIP-1α, MIP-2 and reactive oxygen and nitrogen species (48). Another important contribution to uphold inflammation is the ability of macrophages to present antigens to T cells. TGF-β1 downregulates the IFN-γ-induced expression of MHC II mRNA and antigen presentation in macrophages (118). This might serve to prevent excessive and therefore harmful activation of T cells in inflammation.

The impact of TGF-β on neutrophils is poorly understood. In cancer, TGF-β polarizes neutrophils from an antitumoral N1 type to a pro-tumoral N2 type (119). However, TGF-β can also promote neutrophil oxidant production (120). Of note, TGF-β is a strong chemoattractant for monocytes, eosinophils, mast cells and neutrophils (48). The immunosuppressive effects of TGF-β on immune cells are outlined in Figure 2.




Figure 2 | Potential therapeutic TGF-β modulating drugs and the immunosuppressive functions of TGF-β. The figure provides an overview over potential therapeutic approaches and the immunosuppressive effects of TGF-β. (A) Several drugs targeting TGF-β or its receptors are currently being tested in non-septic patients. Interestingly an anti- programmed cell death 1 ligand 1 (PD-L1)/TGF-β fusion protein is also being tested. The upregulation of PD-L1 is associated with monocyte dysfunction in post-traumatic and septic immune dysfunction (32). (B) TGF-β exerts immunosuppressive effects on both innate and adaptive immune cells. The figure contains adapted graphics from Les Laboratoirs Servier - Medical Art under the terms of the Creative Commons Attribution License (CC BY) for non-commercial use. The use, distribution or reproduction in other forums is permitted: https://creativecommons.org/licenses/by/3.0/legalcode, last accessed July 30th, 2020.





Dynamics in Trauma and Sepsis

Given the fact that TGF-β is a potent regulator of immune responses and is considered an important cytokine released by Tregs, the question arises if it is a main regulator in trauma and sepsis and if its dysfunction in these conditions contributes to a disturbed immune response.

Several studies provide contradictory findings. In 2004, Monneret et al. conducted a study examining 38 adult septic patients with septic shock and found that TGF-β levels were decreased compared to normal values and concluded that the general immunosuppressive state they found the patients in is more likely attributed to increased IL-10 levels (121). In addition, the group suggested that no prognostic information could be obtained from TGF-β levels (121). In further support of this, an additional study did not find any prognostic value of TGF-β2 to determine survival in patients with gram-positive septicemia (122). While TGF-β2 levels were increased in the non-survivor group compared to the survivor group in gram-positive septicemic patients, this difference was not statistically significant (122). Gram-negative septicemic patients showed a trend towards decreased TGF-β levels, but this was also not statistically significant (122). Due to the low numbers of patients within each group (11 or more) the study is potentially underpowered to reveal statistically significant differences (122). Of note, TGF-β1 and not TGF-β2 seems to have the largest impact on T cell function and leukocytes mainly express the TGF-β1 isoform (48). A further trial observing gastrointestinal surgery patients with and without infectious complications could not detect serum TGF-β in most of the samples (103). Burn patients examined for IL-10 and TGF-β1 serum levels showed an initial peak in serum TGF-β1 within one day post-burn and a second peak in which the serum levels of the survivors were higher than in the non-survivor group. No differences were found between patients with burned total body surface area (TBSA) of greater or less than 50% (123). However, a limitation in this study of 15 patients is that the surviving group was younger and suffered less severe burn injury with regard to the TBSA (124).

Other studies found elevated TGF-β levels in septic patients. One study has demonstrated elevated TGF-β1 levels in 26 patients at the time of sepsis diagnosis when compared to healthy controls (125). A more recent study from Huang et al. examined Treg function and IL-10 and TGF-β1 serum levels in 106 burned, septic and non-septic patients with a TBSA of more than 30% (45). They revealed a significant increase in TGF-β1 levels in septic patients compared to non-septic patients and in non-survivors compared to survivors (45). They also stratified the patients in three groups depending on the size of the burn. Serum TGF-β1levels were positively associated increasing TBSA (45). From all these studies, the latter examined the biggest population, therefore making it likely that there is indeed a systemic increase in TGF-β in severely injured and septic patients. This view is supported by studies examining specific organ failures in septic populations. A study from De Pablo et al. revealed that increased TGF-β1 levels were positively associated with sepsis induced ARDS with fatal outcome. The TGF-β1 levels were increased in patients 7 days after ICU admission with sepsis and ARDS compared to patients with sepsis without ARDS. In addition, patients with septic shock associated ARDS showed significantly higher TGF-β1 levels in non-survivors than in survivors (126).

In rodent sepsis models, findings concerning TGF-β serum levels are less contradictory then in human studies. Increased levels of TGF-β were found in peripheral blood of septic mice (127). Nullens et al. conducted a murine sepsis model in which lymphocyte depletion occurred in all tissues examined (spleen, mesenteric lymph node, Ileum, colon) at day seven, coinciding with increased levels of IL-10 and TGF-β (128). In a rat sepsis model, increased levels of TGF-β were observed in the circulation and in adherent splenic cells (129). Additionally, supporting the findings in the human study mentioned above from De Pablo et al., Xu et al. reported a protective role of curcumin, most likely by decreasing the expression of TGF-β1 and the SMAD3-dependent signaling pathway (130). Plasma TGF-β1 levels were significantly increased in the septic group and were downregulated by curcumin treatment. Histology showed curcumin treatment prevented some sepsis-induced lung damage (130). These results suggest that TGF-β plays a detrimental role in sepsis most likely by impairing a proper immune response. Yet TFG-β1 might exert detrimental effects on the host by other cells. A study examining the effect of TGF-β on liver cells when challenged with LPS revealed that it promotes the release of proinflammatory cytokines, e.g. IL-6, by the liver cells, which led to a higher mortality (131). Inducible TGF-β1-transgenic mice that express TGF-β1 under control of the C-reactive protein promoter were used in this study (131). Therefore, future studies will be needed to confirm this mechanism in mice that were not genetically modified.

In contrast, other studies found beneficial effects of TGF-β in sepsis. For example, treatment with TGF-β blocked endotoxin-induced hypotension and improved survival in rat models using Salmonella typhosa and Salmonella enteritidis to induce septic shock and a murine endotoxic shock model (4). Moreover, cardioprotective effects of TGF-β could be shown, as TGF-β reverses the depression of myocyte contraction in vitro (132). Another study found TGF-β1 to decrease neutrophil numbers during the onset of LPS-induced acute lung injury (133). This was due to increased apoptosis rather than reduced migration. TGF-β1 did not directly regulate neutrophil apoptosis but instead promoted IL-6 release from mast cells, which promotes neutrophil clearance (133).

Given the partially contradictory findings in the different human studies, there still lacks a definite answer to the question of whether systemic TGF-β release contributes to a systemic detrimental immune disturbance in sepsis. The unambiguous findings in animal models and the findings of Huang et al. including 106 patients, in which TGF-β serum levels were increased in septic patients (45), suggest that TGF-β does play an important role. Even more so as in the current understanding of sepsis, the action of Tregs is considered important for the outcome. Tregs are considered an important source of TGF-β. Moreover, the association of increased TGF-β levels and impaired lung function seems to be relevant in this context, considering that ARDS is a major clinical challenge in septic patients. The local effect of TGF-β in the different tissues has to be examined in the context of trauma and sepsis. This is of importance, as other diseases like rheumatoid arthritis that TGF-β acts very differently when administered locally or systemically (48). Future studies need to address the dynamic expression of this cytokine during sepsis. Several studies mentioned a peak in the beginning of sepsis development (4, 123). This might be due to an overwhelming stimulation of TGF-β producing cells in the beginning of inflammation, or an increase in apoptosis of T cells which are known to create an immunosuppressive environment (134). This could lead to a pathologic immunosuppression at the onset of inflammation. Lastly, the role of TGF-β may differ in sepsis and sterile trauma. Therefore, future studies should also address differences in non-sterile and sterile settings to evaluate appropriate therapeutic action in the different diseases.



Effects and Drivers of Pathological Release in Trauma and Sepsis

Assuming an adequate response to an infection, we postulate the role of TGF-β as follows: First, it acts as a chemoattractant for myeloid cells in the very beginning of infection to promote initial innate immune response. This underlying premise is based upon that TGF-β acts in a stimulatory manner on resting monocytes (48). Further, TGF-β impairs the activation of naïve T cells but can be overridden by CD28 co-stimulation in addition to low IL-2 doses (48). The team around Li et al. argues that this circumstance serves as a threshold to divide between self-antigen driven steady state inflammation, which is hindered by TGF-β, and a pathological condition in which the above mentioned stimuli override TGF-β inhibition to guarantee a proper immune response to the infection (48). As stated above, TGF-β curbs macrophages in inflammation which might serve to restore hemostasis and prevent excessive inflammation.

The data suggest that these regulated dynamics are severely impaired in sepsis. In the study from Hiraki et al., a murine abdominal sepsis model was utilized with a TGF-β depleting antibody administered 6 h after the intervention, which lead to improved survival of the mice (103). The group also showed a positive correlation between the percentage of Tregs of all CD4 T cells and the serum TGF-β levels (103). It is known from human clinical studies that an increased percentage of Tregs is correlated with worse outcome (45, 135). The group around Hiraki et al. therefore postulates that the disruption of TGF-β leads to a decrease of Treg abundance which might be harmful in the development of sepsis (103). It is also possible that TGF-β itself plays a detrimental role by depressing T cell functions and disrupting the positive feedback loop that promotes Treg proliferation (50, 115). The study did not examine which cell type provides the major source of TGF-β. It is assumed that the initial release of auto- and or alloantigens released when infection occurs leads to such a massive TGF-β release that homeostasis as described above can no longer be restored. Currently, it is not clear whether this is driven by DAMPs or PAMPs. In the study, the administration of the depleting antibody led to the restoration of this homeostasis. Of note is that a single administration was enough. A current study from Zeng et al. supports these findings (136). An anti-TGF-β antibody was administered, which led to increased IL-2 and IFN-γ levels. This was considered beneficial for the outcome. The authors, however, neglected to provide the timepoint of the anti-TGF-β-antibody administration (136).

Altogether, these studies contribute to the understanding of the role of TGF-β and Tregs in the initial phase of sepsis. However, it is not possible to draw a definite conclusion from what is currently known, given the fact that the effects of TGF-β differ a lot depending on location, timing and the activation status of the cells it affects as described in the section above.



Potential Therapeutic Modulation of TGF-β

Currently, TGF-β dynamics in human sepsis studies need to be expanded before a therapeutic modulation of TGF-β or its receptors should be applied. The focus of studies should be on the dynamics and the origin of sepsis (organ/tissue). In current clinical trials, a number of drugs are tested that might prove useful in the future. An overview of current TGF-β modulating drugs is provided in Table 2. These include direct anti-TGF-β antibodies (e.g. Fresolimumab: Human monoclonal anti-TGFβ-antibody (Non-small cell lung carcinoma), Phase 1/2 NCT02581787) and receptor blockage (Galunisertib (LY2157299): small molecule inhibitor of the kinase domain of Type 1 TGFβ receptor (solid tumor, non-small cell lung cancer, hepatocellular carcinoma), Phase 1/2 NCT02423343). Interestingly, an anti- programmed cell death 1 ligand 1 (PD-L1)/TGF-β fusion protein is also being tested (e.g. SHR-1701: anti-PD-L1/TGFβ fusion protein (advanced solid tumors), Phase 1 NCT04324814). If TGF-β blockage proves beneficial in trauma or sepsis, application of this drug would be a very interesting approach as the upregulation of PD-L1 is associated with monocyte dysfunction and upregulation of its ligand programmed cell death protein 1 (PD-1) in lymphoid cells is a detrimental hallmark of post-traumatic and septic immune dysfunction (32). A first anti-PD-1 antibody (nivolumab) has already been tested for safety in septic patients (Phase 1b NCT02960854) (137). The potential therapeutic modulations of TGF-β are outlined in Figure 2.


Table 2 | Clinical Trials targeting TGF-ß or its receptor.






TSLP


How Does TSLP Affect Immune Cells?

Thymic stromal lymphopoietin (TSLP) is a member of the IL-2 cytokine family and is closely related to IL-7 (138). It appears in two variants, a long form of TSLP (lfTSLP) and a short form (sfTSLP). These two forms do not derive from alternative splicing but are promoted by different putative promoter regions (139). Their effects on immune cells differ widely. Of note, many articles do not differentiate between the long and the short form of TSLP (139). In a review of Bjerkan et al., the authors summarized that the in absence of infection the short form is steadily expressed and the long form is absent (139). The short form seems to provide homeostasis especially on healthy barrier tissue like in the skin and gut. However inflammation can induce the expression of the long form and the short form becomes downregulated (139).

The diseases TSLP are best studied in are asthma, inflammatory bowel diseases and cancer, in which a Th2 dominated inflammation occurs or Th2 cells promote cancer cell survival (138). Keratinocytes, epithelial cells, mast cells, smooth muscle cells, fibroblasts and dendritic cells are producers of TSLP (140). However, it can also be produced by mast cells, human monocytes, macrophages and granulocytes, murine basophils and cancer cells (141). Unlike cells producing TSLP, which are comparably few, many more cells become activated by TSLP. Cells known to become activated by TSLP, are dendritic cells, innate lymphoid cells 2 (ILC2), CD4 T and Th2 cells, natural killer T cells, CD8 T cells and B cells, regulatory T cells, eosinophils, neutrophils, murine (but not human) basophils, monocytes, mast cells, macrophages, platelets, and sensory neurons (141).

Mouse and human TSLP bind to the combination of the IL-7 receptor α chain (IL-7Rα) and the TSLPR (TSLP receptor) chain, but only rarely to TSLPR alone (142). An extensive review about the intracellular pathways of TSLPR signaling would exceed the scope of this review, but was compiled by Zhong et al. and Yu et al. (143, 144). The lfTSLP receptor is expressed on several immune cells such as dendritic cells, T cells, B cells, natural killer cells, monocytes, basophils, eosinophils, and epithelial cells (139). The TSLPR was also found on tissue in heart, skeletal muscle, kidney, and liver (142). On CD4 T cells the TSLPR is upregulated upon TCR stimulation assuming a regulative role in inflammation (142). It is believed to portray an endothelial reaction to endogenous and exogenic triggers and drive a Th2-dominated inflammatory reaction mediated by dendritic cells. However, these Th2 cells also produce TNF-α, but not IL-10 (145).

It has been demonstrated that TSLP can exert potent antimicrobial effects. It could be shown that TSLP inhibits the growth of Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Staphylococcus epidermidis and fungal species (139). Furthermore, TSLP augments ROS production in neutrophils by triggering the complement C5 system which enhances killing of S. aureus in human and mice (146).



Dynamics in Trauma and Sepsis

TSLP has not been studied extensively in sepsis to date. Several studies provide conflicting results concerning the effect of TSLP in animal sepsis models or human studies (44, 47, 147, 148). These findings are summarized in Table 3 and visualized in Figure 3. Undisputed findings of the mentioned murine and human studies are that TSLP serum levels increase within the initial phase of the inflammation. Depending on the injury model or clinical circumstances, this initial peak ranges from 6 (147) to 24 h (44) and seems to decrease with the course of the inflammation.


Table 3 | The effect of TSLP in sepsis.






Figure 3 | TSLP expression in murine and human sepsis and its experimental modification. Murine and human sepsis acutely lead to increase of systemic TSLP blood levels. Murine studies blocking TSLP provided contradictive results, which might be explained by differing methodology. (A) Several murine sepsis (cecal ligation and puncture and intraperitoneal injection of live bacteria) and endotoxemia (intraperitoneal injection of lipopolysaccharide (LPS)) models, as well as human observational trials in sepsis and severe sepsis revealed that TSLP levels are elevated in the blood within 24 h (44, 147, 148). (B) Three murine studies (44, 147, 148) assessed the effect of TSLP blockage and provided contradictive results that are highlighted in this figure. An explanation for these differences might be found in the different methods that were used. The figure contains adapted graphics from Les Laboratoirs Servier - Medical Art under the terms of the Creative Commons Attribution License (CC BY) for non-commercial use. The use, distribution or reproduction in other forums is permitted: https://creativecommons.org/licenses/by/3.0/legalcode, last accessed July 30th, 2020.



Up to now, none of the studies included a long-term analysis of TSLP levels and none of the studies conducted in sepsis differentiated between the long and the short TSLP form. As the long form is considered to become upregulated in inflammatory settings (139), it is likely that the long form is what was found to be elevated in the serum and peritoneum. This is of note as it might provide an explanation for the conflicting results found in the TSLP/sepsis studies concerning inflammatory and immunosuppressive actions of TSLP.

The first study that provided an examination of the effect of TSLP in sepsis was performed by Kuethe et al. (147). This group found that TSLP blockade decreased mortality and dampened the production of inflammatory cytokines (147). A similar study was conducted by Piliponsky et al. in 2016 (44). In contrast to the study of Kuethe et al. the administration of anti-TSLP-Ab in a murine abdominal sepsis model lead to an increase in morbidity and did not improve bacterial clearance (44). The authors argue that this may be explained by different injection times and inflammation dynamics. Otherwise, they confirmed the immunosuppressive role of the TSLP-TSLPR interaction as TSLPR-/- mice displayed increased intraperitoneal levels of TNF-a, IL-6, IL-17A and KC after onset of abdominal sepsis (44). However, TSLPR-/- mice had impaired bacterial clearance leading the authors to compare the effect of TSLPR with the effect that can be seen in IL-10 deficient mice succumbing to sepsis due to impaired bacterial clearance (44). Piliponsky et al. depicted that TSLP mainly dampens myeloid cytokine production, which then contributes to reduced morbidity by limiting inflammation (44). Overall, they conclude that the upregulation of TSLP in sepsis aims to restore immune hemostasis by dampening inflammation (44). In contrast, Yu et al. demonstrated a negative correlation between serum TSLP levels in patients with high ratio of neutrophils and increased mortality in a septic patient cohort (47). Moreover, they showed TSLP induces inflammation in neutrophils and T lymphocytes and certain monocyte subtypes (intermediate and non-classical) leading to increased production of e.g. IL-6, TNF-α and IFN-γ (47). They therefore conclude that TSLP has a pro-inflammatory effect on monocytes and lymphocytes but does not improve antibacterial clearance of neutrophils, as phagocytosis and respiratory burst were unchanged (47). In line with these findings is a study by Han et al. They revealed that TSLP-deficient mice show lower levels of IL-6, VEGF, ICAM-1, and MIP2 in serum in LPS challenged mice (148). They also demonstrated TSLP upregulates macrophage-mediated inflammation as TSLP neutralization and TSLP siRNA silencing reduced the production of IL-6, TNF-α and NO after LPS stimulation. Moreover, they showed LPS or E. coli stimulated macrophages via TLR4 produce TSLP (148). The finding of decreased proinflammatory cytokines in TSLP-deficient mice contradicts the findings of Piliponsky et al. and Kuethe et al., although Han et al. in part used the same experimental approach (Anti-TSLP-Ab) (44, 147, 148). The team of Han et al. argues that the different septic models (LPS vs cecal ligation and puncture (CLP)) may provide an explanation for this. They summarize that TSLP triggers proinflammatory reactions especially of macrophages and might lead to organ dysfunction in sepsis (148).

Taken together, these studies provide surprisingly conflicting data about the effect of TSLP in sepsis. It will be critical to consider the differences between the models to explain these results. The CLP model conducted by Kuethe et al. and Piliponsky et al. constitutes a physiologically more relevant model as it includes pathogen related tissue damage, phagocytic uptake of pathogens by neutrophils and macrophages, as well as the release of other pathogenic antigens compared to the administration of LPS alone, which lacks all these important characteristics. Moreover, Han et al. used relatively low LPS doses (148) which may not induce an inflammatory reaction as strong as in the CLP model. This may indicate a different role of TSLP depending on the injury severity and inflammatory milieu. However, until further direct experimental comparisons, this remains speculative.

The following points should be addressed in further studies to clarify the role of TSLP in sepsis. First, a discrimination between the short and the long form should be conducted in future studies as their effects are considered to differ (139). Secondly, studies should differentiate between the severity of sepsis, as Piliponsky as well as Yu et al. reported differences in the effect of TSLP regarding the severity of the disease (44, 47). Thirdly, none of the studies so far address the release of TSLP by endothelial cells, which are considered the main producers (140). The effect of TSLP on macrophages and endothelial cells seem most important as they might steer potential pro- or anti-inflammatory effects. Lastly, the dynamics of the septic disease should be examined, as this may also be a potential cause of the current conflicts in the data.



Effects and Drivers of Pathological Release in Trauma and Sepsis

The production of TSLP is triggered by allergens, pro-inflammatory cytokines, viruses, bacteria, fungi and tryptases (141). With respect to a septic setting, the challenge of epithelial cells with bacteria is likely the most relevant. This poses the important question of whether the stimulation occurs directly by microbes or in an indirect manner mediated by consecutively upregulated pro-inflammatory cytokines. In a study performed by Lan et al. it is demonstrated that Staphylococcus aureus directly induces epithelial cell-derived TSLP release via TLR-2-binding (149). Although not in a septic model, this might explain the upregulation of TSLP in sepsis (149). If TSLP is considered to restore immune hemostasis in sepsis, which still has to be proven due to the conflicting results past studies provided, then overwhelming microbial challenge might lead to detrimentally high release of TSLP. This could provide an explanation for conflicting data as lower levels might restore homeostasis, but by surpassing a certain threshold, TSLP may trigger inflammation and therefore worsen outcome. However, this currently remains a matter of speculation.



Potential Therapeutic Modulation of TSLP

As discussed in the previous section more research is needed to characterize the effect of TSLP in trauma or sepsis. However, antibodies directed against TSLP are currently tested for safety in clinical trials aiming to treat allergic diseases (e.g. MEDI9929: human monoclonal antibody immunoglobulin IgG2λ directed against TSLP (asthma), Phase 2 NCT02698501). An overview of current TSLP modulating drugs is provided in Table 4. These might prove useful in clinical trials when dynamics and functions of TSLP in trauma and sepsis have been elucidated.


Table 4 | Clinical Trials targeting TSLP.







Conclusion

Sepsis is responsible for one out of three in-hospital deaths (150) while trauma is still the leading course of death for people under the age of 46 in the United States (151). The following discusses the two most pressing challenges for these pathophysiologies:

1) The development of methods to stratify patients, to evaluate which of three clinical trajectories the respective patient will follow: early death, rapid recovery or chronic critical illness (19). Promising strategies are phenotyping innate and adaptive immune cells, using flow cytometry (32), assessing genetic or transcriptional changes within innate and adaptive immune cells (152), evaluating cytokine levels and their ratio’s (31) and most importantly use functional assessment of immune cell behavior (46, 153). The use of functional assays has proven useful to examine the capability of cells to produce cytokines in response to stimuli and thus enables the assessment of the current immune status (46). Moreover, patient endotypes within the sepsis and trauma populations should be defined (10). These endotypes should be studied to determine if they are associated with good or bad clinical outcomes. Knowing the endotype associated with the immune status should allow for a more personalized and effective therapeutic strategy. All of the clinical, phenotypic and functional assays should be analyzed in combination with the standard clinical data on the ICU’s. We believe that dynamic immune monitoring prospectively should become a standard in intensive care medicine.

2) If proper stratification of patients is successful the next step would be to therapeutically address immune perturbation. Currently the use of three cytokines is being tested to improve immune function in sepsis and infection: IFN-γ to treat sepsis-induced immunoparalysis (Phase 3, NCT01649921), granulocyte-macrophage colony-stimulating factor (GM-CSF) to decrease ICU acquired infections (Phase 3, NCT02361528), IL-7 to restore lymphocyte counts in sepsis patients (Phase 2, NCT02640807). Beside cytokine modulation the blockage of the programmed cell death protein 1 (PD-1), a checkpoint inhibitor with elevated expressed in sepsis patients (154), might prove beneficial, regarding its ability to hinder T cell apoptosis in murine sepsis model and in vitro human sepsis studies (155–157). Moreover, the blockage of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), another immune checkpoint receptor overexpressed in sepsis patients (155, 158) that improved T cell survival in mice (159), might provide a therapeutic approach.

Other than the above mentioned, there are no current approaches to clinically test modulation of immunosuppressive cytokines, such as IL-10, TGF-β and TSLP in sepsis or trauma. Immunosuppression is responsible for significant numbers of deaths in sepsis and trauma patient populations (13). It is therefore key to further examine how immunosuppressive cytokines affect immune hemostasis and how they can be beneficially modulated.

As highlighted in this review the effect of the potent anti-inflammatory cytokines IL-10, TGF-β, and TSLP depends on dynamics, dose and receptive cell type. Thus, the following prerequisites for these specific cytokines should be met to approach pharmaceutical therapeutic modulation of IL-10, TGF-β, and TSLP: 1) Future pre-clinical or clinical studies should focus on temporal expression of these cytokines. 2) The collective literature shows improved predictive power when a combination of cytokines was assessed to predict outcome (31, 160, 161). Therefore, they should be evaluated relatively to each other and other pro-inflammatory cytokines. 3) Future research should focus on which cells are the main contributors to the systemic release and functionally assess which stimuli drive the release of the respective cytokine, so the specific cell function can be therapeutically modulated.

If these criteria are met and a clear characterization of cytokine behavior emerges, we suggest translating results and immune modulating therapeutics from other pathophysiologies, such as autoimmune diseases and cancer, to sepsis and trauma. These promising treatments that are being tested in these diseases potentially share common mechanisms. Thus, these FDA approved drugs for cancer and autoimmunity could potentially be trialed in the setting of sepsis or trauma to address pathological cytokine release of IL-10, TGF-β, and TSLP leading to disbalanced immunosuppression.
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Sepsis is life-threatening organ dysfunction caused by a dysregulated host response to infection. During the development and progression of sepsis, polymorphonuclear neutrophils (PMNs) are the most abundantly recruited innate immune cells at sites of infection, playing critical roles in the elimination of local infection and healing of the injury. PMN reverse migration (rM) describes the phenomenon in which PMNs migrate away from the inflammatory site back into the vasculature following the initial PMN infiltration. The functional role of PMN rM within inflammatory scenarios requires further exploration. Current evidence suggests that depending on the context, PMN rM can be both a protective response, by facilitating an efficient resolution to innate immune reaction, and also a tissue-damaging event. In this review, we provide an overview of current advancements in understanding the mechanism and roles of PMN rM in inflammation and sepsis. A comprehensive understanding of PMN rM may allow for the development of novel prophylactic and therapeutic strategies for sepsis.
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INTRODUCTION

Polymorphonuclear neutrophils (PMNs) are the first responders in the circulation, playing an important role in defending against invading pathogens (1). Being attracted by a chemokine concentration gradient, PMNs migrate from the bloodstream into the inflamed extravascular tissues (2, 3). In the inflammatory site, PMNs eliminate pathogen through degranulation, phagocytosis, the formation of neutrophil extracellular traps (NETs), and releasing cytokines (3, 4). After PMNs execute their antimicrobial agenda, timely clearance of PMNs is crucial to maintain homeostasis (2, 5, 6). Traditionally, apoptosis or necrosis and subsequent phagocytosis by macrophages were considered as the main ways for PMN clearance (7, 8). However, with the development of imaging technology, it has been found that the recruited PMNs could migrate back to the circulation, which serves as a new way of PMN clearance in inflammatory or injury site (8, 9). In 1997, Hughes et al. using a rat glomerular capillary injury model and radiolabeling of PMN found that over 70% of PMNs that entered inflamed glomerular capillaries were able to return to the main circulation without undergoing apoptosis in the inflammatory site (8, 10). The process of PMN migrating back to circulation has been referred to as “PMN reverse migration (rM)” to describe the general phenomenon of PMN moving in the opposite direction to that expected (11). The in vivo visualization of PMN rM was first carried out on zebrafish larvae in 2006 (12). Mathias et al. found that not all recruited PMNs died at the site of injury, and most PMNs left the site and back to circulation (13). In the same year, Buckley et al. observed in vitro that human PMNs could reverse transmigrate through the tumor necrosis factor-α (TNF-α)-activated endothelial monolayer (14). Further studies showed that reverse migrated PMNs are characterized by high expression of intercellular adhesion molecule-1 (ICAM-1 high) and low expression of C-X-C motif chemokine receptor 1 (CXCR1 low), which are different from the PMN in circulation with ICAM-1 low/CXCR1 high or those resident in tissue with ICAM-1 high/CXCR1 high (15, 16). The markers of ICAM-1 high/CXCR1 low are then found also valid for the reverse migrated PMNs in the peripheral blood of patients with systemic inflammation (14). In 2017, in vivo PMN rM in mice was visualized by Wang et al. in a sterile thermal hepatic injury model, in which reverse migrated PMNs from the inflammatory site were imaged in the lungs and bone marrow (17). The published data support the note that PMN rM is an important biological conservative phenomenon existing in from zebrafish to humans (11, 14, 17–21).



CURRENT KNOWLEDGE ON THE MECHANISMS OF PMN rM

The infiltration of PMNs from circulation to an inflammatory site is a regulated multi-stage process, as summarized in several review articles (2, 6, 22). PMNs first recognize inflammatory signs by sensing chemokines, e.g., macrophage-inflammatory protein-2 (MIP-2) and keratinocyte-derived chemokine (KC) (23, 24), followed by several processes, including capture, rolling, firm adhesion, and transendothelial migration, to reach the site of inflammation (25, 26). Corresponding to these steps, PMN rM has been considered as a continuous multi-stage process as well. Sussan et al. proposed terminologies to describe cell reverse migration, including reverse abluminal crawling (rAC), reverse interstitial migration (rIM), reverse luminal crawling (rLC), and reverse transendothelial cell migration (rTEM) (11). These terminologies imply the mechanisms by which PMN rM occurs.

The mechanisms that mediate PMN rM from inflammatory sites remain largely unclear. Many factors, which involve in PMN forward migration, such as chemoattractant and chemotactic repellents, chemokine receptors, the interaction between PMN and endothelia, and alteration of PMN behavior, are also considered as main factors regulating PMN rM (Figure 1).


[image: Figure 1]
FIGURE 1. Mechanisms of PMN rM. 1. Breach of endothelium results in leakage of chemokine, i.e., CXCL1, from the inflammatory site into the vasculature, therefore driving PMN to reenter the circulation; 2. LTB4 induces PMN release of neutrophil elastase (NE), which in turn cleaves endothelial JAM-C and subsequent damage of endothelial junction and promotes PMN rM. The binding between PMN CD11b/CD18 and endothelial ICAM-1 retains the PMN on the surface of endothelial cells and secures the cleavage of JAM-C by NE; 3. Activation of HIF1α suppresses PMN rM; and 4. Many factors, including cold-inducible RNA-binding protein (CIRP), Lipoxin A4, PEG2, and cathepsin C, can promote PMN rM. The phenotype of reverse migrated PMN (rM-ed PMN) is ICAM1high CXCR1low.


During the PMN forward migration, PMNs are chemoattracted by chemokines, and the migration direction is controlled by the concentration gradient of the chemoattractant. Endothelium breach is an important event in the PMN migration from circulation to the inflammatory area (27, 28). Similarly, the alteration of endothelial junction and permeability also play an important role in the mechanism of PMN rM. Owen-Woods et al. revealed the importance of endothelial permeability in regulating PMN trafficking (29). Inflammation usually damages the endothelial junctions and increases endothelial permeability, thereby, resulting in leakage of chemokines from the inflammatory site to circulation. This leakage of chemokines may reverse the directional cues of PMN migration across venular walls (30). For example, the leakage of chemokine and PMN chemoattractant, CXCL1, impairs the chemoattractant gradient and confuses PMNs and droves PMNs reenter the systemic circulation (29, 31). Regarding the mechanism underlying endothelial junction damage, Colom et al. reported that neutrophil elastase (NE) cleaves endothelial junctional adhesion molecule C (JAM-C), therefore, promoting PMN rM (32). This process is mediated by leukotriene B4 (LTB4). The study showed that LTB4 exhibits high efficacy in promoting rapid NE release and/or cell-surface expression, which then mediates the cleavage of endothelial JAM-C (32). Decreasing LTB4 concentration or blocking LTB4 receptor could decrease PMN rM in a mouse model of acute pancreatitis (33). Hirano et al. found that inhibition of JAM-C degradation reduces PMN rM in septic mice (34). The study further showed that the soluble JAM-C concentration in circulation is positively correlated with the PMN rM, and thus, increased plasma soluble JAM-C level may serve as an indicator for PMN rM occurring (32).

PMN transepithelial migration is an important event during PMN migration. However, the study on the mechanism of reverse PMN transepithelial migration is lacking in the literature. Future studies are needed to explore the mechanism since reverse PMN transepithelial migration is an indispensable piece of the puzzle for a comprehensive understanding of PMN rM.

Studies have shown that some chemokines and chemokine receptors are critically involved in PMN rM. CXCR1 and CXCR2 are the main receptors on PMNs to sense chemokines during cell migration. The study showed that reverse migrated PMNs exhibit decreased CXCR1 (14). Therefore, it was speculated that those PMNs may lose sensitivity to chemokine cues and move in a reverse direction. However, the direct evidence is still missing. Powell et al. reported that CXCL8a and CXCR2 are required for PMN rM in zebrafish, evidenced by that CXCR2 knockout in zebrafish decreased PMN rM (35). Wang et al. reported that the PMNs that reentered into circulation entailed a sojourn in the lungs, where they up-regulated CXCR4 expression followed by homing back to the bone marrow. The PMNs trafficking back to bone marrow exhibit increased Annexin V in the membrane, suggesting that those PMNs may undergo apoptosis in bone marrow (17).

PMN forward migration to the inflammatory site requires an important step of adhesion to endothelium, which is mediated through the binding between PMN Cd18/Cd11b and endothelial ICAM-1. During PMN rM, Colom et al. found that the binding between Cd18/Cd11b and ICAM-1 secures JAM-C cleavage by neutrophil elastase, which subsequently promotes PMN rM (32).

Some studies revealed negative regulation of PMN rM. For example, the role for hypoxia-inducible factor 1 subunit alpha (HIF1α) in suppressing PMN rM in zebrafish has been reported (36). Activation of HIF1α reduced PMN rM and delayed inflammation resolution in zebrafish; whereas, administration of HIF1α inhibitor enhanced PMN rM (36). Besides, Wang et al. found that reducing serine protease activity by using cathepsin C deficient mice led to a profound reduction in PMN rM (17). Considering that PMNs reenter into circulation followed by migration into the lungs and sequentially homing back to bone marrow, PMN rM is more likely a programmed process, rather than a random event.

Chemotactic repellent in the inflammatory site is another mechanistic hypothesis for PMN rM (8). CXCL8 is an effective chemokine in human. It has been found in vitro that CXCL8 functions as a chemoattractant in lower concentrations (at the nM level), whereas, in higher concentrations (at the μM level), CXCL8 plays a role as chemorepellent to promote PMN rM (37). Loynes et al. reported that eicosanoid prostaglandin E2 (PGE2) can also act as a chemorepellent that drives PMN rM in zebrafish (38). In the late stage of inflammation, pathways of production of pro-inflammatory mediators are usually shifted to the production of pro-resolution mediators, i.e. lipoxin A4 (LXA4) (39, 40). It has been found in a microfluidic device that LXA4 enhances human PMN rM, suggesting that PMN rM may serve as a partial mechanism of inflammation resolution (41). Macrophages also play a role in regulating PMN rM (42). It has been observed in zebrafish that macrophage depletion decreased PMN rM and resulted in continuous neutrophilic inflammation (38). Redox-Src family kinase (SFK) signaling in macrophages seems important in mediating macrophage-induced PMN rM, although redox-SFK also involves in regulating PMN forward migration (43).

Collectively, published studies underscore the complexity and diversity of mechanisms driving PMN rM, highlighting the need to better understand PMN rM characteristics, prevalence, and downstream implications.



BIOLOGICAL EFFECT OF PMN rM

Both PMN infiltration in tissue and timely clearance are important for maintaining homeostasis, as concluded previously (9, 44). Persistent and excessive PMN infiltration is responsible for many chronic diseases, such as pulmonary fibrosis and rheumatoid arthritis, etc. (45, 46). The functional role of PMN rM in inflammatory scenarios is controversial and requires further exploration. Current evidence suggests that depending on the context, PMN rM can be both a protective response, by facilitating an efficient resolution to innate immune reaction, and also a tissue-damaging event (8, 13, 17, 22, 32, 47–49). Removal of activated PMNs from the inflammatory sites through PMN rM may alleviate the local inflammatory response. On the other aspect, however, activated PMNs that migrate back to circulation may result in dissemination of inflammation (32, 47, 50). The different outcomes may be related to the different disease models, severity, and timing.

Nonetheless, clearance of infiltrated PMNs from the injury or infection sites is essential for inflammation resolution. Most studies in zebrafish found that PMN rM plays a protective role in promoting inflammation resolution. Several interventions aiming to inhibit PMN rM, such as macrophage depletion and activation of HIF1α, aggravated the damage of the wound due to the persistent neutrophilic infiltration (36, 38). Similar results have also been observed in a mouse model of sterile thermal hepatic injury. Using photoactivatable-GFP transgenic mice, Wang et al. visualized the migration of PMNs back into the vasculature in a sterile thermal hepatic injury. They found that reducing serine protease activity by using cathepsin C–deficient mice (Ctsc−/−) led to a profound reduction in PMNs reentering healthy patent vessels, and further resulted in delayed revascularization. Though the mechanism was unclear, Ctsc deficiency only decreased PMN rM, but did not affect PMN infiltration, suggesting that Ctsc involved in inflammation resolution (17).

On the other aspect, data from mammal experiments showed that activated PMNs migrating back to circulation contributes to inflammation dissemination and distant organ dysfunction. In a murine model of cremaster muscle ischemia-reperfusion, inhibition of PMN rM by knockout NE or JAM-C resulted in the alleviation of the remote lung, heart, and liver injury, suggesting that those reverse migrated PMNs may contribute to the distant organ injury (32, 47). The mechanism of how the reverse migrated PMNs lead to distant organ damage remains unclear. This may relate to the interaction between reverse migrated PMNs and circulating cells. Studies have shown that the PMN subsets, which present similar phenotype with reverse migrated PMNs, modulate T cell functions, as summarized by Hirano et al. (51). PMNs with increased cell surface expression of CD11b, CD11c, CD16, and CD54 demonstrate the ability to suppress T cell proliferation in a Cd18/Cd11b dependent manner (51).

It is noticeable that reverse migrated PMNs have an altered phenotype consisting of increased expression of ICAM-1 and effector functions, e.g., increased ROS generation (14, 47). Expression of ICAM-1 on the surface of inactivated PMNs is usually low. PMN expression of ICAM-1 can be induced by chemokines, and thus, infiltrated PMNs in the site of injury or infection present upregulated expression of ICAM-1 (49, 50). Whether the high expressed ICAM-1 involves in the mechanism of PMN rM is under investigation in the authors' laboratory.



PMN rM IN SEPSIS

Sepsis is life-threatening organ dysfunction caused by a dysregulated host response to infection (52). In the progression of sepsis, PMNs are the most abundantly recruited immune cells at sites of infection, playing critical roles in the elimination of local infection and the healing of injury (53–55). Although the mechanisms underlying sepsis development and progression remain to be fully addressed, it is well-accepted that immune imbalance serves as a critical mechanism of the development and progression of sepsis, in which PMNs play important roles (56, 57). PMNs execute their functions to eliminate the pathogen mainly through degranulation, phagocytosis, the formation of neutrophil extracellular traps (NETs), and release of cytokines. These mechanisms, however, may induce tissue damage as well (54, 55).

Theoretically, timely removal of PMNs in a resolution phase from the inflamed site should benefit local inflammation. However, active PMNs that migrate back to systemic circulation may disseminate inflammatory responses to remote organs and tissue. In the development of sepsis, pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) are the early initiators; and PMNs play an important role in further amplifying the inflammation during the progression of sepsis (8, 58). Inflammatory mediators released by PMNs can exaggerate other innate immune cell activation, including PMN itself (8, 59). Reverse migrated PMNs present a pro-inflammatory phenotype, including increased production of superoxide and high membrane expression of ICAM-1 (47, 60). Ode et al found that ICAM-1 positive PMNs express higher levels of inducible nitric oxide synthase (iNOS) and NETs, suggesting that reverse migrated PMNs are still highly active (60, 61). In addition, reverse migrated PMNs show prolonged lifespan and delayed apoptosis (62, 63), which might contribute to persistent and amplified inflammation (64). Studies using the mouse abdominal infection model revealed that the ratio of reverse migrated PMNs in circulation shows a positive correlation with acute lung injury (33, 50, 60). A study using the cecal ligation and puncture (CLP) mouse model showed that cold-inducible RNA-binding protein (CIRP) knockout mice exhibited decreased PMN rM and lung injury. After administration of recombinant CIRP, the reverse migrated PMNs significantly increased in the blood in the time- and dose-dependent manner, and NE expression was upregulated, while JAM-C expression was downregulated in the lungs. These results suggest that CIRP promotes PMN rM and subsequent acute lung injury by increasing NE and decreasing JAM-C (50). Interestingly, the CIRP-induced PMN rM occurred in septic mice can be suppressed by neutralizing antibody against TLR4 and inhibitor for NF-κB. In CLP mice, CIRP-TLR4 interaction in PMNs leads to increased PMN rM through the NF-κB pathway. The reverse migrated PMNs produce excessive iNOS and NETs and promote tissue inflammation and injury (60). Li et al. using another sepsis model, the acute pancreatitis model, revealed that LTB4 production promoted PMN rM, and this effect was mediated by substance P. Substance P treatment increase phosphorylation of protein kinase C (PKC) α and mitogen- activated protein kinases (MAPKs), which further promoted LTB4 production. Blocking the leukotriene B4 receptor 1(LTB4R1) resulted in the decreased PMN rM into the circulation and alleviated the severity of acute lung injury (33).

Although the data on the role of PMN rM in sepsis are limited and it is too early to conclude, the published studies tend to suggest a detrimental effect of PMN rM on the development of remote organ injury in sepsis.



SUMMARY

The mechanism of sepsis remains to be fully elucidated, which results in poor therapeutic outcomes for septic patients. PMNs have become an important target for preventive and therapeutic interventions. Despite advances in understanding PMN biology over the last several decades, there remains a significant gap in our knowledge regarding various PMN functions and behavior in sepsis. PMN rM describes the phenomenon in which PMNs migrate away from the inflammatory site back into the vasculature following the initial PMN infiltration. The functional role of PMN rM within inflammatory scenarios, particularly in sepsis, requires further exploration. Current evidence suggests that depending on the context, PMN rM can be both a protective response, by facilitating an efficient resolution to innate immune reaction, and also a tissue-damaging event through the dissemination of inflammation. The investigation on the mechanism of PMN rM is still in a premature stage. Numerous questions are still open in the research of PMN rM. For example, what are the mediators in the circulation that chemoattract the PMNs leaving from the inflammatory sites? Whether the reverse migrated PMNs are a particular subset of PMNs? What are the different functions between the infiltrating PMNs and reverse migrated PMNs? Where is the final destination and fate of the reverse migrated PMNs? Nonetheless, the potential physiological and pathological roles of PMN rM emphasize the importance of gaining more in-depth insight into these phenomena, since these may serve as novel means of modulating inflammation and treatment of sepsis.



AUTHOR CONTRIBUTIONS

JJ collected the data and drafted the manuscript. JJ and JF conceived and designed the study. JF reviewed and finalized the manuscript. Both authors read and approved the final manuscript.



FUNDING

This work was supported by the USA National Institutes of Health Grant R01-HL-079669 (JF), USA National Institutes of Health Grant R01HL076179 (JF), USA National Institutes of Health Grant R01-HL-139547 (JF), VA Merit Award 1I01BX002729 (JF), and VA BLR&D Award 1IK6BX004211 (JF).



ABBREVIATIONS

CIRP, Cold-inducible RNA-binding protein; CLP, Cecal ligation and puncture; Ctsc, Cathepsin C; CXCL1, C-X-C motif chemokine ligand 1; CXCL8a, Chemokine (C-X-C motif) ligand 8a; CXCR1, C-X-C motif chemokine receptor 1; CXCR2, C-X-C motif chemokine receptor 2; CXCR4, C-X-C motif chemokine receptor 4; DAMPs, Damage associated molecular patterns; HIF1α, Hypoxia inducible factor 1 subunit alpha; ICAM1, Intercellular adhesion molecule-1; iNOS, inducible nitric oxide synthase; JAM-C, Junctional adhesion molecule C; KC, Keratinocyte-derived chemokine; LTB4, leukotriene B4; LTB4R1, leukotriene B4 receptor 1; LXA4, lipoxin A4; MAPKs, Mitogen activated protein kinases; MIP-2, Macrophage-inflammatory protein-2; NE, Neutrophil elastase; NETs, Neutrophil Extracellular Traps; NF-κB, Nuclear factor kappa B subunit 1; PAMPs, Pathogen-associated molecular patterns; PGE2, Prostaglandin E2; PKC, Phosphorylation of protein kinase C; PMN, Polymorphonuclear neutrophils; rAC, reverse abluminal crawling; rIM, reverse interstitial migration; rLC, reverse luminal crawling; rM, reverse migration; rTEM, reverse transendothelial-cell migration; SFK, Src family kinase; TLR4, Toll-like receptor 4; TNF-α, Tumor necrosis factor-α.



REFERENCES

 1. Amulic B, Cazalet C, Hayes GL, Metzler KD, Zychlinsky A. Neutrophil function: from mechanisms to disease. Annu Rev Immunol. (2012) 30:459–89. doi: 10.1146/annurev-immunol-020711-074942

 2. Langereis JD. Neutrophil integrin affinity regulation in adhesion, migration, and bacterial clearance. Cell Adh Migr. (2013) 7:476–81. doi: 10.4161/cam.27293

 3. Sadik CD, Kim ND, Luster AD. Neutrophils cascading their way to inflammation. Trends Immunol. (2011) 32:452–60. doi: 10.1016/j.it.2011.06.008

 4. Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health and inflammation. Nat Rev Immunol. (2013) 13:159–75. doi: 10.1038/nri3399

 5. Summers C, Rankin SM, Condliffe AM, Singh N, Peters AM, Chilvers ER. Neutrophil kinetics in health and disease. Trends Immunol. (2010) 31:318–24. doi: 10.1016/j.it.2010.05.006

 6. Injarabian L, Devin A, Ransac S, Marteyn BS. Neutrophil metabolic shift during their lifecycle: impact on their survival and activation. Int J Mol Sci. (2019) 21:287. doi: 10.3390/ijms21010287

 7. Pittman K, Kubes P. Damage-associated molecular patterns control neutrophil recruitment. J Innate Immun. (2013) 5:315–23. doi: 10.1159/000347132

 8. de Oliveira S, Rosowski EE, Huttenlocher A. Neutrophil migration in infection and wound repair: going forward in reverse. Nat Rev Immunol. (2016) 16:378–91. doi: 10.1038/nri.2016.49

 9. Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting to the site of inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol. (2007) 7:678–89. doi: 10.1038/nri2156

 10. Hughes J, Johnson RJ, Mooney A, Hugo C, Gordon K, Savill J. Neutrophil fate in experimental glomerular capillary injury in the rat. Emigration exceeds in situ clearance by apoptosis. Am J Pathol. (1997) 150:223–34.

 11. Nourshargh S, Renshaw SA, Imhof BA. Reverse migration of neutrophils: where, when, how, and why? Trends Immunol. (2016) 37:273–86. doi: 10.1016/j.it.2016.03.006

 12. Starnes TW, Huttenlocher A. Neutrophil reverse migration becomes transparent with zebrafish. Adv Hematol. (2012) 2012:398640. doi: 10.1155/2012/398640

 13. Mathias JR, Perrin BJ, Liu T-X, Kanki J, Look AT, Huttenlocher A. Resolution of inflammation by retrograde chemotaxis of neutrophils in transgenic zebrafish. J Leukoc Biol. (2006) 80:1281–8. doi: 10.1189/jlb.0506346

 14. Buckley CD, Ross EA, McGettrick HM, Osborne CE, Haworth O, Schmutz C, et al. Identification of a phenotypically and functionally distinct population of long-lived neutrophils in a model of reverse endothelial migration. J Leukoc Biol. (2006) 79:303–11. doi: 10.1189/jlb.0905496

 15. Silvestre-Roig C, Hidalgo A, Soehnlein O. Neutrophil heterogeneity: implications for homeostasis and pathogenesis. Blood. (2016) 127:2173–81. doi: 10.1182/blood-2016-01-688887

 16. Powell DR, Huttenlocher A. Neutrophils in the tumor microenvironment. Trends Immunol. (2016) 37:41–52. doi: 10.1016/j.it.2015.11.008

 17. Wang J, Hossain M, Thanabalasuriar A, Gunzer M, Meininger C, Kubes P. Visualizing the function and fate of neutrophils in sterile injury and repair. Science. (2017) 358:111–6. doi: 10.1126/science.aam9690

 18. Yoo SK, Huttenlocher A. Spatiotemporal photolabeling of neutrophil trafficking during inflammation in live zebrafish. J Leukoc Biol. (2011) 89:661–7. doi: 10.1189/jlb.1010567

 19. Hall C, Flores MV, Chien A, Davidson A, Crosier K, Crosier P. Transgenic zebrafish reporter lines reveal conserved Toll-like receptor signaling potential in embryonic myeloid leukocytes and adult immune cell lineages. J Leukoc Biol. (2009) 85:751–65. doi: 10.1189/jlb.0708405

 20. Burn T, Alvarez JI. Reverse transendothelial cell migration in inflammation: to help or to hinder? Cell Mol Life Sci. (2017) 74:1871–81. doi: 10.1007/s00018-016-2444-2

 21. Wu D, Zeng Y, Fan Y, Wu J, Mulatibieke T, Ni J, et al. Reverse-migrated neutrophils regulated by JAM-C are involved in acute pancreatitis-associated lung injury. Sci Rep. (2016) 6:20545. doi: 10.1038/srep20545

 22. Hind LE, Huttenlocher A. Neutrophil reverse migration and a chemokinetic resolution. Dev Cell. (2018) 47:404–5. doi: 10.1016/j.devcel.2018.11.004

 23. Zhang Q, Raoof M, Chen Y, Sumi Y, Sursal T, Junger W, et al. Circulating mitochondrial DAMPs cause inflammatory responses to injury. Nature. (2010) 464:104–7. doi: 10.1038/nature08780

 24. Li L, Chen K, Xiang Y, Yoshimura T, Su S, Zhu J, et al. New development in studies of formyl-peptide receptors: critical roles in host defense. J Leukoc Biol. (2016) 99:425–35. doi: 10.1189/jlb.2RI0815-354RR

 25. Finger EB, Puri KD, Alon R, Lawrence MB, von Andrian UH, Springer TA. Adhesion through L-selectin requires a threshold hydrodynamic shear. Nature. (1996) 379:266–9. doi: 10.1038/379266a0

 26. Lawrence MB, Kansas GS, Kunkel EJ, Ley K. Threshold levels of fluid shear promote leukocyte adhesion through selectins (CD62L,P,E). J Cell Biol. (1997) 136:717–27. doi: 10.1083/jcb.136.3.717

 27. Vestweber D. How leukocytes cross the vascular endothelium. Nat Rev Immunol. (2015) 15:692–704. doi: 10.1038/nri3908

 28. Weninger W, Biro M, Jain R. Leukocyte migration in the interstitial space of non-lymphoid organs. Nat Rev Immunol. (2014) 14:232–46. doi: 10.1038/nri3641

 29. Owen-Woods C, Joulia R, Barkaway A, Rolas L, Ma B, Nottebaum AF, et al. Local microvascular leakage promotes trafficking of activated neutrophils to remote organs. J Clin Invest. (2020) 130:2301–18. doi: 10.1172/JCI133661

 30. Huang AJ, Manning JE, Bandak TM, Ratau MC, Hanser KR, Silverstein SC. Endothelial cell cytosolic free calcium regulates neutrophil migration across monolayers of endothelial cells. J Cell Biol. (1993) 120:1371–80. doi: 10.1083/jcb.120.6.1371

 31. Marki A, Ley K. Leaking chemokines confuse neutrophils. J Clin Invest. (2020) 130:2177–9. doi: 10.1172/JCI136259

 32. Colom B, Bodkin JV, Beyrau M, Woodfin A, Ody C, Rourke C, et al. Leukotriene B4-neutrophil elastase axis drives neutrophil reverse transendothelial cell migration in vivo. Immunity. (2015) 42:1075–86. doi: 10.1016/j.immuni.2015.05.010

 33. Li B, Han X, Ye X, Ni J, Wu J, Dai J, et al. Substance P-regulated leukotriene B4 production promotes acute pancreatitis-associated lung injury through neutrophil reverse migration. Int Immunopharmacol. (2018) 57:147–56. doi: 10.1016/j.intimp.2018.02.017

 34. Hirano Y, Ode Y, Ochani M, Wang P, Aziz M. Targeting junctional adhesion molecule-C ameliorates sepsis-induced acute lung injury by decreasing CXCR4+ aged neutrophils. J Leukoc Biol. (2018) 104:1159–71. doi: 10.1002/JLB.3A0218-050R

 35. Powell D, Tauzin S, Hind LE, Deng Q, Beebe DJ, Huttenlocher A. Chemokine signaling and the regulation of bidirectional leukocyte migration in interstitial tissues. Cell Rep. (2017) 19:1572–85. doi: 10.1016/j.celrep.2017.04.078

 36. Elks PM, van Eeden FJ, Dixon G, Wang X, Reyes-Aldasoro CC, Ingham PW, et al. Activation of hypoxia-inducible factor-1α (Hif-1α) delays inflammation resolution by reducing neutrophil apoptosis and reverse migration in a zebrafish inflammation model. Blood. (2011) 118:712–22. doi: 10.1182/blood-2010-12-324186

 37. Tharp WG, Yadav R, Irimia D, Upadhyaya A, Samadani A, Hurtado O, et al. Neutrophil chemorepulsion in defined interleukin-8 gradients in vitro and in vivo. J Leukoc Biol. (2006) 79:539–54. doi: 10.1189/jlb.0905516

 38. Loynes CA, Lee JA, Robertson AL, Steel MJ, Ellett F, Feng Y, et al. PGE2 production at sites of tissue injury promotes an anti-inflammatory neutrophil phenotype and determines the outcome of inflammation resolution in vivo. Sci Adv. (2018) 4:eaar8320. doi: 10.1126/sciadv.aar8320

 39. Levy BD, Clish CB, Schmidt B, Gronert K, Serhan CN. Lipid mediator class switching during acute inflammation: signals in resolution. Nat Immunol. (2001) 2:612–9. doi: 10.1038/89759

 40. Serhan CN, Chiang N, Dalli J, Levy BD. Lipid mediators in the resolution of inflammation. Cold Spring Harb Perspect Biol. (2014) 7:a016311. doi: 10.1101/cshperspect.a016311

 41. Hamza B, Wong E, Patel S, Cho H, Martel J, Irimia D. Retrotaxis of human neutrophils during mechanical confinement inside microfluidic channels. Integr Biol (Camb). (2014) 6:175–83. doi: 10.1039/C3IB40175H

 42. Bystrom J, Evans I, Newson J, Stables M, Toor I, van Rooijen N, et al. Resolution-phase macrophages possess a unique inflammatory phenotype that is controlled by cAMP. Blood. (2008) 112:4117–27. doi: 10.1182/blood-2007-12-129767

 43. Tauzin S, Starnes TW, Becker FB, Lam P, Huttenlocher A. Redox and Src family kinase signaling control leukocyte wound attraction and neutrophil reverse migration. J Cell Biol. (2014) 207:589–98. doi: 10.1083/jcb.201408090

 44. Serhan CN, Savill J. Resolution of inflammation: the beginning programs the end. Nat Immunol. (2005) 6:1191–7. doi: 10.1038/ni1276

 45. Wright HL, Moots RJ, Edwards SW. The multifactorial role of neutrophils in rheumatoid arthritis. Nat Rev Rheumatol. (2014) 10:593–601. doi: 10.1038/nrrheum.2014.80

 46. Cantin AM, Hartl D, Konstan MW, Chmiel JF. Inflammation in cystic fibrosis lung disease: pathogenesis and therapy. J Cyst Fibros. (2015) 14:419–30. doi: 10.1016/j.jcf.2015.03.003

 47. Woodfin A, Voisin M-B, Beyrau M, Colom B, Caille D, Diapouli F-M, et al. The junctional adhesion molecule JAM-C regulates polarized transendothelial migration of neutrophils in vivo. Nat Immunol. (2011) 12:761–9. doi: 10.1038/ni.2062

 48. Robertson AL, Holmes GR, Bojarczuk AN, Burgon J, Loynes CA, Chimen M, et al. A zebrafish compound screen reveals modulation of neutrophil reverse migration as an anti-inflammatory mechanism. Sci Transl Med. (2014) 6:225ra29. doi: 10.1126/scitranslmed.3007672

 49. Thompson AAR, Elks PM, Marriott HM, Eamsamarng S, Higgins KR, Lewis A, et al. Hypoxia-inducible factor 2α regulates key neutrophil functions in humans, mice, and zebrafish. Blood. (2014) 123:366–76. doi: 10.1182/blood-2013-05-500207

 50. Jin H, Aziz M, Ode Y, Wang P. CIRP induces neutrophil reverse transendothelial migration in sepsis. Shock. (2019) 51:548–56. doi: 10.1097/SHK.0000000000001257

 51. Hirano Y, Aziz M, Wang P. Role of reverse transendothelial migration of neutrophils in inflammation. Biol Chem. (2016) 397:497–506. doi: 10.1515/hsz-2015-0309

 52. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et al. The third international consensus definitions for sepsis and septic shock (Sepsis-3). JAMA. (2016) 315:801–10. doi: 10.1001/jama.2016.0287

 53. Seymour CW, Rosengart MR. Septic shock: advances in diagnosis and treatment. JAMA. (2015) 314:708–17. doi: 10.1001/jama.2015.7885

 54. Shen X-F, Cao K, Jiang J-P, Guan W-X, Du J-F. Neutrophil dysregulation during sepsis: an overview and update. J Cell Mol Med. (2017) 21:1687–97. doi: 10.1111/jcmm.13112

 55. Zhang F, Liu A-L, Gao S, Ma S, Guo S-B. Neutrophil dysfunction in sepsis. Chin Med J. (2016) 129:2741–4. doi: 10.4103/0366-6999.193447

 56. Delano MJ, Ward PA. Sepsis-induced immune dysfunction: can immune therapies reduce mortality? J Clin Invest. (2016) 126:23–31. doi: 10.1172/JCI82224

 57. Gotts JE, Matthay MA. Sepsis: pathophysiology and clinical management. BMJ. (2016) 353:i1585. doi: 10.1136/bmj.i1585

 58. Lämmermann T. In the eye of the neutrophil swarm-navigation signals that bring neutrophils together in inflamed and infected tissues. J Leukoc Biol. (2016) 100:55–63. doi: 10.1189/jlb.1MR0915-403

 59. Sadik CD, Luster AD. Lipid-cytokine-chemokine cascades orchestrate leukocyte recruitment in inflammation. J Leukoc Biol. (2012) 91:207–15. doi: 10.1189/jlb.0811402

 60. Ode Y, Aziz M, Wang P. CIRP increases ICAM-1+ phenotype of neutrophils exhibiting elevated iNOS and NETs in sepsis. J Leukoc Biol. (2018) 103:693–707. doi: 10.1002/JLB.3A0817-327RR

 61. Hesse A-K, Dörger M, Kupatt C, Krombach F. Proinflammatory role of inducible nitric oxide synthase in acute hyperoxic lung injury. Respir Res. (2004) 5:11. doi: 10.1186/1465-9921-5-11

 62. Zhang D, Chen G, Manwani D, Mortha A, Xu C, Faith JJ, et al. Neutrophil ageing is regulated by the microbiome. Nature. (2015) 525:528–32. doi: 10.1038/nature15367 

 63. Ng LG, Ostuni R, Hidalgo A. Heterogeneity of neutrophils. Nat Rev Immunol. (2019) 19:255–65. doi: 10.1038/s41577-019-0141-8

 64. Woodfin A, Beyrau M, Voisin M-B, Ma B, Whiteford JR, Hordijk PL, et al. ICAM-1-expressing neutrophils exhibit enhanced effector functions in murine models of endotoxemia. Blood. (2016) 127:898–907. doi: 10.1182/blood-2015-08-664995

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

Copyright © 2021 Ji and Fan. 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.












	
	MINI REVIEW
published: 16 March 2021
doi: 10.3389/fimmu.2021.641750






[image: image2]

Inflammasome-Dependent Coagulation Activation in Sepsis

Runliu Wu, Nian Wang, Paul B. Comish, Daolin Tang* and Rui Kang*

Department of Surgery, University of Texas Southwestern Medical Center, Dallas, TX, United States

Edited by:
Yong Ming Yao, First Affiliated Hospital of Chinese PLA General Hospital, China

Reviewed by:
Krzysztof Guzik, Jagiellonian University, Poland
 Xu-Lin Chen, First Affiliated Hospital of Anhui Medical University, China

*Correspondence: Daolin Tang, daolin.tang@utsouthwestern.edu
 Rui Kang, rui.kang@utsouthwestern.edu

Specialty section: This article was submitted to Inflammation, a section of the journal Frontiers in Immunology

Received: 14 December 2020
 Accepted: 22 February 2021
 Published: 16 March 2021

Citation: Wu R, Wang N, Comish PB, Tang D and Kang R (2021) Inflammasome-Dependent Coagulation Activation in Sepsis. Front. Immunol. 12:641750. doi: 10.3389/fimmu.2021.641750



Sepsis is a potentially life-threatening, pathological condition caused by a dysregulated host response to infection. Pathologically, systemic inflammation can initiate coagulation activation, leading to organ dysfunction, and ultimately to multiple organ failure and septic death. The inflammasomes are cytosolic multiprotein signaling complexes that control the host response to diverse pathogen-associated molecular patterns (PAMPs) from microorganisms as well as damage-associated molecular patterns (DAMPs) from dead or dying host cells. Recent studies highlight that the activation of canonical and non-canonical inflammasomes not only mediate the maturation and secretion of interleukin-1 (IL1) family cytokines, but also trigger the release of coagulation factor III, tissue factor (F3, best known as TF) in activated macrophages and monocytes. These emerging functions of inflammasomes in immunocoagulation are further positively regulated by stimulator of interferon response cGAMP interactor 1 (STING1, also known as STING or TMEM173, a hub of the innate immune signaling network) and high mobility group box 1 (HMGB1, a nuclear DAMP). This mini-review will discuss the regulation and function of inflammasome-dependent coagulation activation in sepsis.
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INTRODUCTION

Sepsis is a challenging clinical syndrome characterized by life-threatening organ dysfunction or failure due to the dysregulated host immune response to pathogen infection, including bacteria, viruses, and fungi (1). The typical pathological process of sepsis involves the early hyperinflammatory state and the late immunosuppressive stage. This dynamic change of the host immune response is closely related to local or systemic coagulation abnormalities (2). Disseminated intravascular coagulation (DIC) is a common complication of sepsis, characterized by systemic activation of the coagulation cascade with microthrombosis, platelet consumption, and subsequent clotting factor exhaustion (3). Clinical studies have shown that the mortality rate of septic shock patients with DIC is twice that of septic patients without DIC (4), highlighting the importance of understanding the pathogenesis, diagnosis, and treatment of DIC in sepsis.

Cells of the innate immune system, such as macrophages, monocytes, neutrophils, and dendritic cells, are the first line of defense against foreign pathogens. However, excessive activation of these professional phagocytes may lead to inflammation, immune dysfunction, and abnormal blood clotting. Inflammasomes are multiprotein intracellular complexes that detect the components of microorganisms [namely pathogen-associated molecular patterns (PAMPs)] and endogenous danger signals released by injured cells [namely damage-associated molecular patterns (DAMPs)] using various pattern recognition receptors (PRRs) (5). Generally, according to whether caspase-1 (CASP1) or caspase-11 (CASP11 in mouse, also known as CASP4 and CASP5 in humans) is activated, inflammasomes can be divided into canonical and non-canonical subtypes (6, 7). Although they play an important role in host immune defense, the vigorous activation of inflammasomes also cause detrimental consequences, providing the pathogenicity of disease, including septic shock (8). In contrast, genetic depletion of core components of inflammasomes, such as Nlrp3, Casp1, Casp11, and gasdermin D (Gsdmd), protects against septic shock (9–15) or lethal endotoxemia (7) in mice, turning them into a promising target for treatment of sepsis.

In this mini-review, we introduce the types and activation of inflammasomes, discuss their roles in coagulation and thrombosis, and highlight their implications in sepsis.



TYPES AND ACTIVATION OF INFLAMMASOMES IN SEPSIS

Inflammasomes typically contain a sensor (cytosolic PRRs), an adaptor [apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC)], and a zymogen (pro-CASP1) (16). Assembly of inflammasome is initiated when PRRs sensing PAMPs, DAMPs, or stress signals. Certain PRRs then recruit ASC, a bipartite protein that bridges the sensors and the effector pro-CASP1 (17). Pro-CASP1 is subsequently cleaved into active caspase, ultimately leading to maturation and secretion of interleukin 1 (IL1) family cytokines (such as IL1B and IL18) or cleaved GSDMD-mediated pyroptosis. Functionally, pyroptosis is a form of pro-inflammatory cell death. Although pyroptosis has been found to occur in various immune and non-immune cells, it was first discovered in macrophages during bacterial infections (18). GSDMD-formed pores not only mediate pyroptosis, but also facilitate the release of IL1B in a pyroptosis-independent manner (19, 20). Below, we summarize the main types of inflammasomes related to sepsis.


Canonical Inflammasome
 
The NLRP3 Inflammasome

The most extensively studied inflammasome is the NLR family pyrin domain containing 3 (NLRP3) inflammasome, which is activated by a variety of stimuli, including PAMPs, DAMPs, pore-forming toxins, crystals, and nucleic acid (21). Of note, the basic expression of NLRP3 and pro-IL1B in macrophages is very low, and a priming signal (such as TLR ligands or IFN) is required to activate the NF-κB pathway to upregulate the expression of the components for NLRP3 inflammasome in macrophages (22). The second signal triggers NLRP3 activation by multiple mechanisms, including potassium (K+) efflux, increased calcium (Ca2+) signaling, mitochondrial translocation of NLRP3, excessive mitochondrial reactive oxygen species (ROS) generation, release of mitochondrial DNA and cardiolipin, and lysosomal leakage of cathepsins into cytosol (5, 23). Many studies have found that inhibiting the activation of NLRP3 inflammasome has a protective effect on septic animals (24). In particular, the NLRP3 inhibitor MCC950 attenuates multi-organ injuries in septic rats (25), highlighting the potential of using NLRP3 inhibitors in the treatment of sepsis.



The NLRC4 Inflammasome

The NLRC4 inflammasome responds to more stringent types of stimulation. NLRC4 forms a complex with certain NLR family apoptosis inhibitory protein (NAIP) family proteins, which directly bind to the NLRC4-activating ligands. For example, mouse Naip1 or Naip2 binds to the needle protein or rod component of bacterial type III secretory system (T3SS), respectively (26, 27). Moreover, both mouse Naip5 and Naip6 can recognize bacterial flagellin (27, 28). In humans, only one NAIP homolog has been identified to recognize the needle structure of T3SS. Once bound to their ligands, NAIPs oligomerize with NLRC4 to form the NLRC4 inflammasomes, leading to CASP1 activation. In vivo, a severe systemic inflammation is caused by activating NLRC4 inflammasomes with flagellin in monocytes, macrophage and neutrophils (29). Systemic coagulation and massive thrombosis are induced by T3SS infection in mice through the activation of inflammasome, possibly the NLRC4 inflammasome (30). Therefore, inappropriate NLRC4 activation may result in detrimental consequence in sepsis.




Non-canonical Inflammasome

Clinically, septic shock is a multi-step process and mainly related to Gram-negative bacterial infection. Lipopolysaccharides (LPS), the main component of the outer membrane of Gram-negative bacteria, is a prototypical PAMP for studying innate immune response. Historically, the activity of LPS was determined by the membrane receptor toll-like receptor 4 (TLR4). Recent breakthroughs confirmed that CASP11 can act as a receptor for cytoplasmic LPS, which is independent of TLR4 (31, 32). The activation of CASP11 inflammasome also can promote CASP1-dependent IL1B and IL18 production by triggering the activation of NLRP3 inflammasome. CASP11 induces CASP1-independent pyroptosis, which still requires the production of cleaved GSDMD at the N-terminus (termed GSDMD-N) and subsequent translocation of GSDMD-N to the cell membrane (7). Similar function of human non-canonical inflammasome has been identified by the deletion of CASP4 or CASP5 in human macrophage, which impairs pyroptosis and NLRP3 inflammasome-mediated cytokine release (33–36). The contribution of non-canonical inflammasome to sepsis has been reported in septic mice model (7, 37–39). The deletion of CASP11 or using CASP11-targeting inhibitor (e.g., oxPAPC) protects mice against LPS-induced lethality (7, 38). In addition, transgenic expression of CASP4 in Casp1−/−/11−/− mice renders increased susceptibility to LPS-induced shock (40), indicating the pathogenetic role of human non-canonical inflammasome in sepsis.




MODULATION AND FUNCTION OF INFLAMMASOME IN COAGULATION

Most patients with sepsis show hemostatic changes, while DIC occurs in ~35% of patients, resulting in organ dysfunction and death (41). The most principal initiator of coagulopathy in sepsis is coagulation factor III (F3). It is a transmembrane single-chain glycoprotein composed of 263 amino acid residues, with a molecular weight of about 47 kDa (42). F3 initiates the blood coagulation cascade by binding to coagulation factor VII/VIIa (F3:VIIa complex) on the cell surface (42). During sepsis, the host immune response to PAMPs (such as LPS) rapidly triggers the activation of coagulation by inducing the expression of F3 on monocytes, platelets or endothelial cells (43–46). Additionally, the mechanism of regulating F3 activity by transforming F3 from an inactive state to an active state (a process called F3 decryption) also contributes to coagulation activation. Exposure of anionic phospholipids, such as phosphatidylserine (PS), on the outer leaflet of the plasma membrane is considered to be the main cause of F3 decryption (47). This process optimizes the presentation of F3:VIIa complex to provide more efficient binding sites to their substrates factors IX and X. Increased PS exposure on the surface of circulating leukocytes is observed in sepsis (47). Genetic deletion of F3 or blocking F3 activity using neutralizing antibodies in sepsis animal models prevents activation of coagulation and decreases the mortality (30, 48, 49). The administration of PS-neutralizing binding protein lactadherin markedly ameliorates sepsis-induced coagulation and lethality (50). These evidences suggest that treatment of the altered coagulation would be a reasonable approach to improve the mortality of sepsis. Some DAMPs, such as cell-free DNA, histones, heat shock proteins, and high mobility group box 1 protein (HMGB1) (51, 52), have been reported to induce coagulopathy in sepsis by furtherly augmenting systemic inflammation (53) or impairing the activation of anticoagulants (e.g., protein C) (54). These DAMPs may be released from damaged cells due to apoptosis, necroptosis, or pyroptosis, but the contribution of cell death to coagulation in sepsis is context-dependent. Recently, three independent groups found that both CASP1 and CASP11-dependent inflammasomes trigger systemic coagulation in mice through GSDMD-N-mediated increased F3 release or F3 activity in macrophages and monocytes (Figure 1).
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FIGURE 1. Role of inflammasome in sepsis-induced coagulation. Canonical and non-canonical inflammasome complexes in myeloid cells are assembled when pattern recognition receptors (PRRs) sense pathogen-associated molecular patterns (PAMPs), damage-associated molecular patterns (DAMPs), altered cellular homeostasis or endogenous danger signals caused by infection during sepsis. Functional inflammasome activates caspase-1 (CASP1), caspase-11 (CASP11) or caspase-8 (CASP8) to cleave gasdermin D (GSDMD) to produce N-terminal fragments (GSDMD-N). GSDMD-N forms pores on the plasma membrane, resulting in cell membrane rupture and pyroptosis or rendering cells into hyperactivation state. Coagulation factor III (F3) released from ruptured membrane promotes blood clotting. Elevated Ca2+ influx from extracellular space through GSDMD-N-formed pores in hyperactivation state promotes phosphatidylserine (PS) exposure, thereby enhancing the pro-coagulant activity of F3. Type I interferons (IFNs) mediates release of hepatocyte high mobility group box 1 (HMGB1), which facilitates LPS entering cytosol. Stimulator of interferon response cGAMP interactor 1 (STING1) senses infection-induced DNA damage and mediates CASP1/11/8 activation. Inhibition of inflammasome activation and subsequent pyroptosis prevents sepsis-induced coagulation.



Caspase Activation

Either CASP1 or CASP11 can promote the coagulation cascade, depending on the type of bacterial infection. CASP1 is required to release active F3 in mouse bone marrow-derived macrophages (BMDM) challenged or stimulated by bacterial T3SS inner rod protein, including EprJ and EscI from Escherichia coli (E.coli), BsaK of Burkholderia pseudomallei, and PrgJ of Salmonella typhimurium (30). Similarly, T3SS treatment or E. coli infection induces CASP1-dependent F3 release in THP1 cells, a human monocytic cell line derived from an acute monocytic leukemia patient (30). In vivo, lack of Casp1 (instead of CASP11) protects mice from EprJ-induced lethality associated with the reduction of DIC biomarkers in blood (30). In polymicrobial sepsis induced by cecal ligation and puncture (CLP), inhibiting the activity of CASP1 with the NLRP3 inhibitor MCC950 also reduces platelet activation in rats (25, 55). These animal studies suggest that CASP1 has a potential role in regulating septic coagulation in mice and rats.

The activation of CASP11-dependent inflammasomes also mediates the release or activation of F3 in sepsis caused by CLP, E. coli infection, bacterial outer membrane vesicle (OMV) infection, and LPS stimulation in vivo (56, 57). Similar to clinical anticoagulant heparin treatment, in the lethal endotoxemia mouse model, the absence of Casp11 inhibits the activation of coagulation (56, 57). In Casp11-deficient mice, systemic coagulation triggered by the initiation of poly(I:C) and subsequent LPS administration is also blocked (30, 56). Extracellular HMGB1 is not only a DAMP, but also a carrier that brings LPS into the intracellular space (58). In particular, extracellular HMGB1 from liver mediates LPS uptake and promotes the externalization of phosphatidylserine (PS), which is important for F3 activation in macrophages. In contrast, depletion of Casp11 limits HMGB1/LPS-induced PS exposure and subsequent F3 activation in macrophages (59). Therefore, CASP11-dependent inflammasome is an important regulator of F3 release and activation in macrophages. While TLR4 is essential for LPS-induced gene expression of Casp11, TLR4 is considered to be dispensable in most inflammasome-mediated coagulation (30). Injection of LPS primed with poly(I:C) also induces coagulation cascade in Tlr4-deficient mice (56). The function of human CASP4 or CASP5 in sepsis-induced coagulopathy remains poorly understood, but it will be enlightened by these investigations of CASP11 in mouse models.

In certain bacterial infections (especially Y. pestis and Y. pseudotuberculosis), the apoptotic non-inflammatory caspase CASP8 also participates in inducing pyroptosis by activating the NLRP3 inflammasome (60) or acting as a structural component of the inflammasome (61). Consequently, CASP8 (but not CASP1 or CASP11)-mediated GSDMD-N production is required for F3 release in BMDM during Streptococcus pneumoniae (S. pneumoniae) infection (62). Collectively, these studies indicate that inhibition of caspase activation may have a potential therapeutic effect on fatal coagulopathy during sepsis.



GSDMD Cleavage

The activation of CASP1, CASP11, or CASP8 causes the cleavage of GSDMD, thereby generating a pyroptotic p30 fragment, namely GSDMD-N. GSDMD-N-mediated pore formation has been regarded as the terminal event of pyroptosis or hyperactivation state. Genetic or pharmacological inhibition of GSDMD expression or cleavage prevents F3 release or activation in vitro or systemic activation of coagulation in mice induced by CLP, E.coli infection, bacterial rod proteins or OMVs stimulation, as well as LPS challenge in the absence or presence of HMGB1 (30, 56, 57, 59, 62). GSDMD-mediated F3 release is pyroptosis-dependent. Glycine (an osmotic protectant) inhibits the release of F3 in EprJ-infected BMDM by pyroptosis-driven cell membrane rupture instead of GSDMD-mediated pore formation (30). Although the purinergic receptor P2X7 (P2RX7) has been shown to mediate pyroptosis in a GSDMD-independent manner (63), it seems that P2RX7 is not required for the coagulation cascade in endotoxemic mice (30, 56).

It is worth noting that the GSDMD-mediated coagulation cascade may occur in a pyroptosis-independent manner. Glycine is unable to affect F3 activation in mouse peritoneal macrophages (PM) stimulated by cytoplasmic LPS, suggesting another mechanism independent of pyroptosis. Alternatively, the pores formed by GSDMD render cells into a hyperactivation state, which is adequate to permit Ca2+ influx, thereby promoting PS exposure through Ca2+-dependent scramblase anoctamin 6 (ANO6). After the externalization of PS is increased, the activity of F3 is enhanced after LPS challenge in vivo and in vitro, which can be attenuated by using specific PS binding proteins, such as lactadherin and MFG-E8 (56). These studies describe a direct link between GSDMD and coagulopathy, although its mechanism of action is stimulus-dependent.

Cell membrane rupture also occurs in necroptosis, a form of regulated necrosis depending on several kinases, including receptor interacting protein kinase 1 (RIPK1). RIPK1 expressed in epithelial cells favors tumor necrosis factor (TNF)- or TNF/Z-VAD-FMK-induced coagulation with increased plasma F3 in mice (64). These findings indicate that multiple types of necrosis contribute to coagulation through different mechanisms.



STING1 Activation

Stimulator of interferon response cGAMP interactor 1 (STING1) is an ER-associated membrane protein and plays a complex role in innate immune sensing of pathogens. Excessive activation of STING1 pathway is involved in pathogenesis of sepsis and is recently reported to drive lethal coagulation in sepsis through GSDMD-dependent mechanism. STING1, coupled with inositol 1,4,5-trisphosphate receptor type 1 [ITPR1, a calcium release channel of endoplasmic reticulum (ER)] and the ATPase sarcoplasmic/ER Ca2+ transporting 2 (ATP2A2, a calcium uptake pump of ER), mediates cytosolic calcium influx to activate CASP1, CASP11, or CASP8 in macrophages/monocytes in response to different infections (62). Therefore, Sting1 depletion limits the production of GSDMD-N in THP1 cells mediated by CASP1/11/8, resulting in a decrease in F3 release. Reduced coagulation activation and prolonged animal survival are observed in septic mice (CLP, E.coli and S. pneumoniae infection) with conditional deletion of Sting1 in myeloid cells (62). Moreover, mRNA expression of STING1 and GSDMD in peripheral blood mononuclear cell (PBMC) closely correlates with DIC severity in patients with sepsis, highlighting the regulatory role of STING1 in DIC during sepsis (62). Notably, STING1-mediated type I interferon (IFN) response does not seem to be important for inflammasome-mediated coagulation response during sepsis, because deletion of type I IFN receptor (Ifnar) or interferon regulatory factor 3 (Irf3) in mice fails to block infection-induced coagulation activation (62). However, another study suggests that IFNs may contribute to coagulation activation due to its ability to induce hepatocyte HMGB1 release, leading CASP11-dependent GSDMD activation and PS exposure (59). Further animal experiments are needed to understand the role of IFN-dependent HMGB1 release in blood coagulation.



Ca2+ Influx

Increased cytosolic Ca2+ influx, either released from ER or entered extracellularly through calcium channels, is a critical signal for immune response (65, 66), including modulating inflammasome activation (67–70). Inhibiting cytosolic calcium accumulation by calcium chelator (BAPTA-AM and EDTA) or ER stress inhibitor (TUCDA and 4PBA) leads to reduced F3 release or activity in THP1 or murine macrophages (56, 62). Similarly, decreased Ca2+ released by TUCDA or Ca2+ channel modulator (2-APB) protects against coagulation activation in CLP mice. (56). In contrast, raising Ca2+ influx by ER stress agonist (tunicamycin and thapsigargin) (62) or calcium inophore (A23187) (56) promotes F3 release or activity. These drug studies support the function of cytosolic Ca2+ influx in mediating coagulation activation during sepsis. In addition, the production of GSDMD-N in THP1 or BMDM during inflammasome activation is also inhibited by blocking cytosolic Ca2+ influx using the knockdown of ITPR1, overexpression of ATP2A2 or inhibition of phospholipase C gamma 1 (PLCG1) (62). Moreover, extracellular Ca2+ also enters through GSDMD-N-formed pores to trigger coagulation cascade by promoting PS exposure (56). In general, these findings suggest that during sepsis, Ca2+ influx can act as both a regulator and an effector of inflammasome activation during septic coagulation. Approaches that control the Ca2+ concentration may improve the therapeutic effect of anticoagulation.




CONCLUSION AND OUTLOOK

The molecular mechanisms of how systemic coagulation is triggered by the inflammasome during lethal sepsis brings a new understanding of the inflammasome function and sets a new stage for immunocoagulation studies. However, some questions have raised and remain unsolved. First, it is not yet clear how different types of inflammasomes coordinate to regulate the coagulation response, because clinical sepsis is usually caused by polymicrobial infection. Second, most studies have focused on the direct effects inflammasomes have on the release and activation of F3. However, whether F3 in turn regulates inflammasome activation is still unknown. Third, how to transform these new understandings into treatment of inflammasome-dependent coagulation during sepsis in human patients? Since the treatment with anticoagulant after onset of sepsis has not resulted in improved clinical outcomes, administration or combination of inflammasome-associated inhibitors may be a favorable approach to fight against sepsis-induced coagulation. Some drugs have displayed a promising effect to protect inflammasome-related coagulation during sepsis (Table 1). The existing small molecules that block inflammasome activation could also be investigated for their potential role in controlling coagulation.


Table 1. Potential inhibitors of inflammasome-dependent coagulation.
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Regulated inflammasome activity is still essential for host defense against pathogens because mounting the immune response with its associated secretory cytokines would further contribute to the adaptive immune response. Thus, treatment of sepsis-induced coagulation by inhibiting inflammasome activity should be strictly monitored to avoid severe side effects caused by a suppressed immune response. Therefore, an in-depth understanding of the mechanism of coagulopathy triggered by inflammasomes is essential for identifying new therapeutic targets and developing more beneficial therapies.
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Platelet-activating factor (PAF) is an important mediator of the systemic inflammatory response. In the case of sepsis, proper activation and function of neutrophils as the first line of cellular defense are based on a well-balanced physiological response. However, little is known about the role of PAF in cellular changes of neutrophils during sepsis. Therefore, this study investigates the reaction patterns of neutrophils induced by PAF with a focus on membrane potential (MP), intracellular pH, and cellular swelling under physiological and pathophysiological conditions and hypothesizes that the PAF-mediated response of granulocytes is altered during sepsis. The cellular response of granulocytes including MP, intracellular pH, cellular swelling, and other activation markers were analyzed by multiparametric flow cytometry. In addition, the chemotactic activity and the formation of platelet–neutrophil complexes after exposure to PAF were investigated. The changes of the (electro-)physiological response features were translationally verified in a human ex vivo whole blood model of endotoxemia as well as during polymicrobial porcine sepsis. In neutrophils from healthy human donors, PAF elicited a rapid depolarization, an intracellular alkalization, and an increase in cell size in a time- and dose-dependent manner. Mechanistically, the alkalization was dependent on sodium-proton exchanger 1 (NHE1) activity, while the change in cellular shape was sodium flux- but only partially NHE1-dependent. In a pathophysiological altered environment, the PAF-induced response of neutrophils was modulated. Acidifying the extracellular pH in vitro enhanced PAF-mediated depolarization, whereas the increases in cell size and intracellular pH were largely unaffected. Ex vivo exposure of human whole blood to lipopolysaccharide diminished the PAF-induced intracellular alkalization and the change in neutrophil size. During experimental porcine sepsis, depolarization of the MP was significantly impaired. Additionally, there was a trend for increased cellular swelling, whereas intracellular alkalization remained stable. Overall, an impaired (electro-)physiological response of neutrophils to PAF stimulation represents a cellular hallmark of those cells challenged during systemic inflammation. Furthermore, this altered response may be indicative of and causative for the development of neutrophil dysfunction during sepsis.
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INTRODUCTION

Platelet-activating factor (PAF) is a phospholipid mediator with well-described proinflammatory properties, among others, by activating thrombocytes and leukocytes (1, 2). The importance of PAF has been investigated in many other diseases, in particular in chronic inflammation including coronary artery disease, asthma, and rheumatoid arthritis, as well as in acute inflammation such as trauma and sepsis (1–4).

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host response to infection (5). Upon overwhelming stimulation, the immune system becomes excessively activated, resulting in a dysfunctional immune response, which contributes to multi-organ dysfunction syndrome, and ultimately, lethality (5, 6). In this context, previous studies in cecal ligation and puncture-induced rodent sepsis reported some beneficial effects by inhibiting PAF activity (7). However, despite initial encouraging results in a phase II study (8, 9), PAF degradation (10) or administration of PAF receptor antagonists (11) failed to reduce lethality in patients with severe sepsis.

Neutrophils are the vanguard of innate cellular immunity being crucially involved in the clearance of pathogens. The activity of neutrophils is driven by many proinflammatory mediators including anaphylatoxins such as PAF and the complement cleavage product C5a, interleukins, microbe-associated molecular patterns (MAMPs, e.g., fMLF), and many other factors, activate neutrophils (6, 12–15). On a cellular level, neutrophils respond with membrane potential (MP) depolarization likely generated by NADPH oxidase (NOX) activity (16, 17). Additionally, the intracellular pH (pHi) of neutrophils increases transiently (15, 18), regulating important cellular functions, for example, interference of apoptosis (19, 20), and modulation of chemotactic activity (21–23). Moreover, neutrophil activation by chemoattractants results in changes in the cellular shape and chemotaxis (14, 24), the generation of reactive oxygen species (ROS) (25, 26), and the expression of surface activation markers. For the last, an upregulation of integrin alpha M (CD11b) was found to facilitate leukocyte adhesion and L-selectin (CD62L) shedding, which both are considered to be hallmarks of neutrophil diapedesis into peripheral tissues (27–29).

The PAF-induced response in various cell types, including neutrophils, was investigated previously. For example, PAF induced a depolarization in rat endothelial cells (30), guinea pig neurons (31), and human neutrophils (32). Moreover, PAF mediated a small increase in pHi in bovine neutrophils (33, 34), while in human neutrophils an initial acidification and consecutive small rebound alkalization was described (35). During systemic inflammation, cellular parameters of neutrophils have been reported to be altered. For example, in murine sepsis, an increase in neutrophil cell size (14) and pHi were reported, with the latter verified in patients with sepsis (15). Both alterations have been confirmed in an ex vivo model of lipopolysaccharide (LPS)-induced inflammation (36). In this context, it is tempting to speculate that a shift in baseline levels of neutrophil parameters during systemic inflammation affects the response under additional stimulation by inflammatory mediators such as PAF, however, this remains to be further elucidated.

Therefore, in this study, we investigated the cellular response induced by PAF in neutrophils in a multi-step approach: Firstly, under physiological conditions and, secondly mechanistically by identifying the sodium-proton antiport as an important ion transport protein. Finally, we translationally analyzed the response elicited by PAF during inflammation in the setting of in vitro acidosis, in an ex vivo whole blood model of LPS-driven inflammation, and in a porcine model of polymicrobial sepsis.



MATERIALS AND METHODS

All chemicals were purchased from Merck (Darmstadt, Germany), when not indicated otherwise.


Isolation of Neutrophils

The investigations were approved by the Local Independent Ethics Committee of the University of Ulm (number 459/18; 94/14). After obtaining informed written consent from healthy human volunteers, blood was drawn into syringes containing 3.2% trisodium citrate (Sarstedt, Nürnbrecht, Germany). Neutrophils were isolated by Ficoll-Paque (GE Healthcare, Uppsala, Sweden) density gradient centrifugation and subsequent dextran sedimentation followed by hypotonic lysis of remaining erythrocytes, as described previously (14–16). Polymorphonuclear granulocytes (mainly consisting of neutrophils) were adjusted to a concentration of 2 × 106 cells/ml using Hank's balanced salt solution with calcium and magnesium (HBSS, Thermo Fisher, Darmstadt, Germany), the pH of which was adjusted to 7.3, when not indicated otherwise.



Measurement of Neutrophil Membrane Potential, Intracellular pH, and Cell Size

Isolated neutrophils were incubated in a light-protected water bath at 37°C with the fluorescent dyes bis(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4(3)), 50 nM, or 5-(and-6)-carboxy-SNARF-1 (SNARF), 1 μM (Thermo Fisher) for 20 min or with dihydrorhodamine 123 (D123) (Santa Cruz Biotechnology, Heidelberg, Germany), 1.8 μM, for 30 min to determine MP (16), pHi, and ROS generation [what is measured by D123 is the byproduct H2O2 which is itself derived from [image: image], a product generated by NOX activity (37)], respectively. To determine porcine neutrophil pHi, the cells were instead incubated with 2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester (BCECF, Abcam, Cambridge, United Kingdom), 25 nM, for 30 min, because exposure of porcine neutrophils to SNARF resulted in changes in forward scatter area (FSC-A), which was interpreted as possible cellular activation (data not shown). Following incubation, neutrophils were centrifuged for 5 min (340 g) and resuspended in Roswell Park Memorial Institute medium (RPMI) with magnesium and calcium with a pH adjusted to 7.3. DiBAC4(3) was again added. After a resting period of 10 min in a light-protected water bath at 37°C, neutrophils were stimulated with 1 μM PAF or 100 ng/ml complement factor 5a (C5a, Complement Technology, Tyler, Texas, USA), when not indicated otherwise. Cells were analyzed using a Canto II flow cytometer (BD Biosciences, Heidelberg, Germany). Neutrophils were identified by FSC-A and sideward scatter area. Non-fluorescent reference microspheres (10, 15, and 20 μm diameter; Polybead® Polystyrene Microsphere, Polysciences, Hirschberg, Germany) were used to quantify the shape changes assessed by the FSC-A (14). Differences in absolute FSC-A values between experiments are explained by recalibration of the flow cytometer between different experimental series. The fluorescence of DiBAC4(3) were converted in changes of the MP as described previously (16) with a small modification: RPMI with varying extracellular concentrations of sodium and potassium were used to calculate the amount of change in DiBAC4(3) fluorescence per mV.

Near-real time kinetics were measured by acquiring neutrophils for 10 min continuously embedded in a heating unit (TC-1234A Temperature Controller, Warner Instruments LLC, Holliston, Massachusetts, USA), ensuring a steady temperature level of 37°C. Analysis was performed by a specifically designed algorithm using the statistic language R (R Core Team, Vienna, Austria).



Cell Surface Markers

Isolated neutrophils were incubated in a light-protected water bath at 37°C. Following PAF stimulation as indicated above (normally 1 μM) for 10 min, neutrophils were stained with 0.1 μg/ml APC anti-mouse/human CD11b antibody (#101212, Biolegend, San Diego, USA) and 0.5 μg/ml PE anti-human CD62L antibody (#304806, Biolegend) for 5 min at room temperature. Cells were fixed using FACS Lysing Solution (BD, Heidelberg, Germany). Proper isotype controls were used (CD11b: APC Rat IgG2b, κ Isotype Ctrl; CD62L: PE Mouse IgG1, κ Isotype Ctrl; Biolegend).



In vitro Pharmacological Modification

PAF-induced effects on neutrophils were analyzed in the presence of the subsequently listed pharmacological modulators (their proposed targets are given in brackets): Amiloride [200 μM, 10 min, Na+-channels (15)], BIX [5 μM, 30 min, sodium-proton exchanger 1 (NHE1) (38); Tocris, Wiesbaden, Germany], 5-Nitro-2-(3-phenylpropylamino)benzoic acid [NPPB, 100 μM, 10 min, Cl− channels (39)], and ebselen [10 nM, 30 min, glutathione peroxidase and peroxiredoxin enzyme mimetic and NOX2 inhibitor (40, 41); Tocris]. Following pre-incubation, samples were divided to obtain paired results and treated as control or stimulated with PAF.



Extracellular Alkalosis and Acidification in vitro

Following the described staining and centrifugation, neutrophils were resuspended in RPMI adjusted to a pH of 6.6, 7.0, 7.4, or 7.8 to simulate extracellular alkalosis or acidification. Neutrophils were incubated for 10 min at 37°C and subsequently stimulated with PAF.



Coulter Counter Measurements

Isolated neutrophils were stimulated for 10 min, diluted 1:500 with RPMI adjusted to a pH 7.3 and measured by a cell counter working through electronic current exclusion (Cell Counter CASY, OLS OMNI Life Science, Bremen, Germany).



Chemotaxis

Neutrophil chemotactic activity was assessed using a Neuro Probe A96 chemotaxis chamber (Neuro Probe, Gaithersburg, Maryland, USA). Isolated neutrophils at 5 × 106 cells/ml in HBSS + 0.1% bovine serum albumin (BSA) were stained with the fluorescent dye BCECF (1.6 μg/ml) for 30 min at 37°C, subsequently centrifuged for 5 min (340 g), and resuspended in HBSS + 0.1% BSA. A total of 33 μl chemoattractant PAF (final concentration 1 μM) was added into the wells of the lower plate. Thereafter, a silicone gasket and a framed filter with 3 μm pores were placed upon the lower wells. On top of it, the upper plate was attached, and the dyed neutrophils were pipetted into the corresponding wells. During incubation for 30 min at 37°C, neutrophils migrated from the upper wells toward the lower wells containing PAF, but became adherent to the filter, resulting in increased fluorescence. The fluorescence of the cells in the filter was measured at a wavelength of 485/538 nm using a Fluoroskan Ascent (Thermo Scientific, Rockford, Illinois, USA) with the Ascent Software Version 2.6.



Quantification of Platelet-Neutrophil Complex Formation

Platelet–neutrophil complex (PNC) formation, defined as a neutrophil with at least one platelet in direct proximity, was assessed as described previously by light microscopy and flow cytometry (36, 42). For blood smears, whole blood was diluted 1:1 with phosphate-buffered saline containing calcium and magnesium (PBS) and incubated for 15 min at 37°C with or without 1 μM PAF on a spinning wheel (Snijders Labs, Tilburg, Netherlands) at 3 rpm. Blood smears were created and stained with Hemacolor® Rapid staining (Merck). In each sample, 50 neutrophils were counted by two independent and blinded individuals. For flow cytometry analysis, whole blood was diluted 1:5 with PBS. Following 15 min of incubation with or without 1 μM PAF, the sample was stained with anti-CD41 APC (125 ng/ml, #303710, Biolegend) and anti-CD61 PerCP (250 ng/ml, # 336412, Biolegend; both monoclonal mouse anti-human antibodies) for 15 min at room temperature followed by 30 min incubation with 1 ml of 1X BD FACS Lysing solution (BD Biosciences, San Jose, California, USA). Samples were centrifuged for 5 min at 340 g and resuspended in 100 μl PBS + 0.1% BSA and stored at 4°C in the dark until further analysis (normally within 1 h).



Ex vivo Human Whole Blood Model of Endotoxemia

An animal-free human whole blood model of endotoxemia was used to investigate the effect of LPS exposure on the PAF-induced response of neutrophils, which was described previously in detail (36). In brief, 0.5 IU/ml heparin (B. Braun Melsungen AG, Melsungen, Germany) and 100 ng/ml LPS (#L2630, Merck) or PBS (control) were added to 9 ml blood, which was transferred into a Cortiva BioActive Surface (Medtronic, Meerbusch, Germany) coated tubing system using a coated connector (Medtronic) to interlink both ends. Following 1 h of rotation (3 rpm) on a spinning wheel (Snijders Labs) at 37°C, the blood was transferred to citrate anti-coagulated monovettes (Sarstedt). Neutrophil activation markers were analyzed directly in whole blood as described previously (36) with or without exposure to PAF (1 μM, 15 min, 37°C). The remaining whole blood was processed to isolate and to analyze neutrophils as described above.



Porcine Polymicrobial Sepsis

The Federal authorities for animal research (#1362, Tuebingen, Germany) as well as the Animal Care Committee of the University of Ulm approved the experiments. The well-described porcine sepsis model was performed in adherence with guidelines on the Use of Laboratory Animals of the National Institutes of Health with anesthesia and surgical instrumentation as described previously (43–45). In brief, nine Bretoncelles-Meishan-Willebrand pigs (5 male-castrated, 4 female, mean weight 65.6 kg ± 8.6) were subjected to polymicrobial sepsis induced by inoculation of autologous feces into the abdominal cavity, followed by intensive care therapy for 60 h after the sepsis initiation. Blood was drawn before inoculation and when the mean arterial pressure was reduced by >10%, indicating cardiocirculatory shock and triggering the beginning of resuscitation. To reduce animal numbers, the analyzed pigs are a subgroup of another currently unpublished trial comparing standard intensive care therapy with or without a pharmacological intervention targeting the calcitonin gene-related peptide receptor. Because intervention started after the fulfillment of the sepsis criteria listed above, animals were included irrespective of their group allocation.



Data Presentation and Statistical Analysis

Results are presented as mean ± standard deviation (SD), when not indicated otherwise. In all experiments, a minimum of 3,000 neutrophils were measured. All data were considered to be paired and non-parametric. Statistical significance is indicated by *, **, and ***, with significance levels of p < 0.05, < 0.01, and < 0.001, respectively. Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software Inc., San Diego, California, USA) and Microsoft Excel (Version 16.42, Microsoft Corporation, Redmond, Washington, USA).




RESULTS


PAF Induced Changes in Neutrophil Physiology in a Dose- and Time-Dependent Manner

Neutrophils responded to PAF stimulation with a rapid increase in cell size, peaking after 20 min with a relative increase of 73 ± 19% (Figures 1A,B). A near-real time measurement demonstrated that most of the size change occurred within in the first minutes (Figure 1A). The increase in the FSC-A induced by PAF was similar to the stimulation with C5a (Figure 1B). Using reference microspheres, the calculated diameters of unstimulated cells were 16.9 ± 1.1 μm, and 26.1 ± 0.6 μm for PAF-stimulated cells (after 10 min, p = 0.06, n = 5, representative measurement in Figure 1C). The change in neutrophil size was verified by Coulter counter measurement. Following 10 min of incubation with PAF, neutrophils exhibited an increase of 3.6 ± 1.7% in diameter and 10.5 ± 6.4% in volume in comparison with unstimulated neutrophils (Figure 1D).


[image: Figure 1]
FIGURE 1. PAF elicited a rapid increase in size of human neutrophils. (A) FSC-A (forward scatter area) of neutrophils stimulated by PAF (1 μM, black) or PBS (CTRL, gray), measured by continuous acquisition by flow cytometry for 5 min, x indicating baseline measurement, n = 5. (B) FSC-A of neutrophils stimulated with PAF or PBS for 60 min, n = 15. For comparison, neutrophils exposed to C5a (green) are shown. (C) Calculated diameter of neutrophils using counting beads (10, 15, and 20 μm) from one representative donor with or without PAF exposure. (D) Mean diameter and volume of neutrophils stimulated by PAF or PBS measured by Coulter counter, n = 8. Data are mean ± SD. **p < 0.01, Wilcoxon matched-pairs signed rank test comparing PAF-stimulated neutrophils with unstimulated control cells.


Next, the response elicited by PAF on the neutrophil MP and pHi was investigated. PAF rapidly induced a depolarization peaking after 1 min (Figure 2A) and an intracellular alkalization attaining a maximum of +0.45 ± 0.07 after 5 min (Figure 2B). In addition, PAF induced an increase in ROS production (+26 ± 11% after 10 min, p < 0.001 Wilcoxon signed-rank test, n = 17, data not shown). Depolarization and intracellular alkalization revealed different kinetics (Figures 2A–C). The PAF-induced response was comparable to C5a-stimulation for cell size and pHi but was more intensive for the MP (1 min: PAF +12 ± 4 mV, C5a: 7 ± 3 mV, Figures 2A,B). All PAF-induced effects showed a clear concentration-response relationship (Supplement 1). The EC50-values are presented in Figure 2D and ranged between 14 and 128 nM.


[image: Figure 2]
FIGURE 2. PAF depolarized the membrane potential and increased the intracellular pH of human neutrophils within seconds. (A) Changes in membrane potential of neutrophils stimulated with PAF (1 μM) or C5a (green, 10 nM), n = 15, unstimulated cells = 0 mV. (B) Intracellular pH of neutrophils upon stimulation with PAF, C5a, or PBS (CTRL), n = 15. (C) Changes in membrane potential and intracellular pH of neutrophils exposed to PAF measured by continuous acquisition on flow cytometry. x represents the baseline measurement prior to stimulation. Depicted is one representative donor out of five independent experiments. (D) PAF-induced effects on neutrophils were concentration-dependent (ROS, reactive oxygen species; SSC-A, side scatter area; FSC-A, forward scatter area; pHi, intracellular pH; CD11b, integrin alpha M; MP, membrane potential; CD62L, L-selectin) and respective EC50 ± interquartile range were calculated (n = 5–10). (A,B) data are mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, Wilcoxon signed-rank test (A) and Wilcoxon matched-pairs signed rank test (B) comparing PAF-stimulated neutrophils with unstimulated control cells.


In accordance with previous findings, neutrophils responded to PAF stimulation with an increased chemotactic activity (15.8 ± 9.7 fold increase after 30 min, p < 0.05 Wilcoxon signed-rank test, n = 6), CD11b upregulation (+63.3 ± 41.9% after 10 min, p < 0.01 Wilcoxon signed-rank test, n = 8), and CD62L shedding (−87 ± 10% surface expression after 10 min, p < 0.01 Wilcoxon signed-rank test, n = 8) (Supplements 1, 2). In addition, PAF induced formation of PNCs (Figure 3). For all these effects, there was no significant difference when comparing neutrophils from male and female donors (Supplement 2).


[image: Figure 3]
FIGURE 3. PAF mediated the formation of platelet–neutrophil complexes (PNCs). (A,B) Flow cytometric measurements of PNCs using APC-labeled anti-CD41 and PerCP-labeled anti-CD61 antibodies. Shown is one representative donor for blood stimulated with PBS (CTRL, A) or PAF 1 μM (B). Blue indicates CD41- and CD61-negative cells, yellow indicates either CD41- or CD61-positive neutrophils, red refers to neutrophils positive for CD41 and CD61. (C) Light microscopy of an exemplary PNC. (D) Quantification of PAF-induced (1 μM) PNC formation by flow cytometry (n = 7). (E) PAF mediated PNC formation as detected by blood smear and manual counting (n = 6). Data are mean ± SD. *p < 0.05, Wilcoxon matched-pairs signed rank test.




Ion Transport Proteins and NOX2 Modulated the PAF-mediated Neutrophil Response

Ion fluxes in stimulated neutrophils are crucially involved in cellular activity. Unspecific inhibition of sodium or chloride flux inhibited most cellular changes induced by PAF (Figures 4A,C), however, in parallel also partially altering unstimulated neutrophils (Supplement 3).


[image: Figure 4]
FIGURE 4. (A) Amiloride (200 μM), (B) BIX (5 μM), (C) NPPB (100 μM), and (D) ebselen (10 nM) modulated the PAF-mediated response of neutrophils. While 0% indicates the regular response induced by 1 μM PAF, −100% indicates full inhibition of the PAF-mediated response = control level. For the calculation, see Supplement 3. Data are mean ± SD (n = 5–12). *p < 0.05, **p < 0.01, ***p < 0.001, Wilcoxon signed-rank test.


A more detailed analysis revealed that PAF-induced intracellular alkalization was completely inhibited by targeting NHE1 activity with BIX (+0.30 ± 0.07 vs. −0.02 ± 0.04, p < 0.01). Cellular swelling and the ROS generation were also reduced, but to a lesser extent, by targeting NHE1 (Figure 4B). PAF-induced depolarization and CD62L shedding displayed no difference during selective NHE1 inhibition. PAF-induced CD11b expression increased during selective NHE1 inhibition, whereas it was fully inhibited by amiloride. However, during incubation with the NHE1 inhibitor BIX, neutrophils expressed less CD11b than cells without an inhibitor (Supplement 3).

Mimicking glutathione peroxidase activity and inhibiting NOX2 with ebselen significantly lowered PAF-induced generation of intracellular alkalization, ROS generation and CD62L shedding (Figure 4D).



Acidosis Significantly Enhanced PAF-mediated Depolarization

The first step to investigate the above-mentioned PAF-elicited effects under pathologic conditions was to expose neutrophils to buffers of various extracellular pH (pHe). The pHe had no influence on the PAF-induced increase in the FSC-A (Figure 5A). Depolarization after PAF stimulation was significantly enhanced under acid extracellular conditions (pHe 6.6 = +23.6 ± 7.5 mV vs. pHe 7.4 = +10.7 ± 3.1 mV, p < 0.01 Kruskal-Wallis test and Dunn's multiple comparison test, n = 6, Figure 5B). Regarding the pHi, neutrophils responded with an equal intracellular alkalization when stimulated with PAF under different extracellular conditions. In addition, the pHi of neutrophils shifted with the pHe, therefore with rising pHe, the pHi increased in parallel (Figure 5C).


[image: Figure 5]
FIGURE 5. Extracellular acidosis increased the PAF-mediated depolarization in human neutrophils in vitro. Neutrophils were incubated in buffers with different extracellular pH and subsequently stimulated by 1 μM PAF. (A) The increase in the FSC-A induced by PAF in comparison with unstimulated neutrophils in an acidotic or alkaline environment did not significantly alter the cellular response in comparison to an extracellular pH of 7.4. (B) Depolarization of the membrane potential upon PAF stimulation was enhanced in an acidic environment (0 mV = CTRL extracellular pH 7.4). (C) Intracellular pH of neutrophils stimulated with PAF (black) or PBS (CTRL, white). Data are mean ± SD (n = 6). **p < 0.01, Kruskal Wallis and Dunn's post-hoc test comparing the PAF-induced response for each extracellular pH.




Endotoxemia Modulated the PAF-induced Response of Neutrophils

To translate the findings to a more clinically relevant setting, an ex vivo model of human endotoxemia was used analyzing the modulation of the PAF-induced response in systemic inflammation. As previously reported (36), sole contact with the tubing system of the model did not promote neutrophil activation (data not shown). However, the exposure to LPS (100 ng/ml) resulted in an activated neutrophil phenotype as reflected by of the upregulation of the surface expression of CD11b and downregulation of CD62L. These alterations in baseline expression of these activation markers also modulated the response generated by additional in vitro stimulation with PAF (increase in CD62L downregulation, reduction in CD11b upregulation, Figures 6A,B).


[image: Figure 6]
FIGURE 6. LPS-driven inflammation altered the PAF-induced response pattern of human neutrophils in an ex vivo whole blood model. Blood was incubated for 1 h with or without 100 ng/ml LPS. Subsequently, blood (A,B,F) or isolated neutrophils (C–E) were stimulated with 1 μM PAF in vitro. (A,B) Surface expression of L-selectin (CD62L, (A)) and integrin alpha M (CD11b, (B)) on neutrophils. (C) Cellular size of neutrophils as indicated by the FSC-A. (D) PAF-induced depolarization after exposure to LPS. (E) Intracellular pH of neutrophils stimulated with or without PAF. (F) PAF-mediated ROS generation. Data are mean ± SD of the PAF-induced response (n = 6). *p < 0.05, **p < 0.01, Wilcoxon matched-pairs signed rank test comparing the response induced by PAF of neutrophils with (LPS) or without (PBS as CTRL) stimulation in the whole blood model. MFI, mean fluorescence intensity.


LPS exposure resulted in increased cellular size, pHi, and generation of ROS, but not depolarization in neutrophils without further PAF stimulation. The PAF-induced increase in cellular size was significantly reduced after exposure to LPS (CTRL-PAF +64 ± 10% vs. LPS-PAF +8 ± 3%, p < 0.05, Figure 6C). There was no significant difference in PAF-mediated depolarization after exposure to LPS (Figure 6D). Transient intracellular alkalization elicited by PAF was significantly reduced in neutrophils after endotoxemia (CTRL-PAF +0.33 ± 0.05 vs. LPS-PAF +0.02 ± 0.05, p < 0.05, Figure 6E). The PAF-induced elevation in ROS generation was reduced after LPS exposure (CTRL-PAF +23 ± 12% vs. LPS-PAF −9 ± 15%, Figure 6F).



Sepsis Partially Impaired PAF-induced Neutrophil Activation

To validate the in vitro and ex vivo results, neutrophils isolated from a porcine polymicrobial sepsis model were investigated before and during sepsis. Clinical parameters and electrolytes are summarized in Table 1. The baseline FSC-A and pHi of neutrophils without PAF stimulation remained stable before and during sepsis (data not shown). The PAF-induced change in cellular shape displayed a trend for an increase during sepsis (+0 ± 7% before vs. +12 ± 10% during sepsis, p = 0.08, Figure 7A). PAF-mediated depolarization was significantly diminished during sepsis (+17.1 ± 5.6 mV before vs. +2.6 ± 2.2 mV during sepsis, p < 0.05, Figure 7B). There was no difference between neutrophils before and during sepsis regarding the PAF-induced intracellular alkalization (Figure 7C).


Table 1. Clinical parameters of the animals before and during experimental polymicrobial sepsis.
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FIGURE 7. PAF-mediated depolarization was significantly impaired and there was a trend for increased cellular swelling during experimental polymicrobial sepsis, whereas alkalization remained stable. (A) Changes of the FSC-A upon stimulation with 1 μM PAF vs. unstimulated cells before (blue) and during (red) sepsis (n = 9). (B) PAF-induced alteration in membrane potential (n = 7). (C) Alterations in intracellular pH of PAF-exposed neutrophils (n = 9). Data are mean ± SD. *p < 0.05, Wilcoxon matched-pairs signed rank test.





DISCUSSION


PAF-induced Depolarization, Alkalization, and Cellular Swelling Under Physiological Conditions

The inflammatory mediator PAF induced a rapid sequence of cellular reactions in neutrophils in a concentration- and time-dependent manner as summarized in Figure 8. The initial depolarization within seconds can likely be explained by the activation of the NOX activity resulting in excessive electron extrusion (17). This is corroborated by increased ROS generation and the lack of cellular depolarization in patients with a NOX defect (46). Depolarization was followed by intracellular alkalization within minutes. The time course of the PAF-induced alkalization was in accordance with reports from bovine neutrophils (33). The change in pHi elicited by PAF was less in the study by Hidalgo et al., however, this might result from the use of different dyes and/or species differences [(33) and the results presented in this work]. In this context, it is noteworthy that shifts in neutrophil pHi are associated with other cellular functions, for example increasing chemotactic motility (21, 23, 47). Therefore, the impact of PAF-mediated transient alkalization requires further elucidation.


[image: Figure 8]
FIGURE 8. Graphical summary of the neutrophil response upon exposure to platelet-activating factor (PAF), including depolarization, NHE1-dependent alkalization, and cellular swelling and functional thromboinflammatory activity. The (electro-)physiological response mediated by PAF is modulated in inflammatory environments. Endotoxemia increases intracellular pH and cell size of neutrophils while in parallel diminishing an additional change inducible by PAF. Depolarization is enhanced by extracellular acidosis, while being significantly disrupted during experimental sepsis. ROS, reactive oxygen species; PNC, platelet–neutrophil complex; NOX, NADPH oxidase; NHE1, sodium-proton exchanger 1.


In parallel, neutrophils responded to PAF stimulation with an increase in cellular size as indicated by FSC-A. The rise in cell size was confirmed by analyzing the cell volume by applying the coulter counter principle, although with less pronounced changes. In this context, previous studies with C5a indicated that an increased FSC-A reflects a cellular elongation (14, 48) likely caused by actin polymerization (48). This possibly explains the differences between the PAF-induced changes in cell size reported by different methods. Overall, the PAF-mediated response was similar to that elicited by other chemoattractants, including the complement-derived anaphylatoxin C5a (14–16) and fMLF (18, 35, 46).

The cellular response of neutrophils induced by PAF was also investigated in the absence or presence of pharmacological inhibitors with a special interest in depolarization, intracellular pH, and swelling. In accordance with the results obtained on neutrophil stimulation with other chemokines (14, 15, 33), non-specific inhibition of sodium flux with amiloride and/or chloride flux with NPPB significantly reduced the intracellular alkalization and cellular swelling. Albeit amiloride also reduced depolarization, it should be noted that it also pre-depolarized unstimulated cells. Next, we investigated the role of NHE1 as an important representative ion transporter protein in stimulated granulocytes (15, 38, 49). The pharmacological NHE1 inhibitor BIX (38, 50) also inhibited intracellular alkalization and to a lesser extent, cellular swelling, but not early depolarization. This finding of the PAF-neutrophil interaction is in accordance with previous reports for fMLF and C5a (15, 23), as well as the involvement of NHE1 activity during cellular polarization and migration (49). Lastly, ebselen was used as an inhibitor of NOX2 and peroxide scavenger (40, 41, 51), which also dampened cellular swelling and alkalization but not depolarization. It is noteworthy, that exposure to either BIX or ebselen did not largely alter most cellular functions in unstimulated cells, and, therefore, might be potential targets for clinical evaluations regarding the modulation of the PAF-induced thromboinflammatory response of neutrophils.

In addition to inducing an (electro-)physiological response in neutrophils, PAF elicited chemotactic activity, CD11b upregulation and CD62L downregulation, and PNC formation which is in accordance with previous studies (24, 25, 27, 52). This “platelet satelitism” of neutrophils is also found in several pathologies, including sepsis, augmenting neutrophil activity, including extravasation, neutrophil extracellular trap formation, and bacterial killing (53–56). It is tempting to speculate that inhibition of PNC formation, possibly caused by PAF release during sepsis (57, 58), might be a suitable target to modulate the thromboinflammatory response. For example, the striking relevance of PNC formation has been demonstrated in a murine model of hydrochloric acid-induced acute lung injury, in which blocking PNC formation significantly ameliorated organ dysfunction (59).



PAF-induced (electro-)physiological Response in the Context of Severe Inflammation

During inflammation, neutrophils are required to migrate through various tissues and are exposed to varying levels of extracellular of extracellular proton concentrations. The pH of inflammatory body fluids, for example, abscesses, where neutrophils amass, is acidic (60–64). The experiment involving varying pHe indicated that even under acidic pHe, neutrophils remain able to respond with a relative intracellular alkalization and cellular swelling despite a shift in their pHi in relationship to the pHe. In addition, PAF-induced depolarization was increased in acidosis, potentially indicating elevated ROS generation, which has been demonstrated in a previous study (65).

Next, the effects of PAF on neutrophils were translationally investigated in two inflammatory environments. The previously described human whole blood model (36) of LPS-driven inflammation allows the investigation of blood physiology and immunity in an animal-free environment in accordance with the 3R principles (66). LPS exposure of whole blood altered the neutrophil phenotype as shown by CD11b and CD62L levels, confirming a sepsis-like phenotype that has been described in detail previously (67–71). LPS exposure did not alter the MP in comparison with unstimulated neutrophils and only augmented the PAF-induced response by a small amount. By contrast, a similar in vitro experiment comparing the depolarization of neutrophils with or without LPS exposure did report an increase in MP change, however, for fMLF (72). As observed in previous studies with neutrophils from septic humans and/or mice, exposure to LPS prompted an intracellular alkalization and swelling (14, 15, 73). This baseline drift in unstimulated cells was accompanied by a decrease in the PAF-induced response of granulocytes, possibly indicating ceiling effects. In general, the intracellular pH of neutrophils can rise beyond the LPS-induced shift in resting cells and/or the measurement method is capable of detecting larger shifts, arguing against a ceiling effect. Nevertheless, it is possible that neutrophils can only generate a certain alkaline shift, being limited by the pHe that was not relevantly altered after LPS exposure in the whole blood model as reported earlier (36). LPS exposure in the whole blood model did not significantly change the sodium, potassium, or proton concentration, thus failing to explain the changes in alkalization or depolarization as reported previously (36).

Lastly, we analyzed the PAF-induced (electro-)physiological response in neutrophils before and during a well-characterized porcine model of polymicrobial sepsis (43–45). The clinical data confirmed a cardiocirculatory shock, indicating sepsis, also in corroboration with a significant hemoconcentration, suggesting a blood-organ barrier breakdown and subsequent hypovolemia. In the course of sepsis, the PAF-induced depolarization was significantly impaired, which confirmed findings in C5a-stimulated neutrophils after 3 h of porcine hemorrhagic shock (16). It is noteworthy, that there were no large shifts in extracellular ion concentrations and/or blood pH that could potentially explain this finding. Moreover, the PAF-mediated alkalization remained largely stable during sepsis, whereas cellular swelling was slightly increased. Also, the baseline of neutrophil pHi and FSC-A did not shift (data not shown), which is in contrast to previous results in murine and/or human sepsis (14, 15, 73). These apparent differences in the findings within the two models might be explained by either species differences (human vs. pig), differences in the time points analyzed (1 h vs. 5.8 h ± 3.5), and/or regarding the pHi with different fluorescent probes.




STRENGTHS AND LIMITATIONS

Changes in the MP and pHi of neutrophils were measured by fluorescent dyes in vitro yielding indirect results. However, direct measurement of MP by conventional patch-clamp in neutrophils is technically challenging and potentially results in artificial activation of the cells as well as a rapid exchange of the intracellular ion concentration (74, 75). Additionally, the results reported in the present work, including C5a as a positive control, are in agreement with previous studies (14–16). Besides not altering the neutrophil intracellular homeostasis, flow cytometry allows a high throughput of analyzed cells in comparison to the patch-clamp technique when simultaneously analyzing MP, intracellular pH, and cellular size as indicated by FSC-A. However, patch-clamp allows a higher temporal resolution in comparison to conventional flow cytometry. In the present work, we used continuous acquisition to partially compensate for the loss of temporal resolution. In addition, the current setup allowed the investigation of the PAF-induced cellular response in a physiologically environment at 37°C in the presence of [image: image], the latter being involved in neutrophil ion channel activity (18, 76) and thereby should be included in measuring depolarization and intracellular alkalization. It is noteworthy that the [image: image] containing buffer became slightly alkalotic, thereby likely explaining the alkaline shift in unstimulated neutrophils during the measurement period.

Next, we established a clear concentration-response relationship of the cellular response to PAF. However, we mainly used a concentration of 1 μM PAF (approximately 500 ng/ml). This concentration is higher than found in blood of septic neonates (2.3 ng/ml) (57). Anyhow, one must consider that PAF acts in vivo largely as a paracrine signaling molecule and neutrophils encounter PAF via other cells in the immediate vicinity (77). Many other cell types, including platelets and endothelial cells, which are in close proximity to neutrophils (e.g., by forming PNCs), secrete PAF when stimulated, for example, with thrombin, to promote neutrophil adhesion and transmigration (1, 2, 52, 78). In accordance, a study by Mitchell et al. that investigated fluid shear stress on neutrophils and effects of PAF applied a concentration of 1 μM to simulate a concentration neutrophils experience when coming into contact with endothelium (79). Further studies need to develop improved methods to quantify PAF and measure exact PAF levels locally and systemically during sepsis.

Lastly, we transferred the findings generated in vitro to the ex vivo whole blood model and the porcine sepsis model, which have several advantages and limitations. The whole blood model allowed the investigation of the PAF-induced response with or without LPS-induced inflammation in human blood in a well-defined system (36). In addition, changes of the neutrophil response to PAF were confirmed in an experimental model of polymicrobial sepsis (43–45) with a clinically relevant pathophysiological reaction. Interestingly, the results of both models varied. This might arise because of several reasons: On the one hand, there might be notable interspecies differences. On the other hand, the assay itself differed between the two models regarding the pHi, because porcine neutrophils had to be analyzed with a different dye. Furthermore, there are different kinetics of the inflammatory response to consider: In the whole blood model of endotoxemia, there was an initial stimulation with LPS resulting in a rapid inflammatory response, while the addition of bacteria in the porcine model triggered a gradually increasing inflammation. In addition, the duration of the period analyzed and/or the inflammatory response elicited by LPS vs. fecal inoculation might explain the different results. In the whole blood model, it is difficult to analyze neutrophils in a long-term investigation, because glucose levels decline while in parallel lactate levels and acidosis increase, resulting in an unphysiological environment beyond 1 h. These issues were circumvented and thus indicated the application of the porcine sepsis model. Moreover, the lack of the presence of the interaction of neutrophils with other organs may play an important role. Another important aspect to consider regarding the porcine sepsis model is that neutrophils were isolated at the onset of sepsis as indicated by a drop of mean arterial blood pressure but prior to severe organ dysfunction. The rationale for this was to increase the sample size, since the current experiments were embedded in an interventional trial, that started after the beginning of sepsis (reduction of animal numbers). Also, the onset of sepsis marked the initiation of a resuscitation therapy, which may have further altered the response of neutrophils and likely ameliorated the degree of the inflammatory response such as lactate acidosis. Taken together, this allowed the investigation of neutrophil dysfunction as an early hallmark of the beginning of sepsis. Further research needs to explore these findings in a non-resuscitated model of sepsis and/or during a more pronounced inflammatory response including systemic acidosis, which may reveal further changes also in pHi and FSC. Moreover, the findings need to be confirmed in patients with sepsis. Various causes of a potential neutrophil desensitization to stimulation with PAF during sepsis should be investigated, for example, a receptor downregulation of PAF, a previous stimulation by PAF in vivo, and/or a defect in PAF-signaling in sepsis. Notably, both models offer a distinct advantage investigating neutrophil pathophysiology during sepsis: Analyzing patients with sepsis does hardly allow firm assumptions regarding the onset of the infection, which was clearly defined in the model systems analyzed in this work.



CONCLUSION

Platelet-activating factor (PAF) is an important activator of neutrophils triggering depolarization, intracellular alkalization, and changes in cellular size. The PAF-induced response was demonstrated to be altered in an ex vivo model of endotoxemia and at the onset of porcine experimental sepsis, which might be an early hallmark of innate immune dysfunction during sepsis. Further studies are warranted to elucidate the association between the modulated (electro-)physiological response and cellular effector function. Additionally, translational efforts are needed to explore the therapeutic and diagnostic potential of these findings, for example, by measuring the neutrophil response at the patient's bedside and/or by targeting the involved ion channels, including NHE1, to reduce overwhelming PAF-induced neutrophil activation.
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Supplement 1. PAF-mediated changes in the response of neutrophils were concentration-dependent. Concentration-response curves were calculated for the following parameters after stimulation with PAF (1 nM−1 μM) at the time point of maximal stimulation as indicated: (A) FSC-A (10 min), (B) SSC-A (10 min), (C) membrane potential (1 min), (D) intracellular pH (5 min), (E) ROS generation (10 min), (F) formation of platelet–neutrophil complexes measured by flow cytometry (15 min), (G) L-selectin (CD62L) surface expression (15 min), and (H) integrin alpha M (CD11b) surface expression (15 min). Data are mean ± SD (n = 5–10).

Supplement 2. Tabular overview of the relative PAF-induced effects on human neutrophils and gender analysis at the point of a (near-)maximal response during the first hour. FSC-A, forward scatter area; SSC-A, side scatter area; MP, membrane potential; pHi, intracellular pH; ROS, generation of reactive oxygen species; CTX, chemotaxis; CD62L, L-selectin surface expression downregulation; CD11b, integrin alpha M surface expression upregulation. Data are mean ± standard deviation (n = 5 – 10). *p < 0.05, **p < 0.01, ***p < 0.001, for comparing PAF vs. CTRL: MP Wilcoxon signed-rank test, for all other parameters Wilcoxon matched-pairs signed rank test. For the comparison of neutrophils from male or female donors: Mann-Whitney test.

Supplement 3. Modulation of neutrophil parameters by pharmacological inhibitors without further stimulation. The extent of these effects was compared to the response induced by 1 μM PAF. Control = 0%, PAF-mediated effect = 100%. Boxes outside the defined range were colored gray. For calculation see Supplement 4. FSC-A, forward scatter area; SSC-A, side scatter area; MP, membrane potential; pHi, intracellular pH; ROS, generation of reactive oxygen species; CTX, chemotaxis; CD62L, L-selectin surface expression downregulation; CD11b, Integrin alpha M surface expression upregulation. Data are mean (n = 5–10).

Supplement 4. Calculations for (A) Figure 4 and (B) the Heatmap in Supplement 3; F, mean fluorescence intensity.
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Sepsis is associated with a dysregulated inflammatory response to infection. Despite the activation of inflammation, an immune suppression is often observed, predisposing patients to secondary infections. Therapies directed at restoration of immunity may be considered but should be guided by the immune status of the patients. In this paper, we described the use of a high-dimensional flow cytometry (HDCyto) panel to assess the immunophenotype of patients with sepsis. We then isolated peripheral blood mononuclear cells (PBMCs) from patients with septic shock and mimicked a secondary infection by stimulating PBMCs for 4 h in vitro with lipopolysaccharide (LPS) with or without prior exposure to either IFN-γ, or LAG-3Ig. We evaluated the response by means of flow cytometry and high-resolution clustering cum differential analysis and compared the results to PBMCs from healthy donors. We observed a heterogeneous immune response in septic patients and identified two major subgroups: one characterized by hypo-responsiveness (Hypo) and another one by hyper-responsiveness (Hyper). Hypo and Hyper groups showed significant differences in the production of cytokines/chemokine and surface human leukocyte antigen-DR (HLA-DR) expression in response to LPS stimulation, which were observed across all cell types. When pre-treated with either interferon gamma (IFN-γ) or lymphocyte-activation gene 3 (LAG)-3 recombinant fusion protein (LAG-3Ig) prior to LPS stimulation, cells from the Hypo group were shown to be more responsive to both immunostimulants than cells from the Hyper group. Our results demonstrate the importance of patient stratification based on their immune status prior to any immune therapies. Once sufficiently scaled, this approach may be useful for prescribing the right immune therapy for the right patient at the right time, the key to the success of any therapy.

Keywords: sepsis, high-dimensional flow cytometry, Lipopolysaccharides, interferon-γ, LAG-3Ig, immunophenotype


INTRODUCTION

Sepsis is a life-threatening condition caused by a dysregulated inflammatory response to infection, which leads to multiple organ dysfunction. Mortality rates of patients suffering severe sepsis are estimated at 26%, and those with septic shock at 40%, contributing to around 5 million deaths a year globally (1, 2). The immune response during sepsis has been described as a biphasic event with an initial cytokine-mediated hyper-inflammatory phase aimed to eradicate the invading pathogens, and a subsequent immunosuppressed phase, as a result of prolonged activation of anti-inflammatory responses counteracting the initial pro-inflammatory responses (3, 4) but there is no clear delineation between the opposing phases (5). Importantly, a majority of septic patients, surviving the hyper-inflammatory phase often die from secondary or opportunistic infections during the immunosuppressed phase (6, 7).

Immune suppression in sepsis is characterized by lymphocyte apoptosis, anergy, a relative increase in T regulatory cells and myeloid derived suppressor cells and deficiencies in MHC class II mediated antigen presentation (8–13). These factors contribute to impaired antigen recognition, reduced antimicrobial effector functions, and poor microbial killing. Immunotherapies aimed at boosting immune responses, by enhancing antigen presentation capacity and lymphocytic functions, have shown some promising results (14–17). Interferon gamma (IFN-γ) has been trialed in sepsis patients and its use was associated with restoration of immune functions with increased HLA-DR expression in monocytes, increased production of cytokines such as tumor necrosis factor alpha (TNF-α), interleukin-1β (IL-1β) and decreased production of interleukin-6 (IL-6) and interleukin-10 (IL-10) (18, 19). The MHC Class II agonist LAG-3Ig is a soluble LAG-3 protein that activates antigen presenting cell (APC) leading to CD8+ T cell activation (20–22). Clinical effectiveness of LAG-3Ig (eftilagimod alpha) has been investigated in several Phase I and Phase II trials in cancer patients (23, 24), but not yet in patients with sepsis due to the presence of significant heterogeneity of patient's immune responses in sepsis and a lack of practical methods to reduce such heterogeneity (25).

In this study, we aimed to develop a method to reduce heterogeneity of patient immune phenotypes prior to the administration of immune therapy. To this end, we evaluated the immune status of patients with septic shock by assessing the proportions of major immune cell subset within PBMCs as well as their ability to produce cytokines/chemokine in response to LPS. Furthermore, we assessed the responses to immunomodulatory agents such as IFN-γ and LAG-3Ig. Our findings suggest immune heterogeneity in septic patients could be identified and quantified by using HDCyto and such quantification may assist subsequent administration of immune therapy.



MATERIALS AND METHODS


Reagents and Antibodies

Fluorochrome-conjugated antibodies (as listed in Supplementary Table 1), BD Cytofix/Cytoperm™ Fixation/Permeabilization Solution set, human BD Fc block™, BD GolgiPlug™ and BD Horizon Brilliant Stain Buffer Plus were purchased from BD Biosciences (San Jose, CA). UltraComp eBeads™ Compensation Beads were purchased from ThermoFisher Scientific (Waltham, MA). Recombinant human IFN-γ was purchased from PeproTech (Rocky Hill, NJ). LAG-3Ig was kindly provided by Immutep Pty Ltd. Bovine Serum Albumin solution (35% in D.PBS) and LPS were purchased from Sigma Aldrich (St. Louis, MO).



Study Population

Thirteen patients who were admitted to the intensive care unit (ICU) of the Nepean Hospital (Kingswood, NSW, Australia) between December 2017 and February 2019, were recruited to this study. The inclusion and exclusion criteria are as follows:

Inclusion criteria: (1) age ≥18 years old; (2) presence of shock, likely of infectious origin defined as day 1 Sequential Organ Failure Assessment (SOFA) score cardiovascular > 2; (3) presence of at least 2 organ dysfunctions as defined by aggregate day 1 or day 2 SOFA score >4; (4) no treatment limitations articulated prior to study enrolment.

Exclusion criteria: current or recent use of known immune suppression medication such as steroids (>5 mg prednisone or equivalent) methotrexate, mycophenolate or recent use of immune checkpoint inhibitors.

Ten age-matched healthy volunteers (age ≥18 years old) were also recruited as controls.



Sample Collection and Processing

Venous blood was collected into tubes containing EDTA. For patients with sepsis, blood was collected on days 1–3 post ICU admission. PBMCs were prepared from whole blood by density gradient centrifugation using Ficoll-Paque Plus (Bio-strategy Pty Ltd) and cryopreserved. Briefly, whole blood was diluted with an equal volume of Dulbecco's Phosphate-Buffered Saline (D.PBS) (without Ca2+ and Mg2+) and layered on top of an equal volume of Ficoll-Paque Plus in a 50 ml Falcon tube. This was followed by centrifugation using a swinging-bucket rotor at 400 × g for 30 min at room temperature (RT) with the brake off. After centrifugation, PBMCs at the interphase between Ficoll-Paque Plus and plasma, was transferred into a new 50 ml Falcon tube and washed twice with D.PBS. Each wash was followed by centrifugation at 300 × g for 10 min. For cryopreservation, PBMC cell pellet after the final centrifugation was resuspended in fetal bovine serum (FBS) and then 20% Dimethyl Sulfoxide (DMSO) diluted in FBS was added dropwise to the cell suspension to make the final concentration of DMSO to 10%. One milliliter (ml) of cell suspension was transferred to 2 ml cryovial in a Corning® CoolCell™ Cell Freezing Container (Sigma-Aldrich), which was left at −80°C freezer overnight before transferring to liquid nitrogen for long-term storage. On the day of experiment, cryopreserved PBMCs were thawed and treated with DNase I to prevent cell clumping (26). Briefly, frozen PBMCs were thawed rapidly in a 37°C water bath, followed by washes first with RPMI1640 (Lonza) with 2% FBS and 10 mM HEPES, pH 7.0–7.6 and then with D.PBS. PBMCs were then treated with 100 units/ml DNase I in the presence of 5 mM MgCl2 for 15 min at RT, during which cells were counted with the CytoFLEX Flow Cytometer (Beckman Coulter, Brea, CA). After DNase I treatment, cells were washed once with D.PBS and then resuspended in cell culture medium (RPMI1640 with 10% FBS, 2 mM L-Glutamine, 50 units/ml Penicillin/50 μg/ml Streptomycin at 1 × 106 cells/ml) for culturing in BD Falcon® 5 ml polypropylene round bottom tube (in vitro Technologies) at 37°C, 5% CO2.



Ex vivo Stimulation for Cytokine Detections

PBMCs were cultured under three conditions (two aliquots per condition and up to 1 × 106 per aliquot): untreated, plus IFN-γ (100 ng/ml) (27) or plus LAG-3Ig (1 μg/ml) (22) for 2 h. BD GolgiPlug (1 μg/ml) for detection of intracellular cytokines was added to all the cultures which were then cultured with or without LPS (100 ng/ml) (27) for a further 4 h. Cells were harvested by pipetting at the end of stimulations and subjected to cell count using the CytoFLEX Flow Cytometer before proceeding with flow cytometry staining.



Flow Cytometry Staining

After 6 h of culture, ~1 × 106 PBMCs were washed twice by resuspending cells in 4 ml D.PBS and centrifugation at 300 × g, RT for 5 min. Washed cells were then transferred into a 96-well V-bottom plate for the following staining procedure. Cells were first stained with 100 μl of BD Horizon™ Fixable Viability Stain 440 UV diluted in D.PBS (1:1,000), for 10–15 min at RT in the dark as per manufacturer's instructions. Cells were washed twice with 250 μl of staining buffer (D.PBS with 0.5% Bovine Serum Albumin) with centrifugation as above before surface staining. For surface staining, cells were incubated with 2.5 μg of human Fc Block diluted in staining buffer for 10 min at RT. Fluorochrome-conjugated surface antibodies as listed in Supplementary Table 1 (amount of antibody used for each test was pre-titrated) was then added along with BD Horizon™ Brilliant Stain Buffer Plus (10 μl per test) in a final staining volume to 100 μl. Samples were incubated for 30 min at 4°C in the dark, then were washed four times with 250 μl staining buffer with centrifugation as above. Washed cell pellets were fixed and permeabilized with 100 μl BD Cytofix/Cytoperm™ Fixation/Permeabilization Solution for 20 min at 4°C in the dark. Fixation/Permeabilizaiton buffer was removed by two washes with 250 μl of freshly prepared 1 × BD Perm/Wash buffer. All centrifugation steps after permeabilization were performed at 500 × g for 5 min at RT. The cell pellet was resuspended in 200 μl of staining buffer and stored overnight at 4°C in the dark. The following day, cells were pelleted by centrifugation (500 × g, 5 min, RT) and fixed/permeabilized again as described above. For intracellular staining, cells were incubated with 100 μl of fluorochrome-conjugated antibody mixture as listed in Supplementary Table 1 (amount of antibody used for each test was pre-titrated) diluted in 1 × BD Perm/Wash buffer with BD Horizon™ Brilliant Stain Buffer Plus (10 μl per test) for 30 min at 4°C in the dark. Cells were then washed four times with 1 × BD Perm/Wash buffer by centrifugation (500 × g, 5 min, RT), resuspended in 200 μl of staining buffer to be analyzed on a BD FACSymphony™ A5.2 cell analyzer (BD Biosciences). Samples were stained and analyzed in five batches and application settings were applied for each acquisition to ensure consistency in the instrument performance.



Data Analysis Workflow

Flow data were analyzed using CATALYST (28), explored using tidyverse (29) and visualized using ggplot and pheatmap (30) in the R statistical environment (31).

Briefly, flow cytometry files (fcs files) were pre-processed [compensated, gated for single and viable cells and quality control checked using FlowAI (32)]. Data was then scaled and exported for analysis using R (v4.0). FlowSOM (33) is an algorithm for clustering cells with Self-Organizing Maps (SOMs), based on the behavior of chosen markers on all cells. We used FlowSOM to cluster cells (max k = 50, using 20 × 20 SOM grid) by surface markers including CD3, CD4, CD8, CD19, CD25, CD127, CD11c, CD14, CD16, CD56, HLA-DR, which were referred to as “type markers”. The type markers are lineage markers that were used to define cell types within PBMCs. Clusters were then manually annotated based on dominant cell frequency. Besides the type markers, we chose eight markers, including IL-2, IL-6, IL-10, IFN-γ, TNF-α, IL-17A, CCL-4, and HLA-DR, to be the “state markers,” because expression levels of these state markers give indications on the functional state of the cell. Uniform Manifold Approximation and Projections (UMAPs) were generated based on type or state marker expression, limited to 3,000 cells per sample. We also performed Differential State (DS) analysis using a modified version of diffcyt (34). For DS, cluster medians for state markers were extracted, background corrected (>0 in more than half the number of samples in the smallest group) and then compared using the limma eBayes test (35) with customized contrast matrices and multiple testing (corrected p-value cut-off of 0.05). Marker list overlaps were visualized using euler diagrams (36).




RESULTS


Experimental Design and Workflow

Figure 1 outlines the experimental design and workflow. PBMCs isolated from the whole blood of either healthy donors or patients with septic shock, underwent six different pre-treatment and/or stimulation conditions before they were stained and subjected to flow cytometry analysis.
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FIGURE 1. Outline of experimental design and workflow. Whole blood samples are collected from either healthy donors or patients with septic shock. PBMCs are prepared from whole blood using Ficoll gradient centrifugation and cryopreserved. On the day of the experiment, PBMCs are thawed and subjected to six different culture conditions: (1) 2 hours (2 h) “No treatment” followed by 4 hours (4 h) “No stimulation” (No treatment + No stimulation); (2) IFN-γ + No stimulation; (3) LAG-3Ig + No stimulation; (4) LPS stimulation; (5) IFN-γ + LPS stimulation; (6) LAG-3Ig + LPS stimulation. After 6 h of culture, cells are stained with fluorochrome conjugated antibodies, followed by data acquisition using BD FACSymphony™ A5.2 cell analyzer (BD Biosciences). Finally, data is subjected to high-resolution clustering and empirical Bayes moderated tests adapted from transcriptomics.




Immune Cell Composition Is Significantly Altered in Sepsis

In order to compare immune cell composition of PBMCs between healthy controls (HC, n = 10) and sepsis patients (sepsis, n = 13), flow cytometric data from untreated PBMCs (no treatment or LPS stimulation) from both HC and sepsis groups, were concatenated and FlowSOM was used to cluster cells by “type markers” as detailed in the materials and methods. Median expression levels of all the type markers in both HC and sepsis groups were shown on the UMAPs (Figure 2A). Based on dominant cell frequency, 50 meta-clusters were defined (Figure 2B). The meta-clusters were then merged into seven different immune cell subsets: CD19+ B cells, CD14+ monocytes, CD3+CD4+ T cells, CD3+CD8+ T cells, CD11c+ mDCs, CD3−CD56+ NK cells, and lineage negative (lin_neg) cells, based on the presence or absence of specific type markers. Relative proportions of the seven immune cell subsets in PBMCs were compared between HC and sepsis (Figure 2C). Our results demonstrate the stark differences between the immune profile of HC and Sepsis subjects. There was a trend toward increased proportion of CD14+ monocytes and decreased proportions of CD4+, CD8+ T cells, and NK cells in sepsis as compared to HC. Proportions of the seven immune cell subsets in individual sample were shown in Figure 2D. Heterogeneity within the sepsis patients was observed. Among the seven immune cell subsets investigated, proportions of CD14+ monocytes, CD4+ T cells, CD8+ T cells, mDCs, and NKs were significantly altered in sepsis compared to HC (Figure 2E).
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FIGURE 2. Proportion of immune cell subsets in PBMCs. (A) Uniform Manifold Approximation and Projection (UMAP) displays the median expression levels of all the type markers on total untreated PBMCs (no treatment or LPS stimulation) in HC and sepsis. (B) 50 meta-clusters, as defined by dominant cell frequency, are shown on UMAP. Based on the presence or absence of specific type markers as shown in (A), the 50 meta-clusters are annotated into seven immune cell subsets. (C) Relative proportions of the meta-clusters in PBMCs are compared between HC and sepsis. (D) Proportions of the seven immune cell subsets in PBMCs are shown in 10 HC (HC-1 to HC-10) and 13 Sepsis patients (Sepsis-1 to Sepsis-13). Values from each subject were plotted. (E) Bar diagram represents mean proportion of each immune cell subset as indicated on the X-axis in HC vs. sepsis. Data represents mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, were determined by Mann-Whitney test.




Subgroups in Sepsis: Hyper vs. Hypo

Median expression levels of all the “type” and “state markers” (as detailed in the materials and methods) on total PBMCs after 4 h of LPS stimulation without pretreatment with IFN-γ or LAG-3Ig, were compared across all the meta-clusters between HC and sepsis as displayed on UMAPs (Figure 3A). We observed an overall trend toward decreased HLA-DR expression on CD14+ monocytes meta-clusters in sepsis as compared to HC, which is one of the hallmarks for sepsis. Median expression levels of all the markers in the seven immune cell subsets were compared between HC and sepsis (Supplementary Figure 1). To explore if there was any presence of subgroups in the heterogeneity observed in Figure 2D, we performed hierarchical clustering analysis, an algorithm used to group similar objects into clusters with each cluster distinct from each other. Median expression levels of all the type and state markers as in Figure 3A, were used for the hierarchical clustering analysis. Eight out of the 10 HC samples formed a tight cluster whereas sepsis samples were segregated into two subgroups which we named “Hyper” and “Hypo” subgroups (Figure 3B). The Hyper subgroup displayed an overall upregulation of surface markers CD25, CD11c, CD14, HLA-DR, and intracellular cytokines and chemokine as well as down regulated expression of CD3, CD8, CD127, and CD4 compared to HC. In the Hypo subgroup, expression of CD25, CD11c, CD14, HLA-DR, and intracellular cytokines and chemokines was intermediate between HC and the Hyper subgroup whereas expression of CD3, CD8, CD127, and CD4 was similar to that in the HC.
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FIGURE 3. Subgroups in sepsis. (A) UMAP displays the median expression levels of all the type and state markers on total PBMCs after 4 h of LPS stimulation without pretreatment in HC and sepsis. (B) Heatmap represents the hierarchical clusters based on the median expression levels of all the type and state markers as in (A). Five samples from sepsis group (Sepsis-2, 3, 4, 5, and 8) formed a cluster named as “Hyper” subgroup and the other eight samples (Sepsis-1, 6, 7, 9, 10, 11, 12, and 13) formed a different cluster named as “Hypo” subgroup.




Commonality and Difference Between the “Hyper” and “Hypo” Subgroups

To further characterize the immune status of the two subgroups of sepsis, we performed differential state (DS) analysis by comparing Hyper and Hypo subgroups to HC in the expression levels of the state markers. Expressions of the state markers on 50 meta-clusters of PBMCs in response to LPS stimulation were analyzed. When compared to HC, both Hyper and Hypo subgroups were shown to have significant changes in the levels of the state markers across the 50 meta-clusters, 155 of which were shared between the two subgroups (Figure 4A). Significant differences between Hyper and Hypo subgroups were also observed. There were 59 unique immune alterations for the Hyper subgroup and 57 unique immune alterations for the Hypo subgroup. Differential expression of the state markers in Sepsis compared to HC were expressed as Log2 fold changes (LogFC). Representative meta-clusters from each immune cell subset, which had significant LogFC in either of the eight state markers, were shown in Figure 4B comparing the Hypo subgroup to HC (Hypo_vs._HC) and Figure 4C comparing the Hyper subgroup to HC (Hyper_vs._HC). An expanded version of Figures 4B,C can be found in Supplementary Figures 2A,B. Major differences between Hyper and Hypo subgroups were observed in IL-6, TNF-α, IL-17A, HLA-DR, and CCL-4 expression levels. IL-6 production in CD8+ T cells was decreased in the Hyper but was increased in the Hypo subgroup. Monocyte expression of TNF-α production was upregulated in the Hyper but downregulated in the Hypo subgroup. IL-17A production was upregulated in CD19+ B cells and CD8+ T cells from the Hyper but not in the Hypo subgroup. We also observed a more than 2 × fold increase in HLA-DR expression on NKs from the Hyper subgroup, which was absent in the Hypo subgroup. CCL-4 upregulation was observed across most of the immune cell subsets in Hyper subgroup. In the Hypo subgroup, however, CCL-4 expression was only increased slightly in CD4+, CD8+ T cells, and NKs. On the other hand, IL-10 and IFN-γ expression levels did not vary too much between these two subgroups. In light of the differences in the immune status between the Hyper and the Hypo subgroups, we sought to determine if the clinical characteristics of these two subgroups also differ. C-reactive protein (CRP), serum lactate, whole blood count (WBC), SOFA score, and Acute Physiology and Chronic Health Evaluation (APACHE) III score were compared between the Hyper and the Hypo subgroups (Figure 4D). We did not observe significant differences in these clinical characteristics between the two subgroups. Detailed information on the age and gender of these patients in addition to the above-mentioned clinical data can be found in Supplementary Table 2.
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FIGURE 4. Commonality and difference between the Hyper and the Hypo subgroups. (A) Venn diagram represents the number of state markers across 50 meta-clusters of PBMCs that are significantly different between Hyper and HC (in orange) or between Hypo and HC (in blue). The area highlighted in green represents changes that are found in both Hyper and Hypo subgroups compared to HC. (B) Bar diagram represents fold changes (logFC) at the expression levels of eight state markers that are significantly altered in Hypo subgroup compared to HC. A representative cluster is shown. (C) Bar diagram represents fold changes (logFC) at the expression levels of eight state markers that are significantly altered in Hyper subgroup compared to HC. A representative cluster is shown. (D) C-reactive protein (CRP), serum lactate level, whole blood count (WBC), Sequential Organ Failure Assessment (SOFA) score and Acute Physiology and Chronic Health Evaluation (APACHE) III score are compared between the Hyper and the Hypo subgroups. Data represents mean ± SD and P < 0.05 is considered significant as determined by Mann-Whitney test.




Differential Responses of Hypo and Hyper Subgroup of Sepsis to IFN-γ or LAG-3Ig

To determine if Hyper and Hypo subgroups would respond differently to IFN-γ or LAG-3Ig, we performed DS analysis within each subgroup by comparing median expression of the state markers under “No treatment + LPS” (LPS) to that under either “IFN-γ pretreatment + LPS” (IFN-γ) or “LAG-3Ig pretreatment + LPS” (LAG-3Ig) conditions. As shown in Figures 5A,B, immune cell subsets from the Hypo subgroup of sepsis showed significant responses to either IFN-γ or LAG-3Ig. Within each cell subset, the meta-clusters which demonstrated significant responses to either treatment were squared out in red. In response to IFN-γ + LPS, three meta-clusters (#29, 34, and 42) within CD14+ monocytes from the Hypo subgroup had higher TNF-α expression and meta-cluster #34 also had higher IL-2 expression as compared to no treatment LPS group (Figure 5A). Two meta-clusters (#23 and 31) within CD4+ T cells from the Hypo subgroup also responded to IFN-γ by producing more IL-10 as compared to no treatment LPS group. Figure 5B showed responses of the Hypo group to LAG-3Ig treatment as compared to no treatment LPS group. All four meta-clusters of CD4+ T cells (#22, 23, 31, 37, and 40), two meta-clusters within CD8+ T cells (#11 and 45) responded to LAG-3Ig by producing more IL-10. Seven meta-clusters within CD14+ monocytes (#18, 19, 29, 33, 34, 42, and 44) produced more IFN-γ and IL-2 in response to LAG-3Ig. An increased CCL-4 expression was observed in meta-cluster #21 within NK cells in response to LAG-3Ig. On the other hand, responses of the Hyper subgroup to either IFN-γ or LAG-3Ig were less prominent compared to the Hypo subgroup. The Hyper subgroup demonstrated no significant responses to IFN-γ treatment (data not shown) and minimal responses to LAG-3Ig as shown in Supplementary Figure 3.
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FIGURE 5. Responses of the Hypo subgroup to IFN-γ or LAG-3Ig pretreatments. UMAP represents the 50 meta-clusters and their corresponding immune cell subsets in sepsis as shown in Figure 2B. Meta-clusters that are showing significant responses to either IFN-γ or LAG-3Ig are squared out in red. Representative flow plots of the representative meta-clusters demonstrate responses of the Hypo subgroup to IFN-γ pretreatment (A), the Hypo subgroup to LAG-3Ig pretreatment (B).





DISCUSSION

The immune response during sepsis is variable and often changes as the disease progresses (4). Many factors determine the immune response such as the nature and virulence of the pathogens, site of infection, patient's genetics, physical condition and co-morbidities. It is therefore crucial to assess individual patient's immune status to personalize any immune-modulatory therapy. However, the complex nature of immune response during sepsis requires a comprehensive analysis to capture changes to the important immune cells and their functions, which may allow accurate identification of patients that would benefit from immune modulating treatment. Current markers of sepsis including WBC, CRP, procalcitonin (PCT) or HLA-DR are insufficient for this purpose. CRP and PCT both indicate the acute phase of inflammatory responses but are not helpful in detecting immunosuppression in septic patients (37–39). Decreased expression of HLA-DR on monocytes is so far the best biomarker for detecting immunosuppression in sepsis (11, 40), but is limited to one cell type and does not provide information on the status of other immune cells. We have also shown in the current study that clinical characteristics such as WBC, CRP, serum lactate, SOFA and APACHE III score, monocytic HLA-DR expression and previous site of infections do not reveal the difference in patient's immune status as demonstrated between the Hyper and the Hypo subgroups (Figure 4D, Supplementary Table 2, Supplementary Figure 4).

In this study, we investigated the potential of HDCyto in revealing and assessing the heterogeneity of immune responses in patients with septic shock. The uniqueness of our HDCyto panel is the incorporation of markers for both enumeration of major immune cell subsets within PBMCs and assessment of functional status of the individual subset. This provided a broad-spectrum clarity on the overall immune status of PBMCs. Importantly, HDCyto analysis tools that were used in this study, including FlowSOM, diffcyt, and CATALYST analysis, provide the means to dissect heterogeneity, and hence identify changes that may be missed if analyzed using 2D approaches, due to the variations within each immune subset. Using this approach, we discovered that immune responses in PBMCs from septic shock patients were significantly altered compared to those from healthy controls, which were observed across all immune cell subsets analyzed. Furthermore, our results revealed, for the first time, two subgroups with distinct immune profiles were present within the sepsis group. The Hyper subgroup was found to have an overall higher production of all state markers in response to in vitro LPS stimulation, than the Hypo subgroup. In particular, we observed an increase of HLA-DR expression on NK cells in the Hyper subgroup as compared to the Hypo subgroup. HLA-DR+ NK cells have been associated with a less mature phenotype with antigen-presentation ability (41, 42). This might explain the overall hyper-responsiveness as seen in the Hyper subgroup where NKs, in addition to professional antigen-presenting cells such as DCs, leads to further activation of T-cells. Another interesting finding about the Hyper subgroup is the increased IL-17A production by CD19+ B cells and CD8+ T cells when compared to the Hypo subgroup. Traditionally, IL-17A was thought to be produced mainly by activated Th-17 cells. However, production of IL-17A by other immune cell types such as CD8+ T cells and CD19+ B cells has been reported previously and has been associated with inflammatory disease (43, 44). IL-17A production by CD8+ T cells has also been associated with persistent immune activation in patient with HIV (44). This again explains the hyper-responsiveness as seen in the Hyper subgroup.

We then proceed to assess whether the identification of these two subgroups could help predict responses to immune-modulatory therapy. We evaluated the ex vivo effects of immunostimulant agents IFN-γ and LAG-3Ig on PBMCs. Our results showed that the Hyper subgroup did not respond as much as the Hypo subgroup to either IFN-γ or LAG-3Ig in terms of changes in the expression of state markers on different immune cell subsets. Given that the Hyper subgroup already had an elevated basal level of all the state markers compared to the Hypo subgroup, this result is not surprising and suggests that immunostimulant treatment is likely to be ineffective or potentially harmful in the “Hyper” subgroup. We can only speculate whether these patients potentially respond to immune suppressive treatment such as steroids. On the other hand, the PBMCs from the Hypo subgroup, exposed to IFN-γ prior to LPS stimulation, showed increased IL-10 and TNF-α production in CD4+ T cells and monocytes. Similarly, exposure to LAG-3Ig also enhanced the production of IL-10 in CD4+ and CD8+ T cells and CCL-4 production in NKs.

The effects of IFN-γ were seen mainly in monocytes, but not in other cells (Figure 5A), which is likely due to the limited 4 h stimulation with a Toll-like Receptor 4 agonist LPS. Further studies may be required to investigate the effect of IFN-γ over longer periods of stimulation with different stimulus. In comparison to IFN-γ, LAG-3Ig seemed to have pleiotropic effects on different immune cells subsets including monocytes, NKs, CD4+ and CD8+ T cells (Figure 5B). Whether or not sepsis patients with “Hypo-like” immune status will benefit from immunostimulant therapy such as IFN-γ or LAG-3Ig, remains to be investigated further.

This study using HDCyto provides a deeper understanding of the altered immune phenotype in severe sepsis, providing a window to future therapies. Our small study demonstrated the feasibility and advantage of using HDCyto in assessing immune signature of sepsis patients. It is important to note that many of our findings are in line with previous studies (8, 11, 22, 29, 45), with our panel allowing for assessments in numerous immune cell subsets at the same time. Being able to group patients based on the overall immune status is an important finding. We also demonstrated that the identified groups differed in their response to pretreatment with immune modulatory agents. Further investigations on various ex vivo stimulations followed by HDCyto analyses in monitoring patient's immune status and their response to immunomodulatory treatments such as IFN-γ, immune checkpoint inhibitors, tocilizumab and steroids, may allow clinician to tailor sepsis treatments. The protocol for the assessment of intracellular cytokines in this study requires hours of stimulation before measurements. Future studies may aim to find surface markers that could be used as surrogates for immune cell functions, such as CD69, CD80, CD86, PD-1, PD-L1, or LAG-3 among others. This would be critical for timely clinical application of HDCyto in triaging sepsis patients promptly before receiving immunotherapies.
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Supplementary Figure 1. Heatmap represents the median expression levels of all the type and state markers in the seven immune cell subsets (as shown in Figure 2B) on total PBMCs after 4 h of LPS stimulation without pretreatment in HC and Sepsis.

Supplementary Figure 2. (A,B) Are the expanded version of Figures 4B,C, respectively. The expanded version includes all meta-clusters from each immune subset, which show significant changes in the expression levels of the state marker when comparing the Hypo to HC as in (A) or comparing the Hyper to HC as in (B). Meta-cluster with a “*” is the representative meta-cluster of the immune subset as indicated by the color code. The representative meta-cluster was chosen based on its logFC, which is either the median of all included meta-clusters (if more than two meta-clusters) or the average of two meta-clusters.

Supplementary Figure 3. Responses of the Hyper subgroup to LAG-3Ig pretreatment. UMAP represents the 50 meta-clusters and their corresponding immune cell subsets in sepsis as shown in Figure 2B. Meta-clusters that are showing significant responses to either LAG-3Ig are squared out in red. Representative flow plots of the representative meta-clusters demonstrate responses of the Hyper subgroup to LAG-3Ig pretreatment.

Supplementary Figure 4. Additional clinical characteristics are compared between the Hyper and the Hypo subgroups. (A) Whole blood count (WBC) (× 109/L) as well as the counts for neutrophils, monocytes and lymphocytes are compared between the Hyper and the Hypo subgroups. P-values were determined by Mann-Whitney test. (B) Median Fluorescence Intensity (MFI) of HLA-DR on CD14+ monocytes are compared among the three groups: HC, the Hypo and Hyper subgroups. P-values were determined by Ordinary One-Way ANOVA—Dunnett's multiple comparison test. (C) Table shows details on the site of infections for patients from the Hyper and the Hypo subgroups. Data represents mean ± SD, ****p < 0.0001.

Supplementary Table 1. Names of antigens and cell types detected by the HDCyto flow panel are listed. Fluorochrome and clone number of each antibody are also listed.

Supplementary Table 2. Clinical characteristics of patients from the Hyper and the Hypo subgroups. Age, Male sex%, C-reactive protein (CRP) (mg/L), Serum lactate (mmol/L), SOFA score, whole blood count (WBC) (× 109/L), and Acute Physiology and Chronic Health Evaluation (APACHE) III score are compared between the Hyper and the Hypo subgroups. P-values were determined by Mann-Whitney test.



REFERENCES

 1. Fleischmann C, Scherag A, Adhikari NK, Hartog CS, Tsaganos T, Schlattmann P, et al. Assessment of global incidence and mortality of hospital-treated sepsis. Current estimates and limitations. Am J Respir Crit Care Med. (2016) 193:259–72. doi: 10.1164/rccm.201504-0781OC 

 2. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et al. The third international consensus definitions for sepsis and septic shock (sepsis-3). JAMA. (2016) 315:801–10. doi: 10.1001/jama.2016.0287

 3. Hotchkiss RS, Monneret G, Payen D. Immunosuppression in sepsis: a novel understanding of the disorder and a new therapeutic approach. Lancet Infect Dis. (2013) 13:260–8. doi: 10.1016/S1473-3099(13)70001-X

 4. Boomer JS, Green JM, Hotchkiss RS. The changing immune system in sepsis: is individualized immuno-modulatory therapy the answer? Virulence. (2014) 5:45–56. doi: 10.4161/viru.26516

 5. Tang BM, Huang SJ, Mclean AS. Genome-wide transcription profiling of human sepsis: a systematic review. Crit Care. (2010) 14:R237. doi: 10.1186/cc9392

 6. Kalil AC, Florescu DF. Prevalence and mortality associated with cytomegalovirus infection in nonimmunosuppressed patients in the intensive care unit. Crit Care Med. (2009) 37:2350–8. doi: 10.1097/CCM.0b013e3181a3aa43

 7. Monneret G, Venet F, Kullberg BJ, Netea MG. ICU-acquired immunosuppression and the risk for secondary fungal infections. Med Mycol. (2011) 49(Suppl. 1):S17–23. doi: 10.3109/13693786.2010.509744

 8. Hotchkiss RS, Swanson PE, Freeman BD, Tinsley KW, Cobb JP, Matuschak GM, et al. Apoptotic cell death in patients with sepsis, shock, and multiple organ dysfunction. Crit Care Med. (1999) 27:1230–51. doi: 10.1097/00003246-199907000-00002

 9. Oberholzer A, Oberholzer C, Moldawer LL. Sepsis syndromes: understanding the role of innate and acquired immunity. Shock. (2001) 16:83–96. doi: 10.1097/00024382-200116020-00001

 10. Monneret G, Debard AL, Venet F, Bohe J, Hequet O, Bienvenu J, et al. Marked elevation of human circulating CD4+CD25+ regulatory T cells in sepsis-induced immunoparalysis. Crit Care Med. (2003) 31:2068–71. doi: 10.1097/01.CCM.0000069345.78884.0F

 11. Lukaszewicz AC, Grienay M, Resche-Rigon M, Pirracchio R, Faivre V, Boval B, et al. Monocytic HLA-DR expression in intensive care patients: interest for prognosis and secondary infection prediction. Crit Care Med. (2009) 37:2746–52. doi: 10.1097/00003246-200910000-00011

 12. Muenzer JT, Davis CG, Chang K, Schmidt RE, Dunne WM, Coopersmith CM, et al. Characterization and modulation of the immunosuppressive phase of sepsis. Infect Immun. (2010) 78:1582–92. doi: 10.1128/IAI.01213-09

 13. Schrijver IT, Theroude C, Roger T. Myeloid-derived suppressor cells in sepsis. Front Immunol. (2019) 10:327. doi: 10.3389/fimmu.2019.00327

 14. Docke WD, Randow F, Syrbe U, Krausch D, Asadullah K, Reinke P, et al. Monocyte deactivation in septic patients: restoration by IFN-gamma treatment. Nat Med. (1997) 3:678–81. doi: 10.1038/nm0697-678

 15. Nalos M, Santner-Nanan B, Parnell G, Tang B, Mclean AS, Nanan R. Immune effects of interferon gamma in persistent staphylococcal sepsis. Am J Respir Crit Care Med. (2012) 185:110–2. doi: 10.1164/ajrccm.185.1.110

 16. Ono S, Tsujimoto H, Hiraki S, Aosasa S. Mechanisms of sepsis-induced immunosuppression and immunological modification therapies for sepsis. Ann Gastroenterol Surg. (2018) 2:351–8. doi: 10.1002/ags3.12194

 17. Peters Van Ton AM, Kox M, Abdo WF, Pickkers P. Precision immunotherapy for sepsis. Front Immunol. (2018) 9:1926. doi: 10.3389/fimmu.2018.01926

 18. Delsing CE, Gresnigt MS, Leentjens J, Preijers F, Frager FA, Kox M, et al. Interferon-gamma as adjunctive immunotherapy for invasive fungal infections: a case series. BMC Infect Dis. (2014) 14:166. doi: 10.1186/1471-2334-14-166

 19. Payen D, Faivre V, Miatello J, Leentjens J, Brumpt C, Tissieres P, et al. Multicentric experience with interferon gamma therapy in sepsis induced immunosuppression. A case series. BMC Infect Dis. (2019) 19:931. doi: 10.1186/s12879-019-4526-x

 20. Andreae S, Piras F, Burdin N, Triebel F. Maturation and activation of dendritic cells induced by lymphocyte activation gene-3 (CD223). J Immunol. (2002) 168:3874–80. doi: 10.4049/jimmunol.168.8.3874

 21. Andreae S, Buisson S, Triebel F. MHC class II signal transduction in human dendritic cells induced by a natural ligand, the LAG-3 protein (CD223). Blood. (2003) 102:2130–7. doi: 10.1182/blood-2003-01-0273

 22. Brignone C, Grygar C, Marcu M, Schakel K, Triebel F. A soluble form of lymphocyte activation gene-3 (IMP321) induces activation of a large range of human effector cytotoxic cells. J Immunol. (2007) 179:4202–11. doi: 10.4049/jimmunol.179.6.4202

 23. Brignone C, Gutierrez M, Mefti F, Brain E, Jarcau R, Cvitkovic F, et al. First-line chemoimmunotherapy in metastatic breast carcinoma: combination of paclitaxel and IMP321 (LAG-3Ig) enhances immune responses and antitumor activity. J Transl Med. (2010) 8:71. doi: 10.1186/1479-5876-8-71

 24. Atkinson V, Khattak A, Haydon A, Eastgate M, Roy A, Prithviraj P, et al. Eftilagimod alpha, a soluble lymphocyte activation gene-3 (LAG-3) protein plus pembrolizumab in patients with metastatic melanoma. J Immunother Cancer. (2020) 8:e001681. doi: 10.1136/jitc-2020-001681

 25. Docke WD, Hoflich C, Davis KA, Rottgers K, Meisel C, Kiefer P, et al. Monitoring temporary immunodepression by flow cytometric measurement of monocytic HLA-DR expression: a multicenter standardized study. Clin Chem. (2005) 51:2341–7. doi: 10.1373/clinchem.2005.052639

 26. Garcia-Pineres AJ, Hildesheim A, Williams M, Trivett M, Strobl S, Pinto LA. DNAse treatment following thawing of cryopreserved PBMC is a procedure suitable for lymphocyte functional studies. J Immunol Methods. (2006) 313:209–13. doi: 10.1016/j.jim.2006.04.004

 27. Poujol F, Monneret G, Pachot A, Textoris J, Venet F. Altered T lymphocyte proliferation upon lipopolysaccharide challenge ex vivo. PLoS ONE. (2015) 10:e0144375. doi: 10.1371/journal.pone.0144375

 28. Crowell HL, Stéphane Chevrier VRTZ, Robinson MD, Bodenmiller B. CATALYST: Cytometry dATa anALYSis Tools. (2020). Available online at: https://github.com/HelenaLC/CATALYST

 29. Wickham H, Averick M, Bryan J, Chang W, D'Agostino McGowan L, François R, et al. Welcome to the Tidyverse. J Open Source Softw. (2019) 4:1686. doi: 10.21105/joss.01686

 30. Kolde R. pheatmap: Pretty Heatmaps. (2019). Available online at: https://CRAN.R-project.org/package=pheatmap

 31. R Development Core Team. R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing (2019).

 32. Monaco G, Chen H, Poidinger M, Chen J, De Magalhães JP, Larbi A. flowAI: automatic and interactive anomaly discerning tools for flow cytometry data. Bioinformatics. (2016) 32:2473–80. doi: 10.1093/bioinformatics/btw191

 33. Van Gassen S, Callebaut B, Van Helden MJ, Lambrecht BN, Demeester P, Dhaene T, et al. FlowSOM: using self-organizing maps for visualization and interpretation of cytometry data. Cytometry A. (2015) 87:636–45. doi: 10.1002/cyto.a.22625

 34. Weber LM, Nowicka M, Soneson C, Robinson MD. diffcyt: differential discovery in high-dimensional cytometry via high-resolution clustering. Commun Biol. (2019) 2:183. doi: 10.1038/s42003-019-0415-5

 35. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucl Acids Res. (2015) 43:e47. doi: 10.1093/nar/gkv007

 36. Larsson J. eulerr: Area-Proportional Euler and Venn Diagrams With Ellipses. (2020). Available online at: https://github.com/jolars/eulerr, https://jolars.github.io/eulerr/

 37. Pepys MB, Hirschfield GM. C-reactive protein: a critical update. J Clin Invest. (2003) 111:1805–12. doi: 10.1172/JCI200318921

 38. Castelli GP, Pognani C, Meisner M, Stuani A, Bellomi D, Sgarbi L. Procalcitonin and C-reactive protein during systemic inflammatory response syndrome, sepsis and organ dysfunction. Crit Care. (2004) 8:R234–42. doi: 10.1186/cc2877

 39. Sridharan P, Chamberlain RS. The efficacy of procalcitonin as a biomarker in the management of sepsis: slaying dragons or tilting at windmills? Surg Infect. (2013) 14:489–511. doi: 10.1089/sur.2012.028

 40. Cheadle WG, Hershman MJ, Wellhausen SR, Polk HC Jr. HLA-DR antigen expression on peripheral blood monocytes correlates with surgical infection. Am J Surg. (1991) 161:639–45. doi: 10.1016/0002-9610(91)91247-G

 41. Erokhina SA, Streltsova MA, Kanevskiy LM, Telford WG, Sapozhnikov AM, Kovalenko EI. HLA-DR(+) NK cells are mostly characterized by less mature phenotype and high functional activity. Immunol Cell Biol. (2018) 96:212–28. doi: 10.1111/imcb.1032

 42. Erokhina SA, Streltsova MA, Kanevskiy LM, Grechikhina MV, Sapozhnikov AM, Kovalenko EI. HLA-DR-expressing NK cells: effective killers suspected for antigen presentation. J Leukoc Biol. (2021) 109:327–37. doi: 10.1002/JLB.3RU0420-668RR

 43. Vazquez-Tello A, Halwani R, Li R, Nadigel J, Bar-Or A, Mazer BD. IL-17A and IL-17F expression in B lymphocytes. Int Arch Allergy Immunol. (2012) 157:406–16. doi: 10.1159/000329527

 44. Srenathan U, Steel K, Taams LS. IL-17+ CD8+ T cells: differentiation, phenotype and role in inflammatory disease. Immunol Lett. (2016) 178:20–6. doi: 10.1016/j.imlet.2016.05.001

 45. 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. (2013) 27:669–84.

Conflict of Interest: CB and BT were employed by Immutep S.A.S.

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

Copyright © 2021 Wang, Gloss, Tang, Dervish, Santner-Nanan, Whitehead, Masters, Skarratt, Teoh, Schibeci, Fewings, Brignone, Triebel, Booth, McLean and Nalos. 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: 30 April 2021

doi: 10.3389/fimmu.2021.670676

[image: image2]


Neuronal-Activated ILC2s Promote IL-17A Production in Lung γδ T Cells During Sepsis


Weiwei Chen 1,2, Dengming Lai 1, Yuehua Li 2,3, Xueke Wang 1, Yihang Pan 1, Xiangming Fang 4*, Jie Fan 2,3,5 and Qiang Shu 1*


1 Department of Thoracic and Cardiovascular Surgery, National Clinical Research Center for Child Health, The Children’s Hospital, Zhejiang University School of Medicine, Hangzhou, China, 2 Department of Surgery, University of Pittsburgh School of Medicine, Pittsburgh, PA, United States, 3 Research and Development, Veterans Affairs Pittsburgh Healthcare System, Pittsburgh, PA, United States, 4 Department of Anesthesiology and Intensive Care Unit, The First Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China, 5 McGowan Institute for Regenerative Medicine, University of Pittsburgh, Pittsburgh, PA, United States




Edited by: 
Yong Ming Yao, First Affiliated Hospital of Chinese PLA General Hospital, China

Reviewed by: 
Thomas Griffith, University of Minnesota Twin Cities, United States

Hiroki Yokoo, Tokoha Gakuen University, Japan

*Correspondence: 
Qiang Shu
 shuqiang@zju.edu.cn
 Xiangming Fang
 xmfang@zju.edu.cn

Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 22 February 2021

Accepted: 15 April 2021

Published: 30 April 2021

Citation:
Chen W, Lai D, Li Y, Wang X, Pan Y, Fang X, Fan J and Shu Q (2021) Neuronal-Activated ILC2s Promote IL-17A Production in Lung γδ T Cells During Sepsis. Front. Immunol. 12:670676. doi: 10.3389/fimmu.2021.670676




Background

Studies have revealed important roles for IL-17A in the development of acute lung injury (ALI) following sepsis. However, the mechanism underlying the regulation of lung IL-17A remains to be fully addressed. Recent studies suggested the effect of neuromedin U (NMU) on immune cell activation and the role of group 2 innate lymphoid cells (ILC2s) in the modulation of IL-17A production. We aimed to gain in-depth insight into the mechanism underlying sepsis-induced lung IL-17A production, particularly, the role of NMU in mediating neuronal regulation of ILC2s and IL-17A-producing γδ T cells activation in sepsis.



Methods

Wild type mice were subjected to cecal ligation and puncture (CLP) to induce sepsis with or without intraperitoneal injection of NMU. The levels of ILC2s, γδ T cells, IL-17A, NMU and NMU receptor 1 (NMUR1) in the lung were then measured. In order to determine the role of NMU signaling in ILC2 activation and the role of ILC2-released IL-9 in ILC2-γδ T cell interaction, ILC2s were sorted, and the genes of nmur1 and il9 in the ILC2s were knocked down using CRISPR/Cas9. The genetically manipulated ILC2s were then co-cultured with lung γδ T cells, and the levels of IL-17A from co-culture systems were measured.



Results

In septic mice, the levels of NMU, IL-17A, ILC2s, and IL-17A-producing γδ T cells in the lung are significantly increased, and the expression of NMUR1 in ILC2s is increased as well. Exogenous NMU further augments these increases. The main source of IL-17A in response to CLP is γδ T cells, and lung nmur1 is specifically expressed in ILC2s. In vitro co-culture of ILC2s and γδ T cells leads to increased number of γδ T cells and higher production of IL-17A from γδ T cells, and these alterations are further augmented by septic treatment and exogenous NMU. Genetic knockdown of nmur1 or il9 in ILC2s attenuated the upregulation of γδ T cells and IL-17A production.



Conclusion

In sepsis, NMU acting through NMUR1 in lung ILC2s initiates the ILC2 activation, which, in turn, promote IL-17A-producing γδ T cell expansion and secretion of IL-17A. ILC2-derived IL-9 plays an important role in mediating γδ T cell expansion and IL-17A production. This study explores a new mechanism underlying neuronal regulation of innate immunity in sepsis.
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Introduction

Sepsis is the result of the excessive and dysregulated inflammatory response of the body to infection, which often leads to tissue injury, multiple organ dysfunction syndrome (MODS), and death (1). Sepsis-induced mortality is closely associated with secondary acute lung injury (ALI) (2, 3).

Emerging data have shown that IL-17A is an important predictor and therapeutic target in sepsis and secondary ALI. Circulating levels of IL-17A are elevated in human and experimental sepsis (4–6). The study has shown in cecal ligation and puncture (CLP)-induced sepsis mouse model that IL-17A or IL-17A receptor deficiency significantly increased the mortality, which correlated with reduced neutrophil recruitment and more severe bacteremia (7, 8). A study has also shown that early-activated Vγ4δ T cells are the major resource of IL-17A during sepsis and the secretion of IL-17A decreased the mortality of septic mice (9). Furthermore, a recent study using the mouse CLP model demonstrated that IL-17A promoted IgA production, which coupled with a higher survival rate (10). Several types of cells are found to secrete IL-17A including CD4+ T helper 17 (Th17) cell, CD8+ (Tc17) cell, natural killer T (NKT) cell, γδ T cell, group 3 innate lymphoid cell (ILC3), and “natural” Th17 cell (11, 12). However, in-depth insights into the mechanism underlying the regulation of IL-17A production and secretion in sepsis remains to be fully addressed.

Group 2 innate lymphoid cells (ILC2s) are a special population of cytokine-stimulated and cytokine-producing lymphocytes that exist in mucosal tissues. ILC2s importantly bridge innate and adaptive immunities. Our previous report showed that ILC2s protect lung endothelial cells from pyroptosis in the mouse sepsis model (13). Studies have also found that both ST2+ natural ILC2 (nILC2) and ST2- inflammatory ILC2 (iILC2) can produce IL-17A (14–17). However, it remains unclear whether lung ILC2s secrete IL-17A or regulate other cells to secret IL-17A in a setting of sepsis.

It has been reported that the nervous system plays dual roles, either stimulating or suppressing, in the regulation of ILC2 activation in different settings (18–21). For example, studies showed that neuropeptide neuromedin U (NMU) regulates ILC2 activation in asthma and the helminth infection model (18, 19, 22). These findings led us to ask how NMU regulates lung ILC2s in a setting of sepsis and what are the subsequent outcomes in the progression of ALI following sepsis.

In this study, using a mouse sepsis model induced by CLP, we show that NMU acting through NMUR1 on lung ILC2s initiates the ILC2 activation, which, in turn, promotes IL-17A-producing γδ T cell expansion and IL-17A secretion. ILC2-derived IL-9 plays an important role in mediating γδ T cell expansion and IL-17A production. This study explores a new mechanism underlying neuronal regulation of innate immunity in sepsis.



Methods


Mice

Male C57BL/6J wild-type mice were purchased from Jackson Laboratories (Bar Harbor, ME). Mice were bred and maintained under specific pathogen-free condition at the Animal Facility of the University of Pittsburgh School of Medicine, VA Pittsburgh Healthcare System, and the Children’s Hospital, Zhejiang University School of Medicine. All mice used in the experiments were 8 weeks old. All mice were performed in compliance with the guidelines of the Institutional Animal Care and Use Committee of the University of Pittsburgh, VA Pittsburgh Healthcare System, and the Children’s Hospital, Zhejiang University School of Medicine, respectively.



CLP Model and Survival Analysis

Sepsis was induced by CLP procedure as described previously (23). In short, mice were deeply anesthetized with an intraperitoneal injection of xylazine (5 mg/kg) and ketamine (50 mg/kg). A midline incision (1 cm) on the abdomen was performed to allow exteriorization of the cecum. To obtain a moderate CLP, the cecum was ligated 0.8 cm from the apex with 4-0 silk suture and punctured once with a 22-gauge needle in the ligated segment. To induce a severe CLP, the cecum was ligated 1.2 cm from the apex and punctured twice with an 18-gauge needle. A droplet of cecal contents was then slowly squeezed out of the puncture holes. Then the cecum was placed back into the abdomen. The incision was then sutured in two layers. Sham surgery was identical to CLP without puncture and ligation. Mice were fluid resuscitated immediately after surgery (1 ml/mouse sterile saline, subcutaneously). At the specified time point, mice were sacrificed, and lung tissue samples were obtained under sterile condition. Whole blood was collected by cardiac puncture and spun down, and samples were stored at -80°C for further analysis.

In the survival analysis, the survival of animals (5 mice per group) was monitored each 3 hours for 72 consecutive hours after CLP surgery. To relieve pain, mice with signs of imminent death were overdosed with xylazine/ketamine. The survival rate was evaluated, followed by plotting the survival curve.



Treatment of Mice

In some in vivo experiments, mice were injected intraperitoneally (i.p.) with 0.2 µg/g B.W. of NMU-23 peptide (Phoenix Pharmaceuticals, USA) at 6h before and after CLP or with a single dose of NMU-23 peptide (1 µg/g B.W.) at 6h before CLP. At 24h after CLP, lungs were harvested for further analysis. Control mice were treated with PBS.



Cell Isolation

Cell isolation from lung tissue was performed as described previously (24). Briefly, lungs were perfused with 5 ml cold PBS with 2% heparin through right ventricle of the heart, and then filled with 1 ml HBSS with Liberase ™ (100 μg/ml final concentration) (Roche, USA) and digested in 4 ml HBSS digestion medium for 45 min at 37°C with vortexing every 15 min. The resultant samples were mashed by 70-μm cell strainers, washed with Dulbecco’s modified Eagle media [DMEM; supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Thermo Fisher Scientific, Pittsburgh, PA, USA)], and treated with RBC Lysis Buffer (eBioscience ™) to lyse red blood cells. Cell suspensions were used for subsequent flow cytometry staining.



Western Blot

Western blot was performed using standard methods. In short, protein (30 μg) was electropharesed through 12% SDS polyacrylamide gels and transferred to PVDF membranes (Bio-Rad, USA). The membranes were incubated with primary antibodies at 4°C overnight, followed by secondary antibodies tagged with HRP (Thermo Fisher Scientific, USA) at room temperature for 1 hour. The signals were detected using ECL Kit (Pierce Biotech, Rockford, Illinois, USA). A GAPDH antibody was used as a control for whole-cell lysates.



Flow Cytometry

For flow cytometry analysis, anti-mouse CD16/CD32 antibody (eBioscience, USA) was added to samples at a 1:200 dilution for 20 minutes at 4°C to block nonspecific binding to Fc receptors before cell staining.

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (eBioscience), Fixable Viability Dye eFluor™ 780 (eBioscience) or 7AAD viability dye (eBioscience) were used to exclude dead cells. Lung cell suspensions were stained with anti-CD45 (30-F11), anti-CD3ϵ (17A2), anti-CD4 (RM4-5), anti-CD5 (53-7.3), anti-CD8α (53-6.7), anti-CD11b (M1/70), anti-CD11c (N418), anti-CD19 (eBio1D3), anti-NK1.1 (PK136), anti-TER119 (TER-119), anti-FceR1α (MAR-1), anti-TCRβ (H57-597), anti-TCRγδ (GL-3), anti-Gr1 (RB6-8C5), anti-Thy1.2 (CD90.2; 53-2.1), anti-CD25 (eBio7D4), anti-CD127 (IL-7Rα; A7R34), anti-IL-17A (eBio17B7) from eBioscience; anti-KLRG1 (2F1), anti-Sca1 (D7) from BD Biosciences, anti-T1/ST2 (DJ8) from MD Biosciences. Lineage was composed by CD3ϵ, CD4, CD5, CD8α, CD11b, CD11c, CD19, NK1.1, TER119, FceR1α, TCRβ, TCR γδ and Gr1; Cell populations were defined as: ILC2s, CD45+Lineage−Thy1.2+T1/ST2+CD127+CD25+KLRG1+Sca1+; γδ T cells, CD45+CD3ϵ+TCR γδ+CD4-TCR β-.

For intracellular cytokine protein analysis ex vivo, cells were stimulated using the Cell Stimulation Cocktail (eBioscience), containing PMA/Ionomycin/Brefeldin‐A/monensin, for 4 hours at 37°C before staining. Intracellular staining was performed using IC fixation/permeabilization kit (eBioscience).

Flow cytometry analysis and cell sorting were performed using LSR Fortessa, FACS Aria flow cytometers (BD Biosciences) and Cytek Aurora (Cytek Biosciences). The percentage of ILC2s is gated in live CD45+Lineage− cells. Data analysis was done using FlowJo software (Tristar).



Sorting and In Vitro Culture of Lung ILC2s and γδ T Cells

For flow cytometric sorting, Lin-CD45+CD90.2+ST2+ ILC2s were sorted from the lungs of naive mice by FACSAria (BD Biosciences) or Beckman MoFlo Astrios EQ (Beckman Coulter Life Sciences, Indianapolis, IN, USA). The average purity of ILC2s is > 98%. In vitro culture of ILC2s was conducted as previously described (25). Sorted ILC2s were routinely grown in DMEM glutaMAX (Gibco) supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 1% hepes, sodium pyruvate, glutamine at 37°C. Lung ILC2s were plated in 96-well round-bottom plates with two densities (1.5 × 104 or 3.0 × 104 cells/well) in 10 ng/ml rmIL-2 (Biolegend, San Diego, CA, USA), 20 ng/ml rmIL-7 (Biolegend) and 20 ng/ml rmIL-33 (Biolegend) for 6 days. Before use, ILC2s were gently washed twice to remove residual rmIL-2, rmIL-7, and rmIL-33.

Lung γδ T cells were collected after flushing the lungs with 5 ml cold PBS through right ventricle to remove circulating cells. Fresh γδ T cells were enriched from lung by negative and positive selection using the TCRγ/δ+ T cell isolation Kit (Miltenyi Biotec, Gladbach Bergische, Germany), then CD45+CD3ϵ+TCR γδ+ γδ T cells were sorted by FACSAria (BD Biosciences) or Beckman MoFlo Astrios EQ (Beckman Coulter Life Sciences, Indianapolis, IN, USA). The average purity of γδ T cells is > 98%. In vitro culture of γδ T cells was conducted as previously described (26). Sorted γδ T cells were routinely grown in DMEM glutaMAX (Gibco) supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 1% hepes, sodium pyruvate, glutamine at 37°C. Lung γδ T cells were plated in 96-well round-bottom plates with a density of 5.0 × 103 cells/well, in 100 ng/ml rmIL-1β (Biolegend, San Diego, CA, USA) and 100 ng/ml rmIL-23 (Biolegend) to polarize IL-17A-producing γδ T cells (26–28).

For direct co-culture assays, sorted lung ILC2s were cultured with rmIL-2, rmIL-7 and rmIL-33 for 6 days to obtain mature ILC2s, then sorted lung γδ T cells were added to the each ILC2 well, in DMEM glutaMAX (Gibco) supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 1% hepes, sodium pyruvate, glutamine at 37°C. To maintain ILC2 survival, rmIL-7 (20 ng/ml) was included in all assays with ILC2s as well as controls, including when co-culturing with γδ T cells. ILC2s and γδ T cells were co-cultured for 48 hours before the next tests if not otherwise specified.

The following substances were added to cultures as indicated: NMU (1 or 10 μg/ml, Phoenix Pharmaceuticals), rmIL-1β (100 ng/ml; Biolegend), rmIL-23 (100 ng/ml; Biolegend), LPS (1 μg/ml; Sigma-Aldrich) plus TNF-α (20 ng/ml; Biolegend) were added to mimic sepsis stimulation (13).



Quantitative Real-Time PCR

Total RNA from sorted cells or tissues were extracted by RNeasy Plus Mini Kit (Qiagen, Germantown, MD, USA) or Trizol method (Thermo Fisher Scientific, Pittsburgh, PA, USA) and stored at -80°C for further analysis. Total RNA concentration was measured using a Nanodrop One spectrophotometer (Thermo Fisher Scientific, Pittsburgh, PA, USA). Total RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific, Pittsburgh, PA, USA) according to the protocol.

Quantitative PCR was conducted in triplicate on a CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) with TaqMan Gene Expression Master Mix (Applied Biosystems) using the following TaqMan Gene Expression Assays (Applied Biosystems): Nmu (Mm00479868_m1); Nmur1 (Mm00515885_m1); Il5 (Mm00439646_m1); Il9 (Mm00434305_m1); Il13 (Mm00434204_m1); Il17a (Mm00439618_m1).

Gene expression was normalized as n-fold difference to the gene Hprt1 (Mm00446968_m1) and S18 (Mm03928990_g1) for mouse according to the cycling threshold. Calculation of mRNA levels was performed with the CFX Manager Software version 3.1 (Bio-Rad).



Lung Homogenate Assays

For lung homogenate, the whole lung was snap frozen on dry ice homogenized in RIPA buffer (Sigma-Aldrich) containing 0.01% protease and phosphatase inhibitor cocktail (Thermo Scientific). The cell debris and tissue were removed by centrifugation at 19,000 g for 30 min at 4°C. The supernatant was collected for analysis of IL-17A (R&D System) by ELISA according to the manufacturer’s instructions.



Cytokine Measurements

Blood samples were collected, and plasma was obtained by centrifugation at 5,000 g for 20 min at 4°C. For determination of mouse IL-1β, IL-9, IL-17A and IL-23, Quantikine ELISA Kits from R&D Systems were used according to manufacturers’ instructions.



Gene Knockdown by CRISPR/Cas9 Technology

For CRISPR/Cas9-mediated gene knockdown, the following synthetic guide RNA (sgRNA) sequences were used: 5’-CGATATGCTGGTGCTCCTGG-3’ (targeting nmur1); 5’-GTGAGCGGACAGCTGTGTCA-3’ (targeting Il5); 5’-ATTGTACCACACCGTGCTAC-3’ (targeting Il9); 5’-CTTCGATTTTGGTATCGGGG-3’ (targeting Il13); 5’-AAUGUGAGAUCAGAGUAAU-3’ (non-target control) (ThermoFisher Scientific, USA). Ex vivo–expanded ILC2s were transfected with nmur1/Il5/Il9/Il13 CRISPR/Cas9 plasmid or its non-target control (NTC) in accordance with the manufacturer’s instructions. Transfected cells were cultured for 2 days before next step.



Statistical Analysis

Statistical analyses were done using GraphPad Prism 7.00 software (GraphPad Software, Inc., La Jolla, CA, USA). Survival differences were assessed using the Kaplan-Meier analysis followed by a log-rank test. Student’s t test or ANOVA was used in all other experiments. Data were expressed as mean ± SEM. A P value < 0.05 was considered statistically significant, and significance is presented as * P < 0.05, ** P < 0.01, *** P < 0.001, or **** P < 0.0001.




Results


Sepsis Induces IL-17A-Producing γδ T Cell Expansion and IL-17A Expression in the Lungs

Sepsis induced significant increases in plasma IL-17A levels, lung tissue Il17a mRNA expression, and IL-17A protein concentration (Figures 1A–C), which were consistent with the previous observations (29). Noteworthy, sepsis also induced a markedly increase in the percentage of lung IL-17A-producing cells (Figures 1D, E).




Figure 1 | Sepsis induces IL-17A-producing γδ T cell expansion and IL-17A expression in the lungs. Wild type (WT, C57BL/6J) mice were subjected to cecal ligation and puncture (CLP) to induce sepsis or sham surgery, plasma and lung tissue were then collected at different time points as indicated. (A) ELISA analysis of plasma IL-17A from CLP or sham mice (n = 4). (B) Real-time PCR detection of lung Il17a mRNA from mice at 24h after CLP or sham surgery (n = 4). Data were normalized by S18. (C) ELISA analysis of IL-17A protein in lung homogenates from CLP or sham mice (n = 4). Data were normalized by protein concentrations. (D) Representative flow cytometry plots for IL-17A expression within lung live CD45+ populations at 24h after CLP or sham surgery. The relative contribution of different cells (Lineage-ILCs, CD4+ T cells, CD8+ T cells, and γδ T cells) to lung IL-17A+ cells was determined. (E) The percentages of the IL-17A+ cell population within lung live CD45+ populations at 24h after CLP or sham surgery (n = 5). (F) Representative flow cytometry plots for ILC2 population within lung live CD45+Lineage- populations and IL-17A+ ILC2 population within ILC2 population at 24h after CLP or sham surgery. (G) The percentages of IL-17A+ ILC2 population within lung ILC2 population at 24h after CLP or sham surgery (n = 6). (H) Representative flow cytometry plots for ILC2 population within lung live CD45+IL-17A+ populations at 24h after CLP or sham surgery. (I–K) Representative flow cytometry plots (I), percentages (J), and numbers (K) of γδ T cells within lung live CD45+ populations at 24h after CLP or sham surgery (n = 3). All data are mean ± SEM, with symbols representing the values of individual mice. *P < 0.05, **P < 0.01, ***P < 0.001, or ****P < 0.0001, n.s., not significant. One-way ANOVA in (A, C); two-tailed Student’s t-test in (B, E, G, J, K).



Our previous study has shown that sepsis induces ILC2 expansion in the lungs (13). However, it was unknown whether ILC2s secrete IL-17A during sepsis, although it has been reported that in allergic conditions ST2+ nILC2s secrete IL-17A (17). We found that IL-17A-producing ILC2s were significantly upregulated in the lungs following the CLP procedure (Figures 1F, G). However, importantly, IL-17A-producing ILC2s only occupy 1~2% of total IL-17A-producing cells (Figure 1H).

Since multiple cell types, including lineage- ILCs, CD4+ T helper 17 (Th17) cells, CD8+ (Tc17) cells, and γδ T cells can produce and secret IL-17A (30), we then assessed the relative contribution of these cells to the elevated lung IL-17A in sepsis. Using the flow cytometry gating strategy, we found the γδ T cell lineage, but not lineage- ILCs, CD4+ T cells, and CD8+ T cells, are the major source of IL-17A (Figures 1D, H). This finding underscores the important role of γδ T cells in producing IL-17A in the lung in sepsis. We also found that the percentage and numbers of lung γδ T cells were significantly higher in the CLP group than that in the sham group (Figures 1I–K). Collectively, these findings suggest an important role for lung γδ T cells in producing and secretion of IL-17A in sepsis.



Sepsis Promotes NMU Expressions in the Lung and NMUR1 Expression in Lung ILC2s

NMU-NMUR1 signaling has been reported to play an important role in the regulation of inflammation in asthma and helminth infection models (19, 22). To determine the role of NMU-NMUR1 signaling in sepsis-induced inflammation, we measured the expression of NMU in the lungs and NMUR1 expression in ILC2s following CLP. The results show that sepsis markedly increased the expressions of nmu mRNA by ~2.4-fold and NMU protein by ~2.1-fold in the lungs (Figures 2A, B). We then collected ILC2s by flow sorting and treated the ILC2s with LPS + TNF-α to mimic a septic condition in vitro. We found that nmur1 mRNA expression in the ILC2s treated with LPS + TNF-α is significantly increased as compared to that in the PBS treated (control) group (Figure 2C).




Figure 2 | Sepsis promotes NMU expression in the lung and NMUR1 expression in lung ILC2s. (A, B) Real-time PCR (A) and western blot (B) detection of lung NMU expression from CLP or sham mice at 24h (n = 3). (C) Real-time PCR detection of nmur1 mRNA in sorted ILC2s under the treatment of LPS + TNF-α for 24h (n = 6). (D) Real-time PCR detection of nmur1 mRNA in three cell populations sorted from lung at 24h after CLP surgery (n = 3). All data are mean ± SEM, with symbols representing the values of individual mice. *P < 0.05, ****P < 0.0001, u.d., undetected. One-way ANOVA in (D); two-tailed Student’s t-test in (A–C). Densitometry of western blotting bands was quantified by ImageJ software (gray-scale band analysis) of three independent experiments, non-parametric Mann-Whitney U test.



Previous studies have shown that lung nmur1 is selectively expressed in ILC2s (22, 31). To determine this is also true in sepsis, we isolated lung cells from CLP mice, then categorized the cells into three populations, including ILC2s, γδ T cells, and other cells, using flow sorting, followed by measurement of nmur1 expression in these three populations using real-time qPCR. The results showed that nmur1 was specifically expressed by ILC2s, but not by γδ T cells and other cells (Figure 2D) (22, 31). These findings suggest that ILC2s are the major cell population to respond to the increased NMU expression in the lungs in sepsis.



NMU Promotes Lung IL-17A-Producing γδ T Cell Expansion

Based on the data shown above, we hypothesized that NMU might act through ILC2s to upregulate lung IL-17A-producing γδ T cells. To test this hypothesis, we intraperitoneally injected (i.p.) recombinant NMU into the CLP mice at 6 h before and 6 h after the CLP procedure (Figure 3A). We found that NMU significantly reduced the mortality of septic mice (Figure 3A). Furthermore, exogenous NMU increased the percentage of ILC2s (Figures 3B, C), IL-17A-producing cells (Figures 3D, E), and γδ T cells (Figures 3F, G) in the lungs of septic mice; whereas NMU administration did not alter the percentage of IL-17A+ ILC2s (Supplemental Figures A, B). Given that nmur1 is specifically expressed by ILC2s but not by γδ T cells, the increased γδ T cells in response to NMU is mediated through ILC2s.




Figure 3 | NMU promotes lung IL-17A-producing γδ T cell expansion. (A) Survival study of mice monitored for 72h after CLP or sham surgery. Mice received PBS or NMU (0.2 µg/g) at 6h before and after CLP (n = 5). (B, C) (B) Representative flow cytometry plots for ILC2 population within lung live CD45+Lineage- populations; (C) The percentages of ILC2s within lung live CD45+ populations at 24h after CLP or sham surgery. Mice received a single dose of NMU (1 µg/g) at 6h before CLP (n = 6). (D, E) Representative flow cytometry plots (D) and percentages (E) of the IL-17A+ cell population within lung live CD45+ populations at 24h after CLP or sham surgery. Mice received a single dose of NMU (1 µg/g) at 6h before CLP (n = 4). (F, G) Representative flow cytometry plots (F) and percentages (G) of γδ T cell population within lung live CD45+ populations at 24h after CLP or sham surgery. Mice received a single dose of NMU (1 µg/g) at 6h before CLP (n = 4). All data are mean ± SEM, with symbols representing the values of individual mice. *P < 0.05, **P < 0.01, ***P < 0.001. Kaplan–Meier analysis in (A) One-way ANOVA in (C) two-tailed Student’s t-test in (E, G).





ILC2s Mediate NMU-Induced Increase in Lung γδ T Cells

To determine the role of ILC2s in mediating NMU-induced upregulation of lung γδ T cells, we applied an in vitro ILC2s and γδ T cells coculture system. IL-17A was undetectable in the culture supernatant of the ILC2 alone group after NMU treatment (Supplemental Figure C). However, coculture of ILC2s and γδ T cells with the treatment of NMU resulted in significant increases in the number and percentage of γδ T cells (Figures 4A–C) and supernatant IL-17A concentrations (Figure 4D). NMU failed to induce γδ T cell expansion and IL-17A release in γδ T cell alone group (Figures 4A–D). More importantly, the supernatant IL-17A concentrations were further elevated in the ILC2-γδ T cell coculture group treated with NMU and LPS + TNF-α (Figure 4D).




Figure 4 | ILC2s mediate NMU-indued increase in lung γδ T cells. (A–D) Representative flow cytometry plots (A), numbers (B), percentages (C) of γδ T cell population, and ELISA analysis (D) of supernatant IL-17A in different groups. ILC2s and γδ T cells were co-cultured for 48h with or without NMU (10 μg/ml). IL-1β (100 ng/ml) and IL-23 (100 ng/ml) were added to polarize IL-17A-producing γδ T cells, LPS (1 μg/ml) plus TNF-α (20 ng/ml) were added to mimic sepsis stimulation (n = 4). (E, F) Numbers (E) of γδ T cell population and ELISA analysis (F) of supernatant IL-17A in groups co-cultured with different numbers of ILC2s. ILC2s and γδ T cells were co-cultured for 48 hours with NMU (10 μg/ml) (n = 4). (G, H) Representative flow cytometry plots (G) of γδ T cell population and ELISA analysis (H) of supernatant IL-17A in co-culture group with different concentrations of NMU (1 or 10 μg/ml). ILC2s and γδ T cells were co-cultured for 48h (n = 4). (I) Real-time PCR detection of nmur1 mRNA in ILC2s after nmur1 sgRNA transfection using CRISPR/Cas9 approach for 48h (n = 3). (J–M) Representative flow cytometry plots (J), numbers (K), percentages (L) of γδ T cell population, and ELISA analysis (M) of supernatant IL-17A in control and nmur1 knockdown groups. ILC2s and γδ T cells were co-cultured for 48h (n = 4). All data are mean ± SEM, with symbols representing the values of individual mice. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant. One-way ANOVA in (B–D); two-tailed Student’s t-test in (E, F, H, I, K–M).



To further establish the role of ILC2s in regulating γδ T cell expansion and IL-17A producing, we cocultured γδ T cells (5.0 × 103 cells) with different numbers of ILC2s (1.5 × 104 and 3.0 × 104 cells/well). After 48-hour coculture, the final numbers of γδ T cells in the group co-cultured with 3.0 × 104 ILC2s/well were ~3.2-fold higher than that in the group cocultured with 1.5 × 104 ILC2s/well (Figure 4E); and the supernatant IL-17A concentrations of 3.0 × 104 ILC2s/well group were also significantly higher than that of 1.5 × 104 ILC2s/well group (Figure 4F). In addition, we treated the cocultures with different NMU concentrations (1 μg/ml and 10 μg/ml) but fixed the number of ILC2s (1.5 × 104 cells/well). We found that higher NMU concentration (10 μg/ml) induced higher numbers of γδ T cells and higher IL-17A levels as compared to the group treated with lower NMU concentration (1 μg/ml) (Figures 4G, H). These results further suggested that ILC2s mediate NMU-induced γδ T cell expansion and IL-17A production.

To confirm the role of NMUR1 in ILC2s in transducing NMU signaling, we knocked down nmur1 in ILC2s using the CRISPR/Cas9 approach, which was confirmed by RT-PCR, as shown in Figure 4I. Knockdown of nmur1 significantly attenuated γδ T cell expansion in response to NMU in the co-culture system (Figures 4J–L), and decreased IL-17A production (Figure 4M).



IL-9 Mediates ILC2 Regulation of γδ T Cell Expansion and IL-17A Production

Next, we wanted to identify the possible mediators that mediate the ILC2 regulation of γδ T cells in the co-culture system. Previous studies have shown that IL-1β and IL-23 can polarize γδ T cells to produce IL-17A (26–28, 32). Thus, we measured the supernatant levels of IL-1β and IL-23 and found that the concentrations of both cytokines were not changed in all groups of ILC2 cultures (Supplemental Figures D, E).

Our previous studies have shown that ILC2-derived IL-9 serves as an important mediator in the interaction between ILC2s and lung endothelial cells (13). Reports also showed that NMU can induce ILC2s to secrete IL-9 (18, 22), and IL-9/IL-9R signaling regulates γδ T-cell activation (33). In our current coculture experiments of ILC2 with γδ T cells, we observed a significant increase in supernatant IL-9 in response to treatment with NMU and LPS + TNF-α (Figure 5A). We further found that in cocultures of nmur1 knockdown ILC2s with γδ T cells, supernatant IL-9 levels were remarkably lower than that in cocultures of WT ILC2 with γδ T cells (Figure 5B). In order to further determine the role of IL-9 in mediating γδ T cell activation, we knocked down IL-9 in ILC2s using a CRISPR/Cas9 approach. The efficiency of Il9 knockdown was confirmed by detecting culture supernatant IL-9 using ELISA (Figure 5C). Coculture of Il9 knockdown ILC2s with γδ T cells resulted in lower γδ T cell expansion (Figures 5D–F) and lower levels of supernatant IL-17A (Figure 5G).




Figure 5 | IL-9 mediates ILC2 regulation of γδ T cell expansion and IL-17A production. (A) ELISA analysis of supernatant IL-9 in different groups (n = 3). ILC2s and γδ T cells were co-cultured for 48h with or without NMU (10 μg/ml). (B) ELISA analysis of supernatant IL-9 in groups after nmur1 sgRNA transfection using CRISPR/Cas9 approach for 48h and then co-cultured with γδ T cells for 48h (n = 4). (C) ELISA analysis of supernatant IL-9 in groups after Il9 sgRNA transfection using CRISPR/Cas9 approach for 48h (n = 4). (D–G) Representative flow cytometry plots (D), numbers (E), percentages (F) of γδ T cell population, and ELISA analysis (G) of supernatant IL-17A in control and Il9 knockdown groups. ILC2s and γδ T cells were co-cultured for 48h (n = 4). All data are mean ± SEM, with symbols representing the values of individual mice. *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA in (A); two-tailed Student’s t-test in (B, C, E, F, G).



To determine if other ILC2-derived cytokines are also involved in mediating the interaction between ILC2s and γδ T cells, we knocked-down IL-5 and IL-13 in ILC2s using the CRISPR/Cas9 method, respectively. We found that the knockdown of IL-5 and IL-13 in ILC2s did not affect γδ T cell expansion and IL-17A production in the co-culture system (data not shown).

Collectively, the data demonstrate an important role for IL-9 in mediating ILC2 regulation of γδ T cell expansion, activation, and subsequent production of IL-17A.




Discussion

Emerging data suggested the important role of IL-17A in the regulation of inflammation (4–6, 34–36). Although most of the reports have shown that IL-17A plays a beneficial role in improving inflammation (7–10, 35, 36), several studies demonstrated detrimental effects of IL-17A in the development of inflammation (37–40). This ambiguity in the current literature, coupled with the fact that studies on the mechanism of regulation of IL-17A production in sepsis-induced lung injury are lacking, highlights the need for further elucidating how is lung IL-17A regulated and what is the role for IL-17A in the development of ALI and systemic inflammation following sepsis. In this study, we demonstrate that sepsis-induced NMU acting through NMUR1 on lung ILC2s initiates the ILC2 activation, which, in turn, promotes IL-17A-producing γδ T cell expansion and secretion of IL-17A. ILC2-derived IL-9 plays an important role in mediating γδ T cell expansion and IL-17A production.

ILC2s play an important role in bridging innate and adaptive immunities and are functionally similar to polarized Th2 cells (41). ILC2s serve as a potent player in maintaining mucosal homeostasis and host defense against infection in the septic lung (41–43). Regulation of ILC2 activation is multifaceted (44). Recently, the neuronal regulation of ILC2s has been reported (41). Various neuropeptides such as substance P, VIP, CGRP, NMU, and NMB were found to modulate ILC2s. Yet, the mechanism underlying neuronal regulation of ILC2s in sepsis remains unclear. NMU is mainly released by cholinergic sensory neurons originating from the dorsal root ganglion (DRG), but not parasympathetic neurons in the vagal ganglion (41, 45). NMU is also occasionally secreted by some antigen-presenting cells, including monocytes, B cells, and dendritic cells (46). Thus, it is suggested to play an important role in the regulation of adaptive and innate immunity. Recent studies reported that NMU from lamina propria plays a regulatory role in mice type 2 innate immunity through binding to the Nmur1, which is selectively enriched in ILC2s, and NMU-expressing neurons are close vicinity to ILC2s in the lungs (18, 19, 22). In a mice model of worm infection in the lungs and intestine, stimulation of ILC2s with NMU led to strong and immediate production of tissue protection and innate inflammatory cytokines in an NMUR1-dependent manner, thereby alleviating worm burden (18). The report also showed that NMU-activated ILC2s increase the number of lung eosinophils and mast cells, thus alleviating antihelminth responses (18, 19, 22). In this study, we discovered that the lung expression of NMU is elevated during sepsis, and NMU receptor NMUR1 is selectively expressed in the lung ILC2s. This finding suggests an important role for ILC2s as an executive cell population to mediate NMU-regulated downstream events in the lung during sepsis. Indeed, we found in our current study that NMU-induced γδ T cell expansion, activation, and IL-17A production requires ILC2s in the coculture system, and numr1 deletion in ILC2s disabled NMU-induced γδ T cell activation.

Unlike conventional αβ T cells, γδ T cells are special T cells that exhibit distinctive antigen recognition patterns different from those of αβ T cells and have different functional subsets, defined by the several usages of Vδ and Vγ gene repertoire (47, 48). Antigen processing is not required for γδ T cells to recognize an infection, since γδ T cells can quickly react to various antigens via innate surface receptors (49–52) and secret high levels of IL-17A and IFN-γ, both are signature cytokines of γδ T cells (53–57). γδ T cells are a major innate source of IL-17A in the mouse and occupy mostly barrier surfaces, such as the skin and mucosa, as well as secondary lymphoid organs (58, 59). γδ T cells play critical roles in the regulation of inflammation in mouse sepsis model (36, 60–64). The accumulation of γδ T cells in the lungs of CLP mice associates beneficial outcomes of septic mice (60, 61). The protective functions of γδ T cells during experimental sepsis have been attributed to the production of IL-17A, which improves bacterial clearance and triggers neutrophil recruitment (36, 65–67).

ILC2s and γδ T cells share several similarities. γδ T cells are also considered as a bridge linking innate and adaptive immune systems. A recent study showed that tissue-resident lung ILC2s have TCRγ gene rearrangements similar to γδ T cells under steady-state conditions. Rearranged TCRγ gene in ILC2s is nonfunctional and aberrant, and thus, it is suggested that ILC2s may arise from failed γδ T cell development (68). Given the similarities between ILC2s and γδ T cells in the immune system, we aimed to gain an insight into the interaction between ILC2s and γδ T cells, particularly, pertaining to the precise regulation of lung IL-17A production in sepsis, as the source of IL-17A is controversial. The data from the current study showed that ILC2s can secret IL-17A. However, IL-17A-producing ILC2s only occupy ~2% of total IL-17A-producing cells. ILC2s are not the major source of IL-17A in the lung in sepsis. Our results then showed that ILC2s increase the number of IL-17A-producing γδ T cells, which associate with increased IL-17A secretion. These ILC2s-induced increases can be further exacerbated by NMU and LPS + TNF-α septic treatment. These results establish a determinate role for ILC2s in upregulation of γδ T cell expansion and production of IL-17A in the lung in sepsis.

Recently, IL-9 has been reported to be involved, either beneficially or deleteriously, in the pathogenesis of some diseases related to inflammation (69, 70). ILC2 is the main source of IL-9 in mouse lung tissue in physiological or inflammatory circumstances (71). Our data showed that the knockdown of Il9 in ILC2s decreases the number of IL-17A-producing γδ T cells, which associates with decreased IL-17A secretion, in response to NUM and LPS + TNF-α. These findings strongly suggest a role for IL-9 in mediating the ILC2 regulation of IL-17A-producing γδ T cell expansion and secretion of IL-17A.

In summary, this study shows that NMU acting through NMUR1 on lung ILC2s initiates the ILC2 activation, which, in turn, promotes IL-17A-producing γδ T cell expansion and IL-17A secretion. ILC2-derived IL-9 plays an important role in mediating γδ T cell expansion and IL-17A production. This study explores a new mechanism underlying neuronal regulation of innate immunity in sepsis.
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Introduction

In the immunology of sepsis microcirculatory and mitochondrial dysfunction in the gastrointestinal system are important contributors to mortality. Hydrogen sulfide (H2S) optimizes gastrointestinal oxygen supply and mitochondrial respiration predominantly via K(ATP)-channels. Therefore, we tested the hypothesis that sodium thiosulfate (STS), an inducer of endogenous H2S, improves intestinal and hepatic microcirculation and mitochondrial function via K(ATP)-channels in sepsis.



Methods

In 40 male Wistar rats colon ascendens stent peritonitis (CASP) surgery was performed to establish sepsis. Animals were randomized into 4 groups (1: STS 1 g • kg-1 i.p., 2: glibenclamide (GL) 5 mg • kg-1 i.p., 3: STS + GL, 4: vehicle (VE) i.p.). Treatment was given directly after CASP-surgery and 24 hours later. Microcirculatory oxygenation (µHBO2) and flow (µflow) of the colon and the liver were continuously recorded over 90 min using tissue reflectance spectrophotometry. Mitochondrial oxygen consumption in tissue homogenates was determined with respirometry. Statistic: two-way ANOVA + Dunnett´s and Tukey post - hoc test (microcirculation) and Kruskal-Wallis test + Dunn’s multiple comparison test (mitochondria). p < 0.05 was considered significant.



Results

STS increased µHbO2 (colon: 90 min: + 10.4 ± 18.3%; liver: 90 min: + 5.8 ± 9.1%; p < 0.05 vs. baseline). Furthermore, STS ameliorated µflow (colon: 60 min: + 51.9 ± 71.1 aU; liver: 90 min: + 22.5 ± 20.0 aU; p < 0.05 vs. baseline). In both organs, µHbO2 and µflow were significantly higher after STS compared to VE. The combination of STS and GL increased colonic µHbO2 and µflow (µHbO2 90 min: + 8.7 ± 11.5%; µflow: 90 min: + 41.8 ± 63.3 aU; p < 0.05 vs. baseline), with significantly higher values compared to VE. Liver µHbO2 and µflow did not change after STS and GL. GL alone did not change colonic or hepatic µHbO2 or µflow. Mitochondrial oxygen consumption and macrohemodynamic remained unaltered.



Conclusion

The beneficial effect of STS on intestinal and hepatic microcirculatory oxygenation in sepsis seems to be mediated by an increased microcirculatory perfusion and not by mitochondrial respiratory or macrohemodynamic changes. Furthermore, the effect of STS on hepatic but not on intestinal microcirculation seems to be K(ATP)-channel-dependent.
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Introduction

Sepsis and the consecutive multiorgan dysfunction syndrome (MODS) are still a major burden in critical care medicine (1). To prevent MODS, it is of increasing clinical interest to maintain gastrointestinal as well as liver microcirculatory and mitochondrial function and thereby ensure adequate organ performance (2, 3). Insufficient blood supply might lead to gastrointestinal barrier failure with translocation of bacteria and toxins in the blood and lymph system, hypoxic hepatitis and a dysfunctional immune response thereby increasing patients’ mortality (4, 5).

In this context, hydrogen sulfide (H2S), a gaseous mediator, gained growing attraction in the therapy of microcirculatory and mitochondrial organ dysfunction (6). For example, exogenous H2S increased intestinal blood flow, reduced mesenteric ischemia and preserved LPS-induced organ injury and death in experimental animal models (7, 8). Furthermore, H2S can maintain mitochondrial function in sepsis as well as in ischemia-reperfusion models and reduce oxygen-consumption to protect cellular integrity (6, 9, 10). Thereby, the vasoactive and the mitochondrial effect of H2S seems to be K(ATP)-channel-dependent (11–13).

However, administering gaseous H2S in a clinical setting remains difficult. A simple technique to elevate H2S-levels is the application of sodium thiosulfate (STS). STS increases endogenic H2S concentration via enzymes, especially under ischemic conditions (14, 15). Thereby, STS can be administered intravenously and in the experimental setting also intraperitoneally and is standardly used in humans to treat calciphylaxis, cyanide intoxication as well as in the prevention of ototoxicity during cisplatin treatment (16–18). However, recent experimental studies have also shown that STS preserves mitochondrial function in ischemic hearts and improves survival in endotoxic mice, mainly mediated due to H2S (8, 19). Nevertheless, data for the gastrointestinal effect of STS under septic conditions are missing and it remains unclear if this potential effect of STS is also K(ATP)-channel-dependent.

Therefore, we conducted this randomized, placebo-controlled, blinded trial in septic rats to evaluate the effects of STS and glibenclamide on the intestinal as well as hepatic microcirculation and mitochondrial function.



Materials and Methods

All parts of this study were performed in accordance with NIH guidelines for animal care and reported in accordance with the ARRIVE guidelines. Experiments started after approval from the local Animal Care and Use Committee (Landesamt für Natur, Umwelt und Verbraucherschutz, Recklinghausen, Germany, Az. Az. 84-02.04.2015.A538).


Surgical Induction of Sepsis

The animals were derived from the breeding facility of the Heinrich-Heine-University Duesseldorf. 48 male Wistar rats (320 - 380 g body weight) were randomly assigned to one of the 4 experimental groups (Figure 1). However, 8 animals died within 24 hours after induction of sepsis, so experiments were performed in 40 rats (n = 10). It is of note, that there was no statistically relevant difference between the groups concerning death within the first 24 hours. The experiments started at 8:00 a.m. in the research laboratory of the Heinrich-Heine-University Duesseldorf, Dept. of Anesthesiology. Colon ascendens stent peritonitis (CASP)-surgery was performed with two 16-gauge PVC to develop sepsis using an established protocol as described previously (20) (21). Our previous studies demonstrate this model to be adequate to induce moderate sepsis in contrast to irreversible septic shock models. Anesthesia was induced and maintained by sevoflurane (3.0-3.2 % end-expiratory concentration, FiO2 0.5) and buprenorphine (0.05 mg • kg-1, s.c.). A 2 cm-long median laparotomy was performed, the colon was located and penetrated 1 cm distal to the ileocecal valve with two 16-gauge PVC (Vasofix safety, B. Braun Melsungen AG, Melsungen, Germany). The inner needles were withdrawn, allowing constant fecal leakage into the abdominal cavity to develop abdominal sepsis. The intestine was carefully returned and the abdominal wall was closed. Afterwards, animals received vehicle (1.75 ml crystalloid fluid (Jonosteril Fresenius Kabi, Bad Homburg, Germany) and 1 ml DMSO (Dimethyl sulfoxide D8418, Sigma-Aldrich, Taufkirchen, Germany)), sodium thiosulfate (1.0 g • kg-1, i.p., sodium thiosulfate (in Jonosteril) 217263, Sigma-Aldrich, Taufkirchen, Germany) and glibenclamide (5 mg • kg-1, i.p. (in DMSO), glybenclamide G0639, Sigma-Aldrich, Taufkirchen, Germany) or both. The same treatment was applied 24 h after sepsis induction. The investigator was blinded to the treatment.




Figure 1 | Experimental protocol. Colon ascendens stent peritonitis (CASP)-surgery was carried out 24 h before the experiment. Intraperitoneally treatment with vehicle (VE), sodium thiosulfate (STS), glibenclamide (GL) or sodium thiosulfate + glibenclamide (STSGL) was carried out after CASP surgery and directly before the experiment.



After CASP-surgery, animals were kept individually in separate plastic cages at a 12-h light/dark cycle with free access to water and food under controlled temperature (24 ± 2°C) and humidity (50% ± 5%). Buprenorphine (0.05 mg • kg-1 s.c.) was applied at 8 h and 16 h after surgery. As described previously, animals were examined and scored every 6 h according to a defined protocol (Septic Rat Severity Score: SRSS) to determine the severity of sepsis and to monitor the animals with respect to their welfare (loss of body weight, appearance, spontaneous behavior, provoked behavior, breathing rate, expiratory breathing sound, abdominal palpation and condition of droppings) (22, 23). Animals with unjustifiable suffering equivalent to a scoring of more than 10 points were euthanized. The scoring of all animals was performed by the same investigator.



Assessment of the Microcirculation

24 h after induction of sepsis, the animals were anesthetized by pentobarbital sodium injection (60 mg • kg -1 body weight i.p.) and buprenorphine (0.05 mg • kg-1 s.c.). Animals were placed on a heating pad, tracheotomized and mechanically ventilated in a volume-controlled, pressure-limited mode (70 min -1, VT 1.6 – 2.0 ml, PAW < 17 cm • H2O, FiO2 = 0.3, Vent Elite, Harvard Apparatus GmbH, March-Hugstetten, Germany). During the experiment 120 µl blood were extracted intermittently (baseline, 45 min, 90 min) for blood gas analysis (BGA) (ABL 800 flex, Radiometer, Copenhagen, Denmark) to check for normocapnic ventilation (paCO2 target value 38 ± 5 mmHg), sufficient oxygenation (paO2 target value 120 – 150 mmHg) and lactate measurement. If the paCO2 or oxygenation target values were not achieved, ventilation or FiO2 were adjusted. To ensure continuous anesthesia, an external jugular vein catheter was established for continuous pentobarbital infusion (10 mg • kg−1 • h−1). Blood pressure and heart rate were measured in the left arteria carotis communis. A continuous infusion of crystalloid solution (4 ml • h-1) was applied via the arterial access for volume replacement and to prevent blood coagulation.

The animals were re-laparotomized and a flexible light guide probe (O2C LW 2222, Lea Medizintechnik GmbH, Gießen) was placed on the tunica serosa of the colon ascendens, 1 cm distal to the stent and on the left lobe of the rat liver. Microcirculatory oxygenation (µHBO2) and perfusion (µflow) were measured as previously described via reflectance spectrophotometry and laser Doppler flowmetry (20). White light (450-1000 nm) and laser light (820 nm, 30 mW) were transmitted to the tissue (colonic wall and liver parenchyma) via a micro-light guide with a penetration depth of 0.7 mm and the reflected light was analyzed. The wavelength-dependent and overall absorption of the applied white light is used to calculate the percentage of oxygenated hemoglobin in the microcirculation (µHbO2). Due to the Doppler effect, magnitude and frequency distribution of changes in wavelength are proportional to the number of blood cells multiplied by the measured mean velocity (µvelo) of these cells. This product is proportional to flow (µflow) and expressed in arbitrary perfusion units (aU). Hence, this method allows the assessment and comparison of oxygenation and perfusion of the examined region at the same time. Only the microcirculation is measured as light entering vessels bigger than 100 µm is completely absorbed. The biggest fraction of the blood volume is stored in venous vessels (85%), so predominantly postcapillary oxygenation respectively mixed liver blood are measured, which represents the critical partial pressure of oxygen (pO2) for hypoxia (24). Online evaluation of the signal quality throughout the experiments allows verification of the correct position of the probe tip. The μHbO2 and the µflow values reported are the means of the last 5 min every 30 min, beginning at baseline (Figure 1).

Thus, 4 different groups of septic animals were analyzed: animals with vehicle-infusion (VE), animals with sodium thiosulfate pretreatment (STS), animals with glibenclamide pretreatment (GL), animals with sodium thiosulfate and glibenclamide pretreatment (STSGL) (Figure 1). At the end of the experiments, the animals were euthanized by exsanguination under deep anesthesia and liver and colon tissue samples were harvested.



Preparation of Liver and Colon Homogenates

Liver and colon homogenates were prepared as described previously (23, 25, 26). Briefly, liver tissue was placed in 4°C cold isolation buffer, minced into 2-3 mm3 pieces, rinsed twice in isolation buffer to remove traces of blood and homogenized (Potter-Elvehjem, 5 strokes, 2000 rpm).

Freshly harvested colon was squeezed out to remove faces, then placed in 4°C cold isolation buffer, quickly longitudinally opened and dried softly with a cotton compress. After treatment with trypsin for 5 minutes on ice, tissue was placed in 4°C isolation buffer containing 20 mg/ml BSA and protease inhibitors (cOmplete™ Protease Inhibitor Cocktail, Roche Life Science, Mannheim, Germany), minced into 2-3 mm3 pieces and homogenized (Potter-Elvehjem, 5 strokes, 2000 rpm).

Protein concentration in the tissue homogenates was determined using the Lowry method with bovine serum albumin as a standard (27).



Measurement of Mitochondrial Respiratory Rates

For measurement of the mitochondrial oxygen consumption, the oxygen uptake rate was measured at 30°C using a Clark-type electrode (model 782, Strathkelvin instruments, Glasgow, Scotland) as described before (22, 25, 26). Tissue homogenates were suspended in respiration medium (130 mM KCl, 5 mM K2HPO4, 20 mM MOPS, 2.5 mM EGTA, 1 µM Na4P2O7, 0.1% BSA for liver and 2% BSA for colon, pH 7.15) to yield a protein concentration of 4 mg/ml or 6 mg/ml for liver and colon, respectively.

Mitochondrial state 2 respiration was recorded in the presence of either complex I substrates glutamate and malate (both 2.5 mM, G-M) or complex II substrate succinate (10 mM for liver, 5 mM for colon, S).

The maximal mitochondrial respiration in state 3 was measured after addition of ADP (250 µM for liver, 50 µM for colon). The respiratory control index (RCI) was calculated (state 3/state 2) to define the coupling between the electron transport system and oxidative phosphorylation. To reflect the efficacy of oxidative phosphorylation, the ADP/O ratio was calculated from the amount of ADP added and O2-consumption. The average oxygen consumption was calculated as mean from 3 technical replicates.

The solubility of oxygen was assumed to be 223 μmol O2 • l-1 at 30°C according to the Strathkelvin instruments manual. Respiration rates were expressed as nmol/min/mg protein.

Mitochondria were checked for leakage by addition of 2.5 µM cytochrome c and 0.05 µg/ml oligomycin. Absence of an increase in flux after addition of cytochrome c indicated integrity of the mitochondrial outer membrane. When ATP synthesis was inhibited by oligomycin, the mitochondria were transferred to the state 2, which reflects the respiration rate compensating the proton leak. These results indicate that the inner membrane is intact, and mitochondria were not damaged through the preparation procedure.



Statistical Analysis

To calculate the appropriate sample size an a priori power analysis (G*Power Version 3.1.7, University of Dusseldorf, Germany) was performed. With n = 10 animals per group at a given α ≤ 0.05 (two-tailed) and an expected mean difference in μHbO2 of at least 20% (percentage points) with an expected standard deviation of 10 – 15% (based on previous studies) a power of 84.5% resulted.

Normal distribution of data was assessed and confirmed in Q-Q- plots (IBM SPSS Statistics, International Business Machine Corp., Armonk, New York, USA) for microcirculatory data and in Kolmogorov/Smirnov test for mitochondrial results. Microcirculatory data were analyzed with a two-way ANOVA for repeated measures, followed by Dunnett´s post - hoc test for differences versus baseline, and Tukey post-hoc test for differences between groups. For mitochondrial data we used a Kruskal-Wallis test for non-parametric data followed by Dunn’s multiple comparison test (GraphPad software v 6.0, Int., La Jolla, USA). Data are presented as means ± SD for parametric data and as medians, interquartile range (IQR), minimum and maximum for non-parametric data. p < 0.05 was considered significant.

Wherever delta values are presented, the absolute baseline value was subtracted from the absolute value at the respective observation points to individualize the data to each rat’s baseline.




Results

Table 1 and Figures 2, 3 summarize the effects of intraperitoneal sodium thiosulfate injection as well as glibenclamide on systemic hemodynamics as well as colonic and liver microcirculation in sepsis. Furthermore, Figures 4, 5 summarize the effect on mitochondria.


Table 1 | Physiological data and SRSS.






Figure 2 | Intestinal microcirculation in septic animals. Effect of sodium thiosulfate (STS), glibenclamide (GL), sodium thiosulfate + glibenclamide (STSGL) or vehicle (VE) on (A) colonic microcirculatory oxygenation (µHBO2) and (B) colonic microcirculatory flow (µflow). Δ µHBO2 [%] and Δ µflow [aU] over time calculated to baseline (means ± SD). # = p < 0.05 versus baseline (Two-way ANOVA followed by Dunnett´s post - hoc test)  ⎴ between groups (Two-way ANOVA followed by Tukey post – hoc test); n = 10.






Figure 3 | Hepatic microcirculation in septic animals. Effect of sodium thiosulfate (STS), glibenclamide (GL), sodium thiosulfate + glibenclamide (STSGL) or vehicle (VE) on (A) hepatic microcirculatory oxygenation (µHBO2) and (B) hepatic microcirculatory flow (µflow). Δ µHBO2 [%] and Δ µflow [aU] over time calculated to baseline (means ± SD). # = p < 0.05 versus baseline (Two-way ANOVA followed by Dunnett´s post - hoc test) ⎴ between groups (Two-way ANOVA followed by Tukey post – hoc test); n = 10.






Figure 4 | Intestinal mitochondrial function in septic animals. Effect of sodium thiosulfate (STS), glibenclamide (GL) and sodium thiosulfate/glibenclamide (STSGL) compared to control (vehicle: VE) on mitochondrial function of colonic tissue homogenates from septic rats: respiratory control index (RCI) for complex I (A) and complex II (C) and ADP/ratio for complex I (B) and complex II (D). Data are presented as Box-Whisker-Plots presenting median, interquartile range, minimum and maximum value, n=10,.






Figure 5 | Hepatic mitochondrial function in septic animals. Effect of sodium thiosulfate (STS), glibenclamide (GL) and sodium thiosulfate/glibenclamide(STSGL) compared to control (vehicle: VE) on mitochondrial function of hepatic tissue homogenates from septic rats: respiratory control index (RCI) for complex I (A) and complex II (C) and ADP/ratio for complex I (B) and complex II (D). Data are presented as Box-Whisker-Plots presenting median, interquartile range, minimum and maximum value, n=10,.



24 h after CASP-surgery, baseline values as well as SRSS scores did not differ significantly between the groups (Table 1).


Effect of Intraperitoneal Sodium Thiosulfate on Microcirculation in Septic Animals (STS)

STS increased colonic µHbO2 compared to baseline (60 min: + 9.6 ± 10.5%, 90 min: + 10.4 ± 18.3%; p < 0.05 vs. baseline). Colonic µHbO2 with STS injection was significantly higher compared to septic animals with vehicle (VE) and glibenclamide (GL) injection (Figure 2). Furthermore, sodium thiosulfate ameliorated colonic µflow compared to baseline (60 min: + 51.9 ± 71.1 aU; p < 0.05 vs. baseline) and also compared to septic animals with vehicle (VE) and glibenclamide (GL) injection (Figure 2).

Sodium thiosulfate enhanced hepatic µHbO2 compared to baseline (30 min: + 5.5 ± 10.1%, 90 min: + 5.8 ± 9.1%; p < 0.05 vs. baseline) as well as compared to septic animals with vehicle (VE) and glibenclamide (GL) injection (Figure 3). Hepatic µflow was increased due to sodium thiosulfate compared to baseline (60 min: + 17.8 ± 14.1 aU, 90 min: + 22.5 ± 20.0 aU; p < 0.05 vs. baseline) and significantly increased compared to all other groups (STS vs. VE; GL; STSGL) (Figure 3).

MAP, HR and lactate remained unchanged in septic animals after sodium thiosulfate injection. There was also no significant change between groups (Table 1).



Effect of Intraperitoneal Sodium Thiosulfate and Glibenclamide on Microcirculation in Septic Animals (STSGL)

The combination of sodium thiosulfate and glibenclamide increased colonic µHbO2 compared to baseline (60 min: + 7.6 ± 12.0%, 90 min: + 8.7 ± 11.5%; p < 0.05 vs. baseline) and µHbO2 was significantly higher compared to septic animals with vehicle (VE) and glibenclamide (GL) injection (Figure 2). Besides, sodium thiosulfate in combination with glibenclamide increased colonic µflow compared to baseline (60 min: + 35.2 ± 62.6 aU, 90 min: + 41.8 ± 63.3 aU; p < 0.05 vs. baseline) and also compared to septic animals with vehicle (VE) (Figure 2).

In contrast to colonic microcirculation, hepatic µHbO and µflow did not change after the combined application of sodium thiosulfate and glibenclamide compared to baseline (Figure 3). Likewise, there were no significant changes of hepatic µflow compared to baseline (Figure 3).

MAP, HR and lactate remained unchanged in septic animals with sodium thiosulfate and glibenclamide injection. There was also no significant change between groups (Table 1).



Effect of Intraperitoneal Glibenclamide on Microcirculation in Septic Animals (GL)

Glibenclamide did not change colonic and hepatic µHbO2 compared to baseline (Figures 2, 3). In addition, there were no significant changes of colonic or hepatic µflow compared to baseline (Figures 2, 3).

MAP, HR and lactate remained unchanged after glibenclamide injection (Table 1).



Effect of Vehicle on Microcirculation in Septic Animals (VE)

In septic animals with vehicle injection there were no significant changes of colonic µHbO2 compared to baseline, whereas hepatic µHbO2 declined (60 min: - 8.7 ± 13.5%; 90 min: - 9.1 ± 12.3%; p < 0.05 vs. baseline) (Figures 2, 3). Colonic as well as hepatic µflow remained unaltered over the observation period of 90 min (Figures 2, 3).

MAP, HR and lactate remained unchanged in septic animals with vehicle injection (Table 1).



Effect of Intraperitoneal Sodium Thiosulfate and Glibenclamide on Mitochondrial Function in Septic Animals

None of the used substances (applied alone or in combination) affected mitochondrial respiration. There were no statistical differences between control and treated groups regarding RCI and ADP/O ratio after stimulation of the respiratory chain through complex I and II in colonic (Figure 4) and hepatic (Figure 5) mitochondria.




Discussion

This study was carried out to evaluate the effect of STS without and with blockade of K(ATP)-channels using glibenclamide on intestinal as well as hepatic microcirculation and mitochondrial function under septic conditions. The main results are:

	i) STS ameliorates intestinal microcirculatory oxygenation in septic animals mainly due to improved microcirculatory blood supply. This effect is independent of K(ATP)-channels.

	ii) STS also enhances hepatic microcirculatory oxygenation due to improved microcirculatory blood supply. This enhancement seems to be K(ATP)-channel-dependent.

	iii) The impact of STS on the intestinal as well as hepatic microcirculation is not mediated by changes in macrohemodynamic variables.

	iv) STS does not change mitochondrial function in the intestine and the liver in septic animals.



To investigate the effect of STS and a possible involvement of K(ATP)-channels in septic animals, we used the CASP-model. This well-established experimental sepsis model is one of the closest models to imitate human sepsis with abdominal focus (21). The observed mortality rate of 17% in this study and the SRSS scores are similar to own previous reports and reflect the moderate severity of our sepsis model (20, 21). However, it is of note that animals did not suffer from hypotension or elevated lactate levels as one would expect in septic shock. Thereby, the moderate sepsis model allows to start a therapeutic approach before the development of septic shock and in this way to investigate the early sepsis-induced microcirculatory alterations of the gastrointestinal system (21, 28). Besides, it is of note that an important limitation of the current study is that there is no control group to estimate how severe the sepsis-induced microcirculatory changes are compared to sham operated animals. However, as stated above, the animals showed clear signs of infection: visible peritonitis, SRSS, mortality rate, significantly higher cytokine plasma levels and leucocyte counts compared to sham (as shown in previous studies with the same sepsis model (20, 21). Furthermore, we have already shown in a previous study that induction of a milder sepsis (CASP operation with one 18G-stent) led to a significant deterioration of intestinal microcirculatory oxygenation compared to sham operated animals. Thus, factors such as surgical trauma and related inflammation, impact of the anesthetics etc. can be ruled out (20). Therefore and also to be in accordance with the 3 R tenet of the ARRIVE guidelines we have decided against a control group.

Sepsis induced microcirculatory alterations of the colon and the liver were analyzed via reflectance spectrophotometry and laser doppler to simultaneously assess oxygenation and flow (20). This method has been validated in various tissues and is used in different experimental and clinical studies (20, 24, 29–32). Especially under septic conditions reflectance spectrophotometry and laser doppler are valuable analyzing tools, as they measure mainly the postcapillary area and changes in this area correlate with outcome in septic patients (33, 34). It is important to acknowledge that the O2C signal averages the whole catchment area and does not provide spatial resolution. This technique is therefore limited in assessment of capillary density or heterogeneity of blood flow. However, an experimental sepsis study could show that amelioration of intestinal oxygenation improves intestinal barrier function and reduces mucosal cell death as indirect outcome parameters, which further underlines the diagnostic relevance of this technique (35).

We decided to assess mitochondrial respiration in tissue homogenates rather than in isolated mitochondria in order to avoid the disadvantages of the isolating procedure (36, 37). Furthermore, to exclude a potential mitochondrial damage due to the preparation procedure, we verified the integrity of the mitochondrial inner and outer membranes.

The dosage of STS used in this study is adapted from the literature (8). Tokuda et al. observed after 2.0 g • kg-1 STS i.p. a significantly improved survival rate of septic mice. In their study STS was given after sepsis induction. We applied a dosage of 1.0 g • kg-1 STS i.p. at two time points, immediately after sepsis induction and after 24 hours, to include an immediate effect of STS on gastrointestinal microcirculation. Furthermore, we used glibenclamide to investigate if the STS effect is K(ATP)-channel-dependent. Glibenclamide is widely and successfully used as a K(ATP)-channel-blocker in the literature (13, 38–40).

With this study design, we could demonstrate that STS ameliorates intestinal as well as hepatic microcirculatory oxygenation in sepsis. µHbO2 in the colon and the liver was significantly higher with STS compared to vehicle treated animals. This improvement of microcirculatory oxygenation seems to be mediated by enhanced microcirculatory perfusion and thereby higher oxygen supply. µflow was also significantly improved in animals treated with STS. Studies concerning the effects of STS on microcirculation are sparse. However, our results are in line with an experimental study of Pihan et al., where STS prevented acute gastrointestinal injury induced by ethanol through maintained microcirculatory flow (41). Furthermore, our results are supported by several studies using H2S. As stated above, a possible mechanism of action of STS is the elevation of endogenous H2S-levels, especially under ischemic conditions (14, 15). H2S improved gastrointestinal microcirculatory perfusion in an ischemia-reperfusion model and furthermore in an experimental sepsis model (7, 42). To date, the microcirculatory mechanism of action of STS, respectively H2S, remains unclear. We have demonstrated that improved microcirculation by STS does not seem to be mediated through changes in macrohemodynamic variables. Heart rate and global perfusion pressure remained constant in this study. However, we did not examine further perfusion parameters like cardiac output. However, Volpato et al. demonstrated in their echocardiography study that H2S rather leads to reduced cardiac output. Thus, macrohemodynamic changes do not seem to contribute to the observed protective effect of STS (43). Instead, direct local mechanisms of STS and H2S might be the reason for increased microcirculatory flow (9, 14, 44).

In this context one main local mechanism of H2S seems to be the activation of K(ATP)-channels in the microcirculation inducing vasorelaxation (11, 44). We used glibenclamide, a K(ATP)-channel-blocker, to examine a potential role of activation of K(ATP)-channels. We observed tissue-specific effects. Glibenclamide abolished the protective effect of STS in the hepatic microcirculation. In contrast, the effect of STS in the intestinal microcirculation was unaffected by glibenclamide and thus, seems to be independent of K(ATP)-channel activation.

The results in the hepatic microcirculation are in line with the literature regarding H2S. H2S induces a vasorelaxant effect in the hepatic vascular bed, predominantly in presinusoidal vessels, via K(ATP)-channels, thus, increasing microcirculatory flow (45–47). However, studies relating to the mechanism of action of STS and H2S in the intestinal microcirculation are sparse. Regarding our results, K(ATP)-channels do not seem to be a major effector for the amelioration of colonic microcirculatory flow and oxygenation in the context of sepsis. Direct vasodilatory effects of STS and H2S via eNOS or local receptors like oxytocin receptors might play a role in this context (48, 49). Therefore, further studies are needed to elucidate the exact mechanisms of the microcirculatory effect of STS in the vascular bed of the gastrointestinal tract.

It remains unclear how long the effect of STS in the gastrointestinal microcirculation persists. We observed a profound microcirculatory effect starting at 30 – 60 min after the second injection and lasting until the end of the experiment. Hence, we could show that the effect of STS is lasting for at least 60 min. Furthermore, it remains unclear if the amelioration of gastrointestinal microcirculation due to STS protects against intestinal barrier dysfunction and liver failure in sepsis, as suspected in the literature (35). Therefore, further studies are needed, to investigate the duration of the STS effect and the impact of the microcirculatory changes on gastrointestinal barrier and overall survival in sepsis.

To investigate if the improved microcirculatory oxygenation is only mediated by enhanced microcirculatory flow or if also an optimized mitochondrial function might play a role, we studied colonic and hepatic mitochondrial respiration. Here, we didn’t observe any effect of STS application on colonic and hepatic mitochondrial respiration. Concerning the effect of STS, respectively H2S, on mitochondrial function it is known, that low concentrations of H2S (0.1 – 1 µM) stimulate mitochondrial oxygen consumption in most organs, while higher concentrations (3 – 30 µM) show an inhibitory effect (50). High sulfide oxidation flux can limit the pool of oxidized coenzyme Q (CoQ), which accepts electrons from complex I and II and inhibit complex IV (51). Unlike many other tissues, the colonic cells are exposed to high levels of H2S derived from intestinal microbial metabolism, reaching concentrations of 0.2 – 2.4 mM, depending on the part of the gut (52). In the colon, in in vitro experiments with permeabilized cells, concentrations of H2S up to 20 µM stimulate mitochondrial respiration, while these concentrations are toxic to other tissues (52, 53). The adaptive mechanisms used by the colonic epithelium to compensate for the exposure to potentially harmful luminal H2S concentrations are largely unknown (53). One of the possible mechanisms could be the sulfide oxidation involving the activity of the sulfide quinone reductase (SQR) activity (10).

In our study, we have not observed any effects of STS on mitochondrial respiration. Our results are in line with those of Datzmann et al., who could not show any changes in mitochondrial respiration in brain, heart, kidney or liver after hemorrhagic shock in swine either (54). The impact of hydrogen sulfide on mitochondrial function is known to be reversible. The reversion characteristics like intensity and kinetics are strongly concentration dependent (10). We have not assessed the tissue concentrations of STS and H2S. The data from the literature about endogenous tissue concentration of H2S are discordant, showing micromolar or nanomolar range and great differences between tissues and species (55–57). Moreover, the accumulation of H2S after exogenous application is also highly tissue specific. The increase in H2S levels after a subcutaneous application of 60 µg · g-1 sodium hydrosulfide in mice accounted for about 50% in kidney and brain, but only 18% in liver (57). If tissue concentrations of H2S after intraperitoneal administration of STS are comparable with those after subcutaneous application of sodium hydrosulfide, is not clear. Thus, it remains speculative if in our experimental setting we reached the effective level of H2S for affecting the respiratory chain, especially in the colon, where significantly higher concentrations of H2S are needed to affect the mitochondrial respiration. Concerning the hepatic mitochondria, another mechanism underlying the lack of changes in mitochondrial respiration is conceivable. We could show that moderate sepsis, as induced by the CASP model, increased mitochondrial respiration in the liver (23). This could depict an adaptative adjustment of the cellular metabolism to preserve the ATP production by impaired oxygen supply under septic conditions. If the adaptive mechanisms are saturated, no further increase in mitochondrial respiration, also under H2S, is achievable. Therefore, our results show that the ameliorated microcirculatory oxygenation seems only to be caused by increased oxygen supply and not by changes in mitochondrial respiration.

It is important to note that we studied the role of sodium thiosulfate in a rodent model of sepsis and not in human sepsis, so these data and their clinical impact should be interpreted with care. Nevertheless, our CASP model is one of the closest experimental models to imitate anastomosis failure with consecutive abdominal sepsis. Therefore, our results highlight the potential of sodium thiosulfate in sepsis to protect the intestinal as well as hepatic microcirculation and thus even preventing the vicious circle with intestinal ischemia, translocating bacteria (and toxins) and aggravation of sepsis. However, it is of note that this study has not examined if the enhanced intestinal and hepatic microcirculation due to STS leads to histological improvement, e.g. tight junction performance or cell death. The study focuses on microcirculatory and mitochondrial measurements, based on recent data suggesting that even mild changes in regional oxygenation, which most likely do not lead to visible organ damage have an impact on intestinal barrier function, as shown in a canine model (58). In this setting, i.e. in sepsis before visible tissue damage occurs, there is an opportunity for therapy in the clinical setting, whereas once the tissue is obviously damaged, interventional therapy might be too late (33). Nevertheless, further studies have to be performed to elucidate if STS can also protect organ function in sepsis.



Conclusion

This randomized, placebo-controlled, blinded animal trial demonstrated that intraperitoneally applied sodium thiosulfate improves intestinal as well as hepatic microcirculatory oxygenation in sepsis. This protective effect seems to be mediated by an increased microcirculatory perfusion and thereby increased oxygen supply and not by changes in mitochondrial respiration or macrohemodynamic variables. We could demonstrate that the intestinal effect of sodium thiosulfate seems to be K(ATP)-channel-independent, whereas the hepatic effect seems to be K(ATP)-channel-dependent. This study reveals a potential new therapy for the compromised gastrointestinal microcirculation during sepsis. Hence, clinical trials have to be performed to investigate the effect of sodium thiosulfate in septic patients.
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Adult hematopoietic stem and progenitor cells (HSPCs) respond to bacterial infections by expansion to myeloid cells. Sepsis impairs this process by suppressing differentiation of stem cells subsequently contributing to an ineffective immune response. Whether the magnitude of HSPCs impairment in sepsis is severity-dependent remains unknown. This study investigated dynamics of the HSPC immune-inflammatory response in the bone marrow, splenic, and blood compartments in moribund and surviving septic mice. The 12-week-old outbred CD-1 female mice (n=65) were subjected to a cecal ligation and puncture (CLP) sepsis, treated with antibiotics and fluid resuscitation, and stratified into predicted-to-die (P-DIE) and predicted-to-survive (P-SUR) cohorts for analysis. CLP strongly reduced the common myeloid and multipotent progenitors, short- and long-term hematopoietic stem cell (HSC) counts in the bone marrow; lineage−ckit+Sca-1+ and short-term HSC suppression was greater in P-DIE versus P-SUR mice. A profound depletion of the common myeloid progenitors occurred in the blood (by 75%) and spleen (by 77%) of P-DIE. In P-SUR, most common circulating HSPCs subpopulations recovered to baseline by 72 h post-CLP. Analysis of activated caspase-1/-3/-7 revealed an increased apoptotic (by 30%) but not pyroptotic signaling in the bone marrow HSCs of P-DIE mice. The bone marrow from P-DIE mice revealed spikes of IL-6 (by 5-fold), CXCL1/KC (15-fold), CCL3/MIP-1α (1.7-fold), and CCL2/MCP-1 (2.8-fold) versus P-SUR and control (TNF, IFN-γ, IL-1β, -5, -10 remained unaltered). Summarizing, our findings demonstrate that an early sepsis-induced impairment of myelopoiesis is strongly outcome-dependent but varies among compartments. It is suggestive that the HSCPC loss is at least partly due to an increased apoptosis but not pyroptosis.
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Introduction

Adult mammals constantly produce mature blood cells from the hematopoietic stem cells in the process of hematopoiesis occurring in the bone marrow (BM) (1). In adulthood, the majority of hematopoietic stem and progenitor cells (HSPCs) are located in specialized niches in the BM, which protect them from oxidative injury and tightly control the hematopoiesis via multiple molecular interactions (2). However, even at the steady-state, a small subpopulation of HSCs circulates in the body via the blood and lymph in a process orchestrated by the sphingosine-1 phosphate gradient (3). It has been shown that through an expression of the toll-like receptors (TLRs), HSCs can sense microbial infections and locally differentiate to myeloid cells contributing to a local immune response (3, 4). An efficient fight with bacterial infections requires an increased production of short-lived myeloid cells that are constantly consumed from HSPCs in a coordinated process of the so-called emergency myelopoiesis (5). Microbial compounds are sensed by TLRs and nucleotide-binding oligomerization domain containing (NOD)-like receptors located on the endothelial cells of the BM niche, which in turn produce the granulocyte-colony stimulating factor (G-CSF) inducing proliferation and differentiation of HSPCs (6). In mice, G-CSF has been shown to drive mobilization of HSPCs from the BM niche to the blood and subsequently the spleen (7).

It is already well recognized from the murine models that sepsis profoundly affects the HSPCs compartment leading to an impaired myelopoiesis (8). Recognition of lipopolysaccharide (LPS) from gram-negative bacteria (via TLR4 receptor expressed by HSPCs) leads to an increased proliferation of HSCs with a concomitant blockage of differentiation into myeloid progenitor cells (9, 10). Importantly, the TLR4 signaling (via its adaptor TRIF) mediates a persistent injury to HSC self-renewal and repopulating functions—raising a question regarding the long-term effects of sepsis on hematopoiesis (11). We have reported a dysfunctional expansion of human HSCs following an abdominal sepsis in the humanized mice, demonstrating that this process was partially dependent on an increased Notch signaling (12). The dysfunctional myelopoiesis in the course of sepsis has been shown to especially affect neonatal and old animals (13, 14). Long-lasting epigenetic modifications of murine myeloid progenitor cells were recently shown to impair wound healing by their outgrowth macrophages underscoring negative effects of sepsis on the HSPCs compartment (15).

Currently, little is known about the hematopoiesis dynamics in septic patients, given that the blood serves as the sole source of information. In a previous study, we investigated the changes in circulating HSPCs in septic patients and observed an increased mobilization of primitive CD34+CD38− and Lin−CD133+CD45+ HSCs early in the course of disease (16). The circulating HSPCs expressed markers of an active cell cycle, which appears to confirm the observations from septic mice. We also demonstrated that patients with a higher number of circulating HSCs are less likely to survive (16). Similarly, a negative correlation between circulating HSPCs and outcome was reported by Tsaganos et al. (17). However, neither the relationship between the BM HSPCs and sepsis severity/outcome nor the mechanistic link between dysfunctional hematopoiesis and sepsis course has been explored.

In this study, we hypothesized that the severity of sepsis is associated with the magnitude of changes in the early hematopoiesis. We analyzed the HSCP compartment in the BM, spleen, and blood harvested from outbred mice subjected to a clinically relevant model of polymicrobial sepsis by cecal ligation and puncture (CLP) and stratified into two homogenous predicted-to-die (P-DIE) and predicted-to-survive (P-SUR) cohorts. Our data provide a missing insight into the disturbances in emergency myelopoiesis that may lead to a potential therapeutic modulation of this process.



Materials and Methods


Mice

For the experiments 12-week-old female CD-1 (n=65) mice were purchased from Charles River Laboratories (Sulzfeld, Germany) and allowed to acclimatize to their new environment for at least 1 week prior to the experiment. Groups of five animals were housed in type III cages under standardized conditions (i.e., 12-h light-dark diurnal cycle, controlled temperature of 22–24°C). A standard rodent diet and fresh water were provided ad libitum throughout the study. Cages were enriched with carton houses, wooden boards, wood wool, hazel nuts, and wooden sticks for gnawing to facilitate natural behavior.



Ethical Statement

All animal procedures were approved by the Viennese (Austria) legislative committee (Animal Use Proposal Permission No. 0899/2012/05) and conducted according to the National Institutes of Health guidelines.



CLP Sepsis Model

All surgical procedures were executed under inhalation anesthesia with isoflurane (2-3%, Forane®, Baxter, Austria). Mice received analgesia (buprenorphine, bid, 0.05 mg/kg, s.c., Bupaq®, Richter Pharma, Austria), antibiotics (imipenem/cilastatin, Zienam®, bid, 25 mg/kg, s.c.), and fluid resuscitation (1 ml saline, 0,9%, bid) for the first five days after CLP.

Polymicrobial sepsis was induced using the cecal ligation and puncture model following the original protocol by Wichterman et al. (18) with modifications specified elsewhere (19). Shortly, anesthetized mice were placed in a supine position, abdomen was shaved, and skin disinfected. The abdominal cavity was opened, cecum exposed, ligated underneath the ileocecal valve with silk (Silkam® 4.0, B.Braun), and punctured twice with an 18G needle. Abdominal wall was closed with single button sutures (Silkam® 4.0), and skin was closed using skin adhesive (Histoacryl®, B.Braun). Antibiotic treatment was started 2 h after CLP surgery. Control mice did not undergo any surgery nor received treatment to serve as normal healthy mice reference.



Study Design

The study focused on differentiating lethal and surviving phenotypes for the hematopoiesis-related endpoints. To enable that, all CLP mice were stratified into two homogenous cohorts with high and low probability of survival: i.e., predicted-to-die (P-DIE) and predicted-to-survive (P-SUR). Mice identified as P-DIE at approximately 24 and 48 h (± 3 h of each timepoint) were euthanized and samples harvested. To ensure an appropriate outcome comparison, a limited number of P-SUR mice were simultaneously sacrificed at the same timepoints following the previously used protocol (19, 20). Mice that could not have been stratified into either P-DIE or P-SUR were monitored and sacrificed at later timepoints if they met either of those two criteria. We selected 24 and 48 h timepoints for P-DIE vs. P-SUR comparison based on the mortality dynamic of our CLP model: the bulk of CLP deaths occurred within the 48 h of CLP. Extending the P-DIE/P-SUR comparison to further timepoints would have radically increased the number of mice, and it would not have adhered to the 3R tenet. To most judiciously utilize the remaining CLP mice, we created longitudinal P-SUR-only profiles (shown in Figures 1–3B, Supplementary Figures 1E–H, and Supplementary Figure 4) by sacrificing P-SUR mice at 72 h and day 9 post-CLP.




Figure 1 | Outcome-related and longitudinal changes in the total cell count of the bone marrow progenitor cells in CD-1 mice subjected to CLP. (A) Comparative data for mice assigned as predicted to survive (P-SUR, green) and predicted to die (P-DIE, red) are shown for the white blood count (WBC), common myeloid progenitors (CMP), LSK cells, long-term hematopoietic stem cells (LT-HSC), short-term HSCs (ST-HSC), and multipotent progenitors (MPP). Subgroups were compared using Student t-test with Welch correction whenever required. Hash signs show differences between P-DIE and P-SUR groups; asterisks indicate differences between given subgroups of mice and control (healthy) mice, (B) Changes in the cell counts of given populations in the predicted to survive (P-SUR) mice only; dotted connecting lines indicate separate sets of P-SUR sacrificed at a given timepoint. Baseline (BL) n=10, 24 h n=9, 48 h n=12, 72 h n=9, 9 days n=5 Groups were compared using 1-way ANOVA with Tukey’s multiple comparison test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. #p<0.05; ##p<0.01.






Figure 2 | Outcome-related and longitudinal changes in the total cell count of peripheral blood progenitor cells in CD-1 mice subjected to CLP. (A) Comparative data for mice assigned as predicted to survive (P-SUR) and predicted to die (P-DIE) are shown for the white blood count (WBC), common myeloid progenitors (CMP), LSK cells, long-term hematopoietic stem cells (LT-HSC), short-term HSCs (ST-HSC), and multipotent progenitors (MPP). Subgroups were compared using Student t-test with Welch correction whenever required. Hash show differences between P-DIE and P-SUR groups; asterisks indicate differences between given subgroups of mice and control (healthy) mice, (B) Changes in the cell counts of given populations in P-SUR mice only; dotted connecting lines indicate separate sets of P-SUR sacrificed at a given timepoint. Baseline n=10, 24 h n=10, 48 h n=10, 72 h n=12, 9 days n=5. Groups were compared using 1-way ANOVA test with Tukey’s multiple comparison test. *p<0.05, **p<0.01, ***p<0.001. #p<0.05.






Figure 3 | Outcome-related and longitudinal changes in the total cell count of the spleen progenitor cells in CD-1 mice subjected to CLP. (A) Comparative data for mice assigned as predicted to survive (P-SUR) and predicted to die (P-DIE) are shown for the common myeloid progenitors (CMP), LSK cells, long-term hematopoietic stem cells (LT-HSC), short-term HSCs (ST-HSC), and multipotent progenitors (MPP). Subgroups were compared using Student t-test with Welch correction whenever required. Hash show differences between P-DIE and P-SUR groups; asterisks indicate differences between given subgroups of mice and control (healthy) mice, (B) Changes in the cell counts of given populations in P-SUR animals only; dotted connecting lines indicate separate sets of P-SUR mice sacrificed at a given timepoint; baseline (BL) n=10, 24 h n=8, 48 h n=8, 72 h n=9, 9 days n=5. Groups were compared using one-way ANOVA test with Tukey’s multiple comparison test. *p<0.05, **p<0.01, ***p<0.001. #p<0.05.



The design of our study adheres to the majority of the points described in the Minimum Quality Threshold in Pre-Clinical Sepsis Studies (MQTiPSS) Consensus Recommendations (21); we met 17 points, failed to meet eight, whereas four were not applicable (Supplementary Table 1).



Monitoring

All mice were monitored for clinical signs of illness and their status was evaluated using our custom-developed modified mouse clinical assessment scoring system (M-CASS) based on e.g. fur, posture, mobility, alertness, startle, righting reflex (and others) (22) starting 12 h post-CLP. Simultaneously, rectal temperature was monitored (Fluke Series II thermometer, Fluke, USA) at least twice daily (or more often whenever a mouse deteriorated) to ensure a maximally precise outcome stratification and humane endpoints. Mice were deemed moribund and assigned as P-DIE whenever the righting reflex was absent or/and M-CASS score ≥8 and/or body temperature (BT) < 28°C (recorded in at least two sequential measurements) and immediately euthanized under deep inhalation anesthesia with isoflurane followed by cervical dislocation. The BT-based prediction of outcome we have developed in our laboratory is highly accurate [AUC = 0.94 (19)] and was repeatedly used in previous studies (20, 22, 23).



Blood Sampling and Blood Cell Count

A serial low-volume blood sampling was used to longitudinally monitor the changes in the peripheral blood cell counts (23) shown in Supplementary Figure 1. Briefly, 30 μl of blood was drawn by puncturing the facial vein with a 23-G needle, and blood was collected with a pipette. Samples were then immediately diluted 1:10 in PBS with ethylenediaminetetraacetic acid. After centrifugation (1,000g, 5 min, 22°C), 270 μl of plasma was removed and the remaining blood pellet was resuspended with 180 μl Cell-Dyn buffer with EDTA and a complete blood count with differential was performed with a Cell-Dyn 3700 counter (Abbott Laboratories, Illinois, USA).



Immunophenotyping

Peripheral blood was obtained from mice under isoflurane anesthesia from retroorbital venous plexus. After cervical dislocation, the spleen and femurs were dissected. Red blood cells were lysed in all samples with ACK Lysing Buffer (ThermoFisher Scientific). Samples were stained with the following antibodies: anti-lineage cocktail-APC (clones: 145-2C11 (CD3e), M1/70 (CD11b), RA3-6B2 (CD45R/B220), TER-119 (Ly-76), RB6-8C5 (Ly6G/Ly-6C, BD Pharmingen, San Jose, CA, USA), anti-Sca-1 (Ly-6A/E)-PE-Cy7 (D7, BD Pharmingen), anti-ckit (CD117)-PE (2B8, BD Pharmingen), anti-CD48-biotin (clone HM48-1, BioLegend, San Diego, CA, USA), anti-CD150- AlexaFluor 488 (clone TC15-12F12.2, BioLegend). Following 20 min of incubation in room temperature, Streptavidin PE-eFluor610 (eBioscience) was added for next 15 min and cells were washed with 1 ml of PBS and resuspended in 0.5% formaldehyde in PBS. Cells were analyzed FC-500 flow cytometer (Beckman Coulter, Brea, CA, USA). A minimum of 50,000 mononuclear cells were recorded and analyzed in FlowJo software (FlowJo LLC., Ashland, OR, USA).



Cytokine Assay

Both femurs from each mouse were dissected and then flushed with 0.5 ml of PBS each. Next, the bone marrow suspension was spun at 400g for 5 min, and supernatants were collected. Samples were stored at −86°C until analysis. The bone marrow concentration cytokines (IL-6, IL-8/KC, IL-10, TNF, MCP-1) was measured using Luminex Multiplex Immunoassay (Invitrogen, Thermo Fisher Scientific, Vienna, Austria) according to the manufacturer’s protocol. Finally, concentration of these mediators was normalized against the albumin concentration (Bradford Protein Assay, Thermofisher) in the BM samples to minimize the potential differences in harvesting BM from femurs.



Apoptosis and Gene Expression Analysis

The bone marrow cells were obtained and subjected to erythrocyte lysis as described above. Next, samples were split for the caspase-1 and caspase-3/7 analysis. For the evaluation of activated caspase-1, BM cells were incubated for 30 min with the FAM-YVAD-FMK FLICA Caspase-1 reagent (ImmunoChemistry Technologies, LLC, MN, USA) according to the manufacturer’s protocol and then stained with the anti-Lineage -APC, anti-ckit-PE, and anti-Sca-1-PE-Cy7 antibodies as described. Activated caspases-3/7 were analyzed by staining with the FMK-DEVD FLICA probe (Vybrant FAM caspase-3 and-7 Assay, Thermofisher) and then co-stained with surface antibodies as described above.

For the gene expression flow cytometry analysis, lysed bone marrow cells were stained with the eBioscience Fixable Vability Dye eFluor 506 (Thermofisher) and the following antibodies: anti-lineage eFluor 405 (Thermofisher), anti- Sca-1 (Ly-6A/E)-PE-Cy7, and anti-ckit (CD117)-PE (both BD Pharmingen). Then cells were fixed, permeabilized, and hybridized with probes against TNF, IL6, and IL1β mRNA using the PrimeFlow RNA Assay Kit (Thermofisher) according to the manufacturer’s protocol. As a positive controls additional samples were stained against β2-microglobulin. Cells were analyzed with FACSCanto II flow cytometer (BD), and FlowJo software was further used to analyze the results.



Statistical Analysis

Normality of all data sets was assessed using the Shapiro-Wilk test and log-normally transformed whenever necessary to achieve Gaussian distribution and control for existing outliers. Comparisons between P-DIE and P-SUR group were performed by t-test (with Welch correction for unequal variances if needed) and Mann-Whitney (for non-Gaussian data distribution) at each timepoint separately given that the P-DIE group did not meet assumptions (non-random deaths) for a repeated measures testing. The comparison of variables in P-SUR mice at different timepoints was performed using the two-way ANOVA with Tukey’s post-hoc test. p<0.05 was considered significant. Data are shown on the original scale as scatter plot overlaid over bars and expressed as means and standard deviations (SD), if not otherwise stated. GraphPad Prism 7 (GraphPad, Inc., USA) software was used for evaluating the statistical significance and/or graphical depiction of the data.




Results


A Transient Association of the Peripheral Blood Cell Counts With CLP Outcome

Based on the utilized outcome prediction, CLP resulted in approximately 40% mortality. Using the low-volume blood sampling, we monitored changes in the peripheral blood cell counts without sacrificing mice. Sepsis induced an early generalized peripheral leukopenia (mostly because of the depletion of neutrophils and lymphocytes) and lasted for at least 72 h post-CLP (Figure S1). Outcome-related differences were noted at 6 h (platelets lower in P-DIE; Figure S1D) and 24 h (lymphocytes higher in P-DIE vs. P-SUR; Figure S1C) post-CLP. Longitudinal analysis of the blood cell counts in the surviving mice showed a maximal decrease of circulating cells of all lineages at 24 h followed by a slow rebound until day 9 post-CLP (Figures S1E–H).



CLP Outcome Is Associated With Depletion of the Hematopoietic Stem and Progenitor Cells (HSPCs) in the Bone Marrow

We utilized flow cytometry staining with a set of validated immunophenotype markers that were previously shown to be stably expressed in inflammatory conditions (7, 10). We used a standard gating strategy to distinguish major populations of murine HSPCs, including common myeloid progenitors (CMP; Lineage−ckit+Sca-1−), LSK (Lineage−ckit+Sca-1+), long-term repopulating stem cells (LT-HSCs; Lin−ckit+Sca-1+CD150+CD48−), short-term repopulating stem cells (ST-HSCs; Lin−ckit+Sca-1+CD150+CD48+), and multipotent progenitors (MPPs; Lin−ckit+Sca-1+CD150−CD48−) (Figure S2A) (10, 24, 25).

Although the cellularity of BM in control mice was spread (5.5 × 106 +/−3.9 × 106), CLP mice had a decreased total BM cell count in both P-SUR (1.9 × 106) and P-DIE (1.3 × 106) groups at 24 h; CMP suppression was evident in all groups at both timepoints (Figure 1A). The LSK, MPP, and ST-HSC counts were initially reduced in an outcome-dependent fashion: at 24 h, the suppression was more pronounced in P-DIE (vs. P-SUR) mice followed by a similar decrease at 48 h post-CLP (Figure 1A). In addition, we analyzed the CLP-induced changes in the frequency of given HSPCs subpopulations. Sepsis caused a significant decrease of the myeloid progenitor cell’s frequency only in P-SUR (but not P-DIE) mice at 24 h post-CLP (Figure S2B). The percentage of LSK and more specified MPP progenitors increased in P-DIE mice, whereas the subpopulations of ST-and LT-HSCs remained unaltered (Figure S2B).

We simultaneously monitored hematopoiesis changes in the BM of P-SUR mice until day 9. The strongest reduction in each analyzed cell population (except LT-HSCs) occurred at 48 h and was followed by a rapid recovery (to control values), indicative of their robust proliferation within the 48- to 72-h post-CLP interval (Figure 1B). Noteworthy, even at day 9 of observation, the myeloid progenitors count was, on average, two-fold lower compared with healthy mice.



A Limited Effect of CLP Upon the HSPCs Counts in the Blood

As mobilization of HSPCs to circulation from the BM was shown in several infectious conditions in mice (4, 7, 16), we also studied stem cells in the peripheral blood after CLP (Figure S3A). No HSPC subpopulations (except CMP progenitors) were markedly diminished in the blood of septic mice (Figure 2A). Regarding outcome-based differences, only the subpopulation of ST-HSCs was 5-fold higher in P-DIE vs P-SUR mice 48 h after CLP, albeit not different from control (Figure 2A). In surviving mice (similarly to the kinetics observed in the BM), the subpopulations of HSPCs in the circulation were also prone to a robust rebound after 48 h despite the lack of an early post-CLP decrease (Figure 2B). Although leukopenia is not a common feature in septic patients, these results adhere to our previous observations showing lack of HSCs mobilization on the first day of ICU admission of septic shock patients (16).



A Profound CLP-Induced Depletion of Splenic HSPCs Is Partly Outcome-Dependent

It was shown in a nonlethal E. coli infection that murine LSK cells migrate from the BM and accumulate in the spleen (7). We analyzed the splenic HSPCs to verify whether a similar process occurs in CLP (Figure S3B). We observed a profound depletion of CMPs at both post-CLP timepoints, irrespective of the outcome (Figure 3A). In LSK and ST-HSC progenitors, the early depletion was markedly outcome-dependent, LSK were 50% and ST-HSCs 60% lower in P-DIE versus P-SUR mice at 24 h (Figure 3A). In contrast to BM (Figure 1A), the rare LT-HSCs subpopulation was depleted in P-DIE mice at both post-CLP timepoints and in P-SUR mice at 48 h (Figure 3A).

The kinetic of the splenic HSPCs counts in P-SUR was similar to the one in the BM; both regarding their initial abrupt decrease (nadir at 48 h), as well as a robust numerical recovery of all (except CMP) cell subpopulations (Figure 3B). Although on day 9 after CLP, the spleens were enlarged (data not shown), the number of Lin−ckit+Sca-1− CMPs did not reach the baseline level. Together, these data show that in an early sepsis, splenic HSPCs (including LT-HSCs) are severely depleted in an outcome-dependent manner.



P-DIE Mice Show a Strong Pro-Apoptotic Signaling in the Bone Marrow HSPCs

To gain insight into the mechanisms responsible for the acute depletion of LSK cells in septic mice, we analyzed hallmarks of apoptosis and pyroptosis at 24 h post-CLP (the timepoint preceding the nadir HSPC depletion). Caspase-3 and -7 activity in LSK cells from P-DIE mice was approximately 30% higher than that in P-SUR animals and three-fold higher compared with control (Figures 4A, B). Antibody-based analysis suggests increase in the cleavage of caspase-3 in LSK cells from P-DIE mice in comparison to P-SUR counterparts (Figure S4). We have utilized the FAM-FLICA probe to detect active caspase-1, which is a hallmark of inflammasome activation leading to pyroptosis. No meaningful inter-group differences for caspase-1 were detected (Figures 4A, C). An increased apoptosis appears to be the major mechanism of the HSPCs loss after CLP.




Figure 4 | Activation of inflammatory and apoptotic caspases in the bone marrow hematopoietic stem and progenitor cells. (A) Lineage-negative mononuclear cells were analyzed for the expression of ckit and Sca-1 and the LSK subpopulation was analyzed for: (B) active caspases-3/-7 and (C) active caspase-1. Percentage of LSK cells with active caspases were compared between predicted to die (P-DIE) and predicted to survive (P-SUR) mice using 1-way ANOVA test with Tukey’s multiple comparison test. **p<0.01.





Outcome-Related Changes in the Bone Marrow Cytokine Milieu After CLP

We have previously shown that the systemic cytokine and chemokine response is strongly outcome-dependent in both early and late sepsis (26). Therefore, we analyzed selected cytokines in the BM supernatant from P-DIE and P-SUR mice 24 h after CLP. Similar to the circulating cytokine dynamics (26), IL-6 measured in the BM of P-DIE mice was approximately five-fold higher compared with P-SUR (2578 vs 550 vs 364 pg/ml in control mice; Figure 5A). In contrast, concentrations of IL-1β, IFN-γ, TNF, IL-5, and IL-10 remained unchanged in all three groups (Figures 5B–F). The outcome-dependent chemokine response was very robust: CXCL1/KC was 15-fold, CCL3/MIP-1α 1.7-fold, and CCL2/MCP-1 2.8-fold higher in P-DIE compared with P-SUR mice (Figures 5G–I).




Figure 5 | Outcome-related changes in the cytokine’s milieu of the bone marrow twenty-four hours after CLP. Total-protein normalized concentrations of (A) IL-6. (B) TNF. (C) IL-1β. (D) IFN-γ. (E) IL-5. (F) IL-10. (G) CXCL1/KC. (H) CCL3/MIP-1α. (I) CCL2/MCP-1 in the bone marrow supernatants of predicted-to survive (P-SUR) and predicted-to die (P-DIE) mice are shown. Concentration of cytokines between groups were compared using Student t-test with Welch correction whenever required. **p < 0.01, ****p < 0.0001 between control and septic mice. #p < 0.05, ##p < 0.01, ###p < 0.001 between P-DIE and P-SUR groups.



We also analyzed the same cytokines/chemokines in P-SUR mice up to day 9 post-CLP. Only CXCL1/KC peaked at 24 h returning to the baseline level 24 h later (Figure S5G). Notably, we observed a uniform increase in all other mediators by day 9 after CLP; this change reached significance in IFN-γ (approximately 11-fold) and IL-10 (six-fold vs baseline; Figures S5D, F).

Hematopoietic stem cells have been shown to produce significant amounts of cytokines in response to the toll-like receptor-mediated stimulation (27). We sought to establish whether HSPCs contribute to an increased production of cytokines in dying septic mice. To analyze the gene expression of IL6, IL1β, and TNF in the infrequent LSK cells, we utilized a flow cytometry-based technique to stain mRNA transcripts with gene-specific probes and branched DNA amplification (28). The LSK cells expressed mRNA for IL6, IL1β, and TNF (Figure 6). In cells from P-DIE mice, IL-6 transcripts were upregulated by three-fold in comparison with P-SUR, whereas no differences were present for IL-1β and TNF expression (Figure 6). These results indicate that the BM cytokine milieu is selectively altered in dying septic mice and HSPCs also contribute to this differential localized cytokine production.




Figure 6 | Expression of mRNA for selected cytokines by the bone marrow hematopoietic progenitors in sepsis. The LSK cells were analyzed twenty-four hours after CLP for the expression of mRNA transcripts for: (A) IL-6. (B) IL-1β. (C) TNF by flow cytometry. Groups were compared using Student t-test. **p<0.01.






Discussion

This mouse study addressed a gap in human sepsis by investigating whether the HSPCs in their bone marrow niche are differentially affected with regard to outcome (i.e., dying versus surviving). Such a design approach is superior to the most commonly used healthy-versus-septic comparison given that it characterizes homogenous phenotypes specific for recovery and death (rather than an unspecific and heterogeneous disease signal). Using a clinically relevant model of polymicrobial sepsis, we demonstrated that the subpopulations of hematopoietic progenitors are depleted to a higher degree in mice predicted to die. We also identified apoptosis as the primary death pathway contributing to this effect. Simultaneously, the cytokine milieu of the bone marrow was more severely affected in the P-DIE animals and hematopoietic progenitors participated in synthesis of the IL-6.

Dysfunction of the bone marrow hematopoiesis in sepsis has been already shown by us and others and was mainly reported to be related to the block of differentiation of HSCs into myeloid progenitors (9, 12, 29). However, these changes were exclusively studied in pooled septic animals regardless of their clinical severity. In this study, we analyzed changes in several subpopulations of HSPCs in relation to sepsis severity in individual mice. Our results confirmed a depletion of percentage of myeloid progenitor cells in septic mice, which was more profound in mice with favorable prognosis. The frequency of bulk population of LSK cells (containing all hematopoietic stem cells) was expanded in P-DIE mice only. Also, subpopulations of multipotent progenitors and long-term repopulating HSCs expanded only in P-DIE mice. However, a total cell count evaluation of the HSPC subpopulations revealed contrasting dynamics, e.g., P-DIE mice had a markedly reduced number of myeloid progenitors, LSK cells, MPPs, and ST-HSCs. These results oppose some previous works reporting an expansion of LSK cells in sepsis (9, 10). However, others observed an increase in the frequency of LSK cell but without reporting the absolute counts (13, 29). There are several possible reasons for such discrepancy. First, we used outbred CD-1 mice that better recapitulate the background genetic heterogeneity present in patients and in turn an individual heterogeneity in response to a polymicrobial infection. Most of the above-cited studies used C57BL/6 (9, 10) and BALB/c (29) strains, which were different for various endpoints in response to sepsis compared with outbred mice. Second, mortality of those sepsis models was not defined, and sepsis severity (e.g. mild vs lethal) greatly modulates immune-inflammatory responses (30). Importantly, Kobayashi et al. (31), who also showed a CLP-induced LSK expansion, reported no decrease of BM cellularity, which is in striking contrast to severe leukopenia recorded in our study. Sepsis and LPS were shown to induce HSCs impairment by decreasing their self-renewal, repopulating, and myeloid differentiation ability by a direct TLR4 signaling (10, 11). TLR-mediated signaling was shown to induce HSCs proliferation (10, 11); although we did not perform a cell-cycle analysis, it cannot be excluded that our model triggered a similar response despite a numerical HSC loss. In P-SUR mice, the numerical cell recovery was typically present at 72 h post-CLP, suggestive of an enhanced proliferation induction, and the HSPC expansion was evidently halted by day 9. We conclude that physiological mechanisms controlling the HSPC dormancy-renewal balance (24) function properly even in a semi-lethal sepsis phenotype. Importantly, emerging evidence suggests that sepsis induces epigenetic modifications in HSPCs (15), but their exact role remains to be elucidated. Our study expands those earlier findings by exploring an individualized outcome-dependent loss of HSPCs. Yet, the causal relationship between HSCs impairment and its contribution to an early mortality in sepsis remains uncertain. It can be anticipated that in the early phase of sepsis, depletion of HSPCs is one of the many effects of maladaptive inflammatory response but this relationship can be more casual in the chronic phase as suggested by beneficial effects of CD34+ HSPCs transfer after CLP (32).

Depletion of HSPCs in BM can be attributed to either their mobilization to circulation or death. Notwithstanding, analysis of the peripheral blood revealed a decreased number of circulating HSPCs. Interestingly, the P-DIE mice had a five-fold higher number of circulating ST-HSCs in comparison to P-SUR animals. This reproduces our results from septic patients in whom a higher number of Lin−CD133+CD45+ HSCs was associated with diminished survival (16). In systemic infections, the spleen can become a site of extramedullary hematopoiesis (33). CLP induced a loss of all the HSPCs subpopulations, and the depletion was more profound in P-DIE mice. Even several days after CLP (with a pronounced splenomegaly present), the total number of any HSPCs subpopulations was not elevated. Although we did not perform analysis of MDSCs, it is conceivable that splenic HSPCs contribute to a local generation of these cells (34, 35). Remick and colleagues showed increased neutrophil and macrophage counts in the peritoneum of P-DIE mice after sepsis (36, 37). It can be speculated that some HSPCs also infiltrate the infection site, contributing locally to the production of those effector cells and cytokines. Particularly, despite failure to control bacterial infection, the P-DIE mice were shown to produce high levels of CXCL1 and CXCL2 in the peritoneum and blood that promoted neutrophil infiltration (36). As both chemokines are also chemoattractant for HSPCs (38), these cells are likely to follow a similar route. Burberry et al. (7) showed that systemic E. coli mobilizes HSCs to the spleen from BM in G-CSF-dependent manner, and this effect lasted several days after infection. However, their model was nonlethal and induced by a single pathogen — greatly different from a surgically induced polymicrobial sepsis that we used. It can be hypothesized that in P-DIE mice, the enhanced egress of HSPCs from their professional BM niches to other sites with higher oxygen tension and inflammatory stimulation drives functional impairment of their outgrowth cells [e.g., bactericidal capacities (37)]. As reported by Davis et al. (15), sepsis induces epigenetic modifications of HSPCs that attenuate monocyte functions in a long-term period (15). Evidence supporting this hypothesis were generated by Brudecki et al. (32) who showed that transfer of HSCs from healthy animals improves long-term survival of septic mice (32). However, early HSCs were reported to have also immunoregulatory function via TNF secretion (39). Whether such a mechanism contributes to immunosuppression in sepsis remains to be verified. In contrast, in mild, non-lethal infections migratory HSPCs contribute to bacterial clearance (40). Our observations complement the emerging picture of a global depletion of hematopoietic precursors in early days of septic shock.

Our findings also show activation of caspase-3 and -7 in BM HSPCs in P-DIE mice only indicating an activation of HSPC apoptosis in a severity-dependent manner — this is consistent with reports on detrimental role of apoptosis in sepsis (41, 42). Induction of apoptosis in HSPCs subpopulations after CLP was also reported by Zhang et al. (10). Intriguingly, caspase-3 was reported to also play non-apoptotic role in HSCs, e.g., to control their dormancy by limiting ERK signaling in response to some cytokines (43). It can be hypothesized that caspase-3 increase can also contribute to the low HSPCs counts by inhibiting their responsiveness to cytokine signals, but we only assessed the cleaved caspase-3 at 24 h. As HSCs were shown to be able to undergo pyroptosis via NLRP1 inflammasome (44), we measured activation of caspase-1 in LSK cells. Although we observed a relatively high activity of caspase-1 in sham mice, sepsis did not increase it further, and there was no significant increase in IL-1β in the BM. It is a rather unexpected finding given that neonatal mice with caspase-1/-11 knock-out showed an increased frequency of LSK cells in septic mice compared to WT littermates (45). The effects of HSPCs-targeted inhibition of caspase-1 and -3 in sepsis await characterization.

To the best of our knowledge, this study characterizes for the first time the changes in the BM cytokine milieu in early sepsis. Importantly, a robust increase in IL-6, CXCL1, MIP-1α (CCL3), and MCP-1 (CCL2) occurred in P-DIE mice only. In contrast to a previously reported steep rise in the blood (26), there was no elevation of TNF, IFN-γ, IL-5, IL-10 in the BM of P-DIE mice at 24 h post-CLP. IL-6 is a known factor inducing proliferation of HSCs (46); recently, its receptor has been shown to be upregulated via Notch-dependent manner upon TLR stimulation of HSCs (47). Aside from its proinflammatory profile, MIP-1α inhibits proliferation of HSCs and governs myeloid differentiation (48, 49). However, MIP-1α has been shown to inhibit formation of granulocyte-macrophage colony forming cells from human BM cells and can, therefore, appear as another factor contributing to a repression of HSPCs in sepsis. Secretion of MCP-1 (CCL2) by BM stromal cells is part of physiological response to infection supporting mobilization of inflammatory monocytes (50) but its local effect on HSPCs in sepsis remains unknown. The net effects of these mediators on HSPCs in sepsis require further studies. Interestingly, in P-SUR mice 9 days after CLP, there was a marked increase in INF-γ and IL-10 in the BM milieu. During a viral infection, INF-γ derived from CD8+ cytotoxic T cells was shown to promote myeloid differentiation by stimulation of IL-6 secretion from the BM niche cells (51), but the CLP mice did not show upregulation of IL-6 at the time of INF-γ peak. Previously, we have shown that BM preserves INF-γ-producing CD4+ memory T cells (52), and it can be speculated that both CD8+ and CD4+ T cells populations contribute to the INF-γ release but its role remains unknown. Using the flow cytometry-based mRNA assay, we confirmed the ability of LSK cells to express IL-6, TNF, and IL-1β (27). In line with the bulk protein analysis, IL-6 transcript was upregulated in P-DIE mice. Although neither the frequency of cytokine-producing LSK cells nor their numbers are high, these cells were shown to be potent IL-6 producers, thereby participating in HSPCs proliferation and differentiation (27). Our results further indicate occurrence of this mechanism during sepsis.

Our study is not limitation-free. We performed the experiments only in female mice and failed to compare our findings in septic males. Moreover, we did not perform functional HSCs assay but relied on the combination of previously validated immunophenotype markers (7, 10, 29). Analysis of HSPCs at the infection site, e.g. peritoneum would be of interest, but we were unable to establish a reliable analysis of LSK cells in probes from the abdominal cavity. Although our model was characterized by the mortality similar to the one reported in septic shock patients (53), most CLP deaths occurred within forty-eight hours (despite fluid resuscitation and antimicrobial treatment). This limited our outcome-related comparative analysis to early sepsis; it is imperative to analyze hematopoiesis in chronic sepsis given that any long-term hematopoietic deficits may contribute to the common post-sepsis sequelae.

Summarizing, we demonstrated that the hematopoietic stem and progenitor cells compartments are more profoundly diminished in P-DIE mice albeit this difference is not all-inclusive but cell population-selective. Depletion of hematopoietic precursors in early CLP sepsis constitutes a systemic feature as we did not observe mobilization nor migration of these cells to extramedullary sites. HSPCs depletion coincided with an increased caspase-3 activation, especially in P-DIE mice. Similarly, the local cytokine milieu in the bone marrow of P-DIE mice was altered to a greater extent compared with P-SUR. Altogether, our study indicates important outcome-related disturbances in hematopoiesis that can inform regarding any future targeted therapies aimed at correcting sepsis-induced myelosuppression.
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Background

With the successful implementation of the Surviving Sepsis Campaign guidelines, post-sepsis in-hospital mortality to sepsis continues to decrease. Those who acutely survive surgical sepsis will either rapidly recover or develop a chronic critical illness (CCI). CCI is associated with adverse long-term outcomes and 1-year mortality. Although the pathobiology of CCI remains undefined, emerging evidence suggests a post-sepsis state of pathologic myeloid activation, inducing suboptimal lymphopoiesis and erythropoiesis, as well as downstream leukocyte dysfunction. Our goal was to use single-cell RNA sequencing (scRNA-seq) to perform a detailed transcriptomic analysis of lymphoid-derived leukocytes to better understand the pathology of late sepsis.



Methods

A mixture of whole blood myeloid-enriched and Ficoll-enriched peripheral blood mononuclear cells from four late septic patients (post-sepsis day 14-21) and five healthy subjects underwent Cellular Indexing of Transcriptomes and Epitopes by Sequencing (CITE-seq).



Results

We identified unique transcriptomic patterns for multiple circulating immune cell subtypes, including B- and CD4+, CD8+, activated CD4+ and activated CD8+ T-lymphocytes, as well as natural killer (NK), NKT, and plasmacytoid dendritic cells in late sepsis patients. Analysis demonstrated that the circulating lymphoid cells maintained a transcriptome reflecting immunosuppression and low-grade inflammation. We also identified transcriptomic differences between patients with bacterial versus fungal sepsis, such as greater expression of cytotoxic genes among CD8+ T-lymphocytes in late bacterial sepsis.



Conclusion

Circulating non-myeloid cells display a unique transcriptomic pattern late after sepsis. Non-myeloid leukocytes in particular reveal a host endotype of inflammation, immunosuppression, and dysfunction, suggesting a role for precision medicine-guided immunomodulatory therapy.
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Introduction

Successful implementation of guidelines from the Surviving Sepsis Campaign has led to a significant decrease in early mortality after sepsis (1, 2). Thus, three clinical trajectories or phenotypes are now present subsequent to surgical sepsis: early death (approximately 4%), rapid recovery (approximately 63%) and development of chronic critical illness (CCI; approximately 33%) (3). Specifically, CCI has been defined as patients who have prolonged ICU stays with unresolved organ dysfunction (4–6). CCI patients account for increased hospital costs and use of resources (3). Importantly, approximately 40% of CCI patients have poor 1-year outcomes with a worse 1-year quality of life and mortality after sepsis (3, 4, 7).

Although the underlying pathobiology of the CCI phenotype remains unclear, it is understood that CCI can result from a Persistent Inflammation, Immunosuppression, and Catabolism Syndrome (PICS) endotype (8–12). Previous studies indicate that the dismal long-term outcomes experienced by CCI patients are due in part to a failure of the host to return to their pre-sepsis immune status (5, 6, 9, 11, 13). Understanding the pathobiology of leukocytes in late sepsis, as well as the dysfunctional hematopoiesis that leads to this immune dyscrasia, will be vital to any successful immunomodulation of sepsis survivors. Our laboratory has previously published a pilot study specifically evaluating myeloid-derived suppressor cells in surgical sepsis survivors (14). However, we realized that studies on non-myeloid immune cell subtypes chronically after sepsis are lacking. Using single-cell RNA sequencing (scRNA-seq) in an increased number of samples, we sought to perform a novel transcriptomic analysis of the immune and non-immune subsets of non-myeloid circulating cell types, all of which contribute to the late sepsis survivor patient phenotype.



Materials and Methods


Study Design, Patient Enrollment, and Classification

The study was registered with clinicaltrials.gov (NCT02276417) and conducted by the Sepsis and Critical Illness Research Center at the University of Florida College of Medicine. All patients eligible for inclusion in the study were enrolled within 12 hours of initiating sepsis treatment. We used a delayed consent process, as approved by the Institutional Review Board. If written informed consent could not be obtained from the patient or their legally assigned representative within 96 hours of study enrollment, the patient was removed from the study and all collected biologic samples and clinical data were destroyed. Screening for sepsis was performed using the Modified Early Warning Signs-Sepsis Recognition System (MEWS-SRS) (13), which quantifies derangements in vital signs, white blood cell count, and mental status. All patients with sepsis were managed using a standardized, evidence-based protocol that emphasizes early goal-directed fluid resuscitation as well as other time-sensitive interventions such as administration of broad-spectrum antibiotics. Empiric antibiotics were chosen based on hospital antibiograms in conjunction with the suspected source of infection. Antimicrobial therapy was then narrowed based on culture and sensitivity data.

Inclusion criteria consisted of the following: (a) admission to the surgical or trauma ICU; (b) age ≥18 years; (c) clinical diagnosis of sepsis or septic shock as defined by the 2016 SCCM/ESICM International Sepsis Definitions Conference (Sepsis-3) (15) with this being the patient’s first septic episode; and, (d) entrance into our sepsis clinical management protocol as previously described (16). Exclusion criteria consisted of: (a) refractory shock (i.e. patients expected to die within the first 24 hours); (b) an inability to achieve source control (i.e. irreversible disease states such as unresectable dead bowel); (c) pre-sepsis expected lifespan <3 months; (d) patient/family not committed to aggressive management; (e) severe CHF (NYHA Class IV); (f) Child-Pugh Class C liver disease or pre-liver transplant; (g) known HIV with CD4+ count <200 cells/mm3; (h) organ transplant recipient or use of chronic corticosteroids or immunosuppressive agents; (i) pregnancy; (j) institutionalized patients; (k) chemotherapy or radiotherapy within 30 days; (l) severe traumatic brain injury (i.e. evidence of neurological injury on CT scan and a GCS <8); (m) spinal cord injury resulting in permanent sensory and/or motor deficits; or, (n) inability to obtain informed consent.

CCI was defined as an ICU length of stay greater than or equal to 14 days with evidence of persistent organ dysfunction, measured using components of the Sequential Organ Failure Assessment (SOFA) score (i.e. cardiovascular SOFA ≥ 1, or score in any other organ system ≥ 2) (3, 5, 12, 17). Patients with an ICU length of stay less than 14 days would also qualify for CCI if they were discharged to another hospital, a long-term acute care facility, or to hospice and demonstrated continuing evidence of organ dysfunction at the time of discharge. Those patients experiencing death within 14 days of sepsis onset were excluded from the analyses. Patients who neither died within 14 days nor developed CCI were defined as having a rapid recovery.



Human Blood Collection and Sample Preparation

Ethylenediaminetetraacetic acid (EDTA)-anticoagulated human whole blood samples were collected by venipuncture from four patients in late sepsis (day 14-21) meeting Sepsis-3 criteria (15) and five healthy control subjects. Samples were stored on ice and processed within six hours after blood draw. Each sample was divided to undergo two separate enrichment processes. Peripheral blood mononuclear cells (PBMC) from half of each human whole blood sample were collected using Ficoll-Paque™ PLUS (GE Healthcare, Chicago, IL) and density gradient centrifugation. Myeloid cells were collected from the other half of each whole blood sample using RosetteSep™ HLA Myeloid Cell Enrichment Kit (Stemcell Technologies, Cambridge, MA). A 1:3 mixture of enriched PBMCs to myeloid cells from the four sepsis patients and five healthy control subjects underwent further analysis. Although single-cell technology allows for detection of smaller cell populations, the original samples were enriched to ensure our ability to adequately analyze and compare the small target population of MDSCs (especially in healthy controls, who have small populations of MDSCs), while also allowing us to characterize other important circulating immune cells present in late sepsis (e.g. lymphocytes).



scRNA-seq/CITE-seq and Library Construction

Gene expression libraries were prepared from 5,000 cells using the Chromium Single Cell 5’ Bead and Library Kit v1 (10x Genomics). Libraries were sequenced on an Illumina HiSeq™ instrument at a target read depth of 50,000 reads per cell. Myeloid cells were labeled with oligo-tagged antibodies to CD33, CD11b, CD14, CD15, CD66b, Lox1 and HLA-DR. Labeled cells (5,000) were encapsulated for droplet-based CITE-seq utilizing the 10x Genomics Chromium Controller™ platform. Granulocytic (G-), Monocytic (M-), and Early (E-) MDSCs were identified as previously described by Bronte et al. (18)): G-MDSCs (Lin- CD33+ CD11b+ CD14- and CD15+ or CD66b+); M-MDSCs (Lin- HLADRlow/- CD33+ CD11b+ CD14+ CD15- CD66b-); and, E-MDSCs (Lin- HLADRlow/- CD33+ CD11b+ CD14- CD15- CD66b-). T lymphocytes were identified by known gene markers: CD4+ T (CD3D, CD4, CCR7), CD8+ T (CD3D, CD8A, CCR7), activated CD4+ T (CD3D, IL7R, CD4), activated CD8+ T (CD3D, CD8A, CCL5), Treg (CD3D, FOXP3, IL2RA), and Th17 (CD4, IL17). Activated macrophages, monocytes, dendritic and plasmacytoid cells were labeled using additional oligo-tagged antibodies to CD3, CD127, CD16, CD183, CD4, CD196, CD25, and CD56. B cells were identified using CD19. Natural Killer (NK) and NK T-lymphocytes were identified using CD16 (FCGR3A), CD56 (NCAM1), and CD3 (CD3G). Complementary DNA (cDNA) libraries were constructed to assess gene expression (RNA) and surface phenotype (protein) for subpopulations simultaneously. Cell clusters were manually annotated based on their expression of known marker genes and leveraging both the RNA expression counts and antibody derived tag counts. Details of this analysis are provided in Supplementary Data Sheet 1.



Processing of Sequencing Reads and Generation of Gene-Barcode Matrices

Raw sequencing reads were processed using Cell Ranger v3.0.0 to create a raw (unfiltered) gene-barcode matrix. Briefly, Cell Ranger mkfastq was used to make fastq files from bcl files. Next, Cell Ranger count was used for aligning sequencing reads to the hg19 reference genome (refdata-cellranger-hg19-3.0.0), obtained from https://support.10xgenomics.com/single-cell-gene-expression/software/release-notes/build using STAR. For confidently mapped reads, UMI sequences were collapsed and the number of UMI reads per gene were stored in the raw gene-barcode matrix (https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/algorithms/overview).



Filtering of Barcodes/Quality Control

We distinguished true cells from background droplets using the emptyDrops method implemented in the DropletUtils Bioconductor R package (19). By testing each cell versus an ambient RNA distribution, barcodes with a false discovery rate adjusted p-value < 0.01 were retained for further consideration. We performed a second quality control step to identify cells with low RNA content, possible doublets, or dead/damaged cells, in which we filtered cells based on the total number of UMIs per cell, the number of genes expressed, and the percentage of mitochondrial reads per cell. We used the scater R package to identify outlier identify cells in any of these metrics, where outliers were defined as three median absolute deviations (MADs) from the median (20). The scRNA-seq data were normalized using the NormalizeData function in the Seurat R package v 3.1.5 (21) in which the total counts for each cell were scaled to have 10000 total counts. The antibody counts were normalized using the same function with the centered log ratio transformation method.



Dataset Integration and Dimensionality Reduction

The datasets were integrated as detailed by McCarthy et al. (20). Briefly, canonical correlation analysis (CCA) was performed to identify shared sources of variation across the datasets, and mutual nearest neighbors in the CCA space were identified to produce anchors between datasets. Highly variable genes accounting for the majority of the heterogeneity within each sample were identified with the FindVariableFeatures function in the Seurat R package v 3.1.5 (21), which fits a local polynomial regression (loess) model to the mean-variance relationship and selects the top 2000 genes with the greatest standardized deviation from the fitted model. Using these features, anchors between the datasets which correspond to similar cells across datasets were identified using the FindIntegrationAnchors function, and this was used as input into the IntegrateData function to generate an integrated dataset. For dimensionality reduction, expression values for each gene in the integrated dataset were scaled to have a mean of zero and standard deviation of one using the ScaleData function. Principal component analysis (PCA) was run on this matrix using the RunPCA function in Seurat. For visualization Uniform Manifold Approximation and Projection (UMAP), a common dimensionality reduction method in scRNA-seq (21), plots were created based on the top 30 principal components using the RunUMAP function in Seurat.



Cell Cluster Differential Expression Analysis

Cell clusters were manually annotated based on their expression of known marker genes. Marker genes for each cluster were identified by comparing each individual cluster with the remaining pooled clusters for each sample using the Wilcoxon rank sum test implemented in the Seurat R package. Differentially expressed genes across conditions was done by pooling cells across subjects for each cell cluster using the Wilcoxon rank sum test. P-values were adjusted for multiple testing using the Bonferroni method. All analyses were performed using R version 3.6.3.



Pathway Analysis of Non-Myeloid Cells

Differentially expressed genes for each cell of interest were functionally annotated using the R package clusterProfiler (22). The Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) databases were used to determine association with particular diseases and biological processes. For KEGG, the enrichment P-value cutoff was set to pvalueCutoff = 0.05 and for GO we set qvalueCutoff = 0.01.




Results

Three of the four septic patients developed CCI and were sampled during that period. One of the septic patients had recovered sufficiently to be defined as a rapid recovery patient, although the patient was still hospitalized at the time of blood sampling. Two of the four patients with sepsis had fungal sepsis while the other two had bacterial sepsis. The mean age for the septic patients was 65 years; 75% were male and they were all studied post-sepsis day 14-21. Five healthy controls (mean age 42 years; 100% male) were also studied. Patient characteristics are detailed in Supplementary Table 1.


Identification of Lymphoid/Non-Myeloid Leukocyte Cell Types

We leveraged CITE-seq data to annotate cell clusters based on known cell markers (Figure 1A) as described in the Methods. We successfully identified 11 non-myeloid cell types: six T-lymphocyte subsets (naive CD4+, naive CD8+ activated CD4+, activated CD8+, NK T cells, and regulatory T-lymphocytes) (Figures 1B, C), NK cells, B-cells, and plasmacytoid dendritic cells (pDCs). Surprisingly, we were unable to positively identify any Th17 cells in our analysis (via expression of IL17). Th17 cells are known to be important for intact immunity, and their dysfunction can be associated with worse outcomes after sepsis (23, 24).




Figure 1 | scRNA-seq analysis at 14-21 days post-sepsis versus healthy control. Cells depicted are from all subjects in the study, in each corresponding group (sepsis n=4, healthy n=5). Using Seurat’s method of integrating data across conditions/batches, the integration allows for joint clustering and to identify shared (or possibly unshared) cell clusters. Cells are visualized on uniform manifold approximation and projection (UMAP) plots colored by cell types. (A) UMAP representation of cell clusters identified in healthy patients versus late sepsis. (B) Annotation of T-lymphocyte subsets was performed manually using expression of CD3D, CD4, CD8A, CCL5, CCR7, FOXP3, GNLY, IL2RA, IL7R, NCAM1 and NKG7. (C) UMAP representation of T-cell subset clusters from manual annotation identified in healthy patients versus late sepsis in three dimensions. (E-MDSC, early myeloid derived suppressor cell; G-MDSC, granulocytic myeloid derived suppressor cell; M-MDSC, monocytic myeloid derived suppressor cell; pDC, plasmacytoid dendritic cells).





Non-Myeloid Cells in Healthy vs Late Sepsis


T-Lymphocytes

In the analysis of healthy controls (n=5) with all sepsis patients day 14-21 (n=4), scRNA-seq revealed differential expression of 11 genes in CD4+, 30 genes in CD8+, 26 genes in activated CD4+, 50 genes in activated CD8+, and 32 genes in regulatory T (Tregs) lymphocytes (adjusted p-value < 0.01; Supplementary Data Sheet 2 and Supplementary Table 2).

IL32 was significantly upregulated in all T-lymphocyte subsets. The IL-32 family shares no known homology to other cytokines and is a pro-inflammatory cytokine that stimulates the secretion of other proinflammatory cytokines and chemokines via nuclear factor kB (NFkB) and p38 mitogen-activated protein kinase (MAPK) pathways (25, 26). In addition, T-lymphocytes and Tregs from septic patients did not have many differentially expressed genes previously reported to be directly immunosuppressive; however, there was upregulation of pro-inflammatory genes such as STAT1, NEAT1, IL32, PSME1/2, CCL4 (MIP1β), and LIME1.

TNFSF10 (TRAIL) and S100A8/9, were found to be significantly upregulated in late sepsis CD4+ and CD8+ T- lymphocyte subsets, respectively. S100A8/A9 encode for proteins that have many pro- and anti-inflammatory immune functions (27). TNFSF10 encodes for a cytokine in the tumor necrosis factor family that mediates cell apoptosis in response to tumor cells and infection (28, 29). STAT1 and SETD2 are also both over-expressed in late sepsis CD4+ T-lymphocytes. SETD2 is known to directly mediate methylation of STAT1 and reinforces interferon-α Activated transcription of STAT1 in antiviral immunity (30).

Activated CD8+ T-lymphocytes also showed upregulation of MHC II genes such as CD74, HLA-DRA, HLA-DRB1, HLA-DRB5, HLA-DQA1. MHC II gene expression in T-lymphocytes has been described as a late marker of activation, associated with persistent inflammation in many autoimmune disorders (31–33). Not surprisingly, late sepsis CD4+ T-lymphocytes did not have differential expression of any HLA genes. Interestingly, late sepsis activated CD4+ T cells had high expression of ETS1, which has been implicated as a negative regulator of Th17 differentiation (34). This could partially explain the lack of Th17 cells seen in this analysis. Activated CD4+ and CD8+ T-lymphocytes also shared upregulation of genes IRF1, implicated in T-lymphocyte differentiation (35, 36).

Activated CD8+ T-lymphocytes from late sepsis had the most differentially expressed genes compared to the other T-lymphocyte subsets. CD27, which is important in the generation of T-lymphocyte memory and viral immunity, was specifically downregulated in late sepsis activated CD8+ T-lymphocytes (37). Late sepsis activated CD8+ T-lymphocytes also showed upregulation of cytotoxic genes ITGB1, GZMA, GZMH, NKG7 (38–42). Yet, in late sepsis there was downregulation of other cytotoxic lymphocyte genes KLRC3 and KLRC1. Interestingly, late sepsis activated CD4+ T-lymphocytes also demonstrated upregulation of some cytotoxic genes such as GZMA, CCL5, and CST7 (40, 42, 43).

We utilized functional enrichment analysis to gain greater biological insight into the functional processes activated or inhibited in late sepsis (Supplementary Table 3). KEGG enrichment of differentially expressed genes in CD4+ and CD8+ T cells identified only one significant pathway (Ribosome). KEGG enrichment of differentially expressed genes in activated CD4+ T cells and activated CD8+ T cells identified three (ribosome, influenza A, and NOD-like receptor signaling) and 32 pathways, respectively (adjusted p-value < 0.05). Differentially expressed genes from activated CD8+ T cells in late sepsis were enriched for KEGG pathways associated with antigen processing and presentation, many viral diseases and autoimmune disorders.

Most of the differentially expressed genes found in each T-lymphocyte subset are genes important for cell function such as ribosomal, mitochondrial, glycolytic, transcription and binding proteins. The majority of these regulatory genes, especially ribosomal genes, are downregulated in late sepsis T-lymphocytes. This suggests a relative cell “exhaustion or dysfunction” in late sepsis, potentially playing a role in T-lymphocyte exhaustion known to occur after sepsis (44, 45). KEGG enrichment analysis showed significant overlap (adjusted p-value < 0.05) in the Ribosome pathway for all T-lymphocyte subsets. GO analysis of the differentially expressed genes illustrated transcriptome involvement of biological processes related to ribosomal function in all T-lymphocyte subsets, except activated CD4+ T cells, further supporting T-lymphocyte exhaustion in late sepsis (adjusted p-value <0.01; Supplementary Table 3).



Cytotoxic Lymphocytes (NK and NKT)

In the comparison between healthy subjects (n=5) and those with late sepsis (n=4), scRNA-seq revealed differential expression of 8 genes in NK T cells and 28 genes in NK cells (adjusted p-value < 0.01; Supplementary Data Sheet 2 and Supplementary Table 2). NK T cells had differential downregulation mainly of cell regulatory genes. However, there was also downregulation of the cytotoxic lymphocyte gene KLRC3. Interestingly, NK cells also exhibited downregulation of the cytotoxic gene KLRC3 along with downregulation of KLRC1 and KLRG1. KLRC3 encodes for an activating receptor, while KLRC1 and KLRG1 encode for inhibitory receptors (46). Downregulation of these genes suggest compromised NK cell and NK T cell function in late sepsis.

Significant terms from KEGG and GO enrichment analyses can be found in Supplementary Table 3. KEGG enrichment of the differentially expressed genes in NK cells showed overlap in many immune related pathways including antigen processing and presentation and natural killer cell mediated cytotoxicity. GO analysis of the differentially expressed genes in NK cells revealed overlap with significant biological processes such as antigen processing and presentation, antigen receptor mediated-signaling pathway, and cytokine signaling. Interestingly, differentially expressed genes in both NK and NKT cells enriched for multiple GO biological process terms related to protein targeting to the membrane. NKT cell genes also enriched for multiple GO biological processes pathways important for proper cellular function (ATP synthesis, ribosome biogenesis, rRNA processing, mitochondrial ATP synthesis. These findings further support NK cell and NK T cell dysfunction in late sepsis.



Plasmacytoid Dendritic Cells

There was differential expression of 16 genes in pDCs in the analysis of healthy controls (n=5) compared with all late sepsis patients (n=4) (adjusted p-value <0.01; Supplementary Data Sheet 2 and Supplementary Table 2). There were only 4 upregulated genes, three of which are proinflammatory markers S100A8, S100A12 and FAM26F. S100A8 and S100A12 are danger-associated molecular proteins (DAMPs) which are potent activators of innate immunity (47, 48). FAM26F encodes for a membrane glycoprotein which is implicated in immune cell-cell interactions. The synergistic expression of FAM26F is necessary for NK cell activation by dendritic cells (49, 50). Most of the differentially expressed genes downregulated in the late sepsis were important for cell function such as ribosomal, mitochondrial, glycolytic, transcription and binding proteins. One downregulated gene, DNASE1L3, which encodes for an endonuclease, has been demonstrated to be necessary for inflammasome-mediated cytokine secretion (51, 52). Enrichment analysis was significant for five KEGG terms (adjusted p-value < 0.05) and 30 GO terms (adjusted p-value <0.01). The significant GO terms include many pathways important for immune cell function, such as protein targeting to the membrane, organelle organization, regulation of inflammatory response and granulocyte chemotaxis (Supplementary Table 3). Together these genes highlight immunometabolic dysfunction and suggest pDCs as an important contributor to the persistent inflammation seen in chronic sepsis.



B-Cells

In the analysis of healthy controls (n=5) compared with all late sepsis patients (n=4), there were only 11 differentially expressed genes (adjusted p-value <0.01; Supplementary Data Sheet 2 and Supplementary Table 2). The three downregulated genes encoded for ribosomal and mitochondrial proteins, suggesting immunometabolic dysfunction. Of the upregulated genes, there were 3 pro-inflammatory genes (FAM26F, IFITM1, and AIM2) all of which are inducible by interferon and important in the activation of the innate immune response (49, 53, 54). IFITM1 protein has also been reported to play a role in the inhibition of B cell line proliferation (54). AIM2 is an important cytoplasmic sensor that recognizes dsDNA for a wide range of pathogens, as well as host DNA, that triggers the release of many cytokines upon activation (53). This is not reflected in the enrichment analysis (Supplementary Table 3). There was significant overlap in only two GO biologic process pathways for protein oligomerization (adjusted p-value <0.01) and no significant KEGG pathways (adjusted p-value <0.05).




Lymphocytes in Chronic Critical Illness

Within our sepsis cohort, three patients were classified as CCI and one patient as rapid recovery. Although our sample size for rapid recovery patients is too low for a direct analysis, there were enough CCI patients to determine if there are differences more specific to CCI patients compared to our previous analysis of all patients. Therefore, further analysis was performed to elucidate transcriptomic patterns in the lymphocytic cell types of late sepsis CCI patients compared to healthy controls. In the analysis of healthy controls (n=5) to late sepsis CCI patients (n=3), scRNA-seq revealed differential expression of 16 genes in CD4+, 30 genes in CD8+, 26 genes in activated CD4+, 52 genes in activated CD8+, and 37 genes in regulatory T (Tregs) lymphocytes. There was differential expression of 8 genes in NKT, 35 genes in NK, 11 genes in B, and 15 genes in pDC (adjusted p-value < 0.01; Supplementary Data Sheet 3 and Supplementary Table 4). The lower number of differentially expressed genes, as well as, the high number of common genes between analyses suggests that the CD8+ T, NK T cells, pDCs, and B cells in late sepsis have begun trending back towards homeostasis, regardless of clinical trajectory. Of note, the CD8+ T-, NKT- and B-lymphocytes differentially expressed genes from the analysis of all late sepsis patients are the same as the differentially expressed genes in the analysis for CCI. The differentially expressed genes for the other non-myeloid cells do not differ wildly between the two analyses, but there are some differences worth mentioning.

As hypothesized, scRNA-seq analysis revealed differentially expressed genes important for both immunosuppression and inflammation in all CCI T-lymphocyte subsets, just as reported for all sepsis patients above. The sub analysis of healthy versus CCI CD4+ T-lymphocytes revealed unique differential expression of five genes not seen in the analysis of all late sepsis patients (upregulated: HBB, ETS1; downregulated: SMDT1, RPL41, MTRNR2L12). There was also unique expression of three genes in CCI activated CD4+ T-lymphocytes (upregulated: AL592183.1; downregulated: PLP2, MTRNR2L12), five genes in activated CD8+ T-lymphocytes (upregulated: MT-ND6, THEMIS; downregulated: RPL38, RPL41, MTRNR2L12); ten genes in Tregs (upregulated: SORL1, ETS1, IRF1, EIF1AX, DDX5, SMCHD1, LINC00657, USP22, tNSF10; downregulated: MTRNR2L12); and eight genes in NK cells (upregulated: S100A8, CD74, HLA-DPA1, JUNB, MT-ND6, DUSP, AL592183.1; downregulated: MTRNR2L12). Most of the uniquely expressed genes in CCI lymphocytes encoded for regulatory proteins – mitochondrial, ribosomal and transcriptional However, Tregs also saw an increased expression level of proinflammatory genes IRF1 and TNSF10. While there were no differences noted in this analysis of CCI NKT cells compared to analysis of all sepsis NKT cells, NK cells in CCI had a unique upregulation of inflammatory genes S100A8, CD74, JUNB, and DUSP1. Although differential regulatory function is reflected in the enrichment terms (Supplementary Table 5) which are similar to the previous analysis of all sepsis patients compared to healthy controls, there are no unique pathways to suggest a concerted increase of inflammation in non-myeloid populations in CCI late sepsis. However, this differential gene expression in conjunction with the lack of significant overlap in related pathways, could represent a dysregulated attempt to increase inflammation in CCI late sepsis when compared to RAP late sepsis and healthy controls. This data also suggests that the persistent inflammation seen in PICS is not driven by non-myeloid cells.



Lymphocytes After Bacteremia Versus Fungemia

Finally, we compared scRNA-seq profiles of late sepsis lymphocytes based on initial septic insult (bacterial vs fungal). Gene expression analysis between the late sepsis patients with bacteremia (n=2) versus fungemia (n=2) revealed differential expression of 25 genes in CD4+ T-lymphocytes, 44 genes in CD8+ T-lymphocytes, 93 genes in activated CD4+ T-lymphocytes, 368 genes in activated CD8+ T-lymphocytes, 24 genes in Tregs, 9 genes in NK T cells, 249 genes in NK cells, 16 genes in B-cells, and ten genes in pDCs (adjusted p-value< 0.01). However, many of these genes differed only modestly in expression; thus, we applied a further cutoff value of log fold-change (FC) > │0.4│ (corresponding to standard FC > │1.5│) to select significant genes. Gene analysis with the more stringent criteria (adjusted p-value < 0.01 and log FC > │0.4│) revealed differential expression of 19 genes in CD4+ T-lymphocytes, 44 genes in CD8+ T-lymphocytes, 41 genes in activated CD4+ T-lymphocytes, 161 genes in activated CD8+ T-lymphocytes, 21 genes in Tregs, 9 genes in NK T-cells, 89 genes in NK cells, 11 genes in B-cells, and six genes in pDCs (Supplementary Data Sheet 4 and Supplementary Table 6).

Interestingly, the naive and activated CD8+ T-lymphocytes in bacterial sepsis demonstrated a more cytotoxic-like pattern with upregulation of cytotoxic genes such as GZMA, GZMH, GZMK, CCL5, CST7, and NKG7 (38, 40–42). Activated T-lymphocytes from late bacterial sepsis showed upregulation of many genes for DAMPs and HLA proteins. B cells and pDCs of late sepsis showed differential expression mainly of genes for ribosomal, mitochondrial, and transcription proteins. Of note, all lymphocytes in late bacterial sepsis showed increased expression of adult hemoglobin genes HBB ± HBA2 when compared to those lymphocytes in fungal sepsis. Although the function of HBB and HBA2 are unknown in lymphocytes, some studies have shown increased expression in non-erythroid cells to be associated with hypoxia (55). Thus, it is possible that the expression of hemoglobin genes may reflect differences in the sepsis phenotype (Skin/Soft Tissue vs Vascular/Bloodstream) rather than initial microbial insult.

Enrichment analysis results can be found in Supplementary Table 7. Supporting our claim above, activated CD8+ T differential genes enriched for terms that support a more cytotoxic-like pattern natural killer cell mediated cytotoxicity, phagosome, and proteasome pathways. Enrichment of the differential genes in all non-myeloid subsets in late bacterial versus late fungal sepsis demonstrated significant overlap in many immune cell related pathways such as antigen processing and presentation, chemokine signaling, NK-kappa B signaling, granulocyte chemotaxis, and immune cell differentiation.




Discussion

Historically, 30-day mortality has been the primary outcome of interest in surgical sepsis populations (56–58). However, many sepsis patients survive thanks to earlier identification and improved subsequent therapy (3, 4). Thus, sepsis research is adapting to evaluate long-term outcomes, such as functional status, cognitive status, and one-year morality, as primary outcomes (3, 4, 57, 59, 60). Ongoing research suggests that the dismal long-term outcomes experienced by CCI patients are due to a dysregulated immune response that fails to return to homeostasis (5, 6, 9, 11, 13), which we have identified as the PICS endotype (12).

This study utilized scRNAseq to reveal novel gene expression patterns in circulating non-myeloid cells of late sepsis. Similar to previous studies, our study supports the hypothesis that immune dysregulation and failure to restore immune homeostasis is associated with the development of CCI among sepsis survivors. As noted in other sepsis cohorts, there is substantial variability in transcriptional changes in inflammatory genes, both early and late after sepsis, for CCI and rapid recovery patients (61–64). Neither early nor late sepsis transcriptomic patterns identify a distinctive pro-inflammatory or immunosuppressive phase (65). Rather, there is an aberrance of both inflammatory and immunosuppressive genes simultaneously, suggesting global immune dysregulation further promoting PICS as the underlying pathobiology of late sepsis.

Our study highlights that lymphoid populations have a transcriptomic profile more suggestive of immune and metabolic dysfunction than inflammation at 14-21 days post-sepsis. T-lymphocytes had some overexpression of both pro-inflammatory and immunosuppressive genes in late sepsis, but not to the levels seen in myeloid populations (12). In contrast, both pDCs and platelets appear to play an important role in the persistent inflammation seen in chronic sepsis with upregulation of genes for pro-inflammatory cytokines and chemokines. Particularly in CCI late sepsis, transcriptomic patterns suggest the potential for persistent inflammation via NK cells and Treg lymphocytes. The transcriptomic profiles could represent a compensatory upregulation of these inflammatory genes to combat the relative immunosuppression. Importantly, our analysis also suggests that the transcriptomic profile may be influenced not only by initial microbial insult and clinical trajectory but also by sepsis endotype/initial site of infection.

Surprisingly, we were unable to identify circulating Th17 lymphocytes in our study population. Specifically, we were unable to identify the expression of IL17 messenger RNA (mRNA) in any of our T-lymphocyte subsets. Th17 lymphocytes are one of the effector cell types differentiated from activated CD4+T- lymphocytes via induction from TGF-β, IL-6, IL-21 (24, 66). Th17 cells have been demonstrated to be crucial in neutrophil recruitment for defense against extracellular pathogens and crucial in mucosal host defense (67). Th17 lymphocytes play an important role in autoimmune diseases, promoting chronic inflammation, but this has not been described in late sepsis. In one study, circulatory Th17 lymphocyte counts were higher in survivors with severe sepsis than in non-survivors and counts were increased after 6 days in severe sepsis, suggesting an association of Th17 with severe sepsis survival (68). To our knowledge, this is the first study to look at T-lymphocytic subsets after 7 days post-sepsis. Our study suggests that there is a significant decrease in circulating Th17 cells at 14 days post sepsis, which could indicate decreased differentiation of Th17 lymphocytes. Importantly, Th17 cells are the major producers of IL17 cytokine, which has been documented to increase extramedullary hematopoiesis and bone marrow granulopoiesis (67, 69–71). Therefore, the lack of Th17 lymphocytes in late sepsis/CCI may play a critical role in the persistent dysfunctional hematopoiesis of PICS.

We also observed that the majority of the downregulated differentially expressed genes in non-myeloid cells of late sepsis encode for glycolytic, ribosomal and mitochondrial proteins. Previous studies report similar alterations in leukocyte transcriptomic profiles in early inflammation (72, 73). However, the perseverance of this transcriptome has not been well delineated in late sepsis. The functional consequences of downregulation of these genes in the T-lymphocyte subsets are consistent with what has been described as “T-lymphocyte exhaustion”, which is characterized by dysfunctional differentiation and decreased immune response to a new inflammatory stimulus, usually to chronic viral infections (74, 75). The repression of genes encoding for ribosomal and mitochondrial proteins has been associated with a decrease in T-lymphocyte function and differentiation (76, 77). This could explain our failure to confidently identify Th17-lymphocytes in these late sepsis patients. The lack of definitive Th17 cells could contribute to the increase susceptibility to secondary infections in CCI sepsis patients (78, 79).

The main limitation of this study was that it was performed in a limited number of surgical sepsis patients. Further validation of the differentially expressed genes with more patients, especially those that rapidly recovered, is warranted. Additionally, we were only able to analyze immune cell transcriptome patterns at one time point in late sepsis. Future transcriptomic analysis with more time points is warranted to analyze time-dependent genomic expression patterns of late sepsis in sepsis survivors (14). Finally, this is a descriptive study. It is important to note that mRNA expression does not always correlate with protein expression due to many epigenetic and posttranslational factors. We recognize that the KEGG and GO enrichment analyses did not perfectly align with how we interpret gene interaction within each non-myeloid cell. Yet this does not trivialize the importance of our findings. In fact, this highlights our lack of understanding of the immune cell transcriptomic response and subsequent endotype in late sepsis. Further functional studies to elucidate the specific role of these differentially expressed genes in chronic sepsis are warranted. In addition, the circulating leukocyte transcriptome does not necessarily represent the leukocyte transcriptome within individual tissues. However, the work presented in this manuscript highlights a number of genes and non-myeloid cell subsets that could be targeted for therapy in those sepsis patients that have CCI and adverse outcomes as a consequence of PICS.



Conclusions

Utilizing scRNA-seq, we identified unique transcriptomic profiles of lymphocytic cell types in late sepsis patients. scRNA-seq analysis demonstrated that circulating lymphocytic cells maintain a transcriptomic profile that is predominantly immunosuppressive with low-grade pro-inflammatory characteristics in late sepsis patients. In addition, the type of infecting organism (e.g. bacterial vs fungal) can alter the lymphocyte transcriptome later in sepsis, further highlighting the need for personalized immunotherapy. Importantly, this data highlight that the persistent global immune dysfunction in late sepsis extends to nearly all lymphocytic subsets which are all likely playing a role in the increased secondary infections, increased late mortality, and poorer prognosis seen in CCI. Future studies with particular attention to Th17 lymphocytic dysfunction may reveal this subset as a major target to reflect poor prognosis and adverse outcomes in late sepsis. However, many more studies are warranted to completely understand the PICS endotype in order to devise an effective treatment plan for CCI patients in late sepsis.
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Until recently, necrosis is generally regarded as traumatic cell death due to mechanical shear stress or other physicochemical factors, while apoptosis is commonly thought to be programmed cell death, which is silent to immunological response. Actually, multiple modalities of cell death are programmed to maintain systematic immunity. Programmed necrosis, such as necrosis, pyroptosis, and ferroptosis, are inherently more immunogenic than apoptosis. Programmed necrosis leads to the release of inflammatory cytokines, defined as danger-associated molecular patterns (DAMPs), resulting in a necroinflammatory response, which can drive the proinflammatory state under certain biological circumstances. Ferroptosis as a newly discovered non-apoptotic form of cell death, is characterized by excessive lipid peroxidation and overload iron, which occurs in cancer, neurodegeneration, immune and inflammatory diseases, as well as ischemia/reperfusion (I/R) injury. It is triggered by a surplus of reactive oxygen species (ROS) induced in an imbalanced redox reaction due to the decrease in glutathione synthesis and inaction of enzyme glutathione peroxidase 4 (GPX4). Ferroptosis is considered as a potential therapeutic and molecular target for the treatment of necroinflammatory disease, and further investigation into the underlying pathophysiological characteristics and molecular mechanisms implicated may lay the foundations for an interventional therapeutic strategy. This review aims to demonstrate the key roles of ferroptosis in the development of necroinflammatory diseases, the major regulatory mechanisms involved, and its potential as a therapeutic target.
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Introduction

Apoptosis, regarded to occur only in one form of programmed cell death, is deemed to play a part in homeostasis and host defense. This form yields cell death in a genetically regulated way that performs an induced impact on the adjacent cells. While another different form of necrosis, considered as a type of cell death in the setting of physicochemical stimulation, can be dictated by a special molecular pathway that releases intracellular contents to induct inflammatory response (1). Compared to the formation of apoptotic bodies and membrane packaging during apoptosis, necrosis is characterized by cellular swelling, membrane permeabilization, and even release of cellular contents (2). Although conspicuous feature of these cell death processes may transform into differently immunogenical levels, impairment of scavenging function in apoptotic cells can result in necrosis, inducing the onset of inflammation (3). It is proved by accumulating evidences that cells indeed undergo programmed necrotic processed, such as necroptosis, pyroptosis, ferroptosis, and NET osis (Figure 1).




Figure 1 | The distinctions between apoptosis and necrosis. On account of the stimuli and context, cells can undergo apoptosis and necrosis. Apoptosis is thought to be programmed cell death relating to homeostasis while necrosis is induced by mechanical shear stress or other physicochemical factors including infection and oxidation, etc. Upon the stimulation of damaged signals, cells trigger programmed necrosis, such as necroptosis, pyroptosis and ferroptosis. Cells suffering from stress may release immunogenic molecules called DAMPs, which could initiate the systematic immune response against detrimental substances, ultimately leading to inflammation. HMGB1, high mobility group box-1 protein; DAMPs, danger-associated molecular patterns.



Necroinflammation, defined as the cascade connection of innate and adaptive immune responses to necroptotic cell death, might be regulated by particular signaling mechanisms such as necroptosis, ferroptosis, and pyroptosis. Cells suffering from oxidative stress may release immunogenic molecules, which trigger the systematic immune response against detrimental substances, ultimately leading to necrotic cell death in a physiological or pathophysiological state. Therefore, immune cell should be dependent on precisely discriminative mechanism to distinguish between the diverse forms of cell death, and concurrently detect signaling molecular transmitted by dying cells for activating immune system. As to date, evidences prove immune response to be affected via ferroptosis during programmed necroinflammatory process. A better understanding of ferroptosis as a form of necrosis, could lead to the pharmacological prevention in necroinflammatory disease.

Ferroptosis, characterized by iron-dependent lipid peroxidation, and triggered by a particular small-molecule inducer, is inducted by unique and precise mechanisms. In fact, superimposed lipid peroxidation has been confirmed to be the central part of ferroptosis. A long-chain-fatty-acidacetyl-coenzyme A synthase 4 (ACSL4) (4), which is an activator of the lipoxygenase-dependent signaling pathway, involves in ferroptosis initiation, and another antioxidant enzyme glutathione peroxidase 4 (GPX4) (5) subsequently triggers ferroptosis under the reduction/oxidation imbalanced status. The specific necrotic signaling pathway of ferroptosis may produce pathogenic cytokines peroxides that impair the immune response via activating immune cells. In addition, ferroptosis may upregulate subcellular structures such as hazardous peroxisomes on the surface of fractured organelles or ruptured mitochondria. More studies suggest that ferroptosis-related cell death has a potential link to necroinflammatory disease. Hence, further exploration in ferroptosis enhancing systematically proinflammatory state of the immune response might potentially target for novel mechanisms and therapies.



Ferroptosis and Regulatory Mechanisms

Ferroptosis differs from other traditional forms of cell death in terms of initiative factor, dying cell morphology, regulatory pathway, as well as biological induction and inhibition (5, 6). It is notable that ferroptosis is a mitochondria-dependent type of cell death with the features in mitochondrial morphology including reduced mitochondrial volume, increased inner membrane density, rupture of the outer mitochondrial membrane and mitochondria cristae dysfunction (7). Moreover, the key mechanisms involved in ferroptosis depend on the metabolism of polyunsaturated fatty acid and the modulation of phospholipidome, especially the nonenzymatic lipoxygenase-mediated lipid peroxidation leading to the destruction of the lipid bilayer. Thus, ferroptosis occurs along with glutathione overconsumption, inhibition of glutathione synthesis and reduction of GPX4 activity when the redox reaction is disorganized. Up to date, as increasingly advanced understanding of ferroptosis in various domains, the signaling cascades including System Xc-, GPX4, MVA, and heat shock factor (HSF)1-HSPB1 (8) appear to be more clear. The major signaling pathways of ferroptosis are summarized in Figure 2.




Figure 2 | The mainly regulated mechanism underlying ferroptosis. GPX4 regarded as the key regulator in ferroptosis relies on the biosynthesis of GSH. It produces an antioxidative effect on ferroptotic process, and is regulated by MAV signaling pathway. Xc- system that is composed of SLC7A11 and SLC3A2 regulates ferroptosis together with glutathione metabolic pathway by exchanging glutamate and cystine at 1:1 ratio. Ferroptosis is dependent on overload iron that ascribes to peroxides and divalent ferrous salts produced by fenton reaction. Iron can be transported from extracellular to intracellular in virtue of transferring protein. Mitochondria as the essential organ involving in ferroptosis, contains six ferroptosis-related genes and releases ferroptosis-induced lipid peroxides through the electron-transporting chain. PUFAs, polyunsaturated fatty acids; GSH, glutathione; GPX4, glutathione peroxidase 4; DMT1, divalent metal transporter 1; HSPB1, heat shock protein B1; FTH, ferritin heavy polypeptide; IREB2, iron response element binding protein 2; NRF2, nuclear factor erythroid-2-related factor 2; SLC7A11, transmembrane protein transporter vector family 7 member 11; SLC3A2, single-channel transmembrane regulatory protein solute carrier family 3 member2.




Glutathione Metabolic Pathway

The activity of lipid repair enzyme called GPX4 which exerts an antioxidative effect on ferroptotic process depends on the biosynthesis of glutathione (GSH) (5), and is identified as a key regulatory factor in ferroptosis. Intracellular depletion of GSH leads to GPX4 inactivation and lipid peroxidation accumulation, eventually resulting in ferroptosis (9). In particular, GPX4 is specifically targeted by the endogenous ferroptosis-inducing agent of RSL3 (10), which catalyzes GSH-dependent reduction of hydroperoxides to lipid alcohols System Xc- composed of a transmembrane protein transporter solute carrier family 7 member 11 (SLC7A11) and a single-pass transmembrane regulatory protein solute carrier family 3 member 2 (SLC3A2), regulates ferroptosis together with glutathione metabolic pathway by exchanging glutamate and cystine at 1:1 ratio (11). Inhibition of system Xc- causes the depletion of intracellular cysteine, restricting the synthesis of glutathione, and triggering oxidative stress, and then the antioxidant enzyme GPX4 is impaired, which finally initiates ferroptosis. Moreover, increasing evidences support the hypothesis that trans-sulfuration as another regulator of ferroptosis, is the major source of compensatory for cysteine depletion and further inhibits erastin-induced ferroptosis (12). Therefore, GPX4 synthesis-related and system Xc- function-related pathway are essential in ferroptotic regulation.



Lipid Peroxidation Pathway

Researchers have discovered that ferroptosis is preferentially accompanies by lipid peroxidation including polyphosphorylated phosphatidylethanolamine (PE) containing polyunsaturated fatty acids (PUFAs) (13). ACSL4 is considered as the key enzyme to regulate lipid oxidative response and accelerate ferroptosis by generating oxidized PE in oxygenation localize, catalyzing adrenaline (AdA) to generate AdA acyl Co-A, which is esterified to AdA-PE (14). A mass of malondialdehydes is produced by AdA-PE oxidation and ultimately leads to ferroptosis. Expression of ACSL4 is regulated by certain molecules, such as special protein 1 (Sp1) (15), a transcription factor that upregulates ACSL4 transcription to promote ferroptosis. Inhibiting the activity of ACSL4 can block AdA esterificating into PE, which reduces susceptibility of mouse embryonic fibroblasts Pfa 1 cells to ferroptosis (13). These studies indicate that lipid peroxidation is the key step in ferroptosis.



NADPH-FSP1-CoQ10 Pathway

It has been demonstrated by Doll and colleagues that overexpression of apoptosis-inducing factor mitochondria-associated 2 (AIFM2, also named as FSP1) (16) is capable of reversing GPX4 suppression-induced ferroptosis, which proves FSP1 to be ferroptotic inhibitor independent on GPX4 mechanism. The N-terminus of FSP1 is representative for its structural domain called myristoylation with function of lipid modification, which promotes FSP1 locating on plasmalemma and reduces sensitivity of cells to ferroptosis (16). A previous study verified FSP1 to be an nicotinamide-adenine dinucleotide phosphate- (NADP-) dependent coenzyme Q (CoQ) oxidoreductase, which is an electronic carrier and acts as lipidsoluble antioxidant (17). The recent studies demonstrate that FSP1 is paralleled with GPX4 to suppress ferroptosis by directly regulating the nonmitochondrial CoQ10 antioxidant system (18). Hence, inhibition of FSP1 combined with GPX4 might provide a more effectively targeting strategy for ferroptosis-associated diseases.



Iron Metabolism Pathway

Both process and development of ferroptosis relies on overload iron that ascribe to peroxides and divalent ferrous salts produced by fenton reaction. When intracellular iron homeostasis is disordered, nuclear receptor coactivator 4 (NCOA4) (19) mediated ferritinophagy leads to disfunction of transferrin, which ultimately enhances the production of oxygen centered free radicals to induce ferroptosis. The key encoder named iron responsive element-binding protein 2 (IREB2) (7) is responsible for regulating iron metabolism, and studies have revealed that silencing-expressed IREB2 might perform an impact on not only iron transportation but also genes expression of transferrins (5, 7, 8). Moreover, upregulation of autophagy-associated protein expression activates ferroptosis, and inhibition of autophagy-related 5 (Atg5) as well as autophagy-related 7 (Atg7) genes shows a suppressive activity on ferroptosis (20).



Other Molecular Related Signaling Pathway

In addition to the aforementioned signaling pathway, the nuclear factor erythroid 2-related factor 2 (Nrf2) (8, 21) involves in the regulation of ferroptosis due to its antioxidant function. When cells confront the normoxic setting, Nrf2 is united with Kelch-like ECH-associated protein 1 (Keap 1) to maintain an inactivated state by ubiquitylation in the proteasome, while Nrf2 is released from the conjugated Keap1 protein to transsituate to the nucleus under the oxidative stress (21). In 2016, Sun and his team demonstrated p62-Keap1-Nrf2 signaling pathway performed an antioxidative effect on the regulation of ferroptosis in hepatoma carcinoma cells, depended on the mechanism that p62 as an autophagy receptor could locate on cells to activate Nrf2 by devitalization of Keap1 (22). Nrf2-inhibited ferroptosis is also associated with the mediation of NQO1 (22), home oxygenase-1 (HO-1) (8), and ferritin heavy chain (FTH1) (5, 7), which shows a crosstalk between ferroptosis and autophagy. P53 is reported to mediate ferroptotic signaling pathway through down-regulating SLC7A11 expression to inhibit Xc- system. It is found that proliferation of ROS after activated P53 reduces antioxidant efficacy eventually contributing to ferroptosis, which is reversed by the treatment ferrostatin-1 (Fer-1) (23). Thus, P53 performs an essential impact on ROS-related metabolic signaling pathway of ferroptosis.




The Relationship Between Ferroptosis and Necroinflammatory Response

Inflammation, generally in response to pathogen or tissue injury, is typically described as a complex biological response (24). The molecular mechanism of inflammation firstly proposed by Charles Janeway, states that the immune system can discriminate between self (healthy tissues) and non-self (invasivepathogens). Accordingly, pathogenic molecules, defined as pathogen-associated molecular patterns (PAMPs) are recognized by pattern recognition receptors (PRRs), which are responsible for identifying the existence of microorganisms and act as the first line of defense against infection and tissue injury (25). PRRs are widely expressed and located not only on various immune cells including macrophages and dendritic cells but also on nonprofessional immune cells, such as cells of the neurovascular unit as well as cerebral vasculature, and even on the abnormal tumor cells (26). These conservative microbial production, including lipopolysaccharide, lipoteichoic acid, bacterial lipopeptides, peptidoglycan, and bacterial DNA, are commonly referred to PAMPs, and then stimulate PRRs, which eventually result in the migration of immune cells to the site of infection (27). However, in addition to the recognition of pathogens, the immune system is capable of responding to cellular damage, including acute organ rejection, systemic autoimmune diseases, and inflammatory diseases. Afterwards, Matzinger proposed the notion of endogenous danger signals that can sense harmful stimuli by activating the immune response following stress-induced damage (28). This type of inflammation can be triggered by danger-associated molecular patterns (DAMPs) (28) in response to stress and cell death, which is discriminative to PAMPs (Table 1). DAMPs, such as high mobility group box-1 protein (HMGB1), heat shock proteins (HSPs), uric acid, thioredoxin, galectins and so on, are released during oxidative stress or tissue damage and subsequently initiate an inflammatory response (27, 28). Despite PRRs are applied to detect PAMPs in order to further identify DAMPs, DAMPs are still viewed as menacing microbes (Table 2). In fact, the processes and mechanisms implicated in the necroinflammatory response are extremely complex. Cells dying by necrotic mechanisms, whether in a controlled manner or by accident, are characterized by cytoplasmic membrane damage, releasing their intracellular contents (e.g., DAMPs), which can be recognized by the immune system through signaling pathways, finally initiating a necroinflammatory process (29, 30). It has been hypothesized that the release of endogenous DAMPs can perform a vital function to evoke tissue inflammation and further excitation of regulatory cell death through autoamplification (31). Immune cells have the capability to detect various forms of hazardous cellular stresses and then transmit signals to elicit immune responses (32). Collectively, necroinflammation is associated with a persistent immune response and an inflammatory state, which induces the pathological process of human disease.


Table 1 | Comparisons of PAMPs and DAMPs.




Table 2 | DAMPs and PRRs that recognize menacing microbes.



It is accepted that ferroptosis, as a type of necrotic death, is more immunogenic than apoptosis to induce the release of inflammatory mediators and DAMPs, thus rendering the cellular environment highly proinflammatory state. Despite the release and function of DAMPs in ferroptotic cells remains unclear to a large extent, DAMPs can impact on initiating and perpetuating a necroinflammation during ferroptosis. A recent study has provided evidence that HMGB1 is a specific DAMP released by ferroptotic cells in an autophagy-dependent manner (33). Ferroptosis-induced inflammatory response appears to be significantly attenuated by intervention of anti-HMHB1 neutralizing antibodies, which indicates targeting HMGB1 release can effectively inhibit an necroinflammation in ferroptosis. Notably, the relationship between ferroptosis and the necroinflammatory response is outlined in Figure 3.




Figure 3 | Ferroptosis is critically involved in the development of necroinflammatory diseases. Genetically programmed necrosis is initiated by variously systematic stress including oxidation, immunogenic molecules, metabolic disturbance, and ischemia/reperfusion injury. In the setting of oxidative stress, ferroptosis-induced lipid peroxidation and ROS can promote the programmed necrotic cells to release DAMPs as well as inflammatory cytokines that stimulate innate immune cells to enhance necroinflammatory response. DAMPs, danger-associated molecular patterns; ROS, reactive oxygen species.





Regulation of Ferroptosis in Necroinflammatory Response


GPX4 Regulates Necroinflammation via Arachidonic Acid Metabolism During Ferroptosis

Iron-dependent peroxidized lipids and imbalanced metabolic arachidonic acid (AA) (13) are comprised in ferroptotic process, which exert regulatory effects on both occurrence and development of necroinflammatory diseases. However, in the early state of the ferroptotic-sensitization of cells, they might also play atypical roles in the mechanisms of over-activated autoimmune and innate immune system (34). Eicosanoids are derived from AA by the prostaglandin-endoperoxide synthase (PTGS) (35) or lipoxygenase (LOX) (36) enzymes, forming prostanoids, leukotrienes, respectively. Since these enzymes require lipid hydroperoxide for their activation, the overexpression of GPX4 results in a reduction in the cellular lipid hydroperoxide level, which effectively inactivates PTGS and LOX, eventually inhibiting eicosanoid synthesis (37–39). The antioxidative enzyme GPX4 alleviates inflammatory response through eliminating oxidative materials produced in AA metabolism, and regulates the inflammatory state by modulating LOX and PTGS activity for the duration of ferroptosis (40) (Figure 4). The activities of LOX and PTGS are determined by the intracellular level of lipid peroxide for the reason that LOX consists of nonheme bound iron (Fe2+) while PTGS contains hemoglobin (Fe3+) in their corresponsive sites (41). Both LOX and PTGS are capable of promoting the catalysis of molecular oxygen during the oxidation of AA and other polyunsaturated fatty acids (PUFAs) (13) in a process. When suffering from oxidative stress, Fe2+ in LOX is oxidized to Fe3+, whereas Fe3+ is oxidized to a ferryl-oxo species, which immediately oxidizes the Tyr385, producing a tyrosyl radical in the LOX oxygenase active site (42).




Figure 4 | GPX4 regulates necroinflammation via arachidonic acid metabolism in ferroptosis. Peroxidized lipids and imbalanced metabolic arachidonic acid (AA) are comprised in ferroptotic process, which exerts an regulatory impact on the process of necroinflammatory response. Upregulation of GPX4 might results in a reduction in the cellular lipid hydroperoxide level, which inactivates PTGS and LOX, eventually inhibiting eicosanoid synthesis. The antioxidative enzyme GPX4 alleviates inflammatory response through eliminating oxidative materials produced in AA metabolism, and regulates the inflammatory state by modulating LOX and PTGS activity in ferroptosis. GSH, reduced glutathione; GSSG, oxidized glutathione; LOX, lipoxygenase; GPX4, glutathione peroxidase 4; H2O2, hydrogen peroxide; PGG2, prostaglandin G2; PTGS, prostaglandin-endoperoxide synthase; HPETE, hydroperoxyeicosatetraenoic acid; (P)LOOH, (phospho) lipid hydroperoxide; PUFA, polyunsaturated fatty acid; AA, arachidonic acid.




The LOX Mechanism During Ferroptosis

Previous study showed LOX inhibitor induces GSH depletion which is now defined as ferroptosis (43). In addition, Seiler’s team reported that 12/15-LOX-defective cell was resistant to GSH depletion since tamoxifen-inducible GPX4 deficiency could be suppressed by 12/15-LOX specific inhibitors, and even result in cell death (44). They deduced that knockout of LOX family members could enhance ferroptosis, via cysteine/glutathione depletion and GPX inhibition. Overexpressing GPX4 in a neoplastic rat basophile cell line (RBL-2H3) strongly reduced the levels of leukotriene (LT) C4and LTB4, both products of the 5-LOX enzyme (44). This effect due to the reduction in 5-LOX activity instead of a drop in the rate of hydroperoxyeicosatetraenoic (HPETE) acid to hydroxyeicosatetraenoic (HETE) acid conversion (45).

LOX can regulate ferroptosis by generating LOX-derived proinflammatory metabolic products and stimulating the innate immune system. It seems reasonable that the function of GPX4 is impaired because of GSH depletion upon initial ferroptosis, which is the main cause of higher peroxidation in cells, and the eventual upregulation of LOX activity. On the basis of this mechanism, immune cells release proinflammatory mediators such as IL-6, γ-interferon, and tumor necrosis factor (TNF)-α, which might have an adverse influence on GPX4 activity (46). Ferroptotic cells not only trigger the immune response but can also release of DAMPs by means of self-degradation. Later, innate immune cells initiate LOX or PTGS enzymes, exacerbating inflammation by excreting LTs and hepoxilins. Taken together, activities of LOX and PTGS as well as DAMPs released by immune cells involve in ferroptotic mechanism in regulating necroinflammatory response.



The Role of PTGS in Ferroptosis

Expression of PTGS2 was found to be markedly upregulated in ferroptotic cells stimulated with Ras synthetic lethal 3 (RSL3) (7) or erastin, which confirmed the relationship between ferroptosis and necroinflammation (47). The PTGS2 inhibitor indomethacin, however, was incapable of preventing cells from undergoing ferroptosis, which was discovered in GPX4-defective cells (44, 48). Another study revealed that PTGS mRNA was similarly upregulated and prostaglandin E2 was simultaneously generated in the skin epithelium of GPX4-knockout mice. Celecoxib, an inhibitor of PTGS, destroyed hair follicle during hair morphogenesis in GPX4-knockout mice (49). The reason behind PTGS2 upregulation in ferroptotic cells is proposed to be linked to its role as a pharmacodynamic biomarker rather than the inhibitor of ferroptosis. Notably, PTGS inhibitors do not inhibit the occurrence of ferroptosis initiated by inducers or the genetic deletion of GPX4.




GPX4 Regulates Necroinflammation by Preventing TNF-α-Mediated Reaction of the NF-κB Pathway

TNF-α is a proinflammatory cytokine, triggering cells a life-and-death struggle under the inflammatory and oxidative stress, which plays a vital role in the immune response and metabolic homeostasis (50). TNF can be identified by two types of receptors that TNFR1 (51) expresses on immune and endothelial cells and TNFR2 (51) regulates cell survival and death by activating a key transcription factor named nuclear factor (NF)-κB (52, 53). It is accepted that NF-κB protein function on tissue regeneration, cellular metabolism, as well as immune modulation to affect cellular fate and inflammatory progression (54, 55), and high level of ROS can activate NF-κB signaling downstream of TNF-α (56). Importantly, NF-κB signal activation, as a downstream promoter element of TNF-α, is negatively suppressed in intracellular survival signaling (57) (Figure 5). Inversely, TNF-α-mediated NF-κB signaling can be markedly activated when ROS is producted in mitochondria (58). Another research coincide with the view that ROS-generation in mitochondria could be inhibited in T cells by vitamin E, a mitochondria-specific antioxidant (59). Park and colleagues discovered that TNF-α, as an upstream molecule, might precisely activate the NF-κB signaling pathway and enhance the expression of NF-κB (60).




Figure 5 | GPX4 regulates necroinflammation by inhibiting TNF-α-mediated NF-κB signaling. TNF-α regulates cell survival and death by activating the key transcription factor of NF-κB. NF-κB signal activation, as a downstream promoter element of TNF-α, is negatively suppressed in intracellular survival signaling. Inversely, TNF-α-mediated NF-κB signaling can be markedly activated when ROS is produced in mitochondria. GPX4 can attenuate the necroinflammatory response and suppress the inflammatory cytokines by down-regulating TNF-α-mediated NF-κB signaling pathway. ROS, reactive oxygen species; GPX4, glutathione peroxidase 4; GSH, glutathione; GSSG, glutathione disulfide; FAD/FADH, flavin adenine dinucletide; NADP/NADPH, nicotinamide adenine dinucleotide phosphate; NF-KB, nuclear factor κB; IκBα, inhibitor of NF-κB α; TNF-α, tumor necrosis factor-α; LT, leukotriene; COX, cyclooxygenase; NOS, nitric oxide synthase.



The NF-κB signaling pathway plays a vital role in the regulation of immune and inflammatory processes via the transcription of target genes (61). More studies indicate that selenoprotein family member of GPX4 can counteract hydroperoxide-modulated events by directly driving hydrogen peroxidation during the activation of NF-κB (62, 63). Indeed, GPX4 expressed on mammals has been shown to prevent the activation of TNF-α-mediated NF-κB signaling (64). Therefore, GPX4 could attenuate the necroinflammatory response and suppress the inflammatory cytokines by reducing the reaction of TNF-α-mediated NF-κB signaling pathway (65).




Ferroptosis in Necroinflammatory Diseases

Increasing evidences substantiate the effect of ferroptosis on necroinflammatory diseases, such as neurodegeneration, I/R injury, inflammatory and immune diseases, transplant-related diseases as well as cancer. Theoretically, we speculate ferroptosis to be the potentially immunotherapeutic target in treatment of necroinflammatory diseases. Ferroptosis-induced tissues or organs on occurrence of necroinflammatory diseases are listed in Table 3.


Table 3 | Ferroptotic tissues and organs presenting necroinflammation.




Diseases of the Nervous System

Ferroptosis involves in the pathogenesis of neurodegenerative diseases including Parkinson’s, Alzheimer’s, Huntington’s and neurodegeneration. In mouse models of the hippocampal region and the brain cortex, GPX4 knockout resulted in neuronal number reduction, lipid peroxidation, extracellular regulated protein kinase (ERK) activation, and inflammatory mediator release after administration with tamoxifen, which was enhanced by vitamin E deficiency whereas alleviated by the ferroptosis inhibitor of liproxstatin-1 (Lip-1) (66). The result revealed that cerebral cortex and hippocampus CA1 region seemed sensitive to ferroptosis. Interestingly, conditional GPX4 deficiency caused motor neuron degeneration, while GPX4 knockout resulted in a reduction of neuronal cells and inflammation of hippocampus (67, 68). Another model of Huntington showed cell death was suppressed by inhibiting lipid peroxidation when cells were pretreated with ferroptosis inhibitor of ferrostatin-1 (Fer-1) (111). Besides, cysteine synthetase depletion that caused necrotic cell death were detected in patients with Huntington’s disease (69). In Parkinson’s disease, it is demonstrated that protein kinase, defined as signal-regulated kinase-activating kinase (MEK), is independently activated by protein kinase Cα in extracellular, ultimately resulting in ferroptosis (70–72).



Diseases of the Cardiovascular System

In I/R injury in vivo, overload iron plays a critical role in the ferroptosis of myocardial cells. It seems Fe3+ molecule activators to be more liable to induce ferroptosis in cardiomyocytes than RSL3, which is inversely relieved by iron chelator of deferoxamine (73). Meanwhile, glutaminase inhibitor is able to decrease infarct size, and it proves glutaminolysis to be closely associated with the pathophysiology of ferroptosis (74). On the other hand, GPX4 regarded as a mitochondrial targeted mutant causes the cell membrane incomplete and the creatine kinase decreased, which distinctly inhibits mitochondrial lipid peroxidation and the injury of myocardial cell in the I/R area (75). Furthermore, iron chelation could not only decrease the myocardial infarct size by reducing the release of serum myocardial makers, but also enhance the survival of doxorubicin-induced cardiac dysfunction by suppressing lipid peroxidation and mitochondrial iron load (76). In a mouse model of coronary artery ligation-induced I/R injury, pretreatment with Fer-1 reduced the intermediate production of hydroperoxy-arachidonoyl-phosphatidylethanolamine, and subsequently decreased the myocardial cell mortality (77).



Diseases of the Respiratory System

Current studies on ferroptosis in pulmonary necroinflammatory disease mainly focus on chronic obstructive pulmonary disease (COPD) that is triggered by cigarette smoke (CS) and Pseudomonas aeruginosa-induced damage in bronchial epithelial cells. It was reported that CS not only induced necroptosis but also promoted the release of DAMPs in epithelial cells, thereby contributing to airway necroinflammation (79, 80). In the model of COPD established by exposure to CS, down-expression of GPX4 might ultimately induce iron accumulation and lipid peroxidation, which confirmed the key effect of ferroptosis on CS-induced COPD and further revealed the mechanism of iron accumulation inducing ferritinophagy mediated by NCOA4 in epithelial cells (81). As is revealed in human bronchial epithelial (HBE) cells invaded by pseudomonas aeruginosa, the feature of ferroptosis presented that polyunsaturated fatty acids was oxidized by pLoxA into 15-HOO-AA-PE (82).



Diseases of the Digestive System

Growing studies have indicated that ferroptotic mechanisms regulate necroinflammatory diseases of the digestive system including Crohn’s disease (CD), inflammatory bowel disease (IBD), ulcerative colitis (UC) and nonalcoholic steatohepatitis. IBD is an intestinal dysfunction induced by chronic inflammation, featured in the reduction of crypt, villus atrophy as well as inflammation of the intestinal mucosa and submucosal tissues induced by neutrophil accumulation (112–114). It generally occurs in the settings of gene mutation, oxidative stress, traumatic stress, relocation stress syndrome or environmental factors. Oxidative stress is considered as the main pathological process associated with ferroptosis, and is deemed to be the major factor in the prognosis of necroinflammation in IBD (115, 116). Emerging researches emphasis on the relationship between iron metabolism, intestinal microecological health, and intestinal inflammatory diseases. It has been proven that excessive iron induces IBD, triggering oxidative stress and even cell death (117). On account of the damage of intestinal integrity induced by excessive iron, oxidative reactions may destruct the physical barrier composed of intestinal mucosal epithelial cells leading to intestinal dysfunction (118). Accordingly, a novel inhibitor of inflammation and oxidation called pyrrolidine dithiocarbamate is demonstrated to be effective on improving IBD symptoms by upregulating GPX4 (83–85), which inversely suppressed NF-κB signaling (119). With respect to CD, GPX4 on epithelium is found to be down-expressed, which leads to intestinal function and even ferroptosis (120, 121). In order to further explore the function of GPX4 in intestinal epithelial cells, Sander et al. structured Gpx4−/− intestinal epithelial MODE-K cells with the specific GPX4- small-interfering RNA (siGPX4) to silence GPX4 expression. It was resulted that intestinal epithelial cells with inactive GPX4 were more sensitive to ferroptosis, and multiple of necroinflammatory cytokines including IL-6, IL-12, IFN-γ and TNF-α were detected in supernatant (122, 123).

Recent studies indicate that ferroptosis-induced necroinflammation is relevant to nonalcoholic steatohepatitis by triggering cytokine release (86, 87). A research on nonalcoholic steatohepatitis in a murine model demonstrated that ferroptosis inhibitor effectively suppressed hepatic cell death through the inhibition of immune cell function and migration. Therefore, ferroptosis in hepatic cells might serve as a therapeutic target for the treatment of necroinflammation in nonalcoholic steatohepatitis.



Urinary System Diseases

Necroinflammation in renal I/R injury dependent on a transient insufficient blood supply finally results in critical damage in renal cells (124). Similarly, renal-necrosis is generally associated with autoimmune kidney injury, which is caused by various types of glomerulonephritis (88), interstitial nephritis (89), and allograft rejections (90). When renal tissue or cells undergo ischemic stress, endogenous DAMPs together with intracellular proinflammatory mediators, such as HSP, HMGB1, metabolites, and gene fragments, are largely release, stimulating immune cells to result in inflammatory cascade (91, 92). Immune cells including T cells and macrophages are rapidly activated to stimulate neutrophil aggregation, and release cytokines of IL-6, IL-12, IL-1α, and TNF-α to promote the migration of antigen presenting cells (e.g.dendritic cells) (125, 126). A continuous auto-amplification is formed when high level of mediators irritate cell death program. It follows that necrocytosis induces immunosuppression, and organ failure occurs (127).

Necroinflammation is regulated by ferroptosis in acute kidney injury. Preliminary studies indicated that Fer-1 could not only attenuate I/R injury-induced tubular injury but also decreased serum creatinine and urea nitrogen level (93). Pretreatment with Fer-1 was able to protect renal proximal tubular cells from necrosis in the renal ischemic tissue area by decreasing ROS levels (94). SLC7A11 is shown to be negatively regulated by the mutant cancer suppressor p53 (3KR) gene that down-regulates Xc- system to promote ferroptosis (95). Silencing p53 mutation results in SLC7A11 overactivation and protective effect on renal cells from ferroptotic injury. In accordance with the above studies, tubular cell with p53 deficiency is resistant to ferroptosis induced by acute kidney injury (128, 129). It is the reason that tubular cell with GPX4 deficiency is prone to suffering from ferroptotic necrosis and high mortality rates in mice (10).



Integumentary System Diseases

GPX4 knockout has been proved to induce ferroptosis-related necroinflammation in skin tissue (130–132). For the reason that ceramide analogs are testified to be an effective therapeutic in animal experiments, it is speculated that upregulating GPX4 might significantly relieve skin from ferroptosis-induced necroinflammatory injury (96, 97). In order to further investigate the interactive mechanism between GPX4 inactivation, ferroptosis and necroinflammation, Arbiser and colleagues collected data from healthy skin samples and psoriatic skin samples to analyze genetic sequences. They found necroinflammation in psoriatic skin samples, and treatment with ferroptosis inducer that inhibited Xc- system activity could decrease the level of Nrf2 (98). These findings provide a novel viewpoint on intrinsic connection between ferroptosis and necroinflammation in skin disease.



Diseases of the Reproductive System

Ferroptosis is reported to involve in reproductive necroinflammatory processes, such as endometriosis and male infertility (e.g., oligospermia). Selenium that is applied to the GPX4 synthesis plays an essential role in male fertility and sperm development (99, 100). GPX4 maintains sperm stability by acting as a major structural protein of the mitochondria capsule in the central part of mature spermatozoa. A recent clinical study demonstrated that approximately 30% oligoasthenozoospermia in infertile men showed a down-regulation of GPX4 when compared to healthy men with normal testes and spermatozoa (101). Another research revealed that sperm vitality obviously declined when GPX4 inactivated or dysfunctioned, which confirmed the key role in spermatogenesis and the process of embryo development in mice (102). Moreover, clinical investigations demonstrated Nrf2 was involved in the regulation of ferroptosis in oligospermia (103, 104). In comparison to the control group, Nrf2 suppressing ferroptosis was notably down-regulated in mice with oligospermia (105, 106).

Studies on female reproductive system and endometriosis showed that overload iron was the major cause for endometriotic lesion (107–109). Ferroptosis inhibitor of deferoxamine cannot reverse pathological tissue damage, but improve iron metabolism, as well as reduce the proliferation of macrophages, which finally alleviates inflammatory response (110). Inversely, endometriotic lesion results in iron and ROS accumulation, which obstructs the normal growth of ectopic endometrial cells (133–135).



Transplantation-Related Diseases

Transplantation is currently becoming a life-saving straw for critical patients with organ function failure. However, graft rejection remains the mainly negative impact on the long-term prognosis due to an interaction between innate and adaptive immune responses. Increasing evidences document that necroinflammation is regarded as the essential pathological process in graft injury, and ferroptosis is pyramidally being proved to relate to transplantation-induced necroinflammatory response.

Previous studies reported that ferroptosis induced neutrophil migration and adhesion to the vascular endothelial cells by TLR4/Trif/type I IFN-dependent signaling pathway, in turn leading to heart transplantation-related injury (78). Accordingly, pretreatment of myocardial cells with Fer-1 could effectively inhibit neutrophil recruiting in the early stage of heart transplantation (78). These studies indicate that ferroptosis amplifies a cycle between sterile inflammation and immunological rejection, and aggravates graft injury. In the liver transplantation, inevitably hepatic I/R injury during the process of organ procurement may cause primary nonfiction and urgent rejective injury in the graft liver (136). Lipid peroxidation, upregulation of a ferroptotic biomarker Ptgs2 (136) as well as liver injury are shown in the mutine model of liver transplantation. High level of serum ferritin, a sign of iron load in ferroptosis, is also detected, which can be inhibited by Fer-1 (137). Moreover, a recent study on islet transplantation was consistent with the abovementioned viewpoint that ferroptosis involved in oxidative injury and necroinflammation after islet transplantation. The viability of transplanted islet was evaluated by lactate dehydrogenase (LDH), and outcomes revealed that pretreatment islet with ferroptosis inhibitors Fer-1 or desferrioxamine (DFO) improved graft injury in an immunodeficient mouse transplant model (138).



Cancer

Ferroptosis was first discovered in tumor cells when explored the death manner induced by lethal RAS-mutant gene, and it could be induced in most types of tumor by FINs erastin and RSL (5, 7). Erastin of 117 cancer cell lines from various tissues were detected to study RAS mutant mediated ferroptosis, and it was noted that kidney cancer cells showed the most sensitive to erastin (5). In the subsequent studies, they demonstrated that erastin, as ferroptosis inhibitor, contributed to improving pesticide effect of oncology chemotherapy, and was applied to test the sensitivity of cancer to ferroptosis (139).

On account of ROS being essential for existence and proliferation, cancer cells are invariably dependent on intracellular GSH. When authigenic cysteine is consumed to produce ROS, resulting in deficient for GSH synthesis, more extracellular cysteine need to be transferred by system Xc-. Therefore, disposition cancer cells with a recombinant cyste inase enzyme leading to exhaustion of cysteine, might selectively induce cell death in cancer cells (140). Of note, it is hypothesized that protein p53 possibly relates to system Xc- activity due to the cause that inase inhibitor sorafenib acting on system Xc- and regulated by p53 can induce ferroptosis (23).

Many studies have suggested that cancer cells with manifestation of treatment-resistant high-mesenchymal cell state greatly depend on lipid metabolic enzymes which are relevant to the ferroptotic signaling pathway. Thus, these cancer cells display more sensitive and vulnerable to ferroptosis in the setting of GPX4 inactivation. Similarly, a recent study supported this standpoint that the viability of clear-cell renal cell carcinomas (ccRCC) significantly decreased, which showed a hypersensitivity to GPX4 silencing and vulnerability to ferroptosis (141). Importantly, reduced fatty acid peroxidation owning to the inhibition of β-oxidation can effectively interdict ccRCC growth by suppressing ferroptosis. These results indicate that targeting ferroptosis contributes to exploring a novel therapy for overcoming drug resistance in cancer.




Conclusions

Ferroptosis is a novel-proposed regulated cell death process that relies on overload iron and glutathione metabolism, and plays a regulated role in necroinflammatory diseases. It is confirmed that ferroptosis involves in the pathologic process of various necroinflammatory diseases and regulates necrotic cell death. Recently, mechanism of ferroptosis in necroinflammatory diseases is being continually explored in infratest and many progresses have been made. However, certain limitations remain to be overcome. Firstly, comparing to our in-depth understanding of mechanisms involved in classical cell death programs, we know little about the mechanism of ferroptosis. Despite the roles of lipid peroxidation and inflammation are relatively well documented, more precise signaling pathways that may regulate the necroinflammatory response in relation to ferroptosis seem not clear. Second, potential ability of ferroptosis to activate the innate immune system to release inflammatory mediators and generate an immune response remains to be further explored. Third, most of the ferroptosis-related researches to date have depended on the established animal models, which have their own restrictions. Thus, conducting these hypotheses in clinical trials will be more reasonable. Furthermore, perspective researches should emphasize on the regulated mechanism of ferroptosis mediated by upstream and downstream signaling molecules as well as the intermolecular interactions. Hence, targeting ferroptosis might provide a potential therapy for necroinflammatory diseases in the future.
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Gocci gram + 9(60)
Other 00

Site of infection, n* (%)

Pumonary i)
Avdominal a@n
28-day non survivors, n (%) 2(17)
Secondary nosocomia infections, n (%) 3@
immunological parameters

MHLA-DR (AB/C) 4044 3246-6210]
Absolute CDA4s T cell count 317 [248-463)

Continsous data and tiological parameters aro prosented as mecdans and lerquartio
anges [Q1-Q3) For cnical parameters, Categoricaldata aro presented as numbers of
cases and percentages among the otal population in brackets. SAPS Il (Sinpifed Acute
Physioogy Score I and McCabe scoros wero cakuated after admission. SOFA
(Soquential Organ Faiure Assessmenl) scoro was measured after 24 of ICU stay.
mHLA-DR was expressed as numbers of ant-HLA-DR antbocies bound per monocyto
AB/C). Roference vaos fo healhy vountoers: mHLA-DR: > 15,000 ABIG, CD4+: 336-
1126 caled,
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PAMPs DAMPs

Definitions A particularly specific and highly conserved molecular structures A type of molecular structures released into intercellular or blood circulation
owed by a certain types of microbial pathogens and their products, when the tissue or cells are suffering injury, hypoxia stress and then activated. It
which can be recognized by nonspecific immune cells. is the endogenous molecules released by organic cells.

Characteristics (1) Specific to pathogenic microorganisms, but not produced by host (1) Activating innate immunity and adaptive immunity through variety of
cells. mechanisms.

(2) Necessary for the survival or pathogenicity of microorganisms. (2) Promoting the release of inflammatory mediators, regulating inflammatory

response, and inducing the migration of immune cells to inflammatory sites.
(3) As the molecular basis of extensively specific recognition of host (3) Increasing the ability of inflammatory cells to adhere and infiltrate.
innate immune cells.

Patterns Lipopolysaccharide (LPS) High mobility group box-1 protein (HMGB1)
Lipoteichoic acid Heat shock proteins (HSPs)
Bacterial lipopeptides S$100 proteins
Peptidoglycan Uric acid
Yeast and gram-positive bacteria Adenosine and ATP
Bacterial DNA Galectins
Flageliin Thioredoxin

Terminal mannose/fucose IL-33/ST2
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DAMP

HMGB1

Serum amyloid A
Fatty acids
Hyaluronic acid
Uric acid

ATP

snRNPs

dsDNA

Histone

IC

HSPs

Surfactant Protein A/D
Oxidized LDL
Defensins

RNA

LL37

S100 proteins
Regiita
Lactoferrin

PRR

RAGE, TLR2/4
TLR1/2

TLR4

TLR2/4

NOD1/2, NLRP3
NLRP3, P2XR, P2YR, NOD1/2
RIG-I, MDA5,TLR7/8
TLR9, DAI, AIM2
TLR2/4/9, NLRP3
FcR, TLR9

TLR2/4

TLR2/4

TLR4

TLR2/4

TLR7

RAGE, TLR7/9

RAGE, NOD1/2, TLR4
TLR4

TLR4

TLR, Toll-like receptor; NOD, nucleotide-binding oligomerization domain-containing
protein; NLRP, NLR family, pyrin domain containing; ATP, adenosine triphosphate;
SNRNAP, small nuclear ribonucleoproteins; RIG-I, retinoic acid-inducible gene I; MDA,
melanoma differentiation associated protein; DAl (ZBP1), dnadependent activator of
interferon-regulatory factors; AIM2, absent in melanoma 2; HMGB1, high mobility group
box-1 protein; RAGE, receptor for advanced glycation endproducts; IC, immune complex;
FcR, Fc receptor; HSP, heat shock protein; LDL, low-density lipoprotein; LL37,

cathelicidin antimicrobial peptide.
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System diseases

Type of diseases

Evidences

References

Nervous system
disease

Cardiovascular
system disease
Respiratory system
disease

Digestive system
disease

Urinary system
disease

Integumentary system
disease

Genital system
disease

Alzheimer's disease
Huntington’s disease

Parkinson’s disease

Ischemia/reperfusion (I/R) injury

Heart transplantation

COPD induced by cigarette smoke (CS)
Bronchial epithelial cell damage induced by
Pseudomonas aeruginosa

Inflammatory bowel disease (IBD)
Nonalcoholic steatohepatitis

Renal ischemia/reperfusion injury

Renal allograft rejection

Acute kidney injury
Psoriasis

Endometriosis

Male infertility

Deficiency of GPX4 resulted in reduction of neuron cells.

Multiple consumption of cystathioe y-lyse (an enzyme for cysteine
biosynthesis)

Ferric sequestering agent showed protective effect.

GPX4 inhibited dysfunction of myocardial I/R area.

Ferroptosis facilitated neutrophil recruitment in transplantation model.

CS stimulated iron accumulation through NCOA4-mediated ferritinophagy.
Pseudomonas aeruginosa enhanced expression of pLoxA and oxidation.

Upregulating GPX4 and reversing NF-kB could relieve IBD.

Hepatic ferroptosis initiated inflammation in steatohepatitis.

I/R caused the release of proinflammatory mediators and aggravated cell
death.

Autoimmune and alloimmune kidney injury presented forms of
necroinflammation and glomerulonephritis

Fer-1 prevented the necroinflammation of renal cells.

Downregulation of GPX4 resulted in ferroptosis and necroinflammation in
psoriatic skin.

Dysregulated iron homeostasis induced endometriotic lesions with localized
iron overload and inflammation.

GPX4 variant led to impaired sperm development and male fertility.

(66-68)
(69)

(70-72)
(73-77)
(78)
(79, 80)
1,82

(83-85)

(6, 87)

(88-92)
(90)

(93-95)
(96-98)

(99-106)

(107-110)
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Mechanism

Reduce Ca?* influx

Inhibit caspase 8 cleavage

Prevent NLRP3 oligomerization
Delete in vivo macrophage
Neutralize HMGB1

Prevent membrane rupture

Function

Calcium chelator

ER stress inhibitor

D-myo-inositol
1,45-trisphosphate (IP3)
receptor antagonist
TMEM16F inhibitor

PLCG1 inhibitor

Caspase 8 inhibitor

NLRP3 inhibitor
Macrophage remover
HMGB1 antibody
Osmoprotectant

Name

BAPTA-AM

Ethylenediaminetetraacetic
acid (EDTA)

Tauroursodeoxycholic acid
(TUDCA)

4-phenyl butyric acid (4PBA)
2.
Aminoethoxydiphenylborane
(2-APB)

Tannic acid (TA)

Niflumic acid (NFA)

u73122

Z-ETD-FMK

MCC950

Clodronate liposomes
267

Glycine

Usage

Upto 10pM

Up to 600 M

200 mg/kg

50uM
1mM
20 mg/kg

NA

NA
10pM
30mg/kg
20uM

50 mg/kg
40 mg/kg

160 pg/mouse
SmM

Model

PMs
WT or
ITPR1-KD BMDMs/THP1

PMs
WT or Tmem173~/~ mice

THP1
THP1
WT or Tmem173~/~ mice

PMs

PMs

THP1

WT or Gsdimd' M/ 19N mice
WT or Casp1~/~Casp11-/=
BMDMs

Rat

Mice

Mice

BMDMs

References

(66, 62)

©2)

©2)
©2)
©

(56)
(66)
©2)
©62)
©2)

(25)
(30, 56)
(56)
(30)
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Parameter

Heart rate
MAP

Hb

pH
Lactate
p

Na*

catt
Time

Unit

per min
mmHg
gl
og(H*)
mM
mM
mM
mM

h

Before sepsis

108 £ 19
104£9
86+ 06
7.51£0.04
14£05
30+£02
1437 £ 2.7
0.73 +£ 0.06

During sepsis

170 £ 32
82+9
1456+ 37
7.48 £ 0.04
18+ 11
33+02
1438 £ 26
0.69 + 0.09
58+35

p-value

MAR, mean arterial pressure; Hb, hemoglobin concentration; K*, blood potassium
concentration; Na*, blood sodium concentration; Ca®*, blood calcium concentration;
Time, time from initiation to decrease in MAP indicating sepsis. Data are mean & SD
(h=9).p < 0.05, **p < 0.01 Wilcoxon matched-pairs signed rank test.
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‘Sunvival outcomes
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Methylation
status

Hypo-

Hyper-

Gene

$100A8

CSTA

ATP8B4

TREM1

CD300LB
ELANE

CMYAS
LRG1
IL10
MIR145
PRTN3
CD3G
CD3D
LTA
TXK

UBASHSA

SIT1

chrl

chr3

chr1s.

chré.

chri?
chr19

chrs
chr19
chrl
chr
chr19
chrit
chrit
chré.
chrd

chr21

chro

Mean beta
difference

-0.11720

—-0.11370

-0.11232

-0.11815

-0.11186
.11067

—0.10973
—0.10656
—0.10504
-0.10161
—-0.10104
0.15725
0.16212
0.11763
0.11473

0.10833

0.10786

Description

Inflammatory medator participating in the amplification of the immune response. It has also been
proposed as a mediator of immunosuppressive states by regulating myeloid-derived suppressor cells
(MDSCs)

Cysteine protease inhibitor (cystatin superfamiy) which plays a role in epidermal development and
maintenance. It is expressed in tissues participating in the first-iine defense against pathogens.

Mermber of type IV P-type ATPases which catalyze the translocation of phospholipids in the cell
mermbrane

Cell surface receptor that stimulates the release of pro-inflammatory cytokines and chemokines, and cell
surface activation molecules in neutrophils and monocytes. TREM1 amplifies inflammation and is a
crucial mediator of septic shock

Activating receptor of the immunoglobulin superfamily expressed on myeloid cells

Serine protease involved in the extracelular matrix degradation of microorganisms through the
proteolysis of elastin and other components

Cardiomyopathy-associated protein 5

Expressed during neutrophilic granulocyte differentiation, involved in neutrophi degranulation
Anti-inflammatory cytokine involved in immuncregulation and inflammation

mIRNA which plays a role in the growth and division of megakaryocytes

Serine protease, paralog of neutrophil elastase (ELANE)

Subunit of the TCR-CD3 complex, on the surface of T-cells

Subunit of the TCR-CD3 complex, on the surface of T-cells

Cytokine that mediates in inflammatory, immunostimulatory, and antiviral responses

Tec family protein tyrosine kinase that regulates T-cel function and differentiation, and participates in Th1
cytokine production

Encodes a protein that belongs to the T-cell ubiquitin ligand (TULA) that negatively regulates T-cell
signaling
Negatively regulates TOR-mediated signaling in T-cells, and is involved in positive selection of T-cells
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Variables

Gestational age
(weeks) (median;
5-95% Cl)

Birth weight (g)
(mean = SD)
Apgar score 1 min
(median; 5-95%
cl

Apgar score 5min
(median; 5-95%
cl)

Meale sex (1, %)
Type of delivery:
vaginal/cesarean
0, %)

Twin pregnancy (n,
%)

Antenatal steroids
full course* (1, %)
Chorioamnionitis?
0, %)

Antibiotic therapy
to mother (n, %)
Weight at sample
collestion (g)
(mean = SD)

Los
N=9)

2
(25-29)

7978+

228.7
7(4-9)

9(8,9

7078
217
(22/78)
4 (44.44)
9(100)
1(11.11)

3(33.39)

1087 £
270.2

EOS
N=6)

27
(25-30)

10825 £+

3382
7(4-9)

85 (6-10)

4(66.7)
o6
(0/100)
3@1)
6(100)
1(16.67)

6(100)

1007 +
266.4

LOS and
EOS
w=2
2525)

845+
49.5

5 (4-6)

75(7,9)

2(100)
2/0
(100/0)
2(100)
2(100)
1(31)

6(100)

1223 +
661.1

CRL
=6

295
(28-30)

1263 +

261
85 (6-10)

9(8-10)

3(31)
15
(17/89)
3@1)
6(100)
0(0)

0(0)

1205 +
243.4

p-value
CRL vs.
Los

0.02%

*0.02%

0272

0.69*

0.33°

>0.99°

>0.99°

>0.99°

>0.99°

0.28°

0.87*

p-value
CRLvs.
EO0S

0.45%

0.68%

0.59*

0.70*

>0.99°

>0.9%

>0.99

>0.99°

>0.99°

*<0.01°

0.66*

p-value
CRLvs.

LOS+EOS

0.04*

0.26%

0222

025%

0.46°

o.11®

0.46°

>0.99°

0.25°

* <0.01°

>099*

p-value
EOS vs.
Los

0.40*

0.212

0.97%

>0.99°

0.49°

>0.99°

>0.99°

>0.99°

*0.03>

0.95*

“Full course of antenatal steroids: 12-mg doses of betamethasone given intramuscularly 24 h apart or four 6-mg doses of dexamethasone administered intramuscularly every 12 h.
#Chorioamnioniis o intra-amniotic infection was defined as an acute inflammation of the membranes and chorion of the plecenta with clnical, histologic, or microbiological findings.
aTukey's multiple comparisons test.

DFisher’s exact fest.

*p-value < 0.05 was considered statistically significant.
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Patient Blood Clinical Dab Lactic acid CRP ILe WBC count Neutrophils
identification  culture signs suspected (per mm?) (per mm?)
results sepsis

Late onset sepsis

Patient 1 (5) Staphylococeus  Present 7 24 759 - 41,250 38,130
epidermidis
Patient 2 (7) S. epidermidis  Present 19 15 319 - 16,840 8,450
Patient 3 (19) S. epidermidis Present 25 36 64.6 - 35,510 19,630
Patient 4 (20) S. epidermidis  Present 26 14 18.7 - 16,220 3640
Patient 5 (2) S. epidermidis  Present 11 1.3 83 - 28,750 18,470
Patient 6 (14) Staphylococcus  Present 6 25 588 - 8,440 6,650
aureus
Patient 7 (25) S. aureus Present >3 1.9 13 - 2,630 820
Patient 8 (32) S. aureus Present >3 37 14.9 - 5,080 2270
Patient 9 (33) Negative Present 11 20 36 - 28,590 19,120
Early onset sepsis
Patient 10 (€) Negative Present <1 1.2 322 - 27,170 21,150
Patient 11 Negative Present <1 16 21 1,180 6,580 1280
©0)
Patient 12 Negative Present <1 23 17 - 7,950 4,650
©4
Patient 13 Negative Present <1 16 152 306 14,300 6,120
an
Patient 14 Negative Present 2 13 42 - 9,580 5,440
©5)
Patient 15 Staphylococcus  Present <1 1.6 108 N 9,150 7,400
@6) haemolyticus
Early and Late onset Sepsis
Patient 16 (4) Escherichia Present <1 27 373 - 35,560 25,420
coli Present 5
S. epidermidis
Patient 17 S. Present <1 1.3 i = 10,500 7,750
@©7) epidermidis Present 17
S. epidermidis

Dab: days after birth; CRP, C-reactive protein; WBC, white blood cell count; IL-6, interleukin 6. When clinical signs of sepsis were present, the diagnosis of sepsis was confirmed.
Sign (-) indicates no measured parameter. Patient number noted using parentheses corresponds to the patients showed in PCA graph in Figure 1.
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Cytokine  Drug ‘Sponsor Description Indication ~ Cliical trial
TSP MEDOS2  Cekste Porsbierg Human monoclonal antbody immunogobuin 19623, Astma Prase2
directed agains TSLP NCT02698501
G 157 Natonal Instuto of Alegy and ifectous ANt TSLP antibody Cat Aergy Prase 122
(MEDI9920)  Diseases (NAID) NCT02237196
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Cytokine

10

Provascar

101

Tatot0

(L¥3500518 or
ANOO1O)

‘Sponsor

g

Stntord

By and
Company

Description
Recombinant human IL-10

Teuium based smal compound vith immuno-
modating characterstis atibuted o deect Phbiton
oflL10

Donor-derved CDAs T cols which contan a gh
proporion of host aloantgen specitc Tr cols

PEGyated recombinant human 1L-10.

Indication
Wound hesing

Treatment of thrombo-cytopenia i sokt
tumor patients

Therapy o prevent GVHD and induce gralt
tolerance in hematopoietc stem cel
anspiant

Pancreatc cancer

Giinical trial

Phasa2
NCTO984646
Phaso2

NCT00926354

Prase 1
NOTO3198234

Prase3
NoTo923921
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